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ABSTRACT

Osteoarthritis (OA) is a degenerative joint disease that has no disease-
modifying drug licenced for its treatment. Mechanical injury of cartilage is a
principal risk factor in osteoarthritis (OA). Recent insights arising from our
group demonstrate that mechano-sensitive intracellular signalling drives
disease pathways. Cartilage injury is known to activate inflammatory
signalling that leads to production of matrix-degrading proteases and
consequent cartilage breakdown — a process our group has called
mechanoflammation. Cartilage injury induces activation of transforming
growth factor-$ activated kinase 1 (TAK1), that further activates downstream
extracellular signal regulated kinase (ERK), p38 and Jun N terminal kinase
(JNK) mitogen-activated protein kinases (MAPKSs). Our group has previously
identified the role of apoptosis signal regulating kinase 1 (ASK1) and reactive
oxygen species as key drivers of MAPKs on cartilage injury and downstream
inflammatory gene regulation. My project sought to identify the role of ASK1
in the cartilage injury response. ASK1 was phosphorylated rapidly after
cartilage injury, leading to the accumulation of ASK1 protein in the cell.
Inhibition of ASK1 phosphorylation suppressed ASK1 accumulation,
suggesting that phosphorylation was responsible for stabilising ASK1, most
likely, by preventing its degradation. Degradation was through a proteosome-
dependent mechanism as stabilisation of non-phosphorylated protein could
be induced by pre-incubation with a proteosome inhibitor. IL1 and H20>
stimulation of isolated primary chondrocytes activated MAPKs and NF-kB but
did not appear to involve ASK1, although this needs repeating. Attempting to
inhibit ASK1 in murine OA did not suppress cartilage degradation nor
osteophyte formation. Giving mice a modified diet of oxidation-resistant

compounds appeared to reduce injury-induced inflammatory gene regulation



in vitro but increased cartilage damage in murine OA. My findings provide
further insight into the role of ASK1 and other mechano-inflammatory
pathways in articular cartilage and highlight the challenges of inhibiting them

in vivo.
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CHAPTER 1: INTRODUCTION

1.1 Osteoarthritis

Osteoarthritis (OA) is a prevalent degenerative joint disease that affects
diarthrodial joints. The onset of symptoms in OA is subtle but progresses with
disease advancement. Initial symptoms include joint stiffness, that eventually
worsens to pain on prolonged joint movement (Martel-Pelletier., et al 2016).
Pain can be temporarily relieved with rest although some patients with severe
disease experience pain even at rest. Degree of symptoms vary depending
on the type of affected joint and severity of disease. However, in some cases,
the extent of deformity of the joint does not always correlate with increased
pain. According to a patient study conducted in the US from the years 1991
to 2000, 40% of patients with the worst radiographic classification for OA are
pain free (Rettig et al., 2008). Other musculoskeletal symptoms include
muscle spasms, and tendon and capsular contractures (Swagerty D et al.,

2001).

Diagnosis of osteoarthritis is often suggested upon physical examination.
Patients with osteoarthritic joints commonly display physical findings such as
bony enlargement, crepitus and limited range of motion around the joint
(Berenbaum F et al., 2013). Further assessment of the osteoarthritic joint
using imaging methods can further reveal radiographic manifestations,
including joint space loss, osteophyte formation, cyst formation and
subchondral sclerosis (increased bone density) (Berenbaum F et al., 2013).

Radiographic assessment can be achieved using imaging modalities such as

15



computerised tomography (CT) scan and magnetic resonance imaging (MRI)
(Swagerty D et al., 2001). Radiographic markers also provide information on
the severity of disease progression in OA. For example, the development of
an osteophyte is usually indicative of an advanced stage of OA (Swagerty D

et al., 2001).

The aetiological nature of OA is multifactorial, consisting of genetic,
biological, and biomechanical factors (Martel-Pelletier., et al 2016). There are
many factors that are associated with increased risk of developing OA. Aging
is the greatest contributing factor to OA. A study in the UK population
estimates ~12.5% of patients aged 45 years or above to be affected by OA
(Chen A et al., 2014). Sex is another risk factor. Women, especially those
aged 50 or above (usually post-menopausal women) correlate with higher
chance of developing OA, but the reason for this sex difference is still unclear
(Hame S et al., 2013). Obesity induces greater loading stress on weight-
bearing joints and adipose tissue produces pro-inflammatory mediators that
can aggravate the joint environment. Abnormal or excessive mechanical
trauma such as joint injuries or repetitive stress can damage the cartilage
tissue, causing abnormal biomechanics and malignment of the joint, and
consequent cartilage destruction (Goldring M., 2012). OA also appears to
involve a strong genetic component and inheritance of OA is likely related to
alterations in multiple genes (Fernandez M et al., 2008). Lastly, other health
predispositions such bone deformities and metabolic diseases may also

contribute to the early onset of OA (Heidari B et al., 2011).
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To date, there are no effective clinical interventions to treat or decelerate OA
progression besides total joint replacement surgery. Instead, current
treatments aim to relieve symptoms such as to alleviate pain, maintain
musculoskeletal functionality and to improve quality of life. Examples of
common therapies include the pharmacological intake of nonsteroidal anti-
inflammatory drugs (NSAIDs) to temporarily relieve pain, physical therapy
modalities to improve overall musculoskeletal dynamics and dietary
alterations to aid in weight loss (Pelletier J et al., 2016). When non-surgical
therapies are inadequate, surgical interventions usually implemented as a
last resort. The most common surgical intervention is joint replacement
surgery, which involves the replacement of parts or the whole damaged joint
with a prosthesis (Lamplot J et al., 2018). Other surgical methods include
autologous chondrocyte implantation (ACI) - the implantation of healthy
chondrocytes harvested from the patient back into the affected joint; and
microfracture — perforation of the subchondral bone to stimulate formation of
a new articular surface (Minas T et al., 2010; Yen Y et al., 2008). Overall,
treatment development has been slow and challenging in OA, due to the
complex mechanopathological nature of OA that involves both biochemical
and biomechanical aspects. Additionally, the correlation of pain relief and
structural improvement in OA is often not linear. Many clinical trials over the
years have been unsuccessful due to inability to resolve all the multifaceted
aspects that are associated with OA. As an example, some clinical trials were
deemed unsuccessful because although they were effective in pain relief,
they did not induce structure-modifying improvements (Rashad S et al.,

1989).
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The socio-economic cost of OA is high. Patients who suffer from OA are
commonly burdened by costs for treatment, the need to adapt their homes
and lives to the disease, and decreased work productivity (Roy D et al.,
2010). As a result, OA can have a profound effect on the quality of life for
those who suffer from it, by negatively impacting their physical and

psychological parameters (Roy D et al., 2010).

The progression of OA has conventionally been described as the wear and
tear of articular cartilage (the smooth connective tissue that articulates the
end of bones). This concept has now evolved, and OA is now considered an

active biologically driven disease which has impacts on the entire joint.

The joint tissues are highly mechanosensitive in nature and can respond to
mechanical and biochemical signals, which play a role in maintaining
cartilage homeostasis as well as in OA development. Cartilage injury is
known to activate downstream inflammatory signaling that leads to
production of matrix-degrading proteases and consequent cartilage
breakdown. This process has been termed by our group as
‘mechanoflammation’ (Vincent T., 2013; Vincent T., 2019). Anabolic
processes in cartilage are involved in repair, regeneration, and
chondroprotection. These anabolic pathways are in part driven by the release
of sequestered growth factors from the cartilage matrix upon injury. These
new insights have helped shift the perspective of OA to a disease where

there is a lack of repair-promoting responses and chronic
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mechanoflammation driven by biochemical and mechanical stresses. Current
target discovery approaches in OA are focused on suppressing
mechanoflammation to inhibit matrix turnover and pain, whilst also promoting

intrinsic repair signalling pathways. (Vincent T., et al 2019).

The road to developing of a disease modifying drug for OA has been
challenging, and there are currently no approved and licensed therapeutics
for OA. This is due to distinct nature of inflammation in osteoarthritis that
differs from other inflammatory arthritides, such as rheumatoid arthritis
(Vincent T., et al 2021). Osteoarthritis prevalence is increasing in developed
societies where obesity and longevity increase, as are the socioeconomic
costs for the treatment and management of OA (Hunter D., et al 2014; Kim
H., et al 2022). Given the increasing prevalence of OA, there is a need to
develop therapeutic agents for OA that can prevent structural deterioration,

restore joint function, and improve symptoms.

1.2 Cartilage biology

Cartilage is a strong, flexible and semi-rigid connective tissue. It provides the
supporting framework for the development of organs and long bones. In the
musculoskeletal system, cartilage covers the surfaces of bones at joint
articulations. There are three types of cartilage, which differ in the type of
fibers they contain: hyaline, fibrocartilage and elastic cartilage. Hyaline
cartilage is the most abundant cartilage type in the body, found in structures
like the trachea, nose, epiphyseal growth plate and sternum. Hyaline

cartilage is primarily composed of type Il collagen and proteoglycans. It
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provides a smooth and resilient surface that can resist compressive forces
and wear-tear at articulation sites (Chang L., 2022). Fibrocartilage is mainly
made up of type | collagen and contains much less proteoglycan than hyaline
cartilage. Its tough and inflexible physical properties allow it to resist high
degrees of tension and compression (Chang L., 2022). Elastic cartilage is
histologically similar to hyaline cartilage but also contains elastic fibers,

making it more flexible than hyaline cartilage (Chang L., 2022).

1.2.1 Articular cartilage
Articular cartilage is made of hyaline cartilage and provides cushioning of the
joint on loading and a smooth lubricated surface for articulation. Cartilage is
paucicellular, made of a sparse distribution of specialised cells
(chondrocytes) surrounded by a dense extracellular matrix (ECM). It is also
avascular and aneural (devoid of blood vessels and nerves), and is often

subject to chemical and mechanical stresses.

Articular surface

Superficial

\(
\

& &
'(\00 <
0\&} &
>

Calcified qe,“ @

Subchondral bone (SN 4

Cellular Distribution ®

Figure 1.1: Structure of articular cartilage
Zonal distribution, cellular distribution and collagen distribution throughout articular
cartilage. Deep chondrocytes appear a rounded, while superficial chondrocytes

20



appear flattened. Collagen is aligned parallel to the articular surface in the
superficial zone, aligned obliquely in the middle zone and perpendicularly in the
deep zone, creating in an overall arching of collagen ultrastructure. Adapted from
Keppie S., 2021.

The structure of articular cartilage can be subdivided into 4 zones based on
chondrocyte morphology and collagen fiber alignment: the superficial zone,
the middle/transitional zone, the deep zone, and the calcified zone
(Buckwalter J et al., 1998) (Figure 1.1). The superficial zone makes up the
top 10-20% of articular cartilage thickness and serves to produce lubricants
and protect deeper layers from shear stresses. The chondrocytes and
collagen fibers in this zone (primarily type Il and IX collagen) are aligned
parallel to the articular surface (Eyre D et al., 2006). In the middle/transitional
zone, chondrocytes appear rounded and are distributed throughout the
matrix (Decker R et al., 2015). Collagen fibrils in this zone are thicker than
the superficial zone, organized in an oblique manner. This zone makes up
40-60% of articular cartilage thickness and functions as the first resistor of
compressive forces (Sophia Fox A et al., 2009). Chondrocytes in this middle
zone are mainly responsible for producing and depositing type Il collagen,
aggrecan and other matrix molecules (Decker R et al., 2015). The deep zone
provides the greatest resistance to compressive forces, given the
perpendicular arrangement of collagen fibers to the articular surface (Sophia
Fox A et al., 2009). In this zone, chondrocytes are hypertrophic and collagen
fibers are thickest. The ECM has the highest proteoglycan abundance but
lowest water content (Bashir A et al., 1997). The deep zone represents 30%
of the cartilage thickness and is responsible for providing resistance to

compressive forces (Sophia Fox A et al., 2009). Some chondrocytes and
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collagen fibers seep into the deepest calcified region, a thin layer that
connects the articular cartilage with the subchondral bone (Sophia Fox A et

al., 2009).

1.2.2 Chondrocytes

Chondrocytes are the only cell type in articular cartilage, that, in human
tissue, constitute about 2-5% of the total volume of articular cartilage (Muir
H., 1995). Chondrocytes are cytoplasmically isolated from their neighboring
cells and thus do not rely on cell-to-cell contact for communication (Muir H.,
1995). Chondrocytes do respond to biomechanical stresses such as growth
factors, mechanical loads, and hydrostatic pressures (Sophia Fox A et al.,
2009). The functions of chondrocytes depend on the cell's location.
Historically, the primary function of chondrocytes in articular cartilage has
always thought to have been to synthesize and maintain ECM in order to
withstand physical deformation. However, chondrocytes are highly sensitive
to mechanical stress, which influence tissue homeostasis response, termed
mechanoadaptation (Vincent T et al., 2019) and repair. Several mechanisms
by which chondrocytes sense mechanical stress have been reported. These
include cell surface integrins, stretch and cation-sensitive ion channels and
the primary cilium, as well as by the release of growth factors (Drexler S et
al., 2014; Keppie et al., 2021; Lee W et al., 2014; O'Conor C et al., 2014;
Ross T et al., 2013; Wann A et al., 2012). Since articular cartilage is
avascular, chondrocytes rely on passive diffusion of nutrients, oxygen, and
metabolites from the articular surface (Archer C et al., 2003). Thus,

chondrocytes reside in a relatively hypoxic environment, and favor glycolysis
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as the primary means of energy production (Archer C et al., 2003, Falchuk K
et al., 1970). Thus, chondrocytes possess low numbers of mitochondria

(Akkiraju H et al., 2015).

1.2.3 Extracellular matrix (ECM)

Hyaline cartilage contains type Il collagen as the most abundant component
and other collagen types in lesser amounts (e.g., VI, IX, X, XI) (Eyre D et al.,
2006). These minor collagens cross-link with type Il collagen to be arranged
into a fibrillar network that entraps proteoglycans, glycoproteins, and water
(Correa D et al., 2017). Proteoglycans are the second most abundant group
of macromolecules in the ECM. They are glycosylated protein monomers that
possess high affinity to water, thus acquiring swelling properties that enable
cartilage to resist compression forces (Akkiraju H et al., 2015) as well as
assisting growth factor release on tissue compression (Keppie et al., 2021;
Vincent T et al., 2002; Vincent T et al., 2006). Examples of proteoglycans
include aggrecan, decorin, biglycan and fiboromodulin (Akkiraju H et al., 2015;
Vincent T et al., 2007). Aggrecan is the largest and most abundant
proteoglycan present in articular cartilage. Aggrecan has negatively charged
glycosaminoglycan (GAG) chains, that are chondroitin sulfate and keratin
sulfate (Roughley P et al., 2014). Aggrecan monomers form proteoglycan
aggregates with hyaluronan via link protein to provide macromolecular
structures with high osmotic properties (Roughley P et al., 2014). Decorin
and fibromodulin interact with the type Il collagen fibers to facilitate

fibrillogenesis and inter-fiber interactions (Hedbom E et al., 1993).
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1.2.4 Pericellular matrix (PCM)

The pericellular matrix is a 2-4um layer surrounding each chondrocyte. It
contains proteoglycans, glycoproteins and non-collagenous proteins (Sophia
Fox A et al., 2009). The chondrocyte and pericellular matrix together make up

the chondron (Vincent T et al., 2019) (Figure 1.2).

Desmerey Type Il collagen

Figure 1.2: Articular cartilage, the chondrocyte and the surrounding matrix
Articular cartilage is paucicellular, with a sparse distribution of chondrocytes, the
only cell type (left). The chondrocyte is surrounded by the pericellular matrix (PCM),
together known as the chondron (right). The further removed matrix constitutes the
extracellular matrix. Adapted from Vincent et al., 2019 (Figure reuse license number
- 5632681383796).

The PCM is primarily composed of type IV collagen, fibronectin, and the
proteoglycans perlecan and biglycan (Wang Q et al., 2008; Vincent T et al.,
2007). Biochemical and mechanical signals perceived by the chondrocyte
can be modulated by the PCM. The PCM affects chondrocyte signaling by
regulating cell-matrix ligand binding, growth factor and enzyme

sequestration, transport, assembly and activation (Guilak F et al., 2018). Our
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group has highlighted in a review the importance of growth factor
sequestration in chondrocyte signaling after cartilage injury, namely growth
factors FGF2, HDGF and CTGF (Vincent T et al., 2019). Disruption of the
PCM structure, by mechanical injury or proteolytic activity, can release these
sequestered proteins, allowing them to signal to chondrocytes in an autocrine
or paracrine manner (Wilusz R et al., 2014). For example, several growth
factors, including FGF2 and TGF@, are bound to the heparan sulfate chains
of perlecan (in the case of TGF this is through a covalent interaction with
CTGF). TGFp has also been described as binding to fibrillin and fibulin
(Guilak F et al., 2018). Mechanotransduction in the PCM is facilitated by type
IV collagen that links with type Il collagen fibers in the further removed ECM,
while also anchoring mechanosensory receptors on chondrocytes (Guilak F

etal., 2018).

1.2.5 ECM homeostasis

Chondrocytes are responsible for the maintenance and repair of the ECM.
They do so by maintaining a delicate balance between synthesis of matrix-
degrading enzymes and matrix macromolecules. As discussed earlier,
chondrocytes are responsible for the biosynthesis of collagen, proteoglycans
and other matrix molecules. On the other hand, proteolytic enzymes involved
in cartilage turnover include metalloproteinases and cathepsins (Sophia Fox
Aet a., 2009). Metalloproteinases participate in the breakdown of collagen
fibers, while cathepsins aid in aggrecan degradation (Sophia Fox A et a.,
2009). Articular cartilage has limited capacity for intrinsic repair, and collagen

fibers that are laid down in the ECM essentially last a lifetime. The half-life of
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collagen is estimated to be 117 years, while the turnover rate of
proteoglycans and glycoproteins is estimated to be a couple weeks to 25

years (Correa D et al., 2017).

1.2.6 ECM changes in OA

During OA development, native chondrocytes that are normally considered to
be quiescent cells undergo a phenotype change. They take on a catabolic
profile that results in fibrillation and cartilage degradation. This is associated
with increased cartilage calcification and vascular invasion from the
subchondral bone (Li G et al., 2013). Additionally, byproducts from cartilage-
degrading enzymes may contribute catabolic and inflammatory activation,
hypertrophic differentiation of chondrocytes and chondrocyte apoptosis
(Goldring M., 2012). The increased expression of matrix degrading enzymes
is a hallmark feature in OA cartilage. The biology resembles aspects of
endochondral ossification during bone formation, where chondrocytes attain
a hypertrophic-like phenotype (van der Kraan P et al., 2012). Hypertrophic
chondrocytes express MMP13, COL10A1, and VEGF, that are upregulated in
OA (Dreier R., 2010). Thus, chondrocyte hypertrophy is usually an indicator

of OA progression.

The activation of pathways that lead to cartilage damage induces
transcriptional and post transcriptional events in chondrocytes that promote
aberrant expression of inflammatory genes such as nitric oxide synthase 2
(NOS2) and cyclooxygenase 2 (COX2), and catabolic genes such as matrix

metalloproteinases (MMP 1, 3, and 13), and A Disintegrin and
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Metalloproteinase with Thrombospondin motifs (ADAMTS 4 and 5).
Endogenous inhibitors of MMPs include cathepsin B and tissue inhibitors of
MMPs (TIMPs) are also increased, although these factors are usually found
in lower abundance in OA tissue compared to their catabolic counterparts
(Akkiraju H et al., 2015). Pro-inflammatory mediators such as IL-1(3, IL-6, IL-
8, TNF-a, and NO are also found in higher abundance in damaged cartilage
and synovial fluid (Borrelli J et al., 2019). Anti-inflammatory mediators IL-10,
IL-4, IL-1Ra are also found readily available in human synovial samples of
the injured joint, and these may act to initiate tissue repair (Borrelli J et al.,

2019).

OA-induced cartilage damage activates a myriad of signaling cascades that
trigger either additional joint inflammation or help to initiate tissue repair.
These cascades, activated by growth factors, inflammatory and mechanical
stimuli include the MAPK cascade (ERK, p38, JNK), which subsequently
activate AP1, ETS, Runx2, C/EBP and NF-kB transcription factors (Goldring
M., 2012). Other catabolic mediators are the secreted damage-associated
molecular patterns (DAMPs) that act on toll like receptors (TLRs) and
receptor for advanced glycation end products (RAGE) (Goldring M., 2012).
These events may cause oxidative stress, chondrocyte death and

mitochondrial dysfunction.

The mechanical environment is altered in OA cartilage. Loss of collagen,

aggrecan and hydration results in higher stiffness of cartilage, making

cartilage less compliant to tension, compression, and shear stresses
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(Akkiraju H et al., 2015). Thickening of collagen fibrils have been reported as
well, which further deteriorate mechanical integrity (Silver F et al., 2002).
Such changes contribute to the constant deterioration of the cartilage
biomechanical environment, leading to the formation of fibrocartilaginous
tissue to replace degraded cartilage and osteophyte formation (the formation
of bony spurs around joints as an adaptive response to maintain joint
balance) (Gelse K et al., 2003). Our group has shown that mechanical factors
alone are necessary and sufficient to promote OA, as immobilization of the

joint prevents murine OA by surgical destabilization (Burleigh A et al., 2012).

1.3  Cartilage injury

Mechanical stress is one of the key factors that influence cartilage
homeostasis. Articular cartilage is subjected to a combination of mechanical
stresses including tensile, compressive and shear stress. A healthy joint
achieves mechanoprotection by having thick cartilage that can withstand a
lifetime of constant cyclic loading and physiological magnitudes of
mechanical strain. Dynamic compression at normal/moderate levels can be
beneficial to cartilage by providing anti-catabolic effects and inhibit cytokine
release, but overloading above a strain threshold can become detrimental to
cell and tissue function. Excessive and injurious loading can produce
structural damage and osteoarthritic-like changes in the ECM including
increased collagen denaturation, reduced proteoglycan synthesis and
chondrocyte apoptosis in injured cartilage (Chen C et al., 2001; D’Lima D et

al., 2001). This can lead to tissue swelling and reduced tissue stiffness and
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ultimately alteration of contact dynamics between articular cartilage surfaces
(Li Y et al., 2013). However, how mechanical thresholds are activated in vivo

iS unknown.

The cartilage injury response can be categorized into signals that confer
cartilage repair (chondroprotection), or deleterious signals that drive cartilage
degradation (mechanoflammation), which will be described in the next

sections.

1.3.1 Mechanoflammation

Mechanical injury is a key hallmark of OA, and our lab has researched
extensively into the cartilage injury response, with an emphasis on the
upregulation of inflammation upon cartilage injury, termed
mechanoflammation. Mechanically-induced inflammation is not exclusive to
cartilage but also involves the synovium and subchondral bone (Sokolove J
et al., 2013; Burleigh A et al., 2012). In OA, pathological changes to the
synovium include synovial hypertrophy and hyperplasia, an increased
number of synovial lining cells and modest infiltration of inflammatory cells.
These subsequently activate chondrocytes to produce proteases and other
catabolic factors that are responsible with the degradative phenotype in OA

(Pelletier J et al., 2001).

The upstream mechanism by which chondrocytes sense mechanical injury is

not known but subsequent rapid activation of signaling cascades induce a
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plethora of inflammatory genes, that ultimately lead to cartilage degradation.
Many intracellular signaling pathways have been shown to be activated upon
cartilage injury including the mitogen activated protein kinase (MAPK),
nuclear factor kappa light chain enhancer of activated B cells (NF-kB)
pathway, the wingless/integrated (Wnt) pathway, Src pathway and Hippo-YAP
pathway (Deng Y et al., 2018; Fanning P et al., 2003; Ismail H et al., 2017,
Vincent T et al., 2019; Vincent T et al., 2002; Watt F et al., 2013). These

signaling pathways will be described later in Section 1.4.

1.3.2 Chondroprotection

Dynamic compression can stimulate anabolic responses in cartilage which
promote cartilage matrix repair and chondroprotective pathways (Li Y et al.,
2013; Vincent T et al., 2019). These signals are mainly delivered via the
release of sequestered growth factors and regulatory molecules in the PCM

(Vincent T., 2013) (Figure 1.3).
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Figure 1.3: Activation of chondroprotective pathways upon cartilage injury
Mechanical compression of cartilage releases sequestered growth factors that drive
tissue repair responses (chondroprotective). Growth factors are sequestered in the
chondrocyte pericellular matrix and include fibroblast growth factor 2 (FGF2),
transforming growth factor beta (TGF) and connective tissue growth factor (CTGF)
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(Vincent T et al., 2007; Tang X et al., 2018). These are known to activate various
downstream cascades such as PI3K, Smads and ERK MAPK (Di-Luoffo M et al.,
2021; Neu C et al., 2007). Hippo/Yap are also activated by injury (unpublished data,
Vincent group).

A well described chondroprotective factor is fibroblast growth factor 2 (FGF2),
sequestered on perlecan, is released upon cutting or cyclical compression of
cartilage (Vincent T et al., 2007). FGF2 is chondroprotective in OA, as mice
deficient in FGF2 developed accelerated OA following surgical destabilization
of the medial meniscus (DMM). Furthermore, FGF2 inhibited interleukin 1
(IL1)-driven aggrecanolysis in human cartilage explants (Sawaji Y et al.,
2008). In FGF2 total KO mice, there was higher induction of Adamits5 mRNA,
suggesting that FGF2 normally suppresses Adamts5 in vivo (Vincent T.,
2011). Variants in the FGF2 response may be determined by signaling
through different FGF receptors (FGFRs). FGF2 exerted catabolic signaling,
such as the induction of matrix proteases Mmp13 and Adamts5 when
signaling through FGFR1 but signaling through FGFR3 favored anabolic
responses (Yan D et al., 2011). To support this, FGFRS3 total KO mice
demonstrated early cartilage destruction and arthritis (Valverde-Franco G et
al., 2006), while tamoxifen-induced cartilage-specific deletion of Fgfr1 in 8-
week mice inhibited cartilage degeneration in surgically induced OA (Weng T
et al., 2012). This evidence suggests that variable biological responses can
arise from differences in receptor-ligand signaling or that FGF2 is acting on
tissues that have different expression levels of FGFRs. FGF18, which
preferentially signals through FGFR3, attenuated cartilage degradation by
stimulating proteoglycan synthesis, suppressing matrix proteolytic enzymes
and promoting chondrocyte proliferation, and is currently in clinical trial under

the name Sprifermin (Yao X et al., 2019; Li J et al., 2021).
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Another mechanosensitive PCM growth factor is transforming growth factor
beta (TGFB). TGF is a pleiotropic growth factor that regulates diverse
cellular functions such as cellular differentiation, proliferation, apoptosis, and
wound healing in many cell systems (Choi M et al., 2012). TGFf is initially
bound to two latency associated peptides (LAPs), where it is then secreted
extracellularly and binds to latent TGF[ binding proteins (LTBPs) to form a
complex. This TGFB complex is then thought to bind to fibrillin and fibulin
(Massam-Wau et al., 2010). The canonical TGFf signaling cascade occurs
through phosphorylation of downstream Smad proteins. Smad3 knockout
(through vector-targeted mutation of Smad3) germline chimeric mice showed
reduction in TGFf signaling, and was accompanied with abnormal terminal
differentiation of chondrocytes, progressive cartilage loss and osteophyte
formation (van de Laar et al., 2011). A single nucleotide polymorphism in
SMADS3 conferred an increased risk of knee and hip OA (Gao S et al., 2018).
Shear stress loading on bovine cartilage explants activated TGFf signaling in
a phospho-Smad2/3 manner, suggesting that TGF[ is a potential mediator of
mechanosensitive responses (Neu C et al., 2007). Some studies suggest a
dual role for TGFf in OA, depending on the source of upstream Smad
signals from activin receptor-like kinases (ALKs). ALKS phosphorylates
Smad?2/3, while ALK1 phosphorylates Smad1/5/8 (van der Kraan P et al.,
2012). The authors saw a shift in ALK1/ALKS5 balance in ageing and OA,
whereby ALKS (and Smad2/3 phosphorylation) was lost in OA and ageing
cartilage while ALK1 (and Smad1/5/8 phosphorylation) did not diminish to a
comparable extent. This shift from Smad2/3 to Smad1/5/8 during ageing and
OA was associated with increased MMP13 expression and reduced
aggrecan synthesis (Blaney Davidson E et al., 2009). They postulated that
TGFp exerts its function as a repair factor via Smad2/3 to keep chondrocytes

in the quiescent state; in OA, Smad1/5/8 becomes dominant and triggers
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chondrocytes to leave their quiescent state and pursue a hypertrophic-like
phenotype that aggravates osteophyte formation (van der Kraan P et al.,

2012; Wang X et al., 2018).

Our group has demonstrated that connective tissue growth factor (CTGF) is
released upon cartilage injury (Tang X et al., 2018). CTGF has been reported
to mediate many processes in the joint, including ECM remodeling,
endochondral ossification, angiogenesis and chondrocyte survival (Nishida T
et al., 2007; Tu M et al., 2019). In our group’s study, CTGF was found to be
required for sequestration of a latent TGF@ by binding covalently to it and
facilitating its activation through TGFBR3 cell surface receptors (Tang X et al.,
2018). We hypothesized that CTGF would have a protective role in OA, but
postnatal cartilage-specific CTGF KO mice (deletion at 8 weeks) had thicker
articular cartilage that was more resistant to degradation in murine DMM
(Tang X et al., 2018). It is possible that lack of CTGF allows uncontrolled
activation of TGF[3 because it is no longer sequestered in the matrix. In the
wider literature, however, it is unclear whether CTGF is truly a protective
growth factor. CTGF overexpression in synovium in OA caused upregulation
of MMP3 and reduced proteoglycan synthesis, resulting in transient fibrosis
(Shi-Wen X et al., 2008). CTGF also promoted IL13-mediated synovial
inflammation in knee OA (Wang Z et al., 2013). On the other hand, some
experiments have indicated an anabolic role for CTGF. Intra-articular injection
of recombinant CTGF in rats repaired damaged articular cartilage (Nishida T
et al., 2004). There has been evidence in preclinical studies that targeting
CTGF may have a potential therapeutic role in OA treatment. For example,
CTGF-induced IL1B expression in OA synovial fibroblasts was inhibited by

the treatment with berberine, a drug that reversed cartilage damage in a
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collagenase-induced OA rat model. Overall, more investigations are needed
to validate the role of CTGF in OA.

1.4 Signalling events upon cartilage injury

Upon cartilage injury, mitogen activated protein kinase (MAPKSs) signaling
pathways are rapidly activated (Ismail H et al., 2017). The mechanism by
which chondrocytes sense mechanical injury is still unknown, but injury-
driven MAPK activation is led by phosphorylation and polyubiquitination of
TGFB-activated kinase 1 (TAK1), which is briefly summarized in Figure 1.4.
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Figure 1.4: Activation of mechanoflammatory pathways upon cartilage injury
by TAK1

Mechanical injury on cartilage activates transforming growth factor beta-activated
kinase 1 (TAK1). TAK1 activates downstream mitogen activated protein kinases
(MAPKSs) that include extracellular signal kinase (ERK), c-Jun N-terminal kinase
(JNK) and p38. TAK1 also activates nuclear factor kappa- light-chain-enhancer of
activated B cells (NF-kB) signalling. Activation of MAPKs and NF-kB results in the
increased expression of inflammatory genes, causing the release of key cartilage-
degrading enzymes and inflammatory mediators.

1.4.1 TAK1
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TAK1 has been demonstrated as a key driver of inflammation and joint
homeostasis. TAK1 is a mitogen activated protein kinase kinase kinase
(MAP3K) and is known to be an upstream mediator of MAPKs and NF-kB
signaling (Figure 1.4). It can be activated by a host of stimuli, including
cytokines (i.e., TNF, IL1), chemo-attractants, and growth factors to elicit
different signal transduction cascades depending on the cell stress and cell
type (Sylvain-Prevost S et al., 2015; Klatt A et al., 2006; Xu Y et al., 2020).
TAK1 was originally discovered as the direct downstream mediator of TGFf3
signaling (Yamaguchi K et al., 1995). TAK1 activation is facilitated by
recruitment of its binding partners, TAK1-binding proteins (TABs). Binding of
the TAB-TAK1 complex to K63-polyubiquitination chains facilitates
autophosphorylation of TAK1 at Thr184/Thr187 and its subsequent activation.
TAK1 then phosphorylates IkB kinases (IKKs) and MAP2Ks, leading to the
activation of NF-kB and MAPKs (Xu Y et al., 2020). Cartilage-specific
deletion of TAK1 in mice resulted in severe musculoskeletal abnormalities,
such as chondrodysplasia and impaired formation of secondary ossification
centers (Shim J et al., 2009). However, TAK1 constitutive KO in mice (by
germline TAK1 mutation) is embryonic lethal due to abnormal development of
the neural tube (Shim J et al., 2005), and postnatal pan-tissue conditional
knockout of TAK1 causes death of mice within 48 hours (unpublished data,
Vincent group). These results indicate that TAK1 a key regulator of many
processes in our body. In vitro, TAK1 inhibition by siRNA downregulated
IL1B-induced inflammatory genes, MMP13, MMP1 and TNFa (Klatt A et al.,
2006). Furthermore, TAK1 inhibition by intra articular injection of a TAK1

pharmacological inhibitor 5Z-7 blocked MAPK and NF-kB activation in OA
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chondrocytes and synoviocytes, leading to decreased expression of matrix
degrading enzymes and other anti-inflammatory effects (Cheng J et al.,
2016). 5Z-7 also prevented ECM loss in OA cartilage explants (Cheng J et
al., 2016).

In the context of mechanical injury, our group has shown that TAK1 is
phosphorylated and activated within 30 seconds upon cartilage injury, using a
porcine trotter injury model (Ismail H et al., 2017). This acute and rapid
response triggers activation of downstream ERK, JNK, p38 and NF-kB
signaling, all of which are activated in less than 2 minutes post-injury. They
attempted to uncover a TAK1 upstream mediator by generating TNF
receptor-associated factor 6 (TRAFG6) total KO and myeloid differentiation
primary response 88 (MyD88) total KO mice. Both Myd88 and TRAF6 are
reported as receptor-proximal mediators of cytokine receptors such as IL1Rs
and TNFRs, and a reported to lie upstream of the TAK1 signaling cascade
(Verstak B et al., 2008). Both KO mice models failed to show any change in
TAK1 signaling upon injury, suggesting that conventional inflammatory
receptors such as TLRs and IL1Rs do not play a role in injury-induced
mechanoflammation (Ismail H et al., 2017). TAK1 was also shown to be
mechanosensitive in vitro when low/physiological magnitudes of loading onto
fibrochondrocytes inhibited TAK1 phosphorylation and consequently
suppressed NF-kB activation (Madhavan S et al., 2007). It is believed that
the TAK1 upstream mediator is neither soluble nor secreted upon injury

(Vincent T., 2019).
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TAK1 has been reported to cross talk with the Hippo/YAP pathway in
chondrocytes and cartilage. Yes-associated protein (YAP) is a mediator of the
Hippo signaling pathway, that is implicated in stem cell fate regulation, organ
development and regeneration (Karystinou A et al., 2015; Fu L et al., 2019).
Deng et al. showed that inflammatory cytokines (i.e., TNF, IL1) facilitate YAP
proteasomal degradation via TAK1-mediated YAP Ser127 phosphorylation
and ubiquitination. Reciprocally, YAP inhibits cartilage degradation through
association with TAK1 to prevent NF-kB translocation into the nucleus (Deng
Y et al., 2018). Several studies have confirmed that YAP is overexpressed in
animal OA models and human OA tissue, on both gene and protein levels
(Kania K et al., 2020; Zhang Q et al., 2019; Gong Y et al., 2019). There was
also preferential nuclear localization (over cytoplasmic localization) of YAP in
OA cartilage compared with normal cartilage (Zhang X et al., 2020),
suggesting that highly expressed YAP maybe involved in OA pathogenesis.
Some studies support a protective role for YAP in OA progression. One study
showed that loss of YAP1 in murine chondrocytes exaggerated cartilage
degradation (Deng Y et al., 2018). For in vivo studies, Yap siRNA injection
intra-articularly in mice decreased chondrocyte apoptosis, attenuated
cartilage degeneration and reduced abnormal subchondral bone formation

(Gong Y et al., 2019).

MAPKSs are protein serine/threonine kinases that transduce extracellular
stimuli into a wide range of cellular responses. MAPKs are common among
all eukaryotic cells, which regulate gene expression, mitosis, metabolism,

motility, survival, and differentiation. Among the 14 MAPKSs that have been
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characterized, the most extensively studied mammalian MAPKSs are
extracellular signal-regulated kinases (ERK), c-Jun amino N-terminal kinases
(JNK) and p38 (Cargnello M et al., 2011; Kyriakis J et al., 2001). MAPK
pathways are comprised of a hierarchical group of three acting kinases: a
MAPKK kinase (MAPKKK/MAP3K), a MAPK kinase (MAPKK/MAP2K) and a
MAPK. These proteins sequentially activate each other by phosphorylation
on their serine/threonine/tyrosine residues. MAP3K leads to activation and
phosphorylation of a MAP2K on conserved Thr-X-Tyr motifs; MAP2Ks then
phosphorylate and activate MAPKs. Activated MAPKSs then localize to
interact with target proteins (often transcription factors) or genes of interest
(Cargnello M et al., 2011). Upstream receivers of MAPK signals include cell
surface receptors, such as receptor tyrosine kinases (RTKs), G-protein-
coupled receptors (GPCRs), integrins, and GTPases Ras and Rap (Morrison
D et al., 2012). In the following sections, the three MAPKs ERK, JNK and p38

will be discussed in greater detail.

1.4.2 ERK

ERK was the first mammalian MAPK to be identified and characterized. It
was primary found to be activated by growth factors and mitogens, like
platelet-derived growth factor (PDGF), epidermal growth factor (EGF), and
nerve growth factor (NGF), and also in response to insulin (Boulton T et al.,
1990). The classic ERK1/2 MAPK is activated upstream by MAP2Ks MEK1

and MEK2 (Cargnello M et al., 2011).
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Our group has shown that ERK1/2 is phosphorylated and activated within 30
seconds of cartilage injury, and that FGF2 released from the cartilage matrix
upon injury can activate ERK (Vincent T et al., 2002; Gruber J et al., 2004). In
a model of dog OA, inhibition of ERK by using a ligand of voltage gated Ca?*
channels reduced OA lesions (Boileau C et al., 2006). Similarly, a MEK1/2
inhibitor, which inhibits ERK activation also prevented OA lesions by a
presumed reduction of MMPs (Pelletier J et al., 2003). In a rabbit OA model,
treatment with a MEK1/2 inhibitor decreased cartilage lesions, osteophyte
formation and synovial inflammation (Pelletier J et al., 2003). Conversely,
there is evidence of ERK being a negative regulator of proteoglycan

synthesis in chondrocytes (Starkman B et al., 2005).

1.4.3 JNK

The JNK family, consisting of JNK1-3, is primarily activated by environmental
stresses (ionizing radiation, heat, oxidative stress, and DNA damage),
cytokines, and to a lesser extent by growth factors, GPCR ligands, and
serum (Cargnello M et al., 2011). The JNK MAPKSs are activated upstream by
the MAP2Ks, MKK4 and MKK?7, both of which are substrates of TAK1 and
ASK1 (Cargnello M et al., 2011). Various studies have implicated the
involvement of JNK in OA. Stimulation of chondrocytes with chemokines
CXCL8/11 induced chondrocyte proliferation, alongside JNK activation and
increased expressions of other pro-inflammatory cytokines (Yang P et al.,
2016). Accumulating evidence indicate that inhibition of the JNK pathway can
reduce cartilage degradation associated with OA (Ge H et al., 2017).
Suppression of IL1-induced JNK/p38 attenuated MMP1, MMP3 and MMP13
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gene expression in chondrocytes (Jeong J et al., 2015). Our group has
shown that JNK is phosphorylated and activated within 2 minutes cartilage
injury, in a TAK1-dependant manner (Ismail H et al., 2017). In an earlier
study, our group observed a delay in the development of surgically induced
OA in JNK2 total KO mice through the suppression of aggrecanolysis and

inflammatory genes (Ismail H et al., 2016).

1.4.4 p38

The p38 MAPK is generally more responsive to stress stimuli, inflammatory
cytokines (i.e., TNF and IL1), oxidative stress, UV irradiation, and hypoxia.
p38 MAPKSs are activated upstream by the MAP2Ks, MKK3 and MKK6, both
of which are substrates of TAK1 and ASK1 (Cargnello M et al., 2011). p38 is
activated in OA cartilage and p38 inhibition (using a p38 inhibitor, SB203580)
in cartilage tissue in vitro suppressed apoptosis and expression of
proinflammatory cytokines (Sun H et al., 2017). Similarly, SB203580 reduced
joint degeneration and pain in a rat OA model (Brown K et al., 2008). A
different p38 inhibitor (R-130823) protected cartilage breakdown and was
associated with MMP1, MMP13 and PGEZ2 release, alongside COX2 mRNA
suppression (Wada Y et al., 2006). In a different study, only p38 inhibition
(and not ERK or JNK) blocked Mmp13 expression mediated by the discoidin
domain receptor in murine chondrocytes (Xu L et al., 2007). These results
suggest that activated p38 accelerates cartilage breakdown. Unfortunately,

p38 inhibitors were somewhat unsuccessful for disease attenuation in vivo,
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possibly because p38 possesses both pro and anti-inflammatory effects

(Tomida T et al., 2015).

1.4.5 ASK1

ASK1 is another member of the MAP3K family and is a serine/threonine
kinase like TAK1. It activates MKK4/7 JNK and MKK3/6 p38 signaling
cascades. ASK1 is primary known as a signal transducer to cell stress
stimuli, namely oxidative stress, inflammatory cytokines, lipopolysaccharides,
endoplasmic reticulum stress, and calcium influx (Fujino G et al., 2007). Of
these stimuli, ASK1 is best characterized as a potent activator of oxidative
stress. ASK1 has been implicated diseases such as neurodegenerative,

renal, liver and cardiovascular disorders (Hayakawa R et al., 2012).

1.4.5.1 ASK17 in OA

Studies investigating the role of ASK1 in OA or cartilage are scarce.

In vitro, H202, TNFa and calcium have been reported to activate ASK1, p38
and JNK signaling in chondrocytes (Eaton G et al., 2013). They also showed
ASK1-dependant upregulation of MMP13, alkaline phosphatase and
COL10A1 mRNA (Eaton G et al., 2013). In human articular cartilage tissue
retrieved from joint replacement surgeries, increased ASK1 expression was
observed with OA progression (Zhang Q et al., 2016). In the same study, joint
degeneration was slowed in ASK1 total KO mice, demonstrated by
decreased cartilage and proteoglycan loss (Zhang Q et al., 2016). The

authors also generated two OA mouse models (partial meniscectomy and
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joint destabilization) and showed that ASK1 inhibition in these models
attenuated cartilage breakdown (Zhang Q et al., 2016).
Immunohistochemistry of the growth plate revealed that ASK1 expression
correlated with chondrocyte hypertrophy (Zhang Q et al., 2016). This finding
resonated with a different study, which observed increased ASK1 expression
in the hypertrophic zone of the growth plate (Eaton G et al., 2014). According
to a review paper, ASK1 total KO mice are viable, healthy, long lived and
show no developmental abnormalities (Ogier J et al., 2020). Bone
development appeared accelerated in ASK1 total KO mice compared to WT
mice, although no skeletal malformations were reported (Eaton G et al.,
2014). Recently, the use of a selective ASK1 inhibitor named serlonsertib
was tested in pre-clinical studies of OA. In chondrocytes, serlonsertib
attenuated IL1B-induced inflammatory gene upregulation and cartilage
degradation, via blockade of the ASK1/p38/JNK/NF-kB cascade (Yan J et al.,
2021). Intra articular injection of serlonsertib into anterior cruciate ligament
transection and partial medial meniscus rat OA models prevented cartilage
erosions, proteoglycan loss and chondrocyte apoptosis. From this study and
others, serlonsertib might act via regulating ASK1/p38/JNK pathways in OA

(Yoon Y et al., 2020).

The ASK1 inhibitor serlonsertib was initially used for a phase 2 trial for
treatment of diabetic kidney disease (Chertow G et al., 2019), and most
recently, a phase 3 trial for treatment for non-alcoholic steatohepatitis
(NASH), a fibrotic liver disease (Harrison S et al., 2020). Serlonsertib led to

anti-inflammatory and anti-apoptotic effects such as improvement of liver
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fibrosis and presented no adverse effects in patients (Loomba R et al., 2018).
The NASH trial did not reach its primary study endpoint (Harrison S et al.,
2020).

1.4.5.2 ASK1 Mechanism of action

In non-stressed conditions, ASK1 forms a homo-oligomer through direct
interaction through its C-terminal coiled-coil domain (Shiizaki S et al., 2013).
At the same time, ASK1 is bound to thiol-containing antioxidant protein,
Thioredoxin-1 (Trx) which represses ASK1 activity in normal homeostatic
conditions. This high molecular weight complex (1500-2000 kDa) is termed
the ASK1 signalosome (Shiizaki S et al., 2013). In conditions that activate
ASK1, such as elevated oxidative stress, Trx is oxidized and dissociates from
ASK1, leading to ASK1 activation by autophosphorylation at Thr838 (for
humans) Thr845 (for mice) (Saitoh M et al., 1998; Tobiume K et al., 2002). It
is also reported that reactive oxygen species (ROS) such as hydrogen
peroxide (H202) activates ASK1 by recruiting TNF receptor-associated factor
2 (TRAF2) and TNF receptor-associated factor 6 (TRAF6) to the ASK1
signalsome, where they interact with ASK1’s N-terminal region (Fujino G et
al., 2007). It has been described before that TRAF2 and TRAF6 are
upstream of ASK1-dependant MAPK and NF-kB signaling (Noguchi T et al.,
2005). Upon ASK1 activation, ASK1 phosphorylates and activates
downstream MAP2Ks 3,4,6, and 7, which subsequently phosphorylate and
activate p38 and JNK MAPKs. ASK1 is best known for promoting pro-

apoptotic activation of p38/JNK and was also implicated in p38/JNK-
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mediated fibrosis and inflammation (Tobiume K et al., 2001; Ogier J et al.,
2020). Recently, a another ASK1 phospho-site has been reported, Ser966,
that takes part in inhibiting ASK1 under non-stressed conditions by

interacting with Trx (Petrvalska O et al., 2016).

1.4.6 NF-kB

Nuclear factor-kappa B (NF-kB) are a family of nuclear transcription factors,
that regulate an array of genes involved in different immune and
inflammatory responses. The NF-kB family has five structurally related
members: NF-kB1, NF-kB2, RelA, RelB and c-Rel (Liu T et al., 2017). These
transcription factors facilitate transcription of their target genes by binding to
specific DNA motifs called kB enhancers (Liu T et al., 2017). NF-kB proteins
are normally sequestered in the cytoplasm by inhibitory proteins, such as the
inhibitor of nuclear factor-kB (IkB) proteins. The best studied IkB family

member is IkBa (Liu T et al., 2017).

1.4.6.1 Canonical NF-kB signaling

The canonical NF-kB cascade is induced by ligand-based activation of
various cytokine receptors, pattern-recognition receptors, TNF receptor
superfamily members, as well as T-cell receptors and B-cell receptors (Zhang
H et al., 2015). Activating stimuli include cytokines, growth factors, mitogens,
microbial components and stress agents (Israel A et al., 2010). Canonical
activation of NF-kB occurs via the inducible degradation of IkB triggered

through its phosphorylation, by the kinase that phosphorylates IkBs called the
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IkB kinase (IKK) complex (Liu T et al., 2017). Upon IKK complex activation,
IKK phosphorylates IkB at serine residues, triggering ubiquitin-dependent kB
degradation in the proteasome and consequent transient nuclear
translocation of canonical NF-kB proteins. Post-translational modifications of
IkB, IKK and the NF-kB proteins can also modify response of the signaling

cascade (Oeckinghaus A et al., 2009).

1.4.6.2 Non-canonical NF-kB signaling

The non-canonical NF-kB pathway is activated by a small subset of TNF
receptor superfamily members, notably in response to oncogenic viruses and
bacteria. This pathway relies on the phosphorylation of p100, a precursor of
NF-kB2. This causes nuclear translocation of the non-canonical p52/RelB
complex (Sun S., 2012). Functionally, the non-canonical NF-kB pathway
serves as a supplementary signaling axis that cooperates with the canonical
NF-kB pathway to regulate specific functions of the adaptive immune system

(Liu T et al., 2017).

1.4.6.3 NF-kB in OA

NF-kB has been implicated in many inflammatory and autoimmune diseases
such as rheumatoid arthritis. The significance of NF-kB in OA pathogenesis
was first determined through loss of function studies. Treatment with NF-«kB
inhibitors on human osteoarthritic chondrocytes suppressed IL1B-induced

MMP3 and MMP13 mRNA (Liacini A et al., 2002). siRNA specific knockdown
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of p65 NF-kB alleviated injury induced cartilage lesions in a rat OA model
(Chen L et al., 2008). Furthermore, intra articular injection of an IKK inhibitor
suppressed OA development in surgically induced OA mouse model and
downregulated IL1B-induced catabolic gene expression in chondrocytes
(Murahashi Y et al. 2018). Tamoxifen-induced cartilage specific knockout of
IKK in 10-week old mice subjected to DMM showed reduced cartilage
degradation and hypertrophy-like features compared to wild-type controls,
but growth plates displayed aberrant architecture and correlated with

chondrocyte apoptosis (Culley K et al., 2019).

In vitro and in vivo studies of OA have demonstrated that increased NF-kB
activity positively correlated with higher cartilage destruction (Choi M et al.,
2019). NF-kB induces inflammation in cartilage and chondrocytes by
promoting catabolic gene expression directly via the binding of NF-kB
response elements to the promoters of MMP1, MMP9 and ADAMTSS genes,
or by indirectly elevating pro inflammatory mediators including
cyclooxygenase 2 (COX2), prostaglandin E2 (PGEZ2), and inducible nitric
oxide synthase (iINOS) (Kobayashi H et al., 2013; Lianxu C et al., 2006;
Vincenti M et al., 1998). Intermediate mediators of NF-kB that have been
reported include hypoxia-inducible factor 2 (HIF-2), ETS domain-containing
protein-1 (ELK1), and E74-like factor 3 (ELF3) (Choi M et al., 2019). HIF-2 is
required for hypertrophic differentiation of chondrocytes and is an inducer of
MMP13, COL10A1, and VEGF by its binding to hypoxia-responsive elements
(Saito T et al., 2010). NF-kB binding proteins SAM68 and KPNA2 were

reported to interact with NF-kB signaling to promote chondrocyte catabolism
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(Xu L etal.,, 2015; Tao R et al., 2015). The Wnt pathway also cross-talks with

NF-kB via TCF4 (Ma B et al., 2016).

Many extracellular factors associated with OA can induce the expression of
matrix degrading enzymes and pro-inflammatory mediators. For example,
ghrelin (also known as the ‘hunger hormone’) was protective against OAin
DMM-induced OA and IL1B-induced NF-kB activation (Qu R et al., 2018).
Osteopontin (OPN), a factor involved in adipose tissue inflammation and
bone remodeling, was found elevated in synovial fluid and articular cartilage
of OA patients (De Fusco C et al., 2017; Gao S et al., 2010). OPN promoted
Mmp13 upregulation and Hif-2 suppression via NF-kB, supporting a catabolic
role, but OPN total KO mice exhibited enhanced OA progression (Choi M et
al., 2019). Thus, more detailed investigations are required to validate the
contradictory findings. Conventional cytokines, such as IL1 and TNF have
been implicated in OA on many occasions (Wojdasiewicz P et al., 2014) but
there is little substantive in vivo data (in mice or humans) for a direct role. IL-
6 and IL-36 also activate NF-kB and have been implicated in OA (Conde J et
al., 2015; Latourte A et al., 2017). One particular study found that aberrant
signaling through the TGFf type Il receptor (TGFBR2) can cause NF-kB and

MAPK activation (Li T et al., 2019).

There is also multiple evidence that excessive mechanical loading causes

NF-kB activation in OA development, while normal/physiological loading

protects cartilage degeneration and inhibits NF-kB. Mechanical regulation of
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NF-kB has been reported to occur at the level of TAK1 and IKK

(Dossumbekova A et al., 2007; Madhavan S et al., 2007; Nam J et al., 2009;).

1.5 Models of cartilage injury

The Vincent lab has used a few ex vivo models to investigate the signaling
pathways activated upon cartilage injury. These include articular cartilage
explantation (cartilage cut or carved out directly from the intact joint surface),
re-cutting (cartilage is rested in vitro for 48 hours and then re-injured by
cutting), avulsion (shearing the immature femoral head from the mouse hip)
and mechanical compression (Vincent T., 2019). These models have been
validated by the group in multiple studies, as characterized by the activation
of catabolic pathways that drive inflammation (mechanoflammation) and the
release of sequestered growth factors that drive cartilage repair (Vincent T et
al., 2002; Zhu L et al., 2017). In vivo, cartilage injury leading to OA, can be
induced by surgical joint destabilization. Past work by the Vincent group
suggests that differences in type of mechanical loading led to differences in
cartilage response outcomes. Specifically, shear stress is more likely to
activate mechano-inflammatory responses and compressive load is more
likely to promote chondroprotection (Burleigh A et al., 2012). These models
are used by our lab to delineate known pathways or discover new
mechanosensitive signaling pathways, to understand the pathological
processes that underlie OA and thereby facilitate the discovery of new drug

targets.
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1.6 ROS

Reactive oxygen species are oxygen-containing free radical molecules
(Zahan O et al., 2020). These molecules contain unpaired valence electrons
that causes ROS to be short lived, unstable and highly reactive (Zahan O et
al., 2020). Notable examples of ROS include the hydroxyl radical (OH"),
hydrogen peroxide (H202), superoxide anion (O27), nitric oxide (NO~) and
hypochlorite ion (OCI™). Low levels of ROS produced by cells is essential for
cellular homeostasis and function (Trachootham D et al., 2008). However
excessive ROS is usually considered to be deleterious, as they can oxidize
protein and lipid constituents, cause DNA damage, and stimulate release of
inflammatory mediators (Zahan O et al., 2020). The notion of chronic ROS
production is considered central to many inflammatory diseases, including
OA, thus it has been of increased interest to study the role of ROS in

cartilage homeostasis.

1.6.1 Sources of ROS

There are three major sites of ROS production in chondrocytes: the
mitochondria (via oxidative phosphorylation), non-mitochondrial membrane-
bound nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and

xanthine oxidase (XO) (Zahan O et al., 2020).

ROS in the mitochondria arise as a byproduct of oxidative phosphorylation

(Turrens F et al., 2003). In mitochondria, the superoxide anion (O27) is

generated by the one electron reduction of Oz (Turrens F et al., 2003).
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Dismutation of the superoxide anion generates hydrogen peroxide (H203),
which can be fully reduced to water or partially reduced to form a hydroxyl
radical (OHe) (Turrens F et al., 2003). The majority of mitochondrial ROS
processes are catalyzed by complexes of the electron transport chain that lie
on the inner membrane of the mitochondria. Complex | is the primary
contributor of ROS in pathological scenarios (Turrens F et al., 2003).
Complex | serves as the entry point for electrons into the electron transport
chain, where a flavin mononucleotide (FMN) cofactor takes electrons from
NADH and passes them through a series of iron-sulfur centers to the
coenzyme Q (CoQ) reduction site, at which reduction of oxygen takes place
(Murphy M et al., 2009). When there is a high NADH/NAD+ pool or a large
amount of reduced CoQ, production of the superoxide anion is favored
(Murphy M et al., 2009). It is estimated that 2-3% of Oz used in mitochondrial
oxidative phosphorylation is converted to superoxide anions (Lepetsos et al.,

2016).

NAPDH oxidase (NOX) enzymes are heme-containing transmembrane
proteins that aid electron transport. NOXs receive electrons from a cytosolic
donor (usually NAPDH) and transfer them to an electron acceptor, O2 (Drevet
S et al., 2018). The chemical reaction for this is 202 + NADPH — 202 +
NADP* + H*. NOXs are expressed ubiquitously in humans (Drevet S et al.,
2018). Increased NOX activity is correlated in many pathologies, in particular

cardiovascular and neurodegenerative diseases (Bedard K et al., 2007).
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Lastly, xanthine oxidase (XO) catalyzes the oxidation of hypoxanthine to

xanthine, producing the byproduct H202 (Turrens F et al., 2003).

1.6.2 Antioxidant systems

Enzymatic and non-enzymatic antioxidant systems have been described for
scavenging ROS. Antioxidant enzymes include thioredoxin, superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), to name a
few (Zahan O et al., 2020). These enzymes act by eliminating ROS directly
or by catalyzing the regeneration of other antioxidants (Tudorachi N et al.,
2021). SOD enzymes catalyze the conversion of superoxide anions to
oxygen and hydrogen peroxide (Tudorachi N et al., 2021). Downregulation in
expression of SODs have been reported in OA cartilage in humans and
animal models (Scott J et al., 2010), although our group have shown that
SOD genes are strongly upregulated by cartilage injury (Hermansson M et
al., 2003). CAT enzymes catalyze the conversion of hydrogen peroxide to
water and oxygen (Tudorachi N et al., 2021). GPx serves the same function
by converting hydrogen peroxide to water and oxygen but is also capable of
reducing peroxide radials (such as lipid peroxides) to alcohol and oxygen

(Tudorachi N et al., 2021).

Examples of non-enzymatic antioxidants include glutathione (GSH),
carotenoids, vitamins and Coenzyme Q10. GSH is an endogenous
antioxidant that is found in mitochondria or peroxisomes (Lushchak V., 2012).
GSH acts in concert with antioxidant enzymes to scavenge free radicals,

where it is oxidized into glutathione disulfide (GSSG) (Lushchak V., 2012).
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GSSG can be recycled back into GSH via glutathione reductase: GSSG +
NADPH + H* — 2GSH + NADP* (Lushchak V., 2012). Carotenoids are
naturally occurring pigments found in many plants and animals, and also
encompass a few classes of vitamins (Vitamins A, C and E) (Tudorachi N et
al., 2021). They possess antioxidant effects by directly eliminating oxidized
radicals or by interfering with oxidative stress-induced signaling, such as NF-
kB, IL-6 and TNFa (Tudorachi N et al., 2021). Coenzyme Q10 (commonly
known as just coenzyme Q/CoQ), is a coenzyme localized on the inner
membrane of mitochondria and is responsible for transferring electrons
across respiratory complexes of the electron transport chain (Tudorachi N et
al., 2021). The reduced form of CoQ10 can be oxidized by oxygen radicals
and is recycled back into the reduced form by the action of NADPH

oxidoreductases (Tudorachi N et al., 2021).

1.6.3 ROS in OA and cartilage

Oxygen tension of the joint is particularly relevant when considering ROS, as
exposure of cartilage to high oxygen tension can induce formation of ROS.
The oxygen tension surrounding articular chondrocytes is reported to be 6%
in the superficial zone and 1% in the deep zone (Fermor B et al., 2007).
Since articular cartilage is avascular, oxygen and nutrients must diffuse into
the cartilage tissue from the synovial fluid surrounding the joint. The oxygen
tension in synovial fluid is estimated to be 7-9% (Fermor B et al., 2007).
Mobilization of the joint can increase the cartilage’s oxygen supply. One
group investigated the effects of oxygen tension on articular cartilage.

Culturing cartilage explants at 5% O2 significantly increased proteoglycan
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and collagen synthesis compared to culturing at 20% O3, but culturing at 1%
O2 showed decreased proteoglycan and collagen synthesis compared to
culturing at 20% O (Fermor B et al., 2004). These findings suggest that 5%
O2 maybe an optimal level of oxygen for cartilage matrix homeostasis. In
vitro, hypoxia promoted the chondrogenic phenotype and cartilage matrix
synthesis, indicating that the chondrocyte phenotype is oxygen sensitive
(Henrotin Y et al., 2005). Cyclic loading or compression of cartilage could
also enhance the diffusion and transport of nutrients towards the cartilage,
affecting the metabolism and hence oxygen consumption of cartilage.

(Murphy C., 2011)

Recent studies have cemented a role for oxidative stress and ROS in OA
progression. Oxidative stress-related OA pathologies include disruption of
cartilage signaling, chondrocyte senescence and apoptosis, mitochondrial
dysfunction, cartilage degradation, synovial inflammation and subchondral
bone dysfunction (Drevet S et al., 2018; Li D et al., 2012). These
observations often correlated with an elevated profile of lipid peroxidation
products such as oxidized low-density lipoprotein (ox-LDL), nitrite (NOZ27),
nitrotyrosine, and nitrated (NO3") in the fluids and cartilage of OA patients
and away animal models (Ostalowska A et al., 2006; Zahan O et al., 2020). A
decrease in antioxidant systems has also been described in OA patients

(Zahan O et al., 2020; Ostalowska A et al., 2006; Sakurai H et al., 1995).

ROS are produced at low concentrations in chondrocytes, with the primary

source of ROS being NADPH oxidase (NOX) in the native tissue (Zahan O et
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al., 2020). In unstimulated isolated human chondrocytes, the production of
ROS was estimated to be 10 nmol of H202 per 10° cells (Henrotin Y et al.,
1993). One study demonstrated that porcine articular chondrocytes could
release ROS through an NADPH oxidase-like complex (Nemirovskiy O et al.,
2009). Additionally, treatment of post-traumatic murine OA with selective
NAPDH oxidase inhibitors or a Nox4 total knockout showed reduced OA

pathology (Wegner A et al., 2019).

Nitric oxide synthase (NOS) is an enzyme that catalyzes the production of
free radical nitric oxide (NO) (Forstermann U et al., 2012). NOS expression
can be induced by inflammatory cytokines and shear stress (Hiran T et al.,
1997). NOS mRNA can be upregulated by NF-kB and MAPK pathways
(Pelletier J et al., 2012). Excessive ROS and NO production deregulate the
GSH antioxidant system and induces chondrocyte apoptosis. The proposed
mechanisms by which ROS-induced apoptosis occurs include activation of
caspase 3,9; regulation of PI3K/Akt, MAPK signaling pathways; and
cyclooxygenase 2 (COX2)-induced prostaglandin E2 (PGEZ2) production
(Beecher B et al., 2007; Palmer R et al., 1993; Notoya K et al., 2000; Yin W
et al., 2009). H202 treatment of chondrocytes in vitro induces apoptosis in a
dose-dependent manner (Mathy-Hartert et al., 2002). In vitro, administration
of H202, or upregulation of endogenous superoxides, inhibited proteoglycan
synthesis by suppressing mitochondrial oxidative phosphorylation (Zahan O
et al., 2020). Both superoxide anions and NO are required for IL1-dependant

inhibition of proteoglycan and collagen synthesis (Oh M et al., 1998). The
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authors proposed that NO blocks collagen Il biosynthesis by hydroxylation of

proline residues on collagen |l post-translationally (Oh M et al., 1998).

Mitochondrial dysfunction can perpetuate a harsh cycle of increased ROS
and mitochondrial DNA damage, which are hallmarks of chronic degenerative
diseases (Mao X et al., 2020). Depletion of superoxide dismutase 2 (SOD2),
a major mitochondrial antioxidant protein, was found in early and end-stage
OA cartilage (Scott J et al., 2010). This depletion of SOD2 also correlated
with increase ROS production and collagenase expression in chondrocytes
(Scott J et al., 2010). Another study showed that hypercholesterolemia
promoted OA progression by mitochondrial dysfunction in chondrocytes, by
stimulating ROS production and apoptosis (Farnaghi S et al., 2017). In a
study using a rat OA model, administration of CoQ10 attenuated cartilage
degeneration, suppressed inflammatory gene expression and demonstrated
an antinociceptive effect (Lee J et al., 2013). Furthermore, blocking
mitochondrial respiration, using inhibitors of mitochondrial complexes,
attenuated collagen and proteoglycan synthesis in articular chondrocytes in

vitro (Johnson K et al., 2000).

The relationship between ROS and pain is poorly understood. So far, it has
been reported that H2O2 and ONOO- are involved in inflammation derived
pain. (Pelletier J et al., 2000). Since NO is a known nociceptive signaling
molecule, it may be worth investigating the relationship between NO

abundance and pain in OA (Guingamp C et al., 1997)
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ROS levels are subject to fluctuations upon mechanical stress in many cell
types, including myocytes and endothelial cells (Zahan O et al., 2020).
Chronic mechanical overloading was reported to stimulate NO production in
articular chondrocytes in vivo and in vitro (Hashimoto S et al., 1998).
Mechanically induced mitochondrial ROS stimulated ATP production in
bovine osteochondral explants, that was suppressed by a mitochondrial-
specific ROS scavenger, MitoQ (Wolff K et al., 2013). Taken together,
mechanical forces can alter oxygen tension and release of ROS in cartilage,

but the precise mechanisms of this requires further investigation.

1.7 IL1

The Interleukin-1 (IL1) family is a group of 11 cytokines, that can regulate and
initiate a host of inflammatory responses in many cell types and tissues
(Dinarello C et al., 2011). IL1a and IL13 are the two best studied cytokines as
they were discovered first. IL13 was shown to be released by activated
macrophages to activate T cells (Gery | et al., 1972). IL1a, then known as
catabolin, was purified from synovium was noted for its ability to degrade
cartilage (Saklatvala J et al., 1980). IL1a and IL1f are acidic and basic
proteins respectively, both of which signal by binding to the high affinity L1

receptor (IL1R) (Saklatvala J et al., 1986).

1.7.1 IL1 Mechanism of action

The current canonical mechanism for signaling of IL1 is as follows. IL1a and

IL1B pro-proteins are retained in the cytoplasm. Pro-IL13, but not pro-IL1a,
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lacks biological activity and must first be catalyzed by caspase-1/ICE (IL1
converting enzyme). This allows IL1[3 to be secreted from the cell in its active
form (Gross O et al., 2011). Mature IL1 ligands IL1a and IL1( bind to the
extracellular domain of IL1 receptors (IL1Rs). A series of conserved cytosolic
regions called Toll- and IL-1R-like (TIR) domains assemble the ligand-
receptor-co-receptor trimeric complex and recruits two intracellular signaling
proteins, myeloid differentiation primary response gene 88 (Myd88) and
interleukin-1 receptor—activated protein kinase (IRAK). Next, tumor necrosis
factor—associated factor (TRAF) 6, an ubiquitin E3 ligase, is recruited. TRAF6
and its binding partners attach K63-linked polyubiquitin chains to IRAK,
adaptor proteins TAB2 and TAB3 (transforming growth factor beta activated
protein kinase binding protein 2 and 3) and TAK1 (transforming growth factor
beta activated kinase 1). NF-kB activation by IL1 involves upstream
activation of the IKK complex. Activation of IKK phosphorylates IkB, causing
its K*8-linked polyubiquitination and subsequent proteasomal degradation.
IkB degradation facilitates nuclear translocation of the p50 and p65 NF-kB
subunits to initiate gene expression (Weber A et al., 2010). IL1 signaling is
conserved across many cell types and can also responds to stimulation by
other cytokine family members such as IL-18 and IL-33 (Dinarello C et al.,
2009). IL1 signals can also crosstalk with protein kinase C, Notch and Wnt

pathways (Jenei-Lanzl Z et al., 2019).

IL1 signaling is transient and is terminated by a few mechanisms. Firstly,

there is a naturally occurring IL-1 receptor antagonist (IL-1Ra), homologous

to IL1a and IL1B, that competitively binds IL1Rs (Dinarello C., 1991). IL1R
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binds to adaptor toll-interacting protein (TOLLIP) that inhibits IRAK and
targets IL1R internalization into endosomes for proteolytic degradation. IL1
also possesses negative feedback loops to turn off IL1R signaling. p38-
mediated phosphorylation of TAB1 deactivates TAK1 (Mendoza H et al.,
2008), p65 NF-kB subunits mediates IkB synthesis that inhibits the NF-kB
response (Sun S et al., 1993), expression of MAPK phosphatase 1 (MKP1)

dephosphorylates MAPKs (Toh M et al., 2004).

1.7.2 IL1in OA

Pro and anti-inflammatory cytokines have been implicated in the
development of joint arthritides, such as OA (Dinarello C., 2011). As an
inflammatory cytokine capable of tissue damage, IL1 has been widely used
to treat cultured chondrocytes or synovial cells to mimic osteoarthritic
characteristics in vitro (Goldring S et al., 2004). IL1 can induce the activity of
matrix metalloproteinases (MMPs) and a disintegrin with thrombospondin
motifs (ADAMTSs) in vitro, mitochondrial dysfunction, inhibit proteoglycan
synthesis and stimulate release of nitric oxide (Saklatvala J et al., 1980; Tyler
Jetal, 1985; Li T et al., 2022; Joosten L et al., 2004; Vaamonde-Garcia C et
al., 2012). Intra-articular injection of IL1 causes loss of articular cartilage
glycosaminoglycans (GAGs) and leads to plasma cell infiltration (Towle C et
al., 1997). IL1 signaling and IL1R levels are increased in osteoarthritic
chondrocytes (Ahmad R et al., 2007). Furthermore, superoxide radicals and
hydrogen peroxide can mediate IL1-induced NF-kB activation (Mendes A et

al., 2003).
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Detection of IL1 in vivo has been a challenge because of difficulties in
obtaining normal tissue as a control comparator. Furthermore, IL1 is present
at very low concentrations and is not easily detected by conventional
enzyme-linked immunosorbent assays or by higher-sensitivity assays such
as the MesoScale Discovery platform (Watt F et al., 2016). Some have
managed to detect IL1 in less than 1pM concentrations in OA synovial fluid
and even lower concentrations in normal joints (Denoble A et al., 2011).
Others have reported positive immunohistochemistry staining and presented
in situ hybridization data for IL1qa, IL18 in human OA cartilage (Moldovan F et
al., 2000; Saha N et al., 1999). Interestingly, expression of IL1a and IL13
may not be the same in different stages of osteoarthritic cartilage. One study
found that IL1a and IL13 expression in patients with severely degenerated
cartilage was lower than that in mild or asymptomatic individuals (Towle C et
al., 1997) and this was also seen in early microarray studies of OA cartilage

(Fan Z et al., 2007).

The source of IL1 release is unclear as both cartilage and synovium can
make IL1. One group were unable to show that OA cartilage explants
released IL1B nor IL-18 (Bougault C et al., 2012). Our group demonstrated
that cutting of articular cartilage activated inflammatory pathways and
induced IL1a and IL18 mRNA (Gruber J et al., 2004). In the same study,
active IL1a (presumed to be the pro-form) was also detectable in cartilage
lysates (Gruber J et al., 2004). Increased /L1 and IL1R1 mRNA was
detected in synovial cells of collagenase-induced OA mouse joints compared

to control joints (van Dalen S et al., 2017).
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On paper, IL1 appears to be an excellent contender for a primary driver of
OA, but little in vivo evidence supports this either in mice or in humans. IL1
appears to be a potent inducer of cartilage degradation in vitro, but IL1 data
in pre-clinical mouse models did not show promising results. IL1[3 total KO,
ICE (Interleukin-1 converting enzyme, also known as capsase-1) total KO
and IL1a/IL1B double KO OA mouse models did not show reduced disease. If
anything, there was a modest increase in disease instead (Clements K et al.,
2003; Fukai A et al., 2012). In our group we have failed to see protection in
IL1R total KO mice (unpublished data, Vincent group). There has been only
one report (in a review article) of protection against OA in a IL1[3 total KO
mouse, which saw a 40% reduction at the 8 weeks timepoint (Glasson S.,

2017).

1.7.3 IL1 in human clinical studies

Randomized controlled trials in OA using IL1 targeting therapies have not
been successful. An IL1a/IL1B dual neutralizing antibody for use in hand and
knee OA failed to reach their primary endpoint due to lack of efficacy
(Kloppenburg M et al., 2019; Fleischmann R et al., 2019). A clinical trial
involving intra articular injection of anakinra (an interleukin-1 receptor
antagonist (IL-1Ra) mimic) (Chevalier X et al., 2009) and another involving
an IL1R neutralizing antibody also failed to meet the primary outcome

(Cohen S et al., 2011).

1.8 Work that has led up to this thesis
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1.8.1 All-trans retinoic acid suppression of mechanoflammation

In recent years, the Vincent lab has taken interest in the role of all-trans
retinoic acid (atRA) in the cartilage injury response. This work was based on
a genome-wide association study (GWAS) in an Icelandic discovery dataset
of 2230 individuals. The GWAS was carried out to search for single
nucleotide polymorphisms that conferred an increased risk of hand
osteoarthritis. One significantly associated loci was found in the ALDH1A2
gene, which was further supported by findings in replication datasets from the
Netherlands and the UK (Styrkarsdottir U et al., 2014).

ALDH1AZ2 (aldehyde dehydrogenase 1 family, member A2) encodes the
enzyme that catalyzes the formation of retinoic acid. atRA is synthesized
from all-trans retinol (Vitamin A) and is metabolized by cytochrome P450
enzyme Cyp26. Functional studies for ALDH1A2 showed significantly lower
levels of this gene in OA tissue compared to non-diseased tissue (Shepherd
C et al., 2018). Our lab saw a reciprocal relationship between ALDH1A2 gene
expression (or atRA bioavailability) and inflammatory genes (Zhu L et al.,
2022). This effect was defined by a drop in atRA-response genes upon
cartilage injury (Zhu L et al., 2022). This response was reversed using a
retinoic acid metabolism blocking agent (RAMBA) talarazole, a Cyp26
inhibitor. Talarazole suppressed inflammatory genes in articular cartilage in a
mouse knee joint destabilization model and reduced OA structural phenotype
according to histological assessment (Zhu L et al., 2022). Furthermore, our
group observed a link between atRA signaling and mechanoflammation and

observed that the anti-inflammatory effects of atRA occur at the nucleus and
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not at the level of signaling (Vincent group, unpublished data). Altogether, this
provides compelling evidence that boosting atRA levels can suppress
cartilage mechanoflammation and puts forward RAMBAs as potential disease
modifying drugs for OA and highlights other potential mechano-inflammatory

targets.

1.8.2 Generation of ROS in cartilage injury

My work for this thesis was built upon the findings of Dr Pragash
Kamalathevan, a former DPhil student of the Vincent group. Kamalathevan
investigated the involvement of atRA and ROS in the cartilage injury

response.

Kamalathevan first showed that cellular and mitochondrial ROS were
involved in driving the activation of TAK1 upon cartilage injury. He injected
different commercial ROS inhibitors (NAC, NOXi, CoQ10) that target various
sources of ROS and observed that all ROS inhibitors suppressed MAPK and
TAK1 activation upon injury (Figure 1.5B). In particular, the injection of the
mitochondrial ROS inhibitor CoQ10 had the least effect of inhibition on TAK1
(Figure 1.5B), suggesting that mitochondrial ROS generated upon injury
enhances TAK1 in a positive feedback loop. Moreover, inflammatory gene
upregulation upon cartilage injury was also suppressed using ROS inhibitors

(Figure 1.5C).
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Figure 1.5: Inhibition of ROS suppresses MAPK activation and inflammatory
gene upregulation upon cartilage injury (data from Dr Pragash Kamalathevan,
Vincent group)

(A) Schematic showing the protocol for porcine MCP joint inhibitor injection. Porcine
MCP joints were injected with commercial ROS inhibitors or vehicle. After 1h at

37 C, cartilage was explanted as described in Materials and Methods.

(B) Trotter MCP joints were pre-injected with commercial ROS inhibitors (CoQ10,
NAC, NOX:i) or vehicle prior to cartilage explantation. Explanted cartilage from ROS
inhibitor or vehicle groups were used to create protein lysates for various periods of
time (Omin, 5min, 10min and 30min) at 37 °C, 5% CO2. Lysates were measured for
pJNK, pERK, pTAK1 protein expression by SDS-PAGE and Western Blotting. Total
ERK (tERK) was immunoblotted as the loading control

(C) Trotter MCP joints were pre-injected with ROS inhibitors prior to cartilage
explantation. Cartilage explants were either snap frozen or incubated for 4 hours in
serum free DMEM containing either ROS inhibitor or vehicle. RNA was extracted,
converted to cDNA and RT-PCR was performed to measure expression for
inflammatory genes (ADAMTS4 shown as example, as subjected to ROS inhibition).
Bars show the mean + SEM of 3 independent experiments. * = P < 0.05; *x =P <
0.01, ns= not significant.

Dr Kamalathevan was first in our group to uncover a role for ASK1 in the
cartilage injury response. Using an ASK1 inhibitor (serlonsertib) in the

porcine trotter injury model (Figure 1.6A), he observed a decrease in ERK
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and JNK MAPK activation, but TAK1 activation was unaffected (Figure 1.6B).
This was paralleled with suppression of inflammatory gene upregulation post-
injury (Figure 1.6C). In conjunction with key experiments shown in Figure 1.5,
Dr Kamalathevan hypothesized that TAK1 was activating MAPKSs indirectly

by first inducing ROS production from the mitochondria and subsequent
activation of ASK1.
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Figure 1.6: Inhibition of ASK1 suppresses MAPK activation and inflammatory
gene upregulation upon cartilage injury (data from Dr Pragash Kamalathevan,
Vincent group)

(A) Schematic showing the protocol for porcine MCP joint inhibitor injection. Porcine

MCP joints were injected with ASK1 inhibitor (ASK1i) or vehicle. After 1h at 37 °C,

cartilage was explanted as described in Materials and Methods.

(B) Trotter MCP joints were pre-injected with 10uM ASK1 inhibitor (ASK1i) prior to

cartilage explantation. Explanted cartilage from ASK1i or vehicle groups were used
to create protein lysates for various periods of time (Omin, 5min, 10min and 30min)

64



at 37 °C, 5% CO2. Lysates were measured for pJNK, pERK, pTAK1 protein
expression by SDS-PAGE and Western Blotting. Total ERK (tERK) was
immunoblotted as the loading control

(C) Trotter MCP joints were pre-injected with 10uM ASK1 inhibitor (ASK1i) prior to
cartilage explantation. Cartilage explants were either snap frozen or incubated for 4
hours in serum free DMEM containing either ASK1i or vehicle. RNA was extracted,
converted to cDNA and RT-PCR was performed to measure expression for
inflammatory genes (ADAMTS4 shown as example). Bars show the mean + SEM of
3 independent experiments. = = P < 0.05; *x = P < 0.01, ns= not significant.

Lastly, Kamalathevan also defined the atRA-dependent pathway that is
activated upon injury, mediated upstream by cytosolic phospholipase A2
(cPLA2). cPLAZ2 is an enzyme that catalyzes arachidonic acid formation from
polyunsaturated fatty acids (PUFAs) in the lipid bilayer (Sun G et al., 2021).
Using the same porcine trotter injury model, he showed that cPLA2 is
activated upon cartilage injury and cPLAZ2 activation is partially TAK1-
dependant (Kamalethevan et al., unpublished data). Inhibition of cPLA2
prevented the downregulation of atRA-responsive genes on cartilage injury,
meaning that inflammatory gene regulation on cartilage injury is cPLA2-
dependent (Kamalethevan et al., unpublished data). Downstream mediators
of arachidonic acid and cPLA2, such as 12/15 LOX and 4-HNE, were also
strongly ROS dependent because it could be inhibited by a number of anti-

oxidant treatments (Kamalethevan et al., unpublished data).

In summary, Kamalathevan characterized two mechanoflammatory
pathways, one pathway which involves the TAK1-driven MAPK cascade, and
another pathway involving the cPLA2-dependant regulation of atRA. The

summary of these unpublished data is illustrated in Figure 1.7.
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Figure 1.7: MAPK and atRA-dependant pathways of mechanoflammation (work
by Dr Pragash Kamalathevan, Vincent group)

Mechanical injury downregulates all-trans-retinoic acid (atRA)-dependent genes in
both a reactive oxygen species (ROS)-dependent and cytosolic phospholipase A2
(cPLA2)-dependent manner. Transforming growth factor activated-beta kinase 1
(TAK1) is responsible for partially phosphorylating cPLA2 on cartilage injury. The
phosphorylation of cPLA2 on cartilage injury is also NOX-dependent and likely

mediated via TAK1. It was yet to be determined what activated TAK1 on cartilage
injury and whether TAK1 was acting upstream or downstream of

mitochondrial/cellular derived ROS. Block red line = undetermined; block black line
= full activation; dotted black line = partial activation.
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1.9 Aims

Based on the results produced from Kamalathevan, a number of interesting
questions arise. How is ASK1 activated upon cartilage injury? Can | measure
phosphorylation of ASK1 after injury? What is the role of ASK1 in murine OA?
| hypothesized that ASK1 is another mediator of the injury response and
planned to study its mechanism of action upon cartilage injury, the
dependency of ASK1 upon stimulation of chondrocytes with biochemical
stresses and the role of ASK1 and related mechanoflammatory pathways in

mouse models.

Therefore, my thesis is divided into three main aims:
1. To validate the acute signaling response in cartilage and explore tools
for examining ASK1 activation in the tissue.
2. To address whether ASK1 is also an important pathway in ROS and
IL1 driven responses in isolated chondrocytes
3. To address whether ASK1 inhibition and other related mechano-

inflammatory pathways influence disease in vivo.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Cell culture

Porcine metacarpophalangeal (MCP) joints were disinfected in 2% Virkon for
10 minutes. MCP joints were opened and cartilage was explanted. Explanted
cartilage was incubated in DMEM containing Collagenase A (25ml of 1mg/ml
collagenase per trotter) (ThermoFisher Scientific, Massachusetts, USA)
overnight at 37°C. Collagenase digest was washed by centrifugation at
25200 RCF for 5 minutes three times. Pellets were resuspended in
Dulbecco's modified Eagle's medium (DMEM) containing 4.5 g/L of glucose
and L-Glutamine (Lonza, Verviers, Belgium) and were supplemented with

10 % or 20% fetal bovine serum (FBS) (ThermoFisher Scientific,
Massachusetts, USA), 1 % penicillin, streptomycin and amphotericin B
(Gibco, NY, USA). Primary porcine chondrocytes were isolated from the
collagenase digest and were used for cell culture. Primary chondrocytes
were plated at a density of 2 million per well in each well of a 6-well plate in
DMEM containing 10% or 20% FBS for 24 hours at 37°C, 5% CO>. Primary
chondrocytes were then serum starved by incubating for 24 hours in serum-
free DMEM and then stimulated with either 100uM H202 or serum-free
media as a vehicle control. After stimulation, primary chondrocytes were
gently washed with ice-cold 1X sterile PBS and incubated with ice-cold 1X
RIPA Buffer for 45 minutes, 4°C. Chondrocytes were harvested using a cell
scraper and centrifuged at 18900 RCF, 4°C. Supernatant was collected and

used to generate cell lysates for Western Blotting analysis.

2.2 Porcine trotter cartilage injury model
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Freshly slaughtered 3-6 month old porcine forelimbs were ordered from the
local abattoir. Porcine metacarpophalangeal (MCP) joints were disinfected in
2% Virkon for 10 minutes. The MCP joints were opened, rinsed with ice-cold
1X sterile PBS and cartilage was explanted. Explanted cartilage was either
immediately cooled in ice-cold 1X RIPA Buffer (zero minute time point) or
cultured in serum free DMEM for various periods of time (5 minutes, 10
minutes and 30 minutes) at 37 °C, 5% CO2 before being transferred to ice
cold, 1X RIPA buffer. Explants with 1X RIPA buffer were mildly shaken for 45

minutes at 4°C to generate protein lysates for Western Blotting analysis.

2.3 Western Blotting

1X radioimmunoprecipitation assay (RIPA) buffer, was prepared from stock
10X RIPA Buffer (Abcam, Cambridge, UK). 1X RIPA buffer was
supplemented with protease and phosphatase inhibitor cocktail
(ThermoFisher Scientific, Massachusetts, USA). Porcine protein lysates
containing 1X RIPA buffer was obtained as described in Materials and

Methods.

Lysates were first reduced with Laemmli SDS sample buffer and 2-
mercaptoethanol according to the manufacturer’s instructions. Lysates were
denatured at 95°C for 2 minutes, followed by sonication for 10 minutes at
room temperature, and then denatured at 95°C for 2 minutes. Lysates were
finally centrifuged at 18900 RCF, room temperature. Samples were resolved
on hand-made 10% Sodium Dodecy! Sulphate-Polyacrylamide Gel (SDS-
PAGE) in Tris-Glycine buffer conditions. Gel was transferred to poly
(vinylidene) (PVDF) membranes (ThermoFisher Scientific, Massachusetts,

USA). PVDF membrane was blocked in 5% skim milk powder dissolved in 1X
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tris-buffered saline with 0.1% Tween-20 detergent (TBST) for 1 hour at room
temperature. Membrane was incubated overnight in primary antibody at 4°C,
washed 3 times 10 minutes each for a total of 30 minutes in 1X TBST and
incubated for a further hour in 1:2000 secondary antibody. Membrane was
further washed 3 times 10 minutes each for a total of 30 minutes in 1X TBST.
Blots were developed by the use of chemiluminescence ECL reagent
(Sigma-Aldrich, St. Louis, Missouri, USA) and subsequently visualised using
autoradiography films (Cytiva, Malborough, USA). The blot was stripped
using 1X ReBlot stripping solution (Merck, New Jersey, USA), re-blocked in
5% milk in 1X TBST and then re-probed for GAPDH or beta-actin as the
loading control. The quantitication of at least three separate biological
replicate experiments was performed using FIJI-App, ImageJ-win64 Gel

Analysis software and normalised to loading control GAPDH or beta-actin.

2.4 List of antibodies used for western blot work

Table 2.1 List of western blotting antibodies
Antibody Species | Catalog | Dilution | Provider
Number

Phospho-P38 Rabbit 92118 1:1000 | Cell Signalling

(pP38) Technology
(Massachusetts,
USA)

Phospho-p44/42 | Rabbit 4370 1:1000 | Cell Signalling

(PERK) Technology
(Massachusetts,
USA)
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Phospho-
SAPK/JNK
(pINK)

Rabbit

9251S

1:1000

Cell Signalling
Technology
(Massachusetts,
USA)

IkBa

Mouse

4814

1:500

Cell Signalling
Technology
(Massachusetts,
USA)

Phospho-YAP
(PYAP)

Rabbit

4911

1:1000

Cell Signalling
Technology
(Massachusetts,
USA)

Phospho-ASK1
(PASK1T)

Rabbit

PAS-
64541

1:500

ThermoFisher

Scientific,

Massachusetts, USA

Phospho-ASK1
(PASK1T)

Rabbit

3765

1:500

Cell Signalling
Technology
(Massachusetts,
USA)

ASK1

Rabbit

8862

1:500

Cell Signalling
Technology
(Massachusetts,
USA)

ASK1

Rabbit

3762

1:500

Cell Signalling
Technology
(Massachusetts,
USA)
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ASK1 Mouse sc-5294 1:500 Santa Cruz

Biotechnology
(Dallas, USA)

GAPDH Rabbit 2118 1:2000 | Cell Signalling
Technology
(Massachusetts,
USA)

Beta actin Mouse 4697 1:6000 | Cell Signalling
Technology
(Massachusetts,
USA)

Goat anti-Rabbit | Goat 31460 1:2000 | ThermoFisher

Secondary Scientific,

Antibody, HRP (Massachusetts,
USA)

Rabbit Anti- Rabbit P0260 1:2000 | Dako, Agilent

Mouse Technologies (Santa

Secondary Clara, USA)

Antibody, HRP

2.5 Immunoprecipitation

Immunoprecipitation was performed using Dynabeads™ Protein G
Immunoprecipitation Kit (ThermoFisher Scientific, Massachusetts, USA)
according to the manufacturer’s instructions. 100 pl of protein lysate was
mixed with 50 pl of Protein G beads and 5 pl antibody. A non-protein-specific
isotype antibody was also used for immunoprecipitation as a negative

control. Samples were rotated overnight at 4°C. Beads were subjected to
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SDS-PAGE and Western Blotting analysis for assessment of

immunoprecipitation.

2.6 Protein Kinase Assay

Protein G beads containing immunosorbed protein kinase, were assayed for
protein kinase activity using the Universal Kinase Assay Kit (Fluorometric)
(Abcam, Cambridge, UK). Briefly, 20 ul of protein kinase eluted from Protein
G beads was mixed with 20 yl ADP Sensor Buffer and 10 pl ADP Sensor to
create a 50 pl reaction mixture. Reaction mixtures were pipetted on 96-well
solid black flat-bottom microplates (Corning, New York, USA). Fluorescence
intensity was measured using the FLUOstar Omega plate reader (BMG
Labtech, Ortenberg, Germany) on Omega software (version 5.10 R2), at an

excitation/emission wavelength of 544/590 nm respectively.

2.7 RNA extraction from murine cartilage

RNA extraction was performed using the RNeasy Micro Kit (Qiagen, Hilden,
Germany). Snap-frozen cartilage was pulverized into fine powder using a
mortar and pestle in liquid nitrogen.

Four murine hip caps were pooled and suspended in 150 ul Buffer RLT. RNA
was extracted following the manufacturer’s instructions. RNA concentration
was quantified using a Nanodrop machine and RNA purity was estimated by

260:280 nm wavelength ratio of approximately 2.0.

2.8 cDNA synthesis (Reverse Transcription)
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Complementary DNA (cDNA) was generated from RNA using a High-
Capacity cDNA Reverse Transcription kit (ThermoFisher Scientific,

Massachusetts, USA) according to the manufacturer’s instructions.

2.9 TagMan microfluidic gene array

TagMan Low-Density Array (TLDA) microfluidic cards were custom designed
and ordered from Applied Biosystems. TLDA cards were run on a ViiA™ 7
Real-Time PCR System (Applied Biosystems) thermocycler. Each sample
was amplified using commercial TagMan probes used listed in Table 2.2.

Expression of genes was normalised to 18s as a housekeeping control.

Table 2.2 Microfluidic TagMan array gene list

TAQMAN
GENE GENE NAME ASSAY ID

Hs99999901_s
18S Eukaryotic 18S rRNA 1

a disintegrin-like and metallopeptidase
(reprolysin type) with thrombospondin type 1 | Mm00556068 __
Adamts4 | motif, 4 m1

a disintegrin-like and metallopeptidase

(reprolysin type) with thrombospondin type 1 | Mm00478620_

Adamts5 | motif, 5 (aggrecanase-2) m1
Mm00441242_

Ccl2 chemokine (C-C motif) ligand 2 m1
cytochrome P450, family 26, subfamily a, MmO00514486_

Cyp26a1 | polypeptide 1 m1
cytochrome P450, family 26, subfamily b, MmO00558507_

Cyp26b1 | polypeptide 1 m1
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Mm01335255_

Hoxa4 homeobox A4 g1
Mm00446190_
16- interleukin 6 m1
MmO00434228
1B interleukin 1 beta m1
Mm00440295_
Mmp3 matrix metallopeptidase 3 m1
Mm00443039_
Ngf nerve growth factor m1
MmO00478374_
Ptgs2 prostaglandin-endoperoxide synthase 2 m1
MmO01296312_
Rara retinoic acid receptor, alpha m1
MmO01319677_
Rarb retinoic acid receptor, beta m1
MmO00441091_
Rarg retinoic acid receptor, gamma m1
MmO00441818_
Timp1 tissue inhibitor of metalloproteinase 1 m1
210 Mice

Animals were housed in the approved animal care facilities at the Kennedy

Institute of Rheumatology Biological Services Unit, in compliance with care

and usage protocols. Standard individually ventilated cages were used to

house 4-6 mice per cage at 21°C, maintained under a 12 hour light/dark
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cycle. Mice were fed a certified mouse diet (RM3, Special Dietary Systems)

and water ad libitum. C57BL/6 mice were purchased from Harlan UK.

2.10.1 Surgeries

Animal surgeries were performed by trained personnel, Jadwiga Zarebska at
the Kennedy Institute of Rheumatology. Before surgery, mice were
anesthetized by inhalation of isoflurane (3% induction and 1.5-2%
maintenance) in 1.5-2 L/min O2 and given a subcutaneous injection of
buprenorphine (Vetergesic; Alstoe Animal Health). Mice were fully mobile 5

minutes after withdrawal of isoflurane.

2.10.2 Partial medial meniscectomy model

Partial meniscectomy (PMX) surgery was performed for surgical induction of
osteoarthritis. PMX or sham surgery was performed in 10-week old C57BL/6
male mice. Joints were collected 24 days after surgery. Female mice were
not assessed in this study because they typically have substantially lower
disease scores. PMX surgery was conducted on the right leg of mice, where
surgical procedures were followed as previously described (Vincent et al.,
2020).

2.10.3 ASK1 inhibitor

15 week old male C57BL/6 mice received ASK1 inhibitor (GS-4997,
MedChem Express) or vehicle by gavage daily for 28 days after PMX
surgery. ASK1 inhibitor was dissolved in DMSO, PEG 400 (polyethylene
glycol, molecular weight 400) and PBS to a daily dosage of 10 mg/kg.

2.10.4 Modified Diet
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Mice were fed the modified (completely deuterated arachidonic acid, AIN93
low fat) and (normal arachidonic acid) control diets from weaning at 3-4
weeks old. PMX was performed at 10 weeks old and the mice were culled
after 6 weeks and knees were collected for histological processing. Modified

diets were acquired from Kristina Zec, University of Oxford.

2.10.5 JNK2 KO

JNK2 mice (also known as MAPK9"") were performed on C57BL/6

background.

2.10.6 Avulsion of hip cartilage

Mice (4-6 weeks old) were culled by cervical dislocation, and the
acetabulofemoral joint was exposed by blunt dislocation. The cartilaginous
femoral epiphysis was avulsed using forceps, as described previously
(Chong K et al., 2013). Epiphyseal cartilage was immediately snap frozen
(timepoint 0) or rested for 4 hours in serum free media and then snap frozen

at -80°C.

211 Histology

Paraffin embedded tissue was processed and embedded by the histology
department at the Kennedy Institute of Rheumatology. Dissected murine
knee joints were fixed in 10% formalin, decalcified in formic acid and
embedded in paraffin. Coronal sections were cut through the whole joint,
producing 4 um thick sections at 80 ym intervals. Sections were stained with

Safranin O.

2.11.1 Histological assessment of OA
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Severity of cartilage destruction was assessed by a modified Osteoarthritis
Research Society International (OARSI) grading system by two blinded,
independent scorers. Two independent scorers graded the coronal knee
sections using a semi-quantitative scoring system (0 - Normal; 0.5 - Loss of
proteoglycans (Safranin O staining) without structural changes; 1 - Superficial
fibrillation without loss of cartilage; 2 - Loss of superficial cartilage; 3 -
Cartilage delamination at the tidemark; 5 - Loss of tissue extending into the
calcified cartilage; 6 - Loss of tissue extending into subchondral bone). For
each joint, at least eight sections were assessed in their tibial and femoral
surfaces for both medial and lateral compartments (resulting in four
subscores per section). These four subscores were summed to produce a
final summed score per section. The three highest summed scores of one

joint were added together to generate a final score for the joint.

Osteophyte severity was assessed by an osteophyte scoring system.
Osteophytes scores were given for osteophyte size (0 = none, 1 = small ~
the same thickness as the adjacent cartilage, 2 = medium ~ 1-3 x the
thickness as the adjacent cartilage, 3 = large >3 x the thickness as the
adjacent cartilage), osteophyte maturity (O = none, 1 = predominantly
cartilaginous, 2 = mixed cartilage and bone with active vascular invasion and
endochondral ossification, 3 = predominantly bone), and articular staining of
the tibia surface adjacent to osteophyte (0 = no loss of staining, 0.5 =
patches of loss of staining, 1 = total loss of Safranin-O staining). A summed
osteophyte score was calculated for each osteophyte measurement per
anterior-medial section. A total of 4 sections per knee scored from middle of
joint with distinct triangle menisci. Osteophyte scoring system was adapted

from Little et al (Little C et al., 2009).

2.12 Statistical Analysis
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Statistical analysis was performed using Prism 9 (GraphPad Software Inc,
USA). Degree of significance was calculated and reported as in a p-value
format (p 2 0.05: (ns), p < 0.05: (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001
(****)). An unpaired t-test was performed to compare two distinct sets of
measurements. Experiments that included three or more groups of data were
analysed a one-way ANOVA. A two-way ANOVA was performed when two
independent variables were considered in three or more groups of data.
Multiple comparisons analyses was performed via a Tukey’s range test which

compared the means of each group.

2.13 List of reagents

Table 2.3 List of reagents

Catalog
Reagent Provider
Number

ThermoFisher
2-Mercaptoethanol 21985023 Scientific
(Massachusetts, USA)

ThermoFisher
30% Hydrogen Peroxide solution | Q18755 Scientific
(Massachusetts, USA)

ThermoFisher
Amphotericin B 15290018 Scientific
(Massachusetts, USA)

Sigma-Aldrich (St.
Louis, Missouri, USA)

Collagenase A 10103586001
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Corning 96-well Solid Black Flat

Corning (New York,

Bottom Polystyrene TC-treated 3916
USA)
Microplates
ThermoFisher
DMEM, high glucose, pyruvate 41966-029 Scientific
(Massachusetts, USA)
Sigma-Aldrich (St.
Fetal Bovine Serum F9665
Louis, Missouri, USA)
ThermoFisher
Halt™ Protease Inhibitor
78429 Scientific
Cocktail (100X)
(Massachusetts, USA)
Bio-Rad (California,
Laemmli SDS sample buffer 1610747
United States)
ThermoFisher
Penicillin-Streptomycin 11548876 Scientific
(Massachusetts, USA)
R&D Systems, Bio-
Porcine TGF-beta 1 Protein
101-B1/CF Techne (Minneapolis,
(carrier free)
USA)
Sigma-Aldrich (St.
Proteasome Inhibitor | 539160
Louis, Missouri, USA)
ThermoFisher
Protein G Immunoprecipitation
10007D Scientific
Kit
(Massachusetts, USA)
ReBlot Plus Strong Antibody 04 Merck (Darmstadt,
25
Stripping Solution Germany)
PeproTech (London,
Recombinant Human IL-1a 200-01A

UK)

80




PeproTech (London,

Recombinant Human IL-1(3 200-01B
UK)
ThermoFisher
RIPA Lysis and Extraction Buffer | 89900 Scientific
(Massachusetts, USA)
MedChem Express
Serlonsertib (ASK1 inhibitor) GS-4997 (Monmouth Junction,
USA)
MedChem Express
Talarozole (TLZ) HY-14531-10 | (Monmouth Junction,
USA)
Universal Kinase Assay Kit Abcam (Cambridge,
ab138879

(Fluorometric)

United Kingdom)
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CHAPTER 3: DETERMINING THE ACUTE SIGNALING EVENTS
ACTIVATED UPON CARTILAGE INJURY

Introduction

Articular cartilage in a joint is mechanosensitive and can respond to
mechanical and biochemical signals, which play roles to maintain cartilage
homeostasis and further OA. The principal catabolic process in OA is
mechanoflammation. Mechanoflammation is described as the activation
downstream inflammatory signaling that leads to production of matrix-
degrading proteases and consequent cartilage breakdown upon cartilage
injury. Cartilage injury also activates anabolic processes involved in repair,
regeneration, and chondroprotection. These are largely driven by the release
of sequestered growth factors from the cartilage pericellular matrix upon
injury. Since mechanical injury is a key hallmark of OA, our lab has

researched extensively into the cartilage injury response.

Our lab has previously shown that cartilage injury by cutting/explantation
using the porcine trotter model activates the MAPK signalling cascade (Ismail
Hetal, 2017, Vincent T et al., 2002, Vincent T et al., 2019). The MAP3K,
TAK1, is activated upon cartilage injury and subsequently activates
downstream MAPK pathways (ERK, JNK and p38) and NF-kB signaling
(Ismail H et al., 2017, Vincent T et al., 2002, Vincent T et al., 2019). The
upstream mediator of TAK1 is not known but it is believed to be neither
soluble nor secreted upon cartilage injury (Ismail H et al., 2017). As the role
of ASK1 upon cartilage injury had not been directly investigated before, |

hypothesised that ASK1 is another MAPK mediator activated upon injury and
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determined the mechanism of action for ASK1 activation in the cartilage

injury response.
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3.1 Mitogen-activated protein kinases (MAPKs) and NF-kB signaling

are activated upon cartilage injury

First, | validated previous findings from the lab showing the activation of

MAPKSs and NF-kB signaling cascades upon cartilage injury.

Porcine cartilage injury lysates were generated at 0 minutes, 5 minutes, 10
minutes and 30 minutes post cartilage injury. Lysates were immunoblotted for
phospho-p38, phospho-ERK, phospho-JNK and IkBa. B-actin or GAPDH was
immunoblotted as the loading control. Quantitication of at least three
separate experiments was performed using FIJI-App, ImageJ Gel Analysis
software. Results were normalized to -actin or GAPDH and statistical

significance of comparison between groups analyzed by a one-way ANOVA.

The MAPKSs p38, ERK and JNK were not phosphorylated in native cartilage
(0O minutes) but were all rapidly phosphorylated at 5 minutes post cartilage
injury, which lasted up to 30 minutes post injury (Figure 3.1A). IkBa
expression decreased at 5 minutes post cartilage injury (0.5-fold compared to
0 minutes, p<0.05), which recovered between 10 and 30 minutes, indicative
of IkBa degradation and activation of the canonical NF-kB pathway (Figure
3.1B). Quantitication of at least three independent biological replicates is

shown for each pathway in Figure 3.1C.
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Figure 3.1: Mitogen-activated protein kinases (MAPKs) and NF-kB signaling
are activated upon cartilage injury

Porcine metacarpophalangeal (MCP) joints were decontaminated in 2% Virkon for
15 minutes. MCP joints were opened and cartilage was rapidly explanted into ice
cold 1X RIPA Buffer (Omin) or cultured for various periods of time after explanation
(5min, 10min and 30min) in serum free DMEM at 37°C, 5% CO2 before being
transferred to ice cold, 1X RIPA buffer. Explants with 1X RIPA buffer, were mildly
shaken for 45 minutes at 4°C. Lysates were run on 10% Sodium Dodecyl Sulphate-
Polyacrylamide Gel (SDS-PAGE) and transferred to polyvinylidene (PVDF)
membrane. PVDF membrane was blocked in 5% milk for 1hour at room
temperature, incubated overnight in 1:1000 primary antibody ((A) pP38, pJNK,
PERK, (B) IkBa), washed 3 times in 1X TBST and incubate for 1 hour in 1:2000
secondary antibody. Protein signal was enhanced by chemiluminescence and
visualised using autoradiography. Blots were stripped and re-probed for 3-actin or
GAPDH as the loading control.

(C) Quantitication of at least three independent biological replicates was performed
using Imaged and normalised to B-actin or GAPDH. * = p<0.05; ** = p<0.01; *** =
p<0.001.
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3.2 YAP is dephosphorylated upon cartilage injury

Earlier, | showed that MAPKs and NF-kB signaling are activated upon
cartilage injury. YAP is another factor that plays a role in cartilage, notably
chondrocyte differentiation and overall cartilage protection. Our lab has
recently taken interest in researching the role of YAP in cartilage, especially if
the reparative properties of YAP are switched on upon cartilage injury. Of
note, YAP and TAK1 have been reported to reciprocally inhibit each other in
chondrocytes upon cytokine stimulation (Deng Y et al., 2018). Given the
potential link to TAK1 and MAPK signaling upon cartilage injury, | determined

if YAP signaling is activated upon cartilage injury.

To determine if YAP is activated upon cartilage injury, | used the porcine
cartilage injury model as previously described. Porcine cartilage injury lysates
were generated at 0 minutes, 5 mins, 10 mins and 30 mins post cartilage
injury. Lysates were immunoblotted for phospho-YAP. B-actin was blotted as
the loading control. Quantitication at least three separate experiments was
performed using FIJI-App, Imaged Gel Analysis software. Results were
normalized to B-actin and statistical significance of comparison between

groups analyzed by a one-way ANOVA.

YAP is initially phosphorylated at 0 minutes but loses phosphorylation over
time. At 5 minutes, phosphorylation is approximately 0.25-fold compared to 0
minutes. At 10 to 30 minutes, YAP is phosphorylation was completely

abolished (p<0.0001) (Figure 3.2).
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Figure 3.2: YAP is dephosphorylated upon cartilage injury

(A) Porcine metacarpophalangeal (MCP) joints were decontaminated in 2% Virkon
for 15 minutes. MCP joints were opened and cartilage was rapidly explanted into ice
cold 1X RIPA Buffer (Omin) or cultured for various periods of time after explanation
(5min, 10min and 30min) in serum free DMEM at 37°C, 5% CO2 before being
transferred to ice cold, 1X RIPA buffer. Explants with 1X RIPA buffer, were mildly
shaken for 45 minutes at 4°C. Lysates were run on 10% Sodium Dodecyl Sulphate-
Polyacrylamide Gel (SDS-PAGE) and transferred to polyvinylidene (PVDF)
membrane. PVDF membrane was blocked in 5% milk for 1 hour at room
temperature, incubated overnight in 1:1000 with a phospho-YAP (Ser127) primary
antibody, washed 3 times in 1X TBST and incubate for 1 hour in 1:2000 secondary
antibody. Protein signal was enhanced by chemiluminescence and visualised using
autoradiography. Blots were stripped and re-probed for B-actin as the loading
control.

(B) Quantitication of at least three independent biological replicates was performed
using Imaged and normalised to B-actin. * = p<0.05; ** = p<0.01; *** = p<0.001.
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3.3 ASK1 is phosphorylated and accumulates upon cartilage injury

Next, porcine cartilage injury lysates were generated at 0 minutes, 5 minutes,
10 minutes and 30 minutes post cartilage injury to explore ASK1 activation.
Lysates were immunoblotted for phospho-ASK1 or ASK1 total protein. B-actin
was immunoblotted as the loading control. Quantitication at least three
separate experiments was performed using FIJI-App, Imaged Gel Analysis
software. Results were normalized to B-actin and statistical significance of

comparison between groups analyzed by a one-way ANOVA.

ASK1 was not phosphorylated at 0 minutes but was phosphorylated at 5 to
10 minutes post cartilage injury (approximately 1.5-2 fold), which had
decreased by 30 minutes post injury. This antibody, which is the best
validated from the published literature was not robust, so although there was
a trend to increase phosphorylation of ASK1 in three biological replicates

(Figure 3.3A), these did not reach statistical significance (Figure 3.3B).

| also observed total ASK1 appeared to increase in a time-dependant manner
post injury. There was an approximately 4-fold increase of ASK1 at 30
minutes compared to 0 minutes (p<0.001) (Figure 3.3C), with robust

quantitication in nine biological replicates (Figure 3.3D).

These results suggested that ASK1 was phosphorylated (activated) upon
cartilage injury by directly detecting phosphorylated ASK1 in cartilage injury
lysates. ASK1 appeared transiently phosphorylated at 5 to 10 minutes post
injury, which had not been shown before, but this response was difficult to

reproduce in a robust manner.
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Figure 3.3: ASK1 is phosphorylated and accumulates upon cartilage injury
Porcine metacarpophalangeal (MCP) joints were decontaminated in 2% Virkon for
15 minutes. MCP joints were opened and cartilage was rapidly explanted into ice
cold 1X RIPA Buffer (Omin) or cultured for various periods of time after explanation
(5min, 10min and 30min) in serum free DMEM at 37°C, 5% CO2 before being
transferred to ice cold, 1X RIPA buffer. Explants with 1X RIPA buffer, were mildly
shaken for 45 minutes at 4°C. Lysates were run on 10% Sodium Dodecyl Sulphate-

Polyacrylamide Gel (SDS-PAGE) and transferred to polyvinylidene (PVDF)
membrane. PVDF membrane was blocked in 5% milk for 1hour at room
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temperature, incubated overnight in 1:1000 with (A) phospho-ASK1 (Thr838) or (C)
total ASK1 primary antibody, washed 3 times in 1X TBST and incubate for 1 hour in
1:2000 secondary antibody. Protein signal was enhanced by chemiluminescence
and visualised using autoradiography. Blots were stripped and re-probed for $-actin
as the loading control.

(B,D) Quantitication of at least three independent biological replicates was
performed using ImagedJ and normalised to B-actin. * = p<0.05; ** = p<0.01; *** =
p<0.001.
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3.4 Determining the mechanism of ASK1 accumulation upon cartilage

injury

3.4.1 ASK1 accumulation is suppressed when its phosphorylation

is inhibited

To perform this, | first injected an ASK1 inhibitor (ASK1i), serlonsertib, into
the porcine cartilage injury model. Serlonsertib is a clinical stage ASK1
inhibitor (up to Phase 3 clinical trials) that has been used in experimental
treatment for diabetic nephropathy and kidney fibrosis (Lin J et al., 2015).
Mechanistically, serlonsertib has been reported to compete with ATP in the
ASK1 catalytic kinase domain, thereby inhibiting ASK1 phosphorylation (Lin J
et al., 2015). | hypothesized that inhibiting phosphorylation of ASK1, using

serlonsertib, would prevent the accumulation of ASK1 after cartilage injury.

| preinjected porcine MCP joints with either 10 yM ASK1i or vehicle control.
Injured cartilage explants were incubated for various timepoints in serum-free
media containing either ASK1i or vehicle. Lysates were extracted and
immunoblotted for ASK1. B-actin was immunoblotted as the loading control.
Quantitication at least three separate experiments was performed using FIJI-
App, Imaged Gel Analysis software. Results were normalized to B-actin and
statistical significance of comparison between groups analyzed by a two-way

ANOVA, with post hoc multiple comparisons corrected using Tukey’s tests.

As previously observed, there was time-dependant accumulation in ASK1

post injury, with an approximate 4-fold increase at 30 minutes compared to O

92



minutes (p<0.05). In the presence of the ASK1i (serlonsertib), ASK1
accumulation was completely suppressed to baseline levels (Figure 3.4.1A).
Suppression of ASK1 was significant at 10 minute and 30 minute timepoints
(p<0.05) (Figure 3.4.1B). This result indicated that inhibition of ASK1
phosphorylation using an ASK1 inhibitor suppressed ASK1 accumulation

upon cartilage injury.

3.4.2 Inhibition of ASK1 accumulation occurs via a proteasome-

dependant mechanism

| further hypothesized that stabilization and accumulation of ASK1 by
phosphorylation could indicate that it becomes less prone to proteolytic
degradation by the proteasome. Proteasome degradation is the primary
process for the degradation of intracellular proteins, where proteins targeted
for degradation are marked with ubiquitin chains and then shuttled to the

proteasome for proteolysis (Tanaka K., 2009).

Thus, | next investigated ASK1’s dependency on the proteasome pathway
using a proteasome inhibitor. A proteasome inhibitor 1 (PI1) was used to halt
proteasome degradation in cartilage. | first sought to validate the efficacy of
the proteasome inhibitor in halting protein degradation. | preinjected porcine
MCP joints with either 100 uM P11 or vehicle control. Injured cartilage
explants were incubated for various timepoints in serum-free media
containing either P11 or vehicle. Lysates were extracted and immunoblotted

for ASK1. B-actin was immunoblotted as the loading control. Only one
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biological replicate was performed for validation purposes. In the presence of
P11, ASK1 suppression by ASK1i was recovered, signifying that ASK1 is

sensitive to proteasomal degradation (Figure 3.4.2A).

Next, | carried out an experiment to determine whether phosphorylation-
mediated accumulation of ASK1 is due to a reduction in proteasome
degradation. | preinjected porcine MCP joints with either 10 uM ASK1i or a
combination of 10 yM ASK1i and 100 uM PI1 together. Injured cartilage
explants were incubated for various timepoints in serum-free media
containing either P11 or vehicle. Lysates were extracted and immunoblotted
for ASK1. B-actin was immunoblotted as the loading control. Quantitication of
at least three separate experiments was performed using FIJI-App, ImageJ
Gel Analysis software. Results were normalized to B-actin and statistical
significance of comparison between groups analyzed by a two-way ANOVA,

with post hoc multiple comparisons corrected using Tukey’s tests.

The suppression of ASK1 in the ASK1i group after injury was similar to
vehicle alone (Figure 3.4.1A) in the presence of PI1 at 30 minutes. At 30
minutes, ASK1 expression in the ASK1i+PI11 group was approximately 6-fold
higher than the ASK1i group (p<0.05) (Figure 3.4.2B, C). Together, these
results show that ASK1 phosphorylation stabilizes the ASK1 protein and

preventing its proteasomal degradation.

The primary objective of my project was to determine and characterise

whether the ASK1 MAP3K is activated upon cartilage injury. As shown earlier,
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| performed preliminary experiments by directly western blotting for phospho-
ASK1 on protein lysates generated from the porcine cartilage injury model
(Figure 3.3). From the few experiments which worked, | was able to see
transient phosphorylation of ASK1 upon cartilage injury. However, the
antibody | used for this method proved to be very inconsistent and unreliable.
Thus, | next performed a kinase assay on ASK1 as an alternate way of

measuring ASK1 activation.
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Figure 3.4.1: ASK1 accumulation is suppressed when its phosphorylation is
inhibited

(A) Porcine metacarpophalangeal (MCP) joints were decontaminated in 2% Virkon
for 15 minutes. MCP joints were injected with either an ASK1 inhibitor or vehicle
control and incubated for another 1 hour at 37 °C. The ASK1 inhibitor binds the
catalytic kinase domain of ASK1 to prevent its phosphorylation and activation. MCP
joints were opened and cartilage was rapidly explanted into ice cold 1X RIPA Buffer
(Omin) or cultured for various periods of time after explanation (5min, 10min and
30min) in serum free DMEM at 37°C, 5% CO2 before being transferred to ice cold,
1X RIPA buffer. Explants with 1X RIPA buffer, were mildly shaken for 45 minutes at
4°C. Lysates were run on 10% Sodium Dodecyl Sulphate-Polyacrylamide Gel (SDS-
PAGE) and transferred to polyvinylidene (PVDF) membrane. PVDF membrane was
blocked in 5% milk for Thour at room temperature, incubated overnight in 1:1000
primary antibody (ASK1), washed 3 times in 1X TBST and incubate for 1 hour in
1:2000 secondary antibody. Protein signal was enhanced by chemiluminescence
and visualised using autoradiography. Blots were stripped and re-probed for $-actin
as the loading control.

(B) Quantitication of five independent biological replicates was performed using
ImagedJ and normalised to B-actin. * = p<0.05
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Figure 3.4.2: Inhibition of ASK1 accumulation occurs via a proteasome-
dependant mechanism

(A) Porcine metacarpophalangeal (MCP) joints were decontaminated in 2% Virkon
for 15 minutes. MCP joints were injected with either a proteasome inhibitor or
vehicle. MCP joints were incubated for another 1 hour at 37 °C. The proteasome
inhibitor (PI11) inhibits the activity of the 20S proteasome complex. MCP joints were
opened and cartilage was rapidly explanted into ice cold 1X RIPA Buffer (Omin) or
cultured for various periods of time after explanation (5min, 10min and 30min) in
serum free DMEM at 37°C, 5% CO2 before being transferred to ice cold, 1X RIPA
buffer. Explants with 1X RIPA buffer, were mildly shaken for 45 minutes at 4°C.
Lysates were run on 10% Sodium Dodecyl Sulphate-Polyacrylamide Gel (SDS-
PAGE) and transferred to polyvinylidene (PVDF) membrane. PVDF membrane was
blocked in 5% milk for Thour at room temperature, incubated overnight in 1:1000
primary antibody (ASK1), washed 3 times in 1X TBST and incubate for 1 hour in
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1:2000 secondary antibody. Protein signal was enhanced by chemiluminescence
and visualised using autoradiography. Blots were stripped and re-probed for $-actin
as the loading control.

(B) Porcine metacarpophalangeal (MCP) joints were decontaminated in 2% Virkon
for 15 minutes. MCP joints were injected with either an ASK1 inhibitor or a
combination of the ASK1 inhibitor and proteasome inhibitor. MCP joints were
incubated for another 1 hour at 37 °C. The ASK1 inhibitor (ASK1i) binds the catalytic
kinase domain of ASK1 to prevent its phosphorylation and activation. The
proteasome inhibitor (P11) inhibits the activity of the 20S proteasome complex. MCP
joints were opened and cartilage was rapidly explanted into ice cold 1X RIPA Buffer
(Omin) or cultured for various periods of time after explanation (5min, 10min and
30min) in serum free DMEM at 37°C, 5% CO2 before being transferred to ice cold,
1X RIPA buffer. Explants with 1X RIPA buffer, were mildly shaken for 45 minutes at
4°C. Lysates were run on 10% Sodium Dodecyl Sulphate-Polyacrylamide Gel (SDS-
PAGE) and transferred to polyvinylidene (PVDF) membrane. PVDF membrane was
blocked in 5% milk for Thour at room temperature, incubated overnight in 1:1000
primary antibody (ASK1), washed 3 times in 1X TBST and incubate for 1 hour in
1:2000 secondary antibody. Protein signal was enhanced by chemiluminescence
and visualised using autoradiography. Blots were stripped and re-probed for $-actin
as the loading control.

(C) Quantitication of three independent biological replicates for (B) was performed
using Imaged and normalised to B-actin. * = p<0.05
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3.4 ASK1 kinase activity is elevated upon cartilage injury

In this section, | use a different technique to indirectly measure ASK1
activation and phosphorylation - through a kinase assay. A kinase assay
allows for the measurement of the enzymatic kinase activity of proteins,

which in this experiment will be ASK1.

To perform an ASK1 kinase assay, immunoprecipitation of ASK1 from
generated porcine cartilage injury lysates is required. Porcine cartilage injury
lysates were generated at 0 minutes and 30 minutes post cartilage injury.
Immunoprecipitation of ASK1 was performed using the Dynabeads™ Protein

G Immunoprecipitation Kit according to the manufacturer’s instructions.

0 minute and 30 minute cartilage injury explant lysates were also included as
negative and positive controls respectively (Lane 1 and 2, Figure 3.5A). A
non-immunized antibody was used in the immunoprecipitation protocol as a
negative control (Lane 3, Figure 3.5A). The 30 minutes cartilage injury lysate
was used to immunoprecipitate ASK1 for validation by Western Blotting
(Lane 4, Figure 3.5A). Lane 5 was left empty. Leftover lysate from the
immunoprecipitation protocol was also included in the western blot validation
(Lane 6, Figure 3.5A). ASK1 was successfully immunoprecipitated, as shown

in the lower exposed blot (Figure 3.5A)

Next, a kinase assay was performed on immunoprecipitated ASK1 (ASK1 IP)
from the porcine cartilage injury lysates generated at 0 minutes, 5 minutes,
10 minutes and 30 minutes post cartilage injury (Columns 2-4 respectively,
Figure 3.4B). A 30 minute porcine cartilage injury lysate was included as a

positive control (Column 1, Figure 3.5B). A non-immunized negative control
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group should have been included in this experiment, but was not performed.
Results were normalized to the ‘ASK1 IP 0 min explant’ (Column 2, Figure
3.5B) and statistical significance of comparison between groups analyzed by
a one-way ANOVA.

The result shows that ASK1 kinase activity was significantly upregulated at all
timepoints after injury. Compared to the 0 minute ASK1 immunoprecipitated
group, ASK1 kinase activity increased by 537% in the 5 minute and 10
minute groups (p<0.0001) and increased by 480% in the 30 minute groups
(p<0.001) (Figure 3.5B).
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Figure 3.5: ASK1 kinase activity is elevated upon cartilage injury

(A) Immunoprecipitation of ASK1 was validated by western blotting. Porcine
cartilage injury lysates were immunoprecipitated for ASK1. Lysates were run on 10%
Sodium Dodecyl Sulphate-Polyacrylamide Gel (SDS-PAGE) and transferred to
polyvinylidene (PVDF) membrane. PVDF membrane was blocked in 5% milk for
1hour at room temperature, incubated overnight in 1:1000 with ASK1 primary
antibody, washed 3 times in 1X TBST and incubate for 1 hour in 1:2000 secondary
antibody. Protein signal was enhanced by chemiluminescence and visualised using
autoradiography.
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(B) Immunoprecipitated ASK1 (ASK1 IP) from the cartilage injury lysate timecourse
experiment (0 minutes, 5 minutes, 10 minutes, 30 minutes) was assayed for protein
kinase activity using the Universal Kinase Assay Kit (Fluorometric). Fluorescence
intensity was measured at an excitation/emission wavelength of 544/590 nm
respectively. Quantitication of three technical replicates was performed and
normalised to ‘ASK1 IP Omin explant’ (Lane 2). * = p<0.05; ** = p<0.01; *** =
p<0.001; **** = p<0.0001.
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Discussion

| was able to replicate findings that had been performed by multiple members
of the group in the past. Published work in our group showed that activation
of all three MAPKSs (p38, ERK, JNK) were acute, and in some cases,
transient (Ismail H et al., 2017). For example, our group previously showed
p38 was phosphorylated as early as 30 seconds and was sustained for 60
minutes post injury; JNK was phosphorylated to be phosphorylated at by 2
minutes and was similarly sustained for 60 minutes post injury; ERK was
phosphorylated by 30 seconds and remained elevated for the duration of the
experiment (240 minutes) (Ismail H et al., 2017; Vincent T et al., 2002). | was
unable to validate the phospho-TAK1 antibody, but this protein had been
shown to be activated upon injury. TAK1 was phosphorylated within 30
seconds post injury, and was sustained up to 60 minutes post injury (longest
timepoint of the experiment) (Ismail H et al., 2017). Additionally, the use of a
TAK1 inhibitor (5Z-7) abolished injury-induced TAK1 and MAPK
phosphorylation and suppressed upregulation of inflammatory genes (Ismail
Hetal., 2017).

IkBa proteins are inhibitors of NF-kB signalling (Liu T et al., 2017).
Phosphorylation of IkBa triggers its proteasomal degradation, resulting in
nuclear translocation of canonical NF-kB factors and activation of NF-kB
signaling (Liu T et al., 2017). Thus, low expression of IkBa protein is
indicative of NF-kB signaling. | showed that IkBa was downregulated at 5
minutes post cartilage injury but recovered by 10 minutes. This also aligned
with our group’s historical work, where IkBa degradation was observed from
0 to 5 minutes post injury, and IkBa was resynthesized by 10 minutes (Ismail

H et al., 2017). The authors of this paper also showed that newly synthesized
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IkBa was phosphorylated and degraded, using a phospho-IkBa antibody
(Ismail H et al., 2017).

| next determined the activation of YAP upon cartilage injury. According to
literature, phosphorylation of YAP (at Ser127) causes its cytosolic retention
and proteasomal degradation, whereas unphosphorylated YAP translocates
to the nucleus to initiate gene transcription (Mo J et al., 2014). YAP’s target
genes promote repair and regenerative pathways (Wang K et al., 2009). |
observed YAP to be rapidly dephosphorylated upon cartilage injury, implying
that YAP nuclear translocation is promoted to allow transcription of YAP
target genes. Our group previously found that YAP gene expression is
strongly and significantly upregulated at 4 hours post cartilage injury, which
aligns with this assumption (unpublished data, Abigail Claridge, Vincent
group). Yap7 mRNA induction upon injury was also highly FGF2-dependent
and aligns with the rapid release of FGF2 from the PCM of cartilage after
injury (unpublished data, Vincent group). Neither of these observations have
been described before in the literature. Furthermore, we observed a mean
increase in YAP nuclear localization upon cutting injury of cartilage from 0 to
4 hours post injury, although the experiment was too underpowered to see
statistical significance (unpublished data, Vincent group). To summarize,
these results support the notion that the reparative functions of YAP are

stimulated upon cartilage injury.

YAP, like FGF2, has been reported to facilitate chondrocyte differentiation but
inhibit chondrocyte maturation during the endochondral ossification process
(Zarka M et al., 2021). Endochondral ossification is the principal process of
bone tissue formation. Briefly, mesenchymal stem cells at the site of bone

formation first differentiate into chondrocytes. Proliferating chondrocytes
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undergo hypertrophy and mineralization to form cartilaginous callus tissues
where new bone is deposited (Deng Y et al., 2016). YAP has been reported
to promote the proliferation of chondrocytes via increasing Sox6 expression
and inhibit hypertrophy via suppressing Sox9, Col10 and the Wnt/B-catenin
pathway (Zarka M et al., 2021). YAP has also been shown to be important in
cartilage repair in vivo as synovial-derived cells and chondrocytes, strongly
up-regulate it during the repair process (Roelofs et al., 2017). The regulation
of YAP target genes upon cartilage injury was not explored in this work but
should certainly be included as a future step. Moreover, the mechanism of
YAP crosstalk with the MAPK cascade should be further explored, as it has
been previously reported that YAP and TAK1 MAP3K reciprocally inhibit each
other in chondrocytes upon cytokine stimulation and promotion of Hippo

signaling is chondroprotective (Deng Y et al., 2018).

As a previous student had also identified ASK1, another MAP3K, in the injury
cascade (Figure 1.6). By knowing that | attempted to visualise the activation
of this kinase upon cartilage injury. The bulk of this chapter was dedicated to
characterising the mechanism of ASK1 activation upon cartilage injury.
Previous studies have shown upregulation of ASK1 expression in OA tissue
compared to healthy tissue (Yan J et al., 2021; Zhang Q et al., 2016). ASK1
has been described to be a mechanosensitive in a few studies. For instance,
osteoblasts respond to cyclic stress activated ROS by activating ASK1-
p38/JNK pathways to induce apoptosis (Matsui H et al., 2014). Mechanical
stretch also activates ASK1-mediated endoplasmic reticulum stress and
stimulates extracellular vesicle release from alveolar epithelial cells (Tang R
et al., 2022).
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In cartilage ASK1 activation appears to sit on the TAK1-dependent pathway
that is induced by shear stress and which we have termed
“‘mechanoflammation”. The primary trigger for activation of this pathway
remains elusive, but may involve, at least in part, proximal generation of ROS
from the cell membrane in an NADPH oxidase dependent manner
(unpublished data, Vincent group). Our group have been unable to find
evidence for a soluble, secreted factor for TAK1 and MAPK activation upon
cartilage injury, by showing that explanted cartilage-conditioned medium was
unable to activate TAK1 in cultured chondrocytes (unpublished data, Vincent
group). However, a previous student (Kamalathevan) did show that MAPK
activation upon injury was ROS-dependent (Figure 1.5) and that these came
both from the cell membrane and the mitochondrion. ASK1 inhibitors and
Coenzyme Q10 (that suppresses mitochondrial ROS production) both

completely abrogate MAPK signaling and inflammatory gene regulation.

ASK1 is a serine/threonine kinase, and to date only has two phosphorylation
sites that have been functionally characterized. The first is the Threonine 838
site, which is canonically associated with ASK1 activation and kinase activity
(Shiizaki S et al., 2013). The activation of ASK1 at the Thr838 site has been
widely reported in many cell types and can be induced by various cell
stresses, such as oxidative stress, endoplasmic reticulum (ER) stress and
inflammatory mediators (Shiizaki S et al., 2013). Autophosphorylation of
Thr838 is important in oxidative stress-mediated ASK1 activation (Obsilova V
et al., 2021). The other less-reported functional phosphorylation site of ASK1
is the Serine 966 site, which is associated with ASK1 inactivation (Goldman E
et al., 2004). Unstressed ASK1 is phosphorylated on the Ser966 site and a
14-3-3 protein negatively regulates ASK1 by binding to ASK1 via the Ser966
site (Goldman E et al., 2004). Upon ROS stimulation, ASK1 is
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dephosphorylated at Ser966, resulting in dissociation of 14-3-3 from ASK1
and ASK1 activation (Goldman E et al., 2004; Zhang L et al., 1999).

As discussed earlier, our group previously observed that ASK1 inhibition
suppressed cartilage injury-induced MAPK activation (Figure 1.6). We also
showed that ASK1i (serlonsertib) significantly suppressed the upregulation of
inflammatory genes in the porcine cartilage injury model, namely IL6, COX2,
ADAMTS4, CCL2, TIMP1, CDKN1A and NGF (Figure 1.6, and other data not
shown). Moreover, ASK1 inhibition did not alter TAK1 activation upon injury
(Figure 1.6). This suggests that ASK1 is either downstream of TAK1 or lies in
a separate parallel axis to TAK1. In other words, ASK1 drives
mechanoflammation in a TAK1-independent manner. As Coenzyme Q10 and
NAC also prevent down-stream MAPK activation, and ASK1 is known to be
activated by ROS, it is highly likely that TAK1 somehow modulates the
mitochondrion to make ROS, which then leads to ASK1 activation. This
notion is supported by other studies showing that TAK1 mediates
mitochondrial permeability and mitochondrial ROS generation (Suzuki M et
al., 2020). This order of events is also supported by the fact that although
TAK1 is important in the downregulation of atRA-response genes on cartilage
injury, ASK1 inhibition does not affect this (unpublished data Kamalathevan
et al; Zhu L et al., 2022), There is some reduction in TAK1 phosphorylation
with Coenzyme Q10, but this was only by 50% and may indicate a positive

feedback loop with mitochondrial ROS (Figure 1.5B).

In the published literature, TRAFG is a ubiquitin E3 ligase that is known to
activate both ASK1 and TAK1, through different mechanisms (Fujino G et al.,
2007; Shim J et al., 2005). TRAF6 and TRAF2 bind to the N-terminal region
of ASK1 to induce its activation (Fujino G et al., 2007). TRAF6 aids in the
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production of K®-linked polyubiquitin chains that bind to TAK1-binding
proteins (TABs), leading to subsequent oligomerization and
autophosphorylation of TAK1 (Tobiume K et al., 2002). Despite TAK1 and
ASK1 sharing common upstream activators (TRAF6, TRAF2), they are
generally considered to be independently activated MAP3Ks. TAK1 and
ASK1 share similar MAP2Ks, namely MKK3/6 (Meijles D et al., 2020). Of
note, published work from our Centre has shown that the cartilage mechano-
inflammatory signaling response is neither TRAF2 nor TRAF6 dependent and
that the pattern of ubiquitination of TAK1 after injury does not resemble either
IL1 or TNF induced ubiquitination, suggesting that the upstream
ubiquitination complex for injury is quite distinct (Ismail H et al., 2017). Heba
Ismail (a past OA Centre post doc) is pursuing this with a Versus Arthritis

Fellowship at Sheffield University.

Of note, the phospho-ASK1 antibody | used was unreliable. | often did not
see a band at all in many of my lanes (data not quantified and not shown).
This might have been due to differences in species reactivity of the antibody.
The pASK1 Thr838 used in this work had only been validated against
humans and mouse, but not against pigs/porcine tissues. The ASK1 protein
structure may be different in humans compared to pigs, although MAPK
protein structures are usually highly conserved across all mammals. In fact,
none of the other MAPK antibodies used by our group had been validated
against porcine tissue, yet we had been able to produce consistent and
reliable results using them, due to the evolutionarily conserved similarities of
MAPK sequences in humans and pigs. Using the National Center for
Biotechnology Information’s (NCBI) Basic Local Alignment Search Tool
(BLAST), | confirmed that the gene and protein sequences for the ASK1

kinase domain to be almost identical in humans and pigs, meaning that the
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pASK1 Thr838 antibody | possess should theoretically work on porcine
tissue. | did purchase different pASK1 Thr838 antibodies from different
suppliers, but none worked well. Further attempts in optimising the Western
Blotting protocol had been attempted, but | was still unable to make the
pASK1 Thr838 antibody work in a consistent manner. A phospho-ASK1
(Ser966) antibody had not been purchased nor attempted in this experiment
due to the lack of evidence for the role of Ser966 in ASK1 activity and the

lack of availability of this antibody by suppliers.

| used a total ASK1 antibody initially to persuade myself that there were
indeed detectable levels of ASK1 in cartilage lysates. Serendipitously, |
observed that total ASK1 expression increased post-injury, potentially due to
the accumulation of ASK1 protein (over a short time course). Linking these
results together, | hypothesised that phosphorylation of ASK1 causes
stabilisation and subsequent accumulation of ASK1 total protein. Protein
phosphorylation has long been established as a key mechanism for structural
stabilization of proteins (Miranda F et al., 2004). The addition of a
phosphorylated group to proteins induces conformational changes near the
phospho-site, namely by forming more hydrogen bonds and residue contacts
than non-phospho-sites, thus making the protein more resistant to proteolytic
degradation (Nishi H et al., 2011). This may be the case for ASK1. | therefore
next investigated whether injury caused the accumulation of ASK1 protein by

reducing its degradation.

To do this | used a proteasome inhibitor that selectively inhibits the multi-
catalytic proteinase complex (20S proteasome). The 20S proteasome is the
core of the proteasome complex, that carries out proteolytic roles in all

eukaryotic cells (Tanaka K et al., 2009). | hypothesized that ASK1 followed
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proteasomal degradation like most intracellular proteins, and that ASK1
phosphorylation would prevent its proteasomal degradation. Since protein
phosphorylation is one of the few mechanisms that enables structural
stabilization of proteins (Miranda F et al., 2004), | hypothesized that
phosphorylated ASK1 is better protected from proteolytic degradation than
non-phosphorylated ASK1. My results were consistent with this hypothesis as
ASK1 failure to accumulate with the ASK1 inhibitor was reversed when the

proteosome inhibitor was also added.

ASK1 has been reported to negatively regulate proteasome activity (Um J et
al., 2010). In this study, Um et al. demonstrated that ASK1 inhibited the
ATPase activity of the 19S proteasome subcomplex (Um J et al., 2010). 19Ss
are regulatory particles that support the 20S catalytic core of the proteasome.
19Ss are responsible for recognizing polyubiquitinated proteins, unfolding
them, and subsequently translocating them into the 20S catalytic core, a
process which is ATP-dependent (Tanaka K et al., 2009). Whether ASK1’s
phosphorylation state affected the deregulation of the proteasome was not
explored in Um et al.’s study. A different study identified an LRLRGG
sequence on ASK1’s C-terminal domain that associates with 19S of the
proteasome (Schneider J et al., 2013). Mutant forms of the LRLRGG
sequence within ASK1 reduced ASK1’s association with 19S and thus
reduced ASK1’s capacity to inhibit the proteasome (Schneider J et al., 2013).
Mutant forms of ASK1 also showed reduced TNF-induced JNK and NF-kB
signaling, but ASK1 kinase activity was unaffected (Schneider J et al., 2013).
Following this publication, another group built upon these findings and found
that the LRLRGG sequence was required for the recruitment of ubiquitin
specific peptidase 9 X-linked (USP9X) to ASK1 (Nagai H et al., 2009).

USP9X, a deubiquinating enzyme, was found to prevent oxidative stress-
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induced ubiquitination and subsequent proteasomal degradation of activated
ASK1, resulting in stabilization of activated ASK1 (Nagai H et al., 2009). This
particular finding by Nagai H et al. supports my hypothesis that activated
ASK1 (in their case, activation by oxidative stress) is stabilized and
prevented from proteasomal degradation. My work showed that ASK1 is
activated and phosphorylated upon cartilage injury, leading to its stabilization
and accumulation on a total protein level. Furthermore, Nagai and colleagues
identified a 15 amino acid region (aa 956—1235) on ASK1’s C-terminal which
was ubiquitinated and then consequently cleaved by USP9X upon oxidative
stress stimulation (Nagai H et al., 2009). USP9X knockdown in vitro
suppressed oxidative stress-induced MAPK p38/JNK activation similar to
ASK1 knockdown cells (Nagai H et al., 2009). These results imply that
USP9X is a strong regulator of ASK1 activity and stability.

As an alternate means to measure ASK1 activation, | attempted to measure
the kinase activity directly using a commercial kinase assay with
immunoprecipitated ASK1. My experiment did suggest that | might be able to
immunoprecipitate ASK1 successfully, even though there were limitations
with visualizing the immunoprecipitated protein. The results also showed that
there was a difference in detected kinase activity between the 0 time points
and later ones after injury. Taken together these results were consistent with
the demonstration of ASK1 dependent kinase activity and consistent with
activation of this pathway as noted above. This experiment omitted a non-
immune control and was only performed once. Had | more time, | would have

repeated this experiment with all relevant controls.

The off-target effects of serlonsertib on other members of the MAPK cascade

are unknown. Therefore, supporting this data with the use of other ASK1
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inhibitors or a combination of different ASK1 inhibitors may be more
reassuring. Among the commercially available ASK1 inhibitors, serlonsertib is
the only ASK1 inhibitor that has made it up to phase 3 clinical trials in an
experimental study of non-alcoholic steatohepatitis, but unfortunately the
primary study endpoint was not reached (Harrison S et al., 2020).
Nevertheless, serlonsertib was selected for this work due to its reliability and
efficacy as the most promising ASK1 inhibitor currently available. More in
vivo and translational work is required to reveal the therapeutical potential of

ASK1 inhibition for the treatment of OA and this will be explored in Chapter 5.

A final summary of the mechano-inflammatory response, adding to that

already produced by Kamalathevan, is shown in Figure 3.6.
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Figure 3.6: Schematic of mechanoflammation signalling in cartilage
Mechanoflammation activates Transforming growth factor beta-activated kinase 1
(TAK1) that drives mitochondrial production of reactive oxygen species (ROS).
Apoptosis signal-regulating kinase 1 (ASK1) is activated by mitochondrial ROS that
drives phosphorylation of the mitogen activated protein kinases (MAPKSs)
(extracellular signal-regulated kinase (ERK), Jun N-terminal kinase (JNK) and p38)
which subsequently increases inflammatory gene regulation. TAK1 also activates
downstream Nuclear factor kappa B (NF-kB) signalling but it is not currently known
whether this requires ASK1. Yes-associated protein (YAP) signaling is also turned
on upon injury. Block black line = direct, full activation.
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CHAPTER 4: ROLE OF ASK1 IN IL1 OR H202-INDUCED CHONDROCYTE
RESPONSES

Introduction

IL1 and ROS have overlapping adverse effects on chondrocytes, such as the
induction of inflammatory mediators and production of matrix proteases. In
this chapter, | explored the effect of IL1 or H2O2 stimulation on MAPK and
NF-kB signaling. | further investigated ASK1’s dependancy on these signaling

cascades by using an ASK1 inhibitor.

The previous chapter indicated that ASK1 phosphorylation plays a much
more important role in the cartilage injury response than we had previously
recognised. Moreover, previous unpublished data from our group suggested
that TAK1 phosphorylation was upstream of ASK1 and could activate ASK1
by directing mitochondria to make ROS. This raised the important question of
whether another TAK1 activator, such as IL1, also activates inflammatory
signalling in an ASK1 dependent manner. This would somewhat challenge
the existing paradigm which suggests a direct activation of MAPKKs from
TAK1. If IL1 did not activate MAPKSs in an ASK1-dependent manner this
would support distinct mechanisms of activation following injury compared to
receptor mediated cytokine stimulation and would potentially identify novel
therapeutic targets that would interfere with injury responses without

disrupting important cytokine-driven defence mechanisms.

Our group have shown that TGFf is among the growth factors released from

the PCM upon cartilage injury (Tang X et al., 2018). Whether TGFf3

contributes to TAK1-mediated MAPK mechanoflammation in cartilage is not
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known. TAK1 was initially discovered as a downstream mediator of TGFj3,
thus its name ‘TGF-activated kinase 1°. It could potentially be the primary
driver of TAK1 activation upon injury or could contribute to another upstream
TAK1 stimulus. The former is perhaps less likely as our group have
previously shown that TAK1 activation was not mediated by a soluble factor;

TGF is readily available in the medium after cartilage injury.

In this chapter | explore inflammatory signalling following IL1, TGF or H202
stimulation of isolated chondrocytes and determine whether their ASK1
dependence. | start by validating MAPK signalling in isolated cells then

examine the effect of ASK1 inhibition on their activation.
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41 IL1 and TGF activates MAPKs in chondrocytes

| first explored the effect of TGF3 on MAPK signaling in chondrocytes in vitro.
| first validated my chondrocyte porcine cell culture model by stimulating cells

with either TGF[3 or IL1 (used as a positive control).

Cultures of primary porcine chondrocytes were treated with TGFp1 or IL1 for
vehicle for 5 minutes, 10 minutes or 30 minutes. The IL1 group was included
as a positive control. Lysates were immunoblotted for phospho-p38,
phospho-ERK, phospho-JNK. -actin was immunoblotted as the loading
control. Quantitication of at least two or three separate experiments was
performed using FIJI-App, Imaged Gel Analysis software. Results were
normalized to B-actin and statistical significance of comparison between
groups analyzed by a two-way ANOVA, with post hoc multiple comparisons

corrected using Tukey’s tests.

TGFp activated all 3 MAPKs (phospho-p38, phospho-ERK, phospho-JNK).
pJNK and pP38 activation peaked at 5 minutes and decreased over time.
Activation of pP38 by TGFf at 5 minutes was statistically significant (p<0.01).
pERK was moderately activated at 5 minutes, which peaked at 10 minutes
and decreased at 30 minutes. IL1 (positive control group) also activated all 3
MAPKSs. IL1 activation was highest at 5 minutes (p<0.001), which gradually
decreased at 10 (p<0.05) and 30 minutes.
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Figure 4.1: TGF@ activates MAPKSs in chondrocytes

(A) Porcine metacarpophalangeal (MCP) joints were disinfected in 2% Virkon for 10
minutes. MCP joints were opened and cartilage was explanted. Explanted cartilage
was incubated in DMEM containing 1m/ml Collagenase A overnight at 37°C.
Collagenase digest was washed by centrifugation at 25200 RCF for 5 minutes three
times Pellets were resuspended in DMEM containing 4.5 g/L of glucose and L-
Glutamine and were supplemented with 10 % fetal bovine serum (FBS), 1 %
penicillin, streptomycin and amphotericin B. Primary chondrocytes were plated at a
density of 2 million per well in each well of a 6-well plate in DMEM containing 20%
FBS for 24 hours at 37°C, 5% CO-. Primary chondrocytes were then serum starved
by incubating for 24 hours in serum-free DMEM and then stimulated with either 10
ng/ml TGFB1, 5 ng/ml IL1a or DMSO as the vehicle control (Veh). After stimulation,
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primary chondrocytes were gently washed with 1X sterile PBS and incubated with
ice-cold 1X RIPA Buffer for 45 minutes, 4°C. Chondrocytes were harvested using a
cell scraper and centrifuged at 18900 RCF, 4°C. Supernatant was collected and
used to generate protein lysates for Western Blotting analysis. Lysates were run on
10% Sodium Dodecyl Sulphate-Polyacrylamide Gel (SDS-PAGE) and transferred to
polyvinylidene (PVDF) membrane. PVDF membrane was blocked in 5% milk for 1
hour at room temperature, incubated overnight in primary antibody (pP38, pJNK,
pERK), washed 3 times in 1X TBST and incubate for 1 hour in 1:2000 secondary
antibody. Protein signal was enhanced by chemiluminescence and visualised using
autoradiography. Blots were stripped and re-probed for Bactin as the loading control.
(B) Quantitication of two or three independent biological replicates was performed
using Imaged and normalised to B-actin. Biological replicate number (n) is labelled
for each experiment. * = p<0.05; ** = p<0.01; *** = p<0.001.
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4.2 The effect of IL1 on MAPKs and NF-kB signalling in chondrocytes

4.2.1 IL1 activates MAPKs and NF-kB signalling in chondrocytes

Focusing on IL1, | next extended my observations to study a longer time

course, and to include total ASK1 protein and NF-kB in my assay.

Cultures of primary porcine chondrocytes were treated with IL1 or vehicle for
0.25 minutes (15 seconds), 0.5 minutes (30 seconds) 5 minutes, 10 minutes,
30 minutes or 60 minutes. Porcine cartilage injury explant lysates generated
using the porcine cartilage injury model (as described in Chapter 3.1) were
included in the western blots as positive controls. Lysates were
immunoblotted for ASK1, phospho-p38, phospho-ERK, IkBa. GAPDH was
immunoblotted as the loading control. Quantitication at least three separate
experiments was performed using FIJI-App, Imaged Gel Analysis software.
Results were normalized to GAPDH and statistical significance of

comparison between groups analyzed by a one-way ANOVA

ASK1 total protein expression increased with IL1 stimulation in a time-
dependant manner, up to around 1.8-fold at 60 minutes compared to 0
minutes, although not statistically significant. pP38 activation was transient,
peaking at 10 minutes, after which it begins declining. pERK activation
appears to start at 5 minutes which peaks at 30 minutes. IkBa degradation
occurred acutely in less than a minute, after which IkBa was resynthesized at

5 minutes and subsequent timepoints (Figure 4.2.1).
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4.2.2 ASKT1i did not inhibit IL1-induced p38 signaling in

chondrocytes

| also determined if treatment of an ASK1 inhibitor (serlonsertib) can inhibit

IL1-induced MAPKs

Cultures of primary porcine chondrocytes were treated with IL1 or a
combination of IL1 and ASK1i for 0.25 minutes (15 seconds), 0.5 minutes (30
seconds) 5 minutes, 10 minutes, 30 minutes or 60 minutes. Porcine cartilage
injury explant lysates generated using the porcine cartilage injury model
(described in Chapter 3.1) were included in the western blots as positive
controls. Lysates were immunoblotted for phospho-p38. GAPDH was
immunoblotted as the loading control. Quantitication at least three separate
experiments was performed using FIJI-App, Imaged Gel Analysis software.
Results were normalized to GAPDH and statistical significance of

comparison between groups analyzed by a one-way ANOVA

Curiously, pP38 activation appeared to be globally elevated in the presence
of the ASK1 inhibitor at all timepoints. Statistical testing was not possible
from this single experiment and further repeat experiments could not be
included as the control (IL1 effect in the absence of ASK1i) failed to show a
robust activation of signaling. Nonetheless, there was no evidence that ASK1

inhibition could suppress IL1 inflammatory signaling.
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Figure 4.2 1: MAPK and NF-kB regulation upon IL1 treatment in chondrocytes
(A) Porcine metacarpophalangeal (MCP) joints were disinfected in 2% Virkon for 10
minutes. MCP joints were opened and cartilage was explanted. Explanted cartilage
was incubated in DMEM containing 1m/ml Collagenase A overnight at 37°C.
Collagenase digest was washed by centrifugation at 25200 RCF for 5 minutes three
times Pellets were resuspended in DMEM containing 4.5 g/L of glucose and L-
Glutamine and were supplemented with 20 % fetal bovine serum (FBS), 1 %
penicillin, streptomycin and amphotericin B. Primary chondrocytes were plated at a
density of 2 million per well in each well of a 6-well plate in DMEM containing 20%
FBS for 24 hours at 37°C, 5% CO-. Primary chondrocytes were then serum starved
by incubating for 24 hours in serum-free DMEM and then stimulated for either 10
ng/ml IL1b or serum-free media as the 0 minute timepoint. After stimulation primary
chondrocytes were gently washed with 1X sterile PBS and incubated with ice-cold
1X RIPA Buffer for 45 minutes, 4°C. Chondrocytes were harvested using a cell
scraper and centrifuged at 18900 RCF, 4°C. Supernatant was collected and used to
generate protein lysates for Western Blotting analysis. Lysates were run on 10%
Sodium Dodecyl Sulphate-Polyacrylamide Gel (SDS-PAGE) and transferred to
polyvinylidene (PVDF) membrane. PVDF membrane was blocked in 5% milk for 1
hour at room temperature, incubated overnight in primary antibody (ASK1, pP38,
IkBa, pERK), washed 3 times in 1X TBST and incubate for 1 hour in 1:2000
secondary antibody. Protein signal was enhanced by chemiluminescence and
visualised using autoradiography. Blots were stripped and re-probed for GAPDH as
the loading control.
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Figure 4.2.2: p38 MAPK regulation upon IL1 treatment in chondrocytes with an
ASK1 inhibitor

(A) Porcine metacarpophalangeal (MCP) joints were disinfected in 2% Virkon for 10
minutes. MCP joints were opened and cartilage was explanted. Explanted cartilage
was incubated in DMEM containing 1m/ml Collagenase A overnight at 37°C.
Collagenase digest was washed by centrifugation at 25200 RCF for 5 minutes three
times Pellets were resuspended in DMEM containing 4.5 g/L of glucose and L-
Glutamine and were supplemented with 20 % fetal bovine serum (FBS), 1 %
penicillin, streptomycin and amphotericin B. Primary chondrocytes were plated at a
density of 2 million per well in each well of a 6-well plate in DMEM containing 20%
FBS for 24 hours at 37°C, 5% CO-. Primary chondrocytes were then serum starved
by incubating for 24 hours in serum-free DMEM and then stimulated with either 10
ng/ml IL1b or serum-free media as the 0 minute timepoint. For the ASK1i group,
cells was treated with 10uM ASK1i for 30 minutes after serum starvation but prior to
IL1 treatment. After stimulation, primary chondrocytes were gently washed with 1X
sterile PBS and incubated with ice-cold 1X RIPA Buffer for 45 minutes, 4°C.
Chondrocytes were harvested using a cell scraper and centrifuged at 18900 RCF,
4°C. Supernatant was collected and used to generate protein lysates for Western
Blotting analysis. Lysates were run on 10% Sodium Dodecyl Sulphate-
Polyacrylamide Gel (SDS-PAGE) and transferred to polyvinylidene (PVDF)
membrane. PVDF membrane was blocked in 5% milk for 1 hour at room
temperature, incubated overnight in primary antibody (pP38), washed 3 times in 1X
TBST and incubate for 1 hour in 1:2000 secondary antibody. Protein signal was
enhanced by chemiluminescence and visualised using autoradiography. Blots were
stripped and re-probed for GAPDH as the loading control.
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4.3 The effect of H202 on MAPKs and NF-kB signalling in

chondrocytes

| next explored the effect of ROS on MAPK and NF-kB signaling in
chondrocytes in vitro, using hydrogen peroxide (H20.) as a means of ROS
stimulation. | also investigated the effect of ASK1 inhibition on H202-treated

chondrocytes.

4.3.1 H:0: activates MAPKs and NF-kB signalling in

chondrocytes

To investigate the effect of H202in chondrocytes, | isolated primary
chondrocytes from porcine cartilage, using the same method described in

Chapter 4.1.

| first determined the concentration of H202 that was sufficient to stimulate
MAPKSs in my chondrocyte model. | performed a standalone validation
experiment where | treated chondrocytes with different concentrations of
H202 based on what others have used in the published literature (Figure
4.3.1A). ASK1 expression was largely unaffected by different H.O> doses. For

pP38, 50uM or higher H.O2 concentration was sulfficient for activation.

Cultures of primary porcine chondrocytes were treated with H.O> for 0.25

minutes (15 seconds), 0.5 minutes (30 seconds) 5 minutes, 10 minutes, 30

minutes or 60 minutes. Porcine cartilage injury explant lysates generated
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using the porcine cartilage injury model (as described in Chapter 3.1) were
included in the western blots as positive controls. Lysates were
immunoblotted for ASK1, phospho-p38, phospho-ERK, IkBa. GAPDH was
immunoblotted as the loading control. Quantitication at least three separate
experiments was performed using FIJI-App, Imaged Gel Analysis software.
Results were normalized to GAPDH and statistical significance of

comparison between groups analyzed by a one-way ANOVA.

ASK1 total protein expression appeared to remain relatively stable
throughout the H202-timecourse, with no noticeable regulation of the protein
throughout the experiment time course. pP38 was rapidly and transiently
activated from 0.5 minutes, which peaked at 10 minutes (approximately 12-
fold the O minute timepoint). pP38 activation returned to baseline by 30
minutes. pERK activation gradually increased upon stimulation, that peaked
between 0.5 to 5 minutes after which the activation began to deteriorate
slowly. IkBa degradation occurred rapidly in less than a minute, after which
IkBa was resynthesized at 5 minutes and subsequent timepoints (Figure

4.3.1B)

4.3.2 ASK1i did not inhibit p38 signaling in H,02-stimulated

chondrocytes

| also determined if additional treatment of an ASK1i inhibitor (serlonsertib)

can inhibit H2O2-induced MAPKSs.

124



Cultures of primary porcine chondrocytes were treated with H-O2 or a
combination of H202 and ASK1i for 0.25 minutes (15 seconds), 0.5 minutes
(30 seconds) 5 minutes, 10 minutes, 30 minutes or 60 minutes. Porcine
cartilage injury explant lysates generated using the porcine cartilage injury
model (described in Chapter 3.1) were included in the western blots as
positive controls. Lysates were immunoblotted for phospho-p38. GAPDH was
immunoblotted as the loading control. Quantitication at least three separate
experiments was performed using FIJI-App, Imaged Gel Analysis software.
Results were normalized to GAPDH and statistical significance of

comparison between groups analyzed by a one-way ANOVA

pP38 regulation was not suppressed by the ASK1i inhibitor. If anything, it
appeared slightly elevated and more sustained in the presence of the
inhibitor. | also repeated this experiment several times but, similar to the IL1
experiments, several of these were not interpretable because | failed to show
that my positive control (H20- alone) activated as expected. For both IL1 and
H202 experiments there was a small increase in signaling in the inhibitor
treated lanes suggesting that increased, rather than decreased, signaling

was occurring in vitro with ASK1 inhibition.
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Figure 4.3.1: MAPK and NF-kB regulation upon H:O; treatment in
chondrocytes

(A) Porcine metacarpophalangeal (MCP) joints were disinfected in 2% Virkon for 10
minutes. MCP joints were opened and cartilage was explanted. Explanted cartilage
was incubated in DMEM containing 1m/ml Collagenase A overnight at 37°C.
Collagenase digest was washed by centrifugation at 25200 RCF for 5 minutes three
times Pellets were resuspended in DMEM containing 4.5 g/L of glucose and L-
Glutamine and were supplemented with 20 % fetal bovine serum (FBS), 1 %
penicillin, streptomycin and amphotericin B. Primary chondrocytes were plated at a
density of 2 million per well in each well of a 6-well plate in DMEM containing 20%
FBS for 24 hours at 37°C, 5% CO.. Primary chondrocytes were then serum starved
by incubating for 24 hours in serum-free DMEM and then stimulated with different
concentrations of H20, (50, 100, 200, 400, 800uM) or serum-free media as the 0
minute timepoint. After stimulation, primary chondrocytes were gently washed with
1X sterile PBS and incubated with ice-cold 1X RIPA Buffer for 45 minutes, 4°C.
Chondrocytes were harvested using a cell scraper and centrifuged at 18900 RCF,
4°C. Supernatant was collected and used to generate protein lysates for Western
Blotting analysis. Lysates were run on 10% Sodium Dodecyl Sulphate-
Polyacrylamide Gel (SDS-PAGE) and transferred to polyvinylidene (PVDF)
membrane. PVDF membrane was blocked in 5% milk for 1 hour at room
temperature, incubated overnight in primary antibody (ASK1, pP38), washed 3 times
in 1X TBST and incubate for 1 hour in 1:2000 secondary antibody. Protein signal
was enhanced by chemiluminescence and visualised using autoradiography. Blots
were stripped and re-probed for GAPDH as the loading control.

126



(B) Porcine metacarpophalangeal (MCP) joints were disinfected in 2% Virkon for 10
minutes. MCP joints were opened and cartilage was explanted. Explanted cartilage
was incubated in DMEM containing 1m/ml Collagenase A overnight at 37°C.
Collagenase digest was washed by centrifugation at 25200 RCF for 5 minutes three
times Pellets were resuspended in DMEM containing 4.5 g/L of glucose and L-
Glutamine and were supplemented with 20 % fetal bovine serum (FBS), 1 %
penicillin, streptomycin and amphotericin B. Primary chondrocytes were plated at a
density of 2 million per well in each well of a 6-well plate in DMEM containing 20%
FBS for 24 hours at 37°C, 5% CO-. Primary chondrocytes were then serum starved
by incubating for 24 hours in serum-free DMEM and then stimulated with either
100uM H20; or serum-free media as the 0 minute timepoint. After stimulation,
primary chondrocytes were gently washed with 1X sterile PBS and incubated with
ice-cold 1X RIPA Buffer for 45 minutes, 4°C. Chondrocytes were harvested using a
cell scraper and centrifuged at 18900 RCF, 4°C. Supernatant was collected and
used to generate protein lysates for Western Blotting analysis. Lysates were run on
10% Sodium Dodecyl Sulphate-Polyacrylamide Gel (SDS-PAGE) and transferred to
polyvinylidene (PVDF) membrane. PVDF membrane was blocked in 5% milk for 1
hour at room temperature, incubated overnight in primary antibody (ASK1, pP38,
IkBa, pERK), washed 3 times in 1X TBST and incubate for 1 hour in 1:2000
secondary antibody. Protein signal was enhanced by chemiluminescence and
visualised using autoradiography. Blots were stripped and re-probed for GAPDH as
the loading control.
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Figure 4.3.2: p38 MAPK regulation upon H:O; treatment in chondrocytes with
an ASK1 inhibitor

(A) Porcine metacarpophalangeal (MCP) joints were disinfected in 2% Virkon for 10
minutes. MCP joints were opened and cartilage was explanted. Explanted cartilage
was incubated in DMEM containing 1m/ml Collagenase A overnight at 37°C.
Collagenase digest was washed by centrifugation at 25200 RCF for 5 minutes three
times. Pellets were resuspended in DMEM containing 4.5 g/L of glucose and L-
Glutamine and were supplemented with 20 % fetal bovine serum (FBS), 1 %
penicillin, streptomycin and amphotericin B. Primary chondrocytes were plated at a
density of 2 million per well in each well of a 6-well plate in DMEM containing 20%
FBS for 24 hours at 37°C, 5% CO.. Primary chondrocytes were then serum starved
by incubating for 24 hours in serum-free DMEM and then stimulated with either
100uM H20; or serum-free media as the 0 minute timepoint. For the ASK1i group,
cells were treated with 10uM ASK1i for 30 minutes after serum starvation but prior to
H>O. treatment. After stimulation, primary chondrocytes were gently washed with 1X
sterile PBS and incubated with ice-cold 1X RIPA Buffer for 45 minutes, 4°C.
Chondrocytes were harvested using a cell scraper and centrifuged at 18900 RCF,
4°C. Supernatant was collected and used to generate protein lysates for Western
Blotting analysis. Lysates were run on 10% Sodium Dodecyl Sulphate-
Polyacrylamide Gel (SDS-PAGE) and transferred to polyvinylidene (PVDF)
membrane. PVDF membrane was blocked in 5% milk for 1 hour at room
temperature, incubated overnight in primary antibody (pP38), washed 3 times in 1X
TBST and incubate for 1 hour in 1:2000 secondary antibody. Protein signal was
enhanced by chemiluminescence and visualised using autoradiography. Blots were
stripped and re-probed for GAPDH as the loading control.
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Discussion

In this chapter | first showed that TGF stimulation does indeed, rapidly and
transiently activate MAPKs in primary porcine chondrocytes. The
investigation of MAPKs upon direct stimulation of TGF3 has not been
explored in chondrocytes, but has been reported in other cell systems such
as cancer cells and fibroblasts (Wang W et al., 2014, Watanabe H et al.,
2001). In these reports, TGFB-induced MAPK activation can be driven by
Smads as well as TAK1 MAP3K. The experimental framework | performed
may also be extended to investigate Smad and TAK1 activation by TGFf
using phospho-Smad and phospho-TAK1 antibodies respectively. | didn’t get
round to doing this but this would be of interest to do in the future.

TGF is a growth factor present in the PCM, and has been reported to be a
mechanosensitive mediator in cartilage (Neu C et al., 2007, Tang X et al.,
2018). TGFB is regarded as a chondroprotective agent in cartilage and
chondrocytes, by promoting chondrogenesis in MSCs and inhibiting
chondrocyte terminal differentiation (Yang X et al., 2001). TGF signaling
occurs through phosphorylation of downstream Smad proteins. TAK1 is
conventionally described as a downstream mediator of TGF[3, which

consequently activates MAPKs and NF-kB pathways (Kim S et al., 2009).

The activation of MAPKs by TGF@ is well described in cancer, whereby
growth factors like TGF have the MAPK pathway constantly switched on to
promote proliferation, survival and differentiation of cancer cells. Chronic
activation of MAPKSs in cancers is malignant, as cancers can acquire
metastatic potential and endless proliferation through MAPK signalling

(Chapnick D et al., 2011).
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Our group has previously shown that CTGF was required for sequestration of
latent TGF in the matrix (Tang X et al., 2018). They proposed that CTGF is
covalently bound (via disulfide bonds) to latent TGF[ in the endoplasmic
reticulum of chondrocytes. This latent complex is sequestered in the
chondrocyte PCM via binding to heparin sulfate chains of perlecan. Upon
mechanical compression of cartilage, the latent complex is released from
perlecan and interacts with TGFBR3 on the chondrocyte cell surface in a
CTGF-dependent manner, and TGF( signaling is initiated via Smad2/3
phosphorylation. Others have reported that TGFf3 plays a dual role in
cartilage maintenance, depending on which downstream Smad signals are
activated (Blaney Davidson E et al., 2009). It has been reported Smad2/3
promotes reparative responses while Smad1/5/8 triggers hypertrophic
responses in chondrocytes (Blaney Davidson E et al., 2009). TGFf has also
been reported to signal through the Rho-like GTPase and PI3K/AKT
pathways in multiple other systems (Wang W et al., 2014). However, the

extent which TGFf plays a role for these pathways in cartilage is unknown.

In the second part to this chapter, | investigated the chondrocyte response to
IL1. I showed that IL1 stimulation onto chondrocytes induces transient
activation patterns of MAPKs and NF-kB signaling (Figure 4.2.1). Additionally,
| observed accumulation of ASK1 protein that increased with time stimulated
with IL1 (Figure 4.2.1). The ASK1 accumulation pattern observed here
resembles that seen in the porcine cartilage injury model, where ASK1
protein accumulated upon cartilage injury (Chapter 3). This could indicate
that IL1-stimulated ASK1 is phosphorylated and thus stabilized in a similar
manner to ASK1 in injured cartilage. It should also therefore be proteosome

dependent although this wasn't tested.
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IL1 induction of MAPKs ERK (Wang X et al., 2011) and p38 (Radons J et al.,
2006) produce catabolic responses in chondrocytes and cartilage. Activation
of these two MAPKs promotes the matrix-degrading collagenases and
aggrecanases such as MMP1, MMP3, MMP13 and ADAMTS4 (Jenei-Lanzl Z
et al., 2019). Adamts5 is not much regulated by IL1 on a mRNA level in most
species tested (Vincent T., 2019). ERK or p38 activation by IL1 stimulates
the production of inflammatory and chemo-attractive molecules PGE2, NO,
IL6, LIF and iNOS, which inhibits matrix synthesis processes and induce
chondrocyte apoptosis (Wang X et al., 2010). IL1-mediated NF-kB is also
well described and shares many similarities to the MAPK cascade in terms of
inflammatory mediator production. However, IL1-mediated NF-kB signaling
differs from MAPK activation due to the fact that NF-kB has not yet been
linked with aggrecan degradation (Jenei-Lanzl Z et al., 2019). IL1-induced
activation of MAPK JNK in chondrocytes is also well described, although not
performed in this work. Our group demonstrated that IL1 promotes the
production of aggrecanase ADAMTSS through the JNK2 pathway in human
chondrocytes (Ismail H et al., 2015).

The activation of ASK1 by IL1 in chondrocytes has not been described yet
but has been briefly described in a few other cell systems (Mochida Y et al.,
2000; Zhang Q et al., 2016). In an OA-related study, stimulation of mouse
embryonic fibroblasts (MEFs) with IL1[3 activated ASK1 by phosphorylation at
the Thr838 site (Zhang Q et al., 2016). Knocking out ASK1 in MEFs reduced
p38/JNK/NF-kB activation in response to IL13 compared to WT MEFs (Zhang
Q et al., 2016). Moreover, IL1B-stimulated expression of chondrocyte
hypertrophy markers Colx, Mmp13, and Vegf were inhibited in ASK1 KO
MEFs compared to WT MEFs (Zhang Q et al., 2016). Together, these results

suggest that in the presence of inflammatory cytokines, the absence or
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inhibition of ASK1 prevents MAPK signaling and characteristics associated
with chondrocyte catabolism or hypertrophy. The proposed mechanism of
IL1-induced ASK1 activation is by receptor-proximal activation of TRAF6
upstream, as demonstrated by a few immunology-related studies (Dainichi T

etal.,, 2019, Yen JH et al., 2022).

My findings on ASK1i treatment seem contradictory to the published
literature. | did not observe inhibition of p38 activation when treating
chondrocytes with IL1 in the presence of ASK1i (Figure 4.2.2). The ASK1i
(serlonsertib), which had been used by our group prior to my project,
suppressed MAPKs ERK and JNK completely upon cartilage injury (Figure
1.5B). Furthermore, we showed that the ASK1i suppressed upregulation of
inflammatory genes upon cartilage injury (Figure 1.5C). It has been described
in many in vivo and in vitro systems that the ASK1 MAP3K is a strong
regulator of the MAPKs and NF-kB (Liu H et al., 2000). Serlonsertib had been
shown to inhibit IL1-induced ASK1/p38/JNK activation in vitro (Meijles D et
al., 2020; Yan J et al., 2021). These contradictory findings may have been
due to unknown off-target effects of the ASK1i, such as the interference of
other ASK1-independent pathways that also regulate MAPK and NF-kB. As
my results were based on single experiments, despite attempts to repeat, it
would be premature to read too much into these results and the role of ASK1

on IL1 activation, therefore, remains unknown.

In the final part to this chapter, | investigated the chondrocyte response to
H20:. | show that H202 stimulation of chondrocytes induces transient
activation of MAPKs and NF-kB signaling (Figure 4.3.1). H202, and other
oxygen radicals, can activate MAPKs through multiple mechanisms such as

ligand-independent clustering and activation of growth factor receptors, such
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as the receptor tyrosine kinases (Nakashima | et al., 2005). For example, it
has been shown that H2O> activates and phosphorylates epidermal growth
factor receptor (Meves A et al., 2001). Activation of MAPKs by exogenous
stimulation of H20: in vitro have been described before (Dabrowski A et al.,
2000; Ruffels J et al., 2004). The mechanisms of ROS-induced MAPK
activation is not well defined, as oxygen radicals can alter protein structure by

reacting with critical amino acid residues of proteins (Son Y et al., 2011).

Conversely, ROS can also affect MAPK cascades by inactivating and
degrading the MAPK phosphatases (MKPs) — also known as the MAPK
signalling deactivators. Studies have reported that H2O2 accumulation can
inactivate MKPs by oxidizing their catalytic cysteine residues, leading
sustained MAPK signalling (Son Y et al., 2011). Furthermore, it has been
reported that ROS can interfere with the mRNA stabilisation and translation
of MKPs (Kuwano Y et al., 2008). The oxidative potentials of ROS can also
be determined based on the site and kinetics of ROS production and the
availability of antioxidants in the cell (Son Y et al., 2011). Thus, the disparity
in the H2O2 response between the MAPKs may be due to the different
sensitivities of their upstream MAP2Ks and MAP3Ks to ROS, as well as the

different sensitivities of their respective deactivators (MKPs) to ROS.

ROS can also activate signalling cascades through the modification of
intracellular kinases. The ASK1 MAP3K is known to be an oxidative stress
sensor and transducer. ASK1 binds to the inhibitory thioredoxin (Trx) in a
non-stressed state. Upon an increase in oxidative stress, Trx is oxidized and
dissociates from ASK1, leading to oligomerization and autophosphorylation of
ASK1, subsequent activation of ASK1 and its downstream pathways (Nagai

H et al., 2007). Prior to this experiment, | hypothesized that ASK1 would be
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activated by H20O. stimulation, mimicking ROS stimulation. As mentioned in a
previous chapter, | was not able to fully validate a phospho-ASK1 antibody to
detect ASK1 activation by its phosphorylation state, which would have been
useful in this experiment. | previously observed that ASK1 total protein
accumulated upon cartilage injury, and that this was suppressed by an ASK1i
inhibitor (serlonsertib) which specifically inhibits the catalytic kinase domain
of ASK1 (the kinase domain associated with ASK1 activation). From that
result, | inferred that ASK1 activation is also associated with its accumulation
at the total protein level. In this chapter, H202 stimulation of chondrocytes did
not induce noticeable regulation of ASK1 total protein, which did not coincide

with my hypothesis.

There may be several reasons why | did not observe ASK1 total protein
accumulation as hypothesised. First, the concentration of H2O2 | used in this
experiment (100pM) may have been insufficient to switch on ASK1, while the
other MAPKSs were activated at this concentration (likely by other ROS-
sensitive, ASK1-independent pathways). In literature, concentrations of H-.O>
used to stimulate ASK1 in vitro are in the low millimolar (mM) range. For
example, treatment of HepG2 human hepatoma cells with 1mM H202
activated ASK1 by Thr845 phosphorylation (Zhang N et al., 2016).
Meanwhile, treatment of COS7 kidney cells with 1-5mM H20: induced ASK1
Ser967 dephosphorylation (the Ser967 site is associated with ASK1
inactivation), but ASK1 total protein expression was unchanged (Goldman E
et al., 2004). Despite these reports, micromolar (uM) ranges of H20>
stimulation is sufficient to stimulate cell responses in other cell systems.
Various studies investigating the effect of H.O2 on chondrocytes in vitro
observed dose-dependent responses in chondrocyte viability or apoptosis
within the 5-800uM range (Asada S et al., 2001; Gao G et al., 2018; Martin G
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et al., 2005). Physiological concentrations of oxygen radicals range from 10"
to 108 M in mammalian cells (Chance B et al., 1979), so it would be safe to
assume that concentrations of H.O2 used in my experiments are supra-

physiological.

Another reason why ASK1 accumulation in vitro did not occur in my hands
may be because of the different mechanisms of ASK1 activation upon
cartilage injury (in previous chapter) versus H2O> stimulation. | previously
observed that an ASK1i (serlonsertib), which targets the catalytic kinase
domain of ASK1, suppressed ASK1 accumulation upon cartilage injury.
ASK1’s activation site is reported to be at Thr838, within its kinase domain
(aa 670-940) (Bunkoczi G et al., 2007). Thus, | inferred that mechanism of
ASK1 accumulation was dependant on ASK1 Thr838 phosphorylation and
activation. However, the ASK1 regulation mechanism may be more complex
than just a single phosphorylation site. A recent study has reported a total of
5 dynamic phosphorylation sites in ASK1, and another 7 phospho-sites of
ASK1 that have completely unknown functions (Betanzos C et al., 2016).
Each of these phospho-sites need to be explored in greater detail to
understand the mechanism of ASK1 activation in different systems. This

kinase remains poorly understood.

The inevitable exposure of chondrocytes to an oxygenated environment in
my chondrocyte cell culture model may have also rendered the cells resistant
to external oxidative stress stimuli. As discussed in the Introduction,
chondrocytes reside in a hypoxic environment (approximately 7% oxygen
tension) within cartilage. However, explanting cartilage and culturing
chondrocytes exposes the chondrocytes to atmospheric oxygen (16-21%

oxygen). As a result, chondrocytes may already have switched on their
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intrinsic antioxidant systems prior to H202 treatment in my experiments.
These factors are usually not considered in the published literature but may
be especially relevant in chondrocyte in vitro studies making interpretation

difficult.

ASK?1 inhibition with H202 stimulation also seemed to contradict studies
published in other cells. For instance, serlonsertib had been shown to inhibit
H202-induced ASK1/p38/JNK activation in cardiomyocytes in vitro (Meijles D
et al., 2020). In my hands, p38 activation seemed unaffected by serlonsertib
in H202-stimulated chondrocytes. Like my experience with IL1, these results
cannot be considered definitive as | was unable to reproduce the result with
good positive controls. However, there was increased phosphorylation of
MAPKSs in all of the H.O2 experiments when the ASK1 inhibitor was present
suggesting that this result may yet be shown to be robust. It will be important
for someone else in the lab to repeat this as it could be an important addition

to the literature.
Recognising the potential limitations of studying these types of pathways in a

normoxic (hyperoxic for chondrocytes) environment in vivo, my last chapter

will describe two attempts to modulate mechanoflammation and OA in vivo.
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CHAPTER 5: BIOLOGICAL CONSEQUENCES OF INHIBITING
MECHANO-INFLAMMATORY PATHWAYS IN MURINE OA

Introduction

Over the years our group has defined many components of the mechano-
inflammatory response in cartilage and their impact on disease in murine OA
(unpublished data Kamalathevan et al.,; Vincent T., 2019; Vincent T., 2020).
This is summarized in Figure 1.7. The pathways that have been targeted in
vivo thus far are shown and include: TAK1 (mice died 48 hours after post-
natal pan-tissue conditional knockout), JNK2 (mice protected from DMM-
induced OA), atRA boosting using Talarozole (mice protected from OA)
(Ismail H et al., 2016; Zhu L et al., 2022). This provided proof of concept that
interfering with mechanoflammation in vivo was a potential therapeutic
approach in OA. Work done in this thesis and by Kamalathevan previously
has also identified three further pathways that can also be targeted Where
commercial inhibitors of KO animals exist. These include cPLA2, 12/15 LOX,
ASK1 and neutralization of ROS (Figure 5.1).

cPLAZ2 is an enzyme that catalyzes arachidonic acid formation from
polyunsaturated fatty acids (PUFAS) in the lipid bilayer (Sun G et al., 2021),
leading to the generation of, amongst other things, 12/15 LOX-derived
metabolites that cause a reduction in atRA, thus influencing mechano-
inflammatory gene regulation (unpublished data Kamalathevan et al, Vincent
group). Inhibitors to both cPLA2 and 12/15 LOX have been used in in vivo.
cPLA2-floxed mice are also available and are held as a live colony at the
Kennedy. During my time in the Kennedy Institute, our group generated data

showing that cPLA2 total KO mice displayed reduced OA scores after DMM
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surgery, albeit not quite reaching statistical significance (unpublished data,

Vincent group).

PUFAs in the cell membrane undergo non-enzymatic oxidation by ROS in a
process known as lipid peroxidation. In this process, free oxygen radicals
oxidise unsaturated lipids to form lipid hyperoxides (lipid peroxidation
product) and a hydroxyl radical (Ayala A et al., 2014). The ability of cPLAZ2 to
generate arachidonic acid from the cell membrane is dependent on an acyl
group on PUFAs. A collaborator of ours, Dr Shchepinov, has generated a
modified chow diet in which all PUFAs are resistant to lipid peroxidation and
oxidative stress (Firsov A et al., 2022). This has been used in other in vivo
models and in small scale clinical studies (Callaghan B et al., 2023; Liu Y et
al., 2022; Shchepinov M., 2020). By feeding animals with the modified diet,
they should be unable to generate lipid hyperoxide byproducts and pro-

inflammatory lipid mediators.

Evidence from our group and from literature suggest that ASK1 is a mediator
of mechanoflammation. | have shown that ASK1 drives downstream
inflammatory signalling and is activated upon cartilage injury (Figure 3.2).
Furthermore, the use of an ASK1 specific inhibitor (serlonsertib) suppressed
inflammatory gene upregulation and ASK1 protein accumulation upon injury,
as summarised by a previous student in Chapter 1.9 (Figure 1.6). So far,
serlonsertib has only been implemented in one study concerning OA. Yan et
al. reported that intra-articular injection of serlonsertib prevented cartilage
damage in a rat OA model, as analysed by histological assessment and
immunohistochemistry techniques (Yan J et al., 2021). Taken together,
serlonsertib may be a candidate in OA therapy that attenuates cartilage

damage and degradation.
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In this chapter | explore these alternative targeting approaches by studying
(1) mice fed with the oxidation-resistant modified chow diet (2) mice receiving
the ASK1 inhibitor (daily by oral gavage). | hypothesize that both the modified
diet and ASK1i models would be protective against murine OA as our group’s
work and others suggest a catabolic role for reactive oxygen species and a

pro-inflammatory role for ASK1.
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Figure 5.1 Revised schematic of mechanoflammation signalling in cartilage
and in chondrocytes

Mechanoflammation activates Transforming growth factor beta-activated kinase 1
(TAK1) that drives mitochondrial production of reactive oxygen species (ROS).
Apoptosis signal-regulating kinase 1 (ASK1) is activated by mitochondrial ROS that
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drives phosphorylation of the mitogen activated protein kinases (MAPKSs)
(extracellular signal-regulated kinase (ERK), Jun N-terminal kinase (JNK) and p38)
which subsequently increases inflammatory gene regulation. TAK1 also activates
downstream Nuclear factor kappa B (NF-kB) signalling but it is not currently known
whether this requires ASK1. Mechanical injury downregulates all-trans-retinoic acid
(atRA)-dependent genes in both a reactive oxygen species (ROS)-dependent and
cytosolic phospholipase A2 (cPLA2)-dependent manner. Transforming growth factor
activated-beta kinase 1 (TAK1) is responsible for partially phosphorylating cPLA2 on
cartilage injury. The phosphorylation of cPLA2 on cartilage injury is also NOX-
dependent and likely mediated via TAK1. 12/15 LOX is also sensitive to ROS. In
chondrocytes, interleukin-1 (IL1) hydrogen peroxide (H20>) activates MAPKs and
NF-kB. IL1 also activates ASK1 as observed by ASK1 total protein accumulation, but
this was not the case for H-O-, despite being reported in literature (pink arrow).
activates Block black line = direct, full activation. Dotted line = partial activation.
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5.1 Effect of a deuterated diet in murine OA models

In this work, we designed a study to investigate whether feeding mice with
modified diets consisting of deuterated arachidonic acid (compared to a
normal diet of unaltered arachidonic acid) impacts cartilage degradation and
inflammation in a murine post-traumatic OA model. Deuteration is the
process of replacing hydrogen atoms ('H) with the heavier isotope, deuterium
(®H). The deuteration of arachidonic acid renders it more resistant to
oxidation, due to the higher energy required to dissociate the heavier
isotopes from their bonds (Pestov N et al., 2011). The oxidation-resistant
properties of deuteration have been described previously (Pestov N et al.,
2011). Since my studies have shown the importance of reactive oxygen
species and the oxidative stress response, we hypothesized that an

oxidation-resistant diet may be protective against OA.

5.1.1 Validation of murine hip injury model with JNK2"-

mice

Before performing a long term in vivo experiment, | first determined whether
feeding over relatively short periods could replace the native PUFAs in a
sufficient way to change mechano-inflammatory gene regulation after injury
using the murine hip injury model. To validate the hip injury model in my
hands, | first attempted to reproduce results that had been obtained
previously in the JNK2'- mice (Ismail H et al., 2016). At 4-6 weeks of age,
articular cartilage was avulsed from the hips of wildtype (n=8) and JNK2™-

mice (n=8). Cartilage was immediately injured (cut once) and snap frozen
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immediately or cultured in serum-free media for 4 hours post injury before
being snap frozen. mMRNA was extracted from hips and a panel of genes
measured by microfluidic TagMan gene expression array, listed in Table 2.2.
Gene expression from wildtype and JNK27- mice 4 hours after hip avulsion
was compared to respective 0 hour baseline gene expression. None of the
atRA-responsive genes were regulated in JNK2'- or wildtype mice at any time
point. For inflammatory genes, up-regulation of a number of genes was
observed at 4h (although this was only statistical for CCL2) and this
regulation was similar for JNK2”- and wildtype hips. (Figure 5.2). This aligned
with previous observations from the group that JNK27- mice did not show

mechano-inflammatory gene regulation (Ismail H et al., 2015).

5.1.2 Hips from mice fed a deuterated diet appear to mount

a less inflammatory response upon avulsion injury

| examined the modified diet on the hip injury response in mice that had been
fed modified or control diet for 3 weeks from weaning (3-4 weeks old) until
the experimental endpoint (6 weeks of age). | performed gene expression
analysis on murine hip cartilage to assess the effect of diet modification on
cartilage injury-induced gene regulation. At 6 weeks of age, articular cartilage
was avulsed from the hips of control diet (n=8) and modified diet mice (n=7).
Cartilage was injured (cut once) and snap frozen immediately or cultured in
serum-free media for 4 h post injury before being snap frozen. mMRNA was
extracted from hips. 15 genes were measured by microfluidic TagMan gene

expression array, listed in Table 2.2. Gene expression of control diet and
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modified diet mice at 4 hours after hip avulsion with injury was compared to
respective 0 hour baseline gene expression. A number of atRA-responsive
genes, including Hoxa4 and Rarb showed a trend to suppression upon hip
injury but none of the results reached statistical significance. Of the
inflammatory genes, a number showed some evidence of up-regulation upon
injury of wildtype hips (as previously demonstrated by our group). A few of
these such as Mmp3, 116 and Ptgs2, reached statistical significance.
Although there was only one gene that was significantly suppressed by the
modified diet (Mmp3, suppressed by 47%, p<0.01) (Figure 5.3), most of the
others showed a strong trend towards suppression. These results provided
some confidence that even a 3 week feeding period could change the
response to ex vivo cartilage injury, making reasonably likely that we might

see something over a longer in vivo study.

5.1.3 The effect of modified diet on the course of murine OA

induced by PMX

For this experiment mice were switched onto the modified or control diet from
3-4 weeks, at the time of weaning, and OA was induced by surgical partial
medial meniscectomy (PMX) at 10 weeks of age. Feeding continued
according to chow group over the course of the experiment. Mice were culled
at 10 weeks and joints sectioned for histological assessment. Contrary to
what we might have expected, the modified diet group showed a statistically
significant increase in OARSI score compared to the control diet group

(p<0.05) (Figure 5.4A). Representative images are shown in Figure 5.4B.
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There was not difference between osteophyte size or maturity between the

two groups (Figure 5.4C,D).
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Figure 5.2: Comparison of inflammatory and atRA-responsive gene
expression in JNK2™ and wildtype mice

Mice were culled by CO2, and the acetabulofemoral (hip) joints were exposed by
blunt dissection. The cartilaginous femoral cap was avulsed using forceps. Murine
hip cartilage was avulsed directly into serum-free DMEM and incubated for 4 hours
at 37°C, then snap frozen at -80°C. RNA was subsequently extracted from the
tissue and used in a microfluidic gene expression array to measure a panel of (A)
atRA-response genes and (B) inflammatory genes. 18S was used as the
housekeeping gene. Statistical significance of comparison between treatment
groups was conducted using a two-way ANOVA, with post-hoc multiple comparisons
corrected using Tukey’s tests. Bars shows the mean + SEM of 4 independent
experiments (n= 4 separate mice). * = p<0.05; ** = p<0.01; *** = p<0.001.
ADAMTS4 = ADAM metallopeptidase with thrombospondin type 1 motif 4,
ADAMTSS = ADAM metallopeptidase with thrombospondin type 1 motif 5, CCL2 =
C-C motif chemokine ligand 2, CYP26A1 = Cytochrome P450 Family 26 Subfamily A
Member 1, CYP26B1 = Cytochrome P450 Family 26 Subfamily B Member 1,
HOXA4 = homeobox A4, IL1B = interleukin 1 beta, IL6 = interleukin 6, MMP3 =
matrix metallopeptidase 3, NGF = nerve growth factor, PTGS2 = prostaglandin-
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endoperoxide synthase 2, RARA = Retinoic Acid Receptor Alpha, RARB = Retinoic
Acid Receptor Beta, RARG = Retinoic Acid Receptor Gamma, TIMP1 = TIMP
metallopeptidase inhibitor 1.
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Figure 5.3: Comparison of inflammatory and atRA-responsive gene
expression in normal diet (Control) vs modified diet (Diet) mice

Mice were culled by CO,, and the acetabulofemoral (hip) joints were exposed by
blunt dissection. The cartilaginous femoral cap was avulsed using forceps. Murine
hip cartilage was avulsed directly into serum-free DMEM and incubated for 4 hours
at 37°C, then snap frozen at -80°C. RNA was subsequently extracted from the
tissue and used in a microfluidic gene expression array to measure a panel of (A)
atRA-response genes and (B) inflammatory genes. 18S was used as the
housekeeping gene. Statistical significance of comparison between treatment
groups was conducted using a two-way ANOVA, with post-hoc multiple comparisons
corrected using Tukey’s tests. Bars shows the mean + SEM of at least 3
independent experiments. * = p<0.05; ** = p<0.01; *** = p<0.001. ADAMTS4 =
ADAM metallopeptidase with thrombospondin type 1 motif 4, ADAMTS5 = ADAM
metallopeptidase with thrombospondin type 1 motif 5, CCL2 = C-C motif chemokine
ligand 2, CYP26A1 = Cytochrome P450 Family 26 Subfamily A Member 1,
CYP26B1 = Cytochrome P450 Family 26 Subfamily B Member 1, HOXA4 =
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homeobox A4, IL1B = interleukin 1 beta, IL6 = interleukin 6, MMP3 = matrix
metallopeptidase 3, NGF = nerve growth factor, PTGS2 = prostaglandin-
endoperoxide synthase 2, RARA = Retinoic Acid Receptor Alpha, RARB = Retinoic
Acid Receptor Beta, RARG = Retinoic Acid Receptor Gamma, TIMP1 = TIMP
metallopeptidase inhibitor 1.
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Figure 5.4: Mice fed with modified diet show increased cartilage damage after
PMX surgery.

Partial removal of the medial meniscus (PMX) surgery was conducted in 15 week
old male C57BL/6 mice, culled 28 days post-surgery for histological analysis

(A) Modified OARSI scores (mean + SEM) of Control (normal diet) (n=12) or
Modified (Modified diet) (n=10). Statistical significance of comparison between
treatment groups was conducted using an unpaired, non-parametric t-test.

(B) Representative Safranin O stained images of Control (normal diet) or Modified
(Modified diet) mouse medial joint sections (cartilage, red).Osteophyte scores of
control diet (n=12) or modified diet mice (n=10), based on (C) size or (D) maturity.
Osteophyte regions are outlined in black dotted line. Statistical significance of
comparison between treatment groups was conducted using an unpaired, non-
parametric t-test. Bars shows the mean + SEM of at least 3 independent
experiments. * = p<0.05; ** = p<0.01; *** = p<0.001
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Bars shows the mean + SEM of at least 3 independent experiments. * = p<0.05; ** =
p<0.01; *** = p<0.001
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5.2  Oral administration of ASK1 inhibitor (serlonsertib) has no effect

on the development of post-traumatic OA

To follow on directly from my previous mechanoflammation work in cartilage
injury responses, | also tested whether oral administration of serlonsertib
could modify in vivo cartilage injury after surgical destabilisation of the joint
(by partial meniscectomy). Due to a delay in delivery of serlonsertib, post-
traumatic OA was induced in 15-week old C57BL/6 male mice (5 weeks later
than our usual protocol) by partial medial meniscectomy (PMX). Mice
received ASK1i or vehicle control by gavage daily for 28 days after PMX
surgery. Joints were harvested and osteoarthritis severity was assessed by
histology; OARSI scoring and osteophyte scoring are presented in Figure

5.5.

A small, non-statistically significant reduction in histological cartilage
degradation was seen in the ASK1i group (p=0.5922) (Figure 5.5A) with
represented histology shown in Figure 5.5B. Two very high outliers in the
ASK1i group may have skewed the score. There was not difference between
osteophyte size or maturity between the two groups (Figure 5.4C,D). Overall,
no significant differences in cartilage damage or osteophyte severity can

seen.
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Figure 5.5: Mice administrated with ASK1i did not affect cartilage damage or
osteophyte development after PMX surgery.

Partial removal of the medial meniscus (PMX) surgery was conducted in 15 week
old male C57BL/6 mice, culled 28 days post-surgery for histological analysis

(A) Representative Safranin O stained images of Control or ASK1i mouse medial
joint sections (cartilage, red). (B) Modified OARSI scores (mean £ SEM) of control
and ASK1i mice (n=10). Osteophyte scores of control (n=10) and ASK1i mice (n=9),
based on (C) size or (D) maturity. Osteophyte regions are outlined in black dotted
line. Statistical significance of comparison between treatment groups was conducted
using an unpaired, non-parametric t-test. Bars shows the mean + SEM of at least 3
independent experiments. * = p<0.05; ** = p<0.01; *** = p<0.001
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Discussion

In this chapter | attempted to examine pathways relevant to
mechanoflammation in vivo. | first validated whether | could test the
regulation of mechano-inflammatory genes upon injury. | used the JNK2
mouse which was available in our unit and where the observed response to
hip injury was already known. | observed a response to hip injury in both
wildtype and JNK2 hips that was similar, as expected, to wildtype. Even
though JNK27- mice were significantly protected from surgically induced OA,
JNK2 does not appear to have a direct role in induction of mechano-
inflammatory genes (Ismail H et al., 2016). Rather, it seems that JNK2
influences Complex 1 of the mitochondria by changing several of the genes

involved in the electron transport chain (Ismail et al, unpublished data).

| attempted to influence the mechano-inflammatory pathways in vivo using
two approaches. Firstly by modifying the PUFAs in the cell membrane to test
whether oxidative stress on these was driving a sizeable part of the
mechano-inflammatory response, and secondly, by in vivo ASK1 inhibition
using serlonsertib. | observed that incorporating a oxidative-resistant diet to
mice for just 3 weeks appeared to suppress some of the inflammatory genes
regulated by hip avulsion, but 6 week pre-feeding was unable to suppress
cartilage damage after partial meniscectomy. Indeed, | actually observed a
significant increase in cartilage damage by histology assessment. This
conflicted with my expectations as | hypothesised less ROS/oxidation-
induced adverse effects on cartilage in the modified diet group. There are
several possible explanations for this. It could be that there were inadequate
amounts of deuterated PUFA incorporated into the membrane of articular

chondrocytes due to low incorporation of knee articular chondrocytes as
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these cells are probably not turning over during the treatment window
(chondrocyte turnover is extremely low post-natally). We would need to
measure phospholipids from the chondrocyte membranes by mass
spectrometry to establish this which was beyond the scope of my project. |
could have perhaps also used labelled deuterated compounds to track the
deuterated compounds in joint tissue. The mechanism of PUFA incorporation
into chondrocytes is not known, but there are previous reports that a change
in dietary fat content can accelerate OA development (Harasymowicz N et
al., 2019). These studies report that the elevated fat content induces pro-
inflammatory signals, such as HIF-1a, VEGF and interleukins (Harasymowicz
N et al., 2019). The deuterated compound in the modified diet for this
experiment is arachidonic acid. Prostaglandins, the derivatives of arachidonic
acid, have been implicated in OA. Prostaglandins have been reported to
inhibit chondrocyte differentiation through activation of protein kinase A/C
pathways (Li T et al., 2004). Prostaglandin E synthases (PGESs) and
cyclooxygenase-2 (COX2) catalyse arachidonic acid into prostaglandins and
mediates pro-inflammatory processes in OA (Kojima F et al., 2004). An anti-
inflammatory effect has been demonstrated in animal models whereby
altering dietary PUFA intake resolved inflammatory response to a number of
inflammatory and immune diseases (Calder P et al., 2002). Inflammation can
be aggravated with the intake of some dietary fatty acids that are
incorporated into the synthesis of membrane phospholipids (Raphael W et
al., 2013). There has been a wide range of evidence suggesting that PUFA
abundance and intake is directly associated with inflammatory-based
pathologies such as cancer, rheumatoid arthritis, atherosclerosis, and obesity
(Raphael W et al., 2013). Suppression of arachidonic acid in this experiment
was expected to alleviate the inflammatory response due to alteration of pro-

inflammatory prostanoid signals.
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However, dietary intake of certain PUFAs can impact the biosynthesis of
phospholipid-derived lipid mediators that can have pro- as well as anti-
inflammatory effects (Calder P et al., 2002). Prostaglandins, leukotrienes,
lipoxins and other lipid metabolites not only possess pro-inflammatory roles
but also take part in resolution of inflammation (Sugimoto M et al., 2016).
These pro-resolving lipids are called ‘resolvins’, aid the resolving phase of
inflammation to initiate tissue repair (Loynes C et al., 2018). Resolving
pathways target the clearance of inflammatory stimuli and mediators, to
dampen any active pro-inflammatory signals (Fullerton J et al., 2016). It is
also likely that the alteration of arachidonic acid by deuteration in this
experiment hindered the synthesis arachidonic acid-derived resolvins,
thereby inhibiting the resolving effects that arachidonic acid and its
downstream metabolites provide. Because of the key roles that arachidonic
acid plays in pro- and anti-inflammation, inhibiting or modifying it may be a
double-edged sword. Indeed, in this case, inhibiting the pathway at the top

appears to have caused worsening of disease rather than improvement.

The deuterated diet in this experiment didn’t fully inhibit inflammatory gene
regulation on cartilage injury. Only Mmp3 expression was significantly
inhibited in the modified diet group, while //6 and Ptgs also showed an
encouraging anti-inflammatory trend in the modified diet group, albeit non-
statistically significant. In the control diet group, most atRA-response genes
did decrease upon injury, but diet did not seem to change the trend. It has
been reported that a high-fat diet rich in omega-3 fatty acids reduced OAin a
guinea pig model, including the suppression of the Adamts’ and Mmp3
mMRNA (Curtis C et al., 2000). Arachidonic acid is upstream of lipoxygenases

as well as cyclooxygenases and it is the former, specifically 12/15 LOX, that
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controls the levels of atRA and hence regulation of inflammatory genes
(Kamalathevan et al., unpublished data). It is possible, therefore, that
inhibition of mechanoflammation in vivo may be more easily realised by

moving further down the pathway below the level of arachidonic acid.

The concept of deuterating PUFA compounds has been performed before, in
the context of neurodegenerative diseases. PUFAs are essential in the
maintenance of the lipids, especially in the nervous system where oxidative
stress to PUFAs can lead to the pathological development of several
neuronal diseases (Shchepinov M., 2020). Callaghan et al. demonstrated
that deuteration of PUFAs provided protection against oxidative stress in
ocular fibroblasts derived from glaucoma tissue (Callaghan B et al., 2023). A
different study showed that deuteration of docosahexaenoic acid protected
against iron-induced oxidative stress in atrophy-like retinal degeneration (Liu
Y et al., 2022). In fact, one group currently have a phase 3 clinical trial
underway that involves the use of a deuterated linethyl ester-incorporated
diet to treat Friedreich ataxia (Shchepinov M., 2020). The use of deuteration
as a technique to reduce ROS-induced effects in OA or cartilage has never

been performed before.

| also focused on the role of an ASK1i (serlonsertib) on cartilage damage and
osteophyte severity in this chapter. Oral administration serlonsertib did not
protect against cartilage damage and osteophyte development after partial
meniscectomy. This observation did not align with our hypothesis, as we
expected that inhibition of ASK1, a driver of mechanoflammation, would
suppress mechanoflammation and reduce cartilage damage in the murine
PMX model. As introduced earlier in Yan et al., intra-articular injection of

serlonsertib prevented cartilage destruction in rats following anterior cruciate
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ligament transection and partial medial meniscectomy (Yan J et al., 2021).
They observed a significantly lower OARSI score in the serlonsertib group
(PMX surgery + intra-articular injection of 25uM serlonsertib once a week)
compared to the OA group (PMX surgery + intra-articular injection of equal
volume of sterile saline once a week), and immunohistochemistry showed a
decrease in COX2, MMP13 and caspase-3 expression in cartilage tissue with
serlonsertib treatment. Our current study was somewhat complicated by the
fact that the mice we performed this on were already 15 weeks old at the
time of surgery. Despite running the model for only four weeks, the mice had
very severe disease. It is possible that a therapeutic response might more

easily be seen in a slower progressing model.

The disparities in the biological effects of serlonsertib on cartilage between
the Yan study and my one may be due to differences in administration,
although it is unclear whether administration routes actually affect drug
concentrations cartilage. Administration doses in my experiments were also
similar to Yan et al.’s study. To address whether oral dosing does get into the
cartilage, it might be worth doing the hip avulsion model in mice that have
been dosed with serlonsertib for a few days prior to injury. This would at least
tell us that serlonsertib penetrates cartilage and can affect mechano-
inflammatory gene regulation ex vivo. Even if it is successful, however, there
is also the possibility that chondrocytes of the articular cartilage are harder to
reach than the majority of chondrocytes that make up the hip (largely
hypertrophic chondrocytes of the future 2nd ossification centre, and growth

plate chondrocytes, with a few articular chondrocytes).
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CHAPTER 6: FINAL DISCUSSION

The work of this thesis builds on previous discoveries of the Vincent
laboratory that inflammatory signaling cascades are activated upon cartilage
injury (a process termed mechanoflammation). We revealed that MAPKs and
NF-kB signals are activated, led by the upstream MAP3K TAK1 (Vincent T et
al., 2019). The activation of mechanoflammation results in the induction of a
host of inflammatory genes, that promote the production of matrix-degrading
enzymes and inflammatory mediators. The consequence of this is cartilage
degradation and pain in the joint. The upstream activator to injury is not
known but it is believed to be neither soluble nor secreted upon cartilage
injury (Ismail H et al., 2017). Prior to the start of my MSc(Res), our group
showed that ASK1 MAP3K was a driver of MAPKs (JNK and ERK) and
inflammatory genes on cartilage injury (Figure 1.7). In our system and in
other OA-related reports, ASK1 is highly ROS-dependant (Zhang Q et al.,
2016). Between ASK1 and TAK1, TAK1 is important in many physiological
functions, given that constitutive knockout of TAK1 is embryonic lethal. Thus,
ASK1 might represent a more refined target for pharmaceutical intervention
of OA especially as pharmacological agents have already been tested in

phase Il clinical trials (for liver disease).

To further build upon our group’s findings on ASK1, it became my primary
objective for this MSc(Res) to investigate the role of ASK1 in cartilage injury.
ASK1 is known to be a mechanotransducer, although its mechano-sensing
properties had yet to be studied in cartilage (Matsui H et al., 2014; Tang R et
al., 2022). | showed that ASK1 is activated and phosphorylated upon injury.
This observation was associated ASK1’s accumulation on the total protein

level. Furthermore, | showed that ASK1’s accumulation occurred in a
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proteasome-dependant manner. Together, these findings were supportive of

other studies which reported that ASK1 activation causes stabilisation of the

protein, becoming more resistant to proteasomal degradation (Nagai H et al.,
2009).

| also investigated the effect of IL1 or ROS stimulation on signaling in
chondrocytes in vitro. Both IL1 and ROS have been highly implicated in OA,
by driving degradative, apoptotic and inflammatory responses (Dinarello C.,
2011; Drevet S et al., 2018; Li D et al., 2012). Many IL1 and ROS-induced
pathways overlap, such as the MAPKSs, which were studied in this work in
chondrocytes (Meves A et al., 2001). | showed that IL1 or H20> treatment of
chondrocytes activated MAPKs and NF-kB in a transient manner.
Surprisingly, | observed that only IL1 but not H2O2 stimulation caused ASK1
accumulation. Since | previously associated ASK1’s activation to its
accumulation, | expected ASK1 activation by oxidative stress to also induce
ASK1 protein accumulation. Furthermore, it had been widely reported in
many cell systems (including chondrocytes) that ASK1 is activated by
oxidative stress and ROS (Zhang Q et al., 2016). Further repeats or higher
concentrations of H2O2 may be required to see a statistically significant
effect. It may be the case that my chondrocyte cell culture model is flawed for
examining oxidative stress stimulation because exposure of isolated
chondrocytes to atmospheric oxygen levels in culture may alter endogenous
antioxidant systems and oxygen sensitivity. The ASK1 inhibitory protein, Trx,
is also an antioxidant and is likely altered by partial oxygen fluctuations. It is
perhaps also important to note that the injury response observed by our
group also occurs when injury is performed under hypoxic conditions, and it
is not the exposure to atmospheric oxygen for the first time that leads to

ROS-dependent inflammatory signalling (Kamalathevan et al., unpublished
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data). Upon the addition of an ASK1 inhibitor (serlonsertib) to the IL1- or
H20O2-induced chondrocyte cultures, | expected MAPKSs to be inhibited, as
ASK1 has been shown to mediate these pathways in other systems (Eaton G
et al., 2013). However, my observations were not consistent with this.
Addition of serlonsertib had no apparent effect on p38 MAPK activation in
either IL1- or H2O2-induced chondrocyte cultures. The reason for this
observation is difficult to explain, but it may be due to unknown off-target
effects of serlonsertib on the MAPKs. A number of ASK1 inhibitors have been
developed, but serlonsertib was chosen for current and past work in our
group since it is the most extensively studied and most used in research
(Ogier J et al., 2020). Serlonsertib is the only known ASK1 inhibitor that has
progressed to clinical trials. The mechanism of action for serlonsertib has
been reported to inhibit the catalytic kinase domain of ASK1 (Bunkoczi G et
al., 2007). Currently, 12 phospho-sites of ASK1 have been identified, of which
2 are functionally characterised (Betanzos C et al., 2016). The involvement of

unknown phospho-sites for ASK1 in this work is definitely a possibility.

In this thesis, | used serlonsertib in in vivo, ex vivo and in vitro models.
Serlonsertib injection into the ex vivo porcine cartilage injury model did
suppress ASK1 accumulation as expected, but its usage in mice and
chondrocytes did not follow expectations. The role of ASK1 in OA has been
studied. ASK1 total KO mice are viable, and show no growth or
developmental abnormalities (Ogier J et al., 2020). ASK1 total KO mice were
protected from developing OA in a joint destabilisation (DMM) or partial
meniscectomy (PMX) model, as reflected by cartilage damage and
osteophyte volume assessment (Zhang Q et al., 2016). In this work, strong
statistical significance (p<0.01) was achieved in both PMX and DMM (n=13
for both) ASK1 total KO models, which was reassuring (Zhang Q et al.,

161



2016). In my work | investigated the effect of oral administration of an ASK1
inhibitor (serlonsertib) on the development of post-traumatic OA in mice.
Based on assessment of cartilage damage and osteophyte severity,
treatment of serlonsertib had no effect on OA development. This observation
was not in line with a previous report that intra-articular injection of
serlonsertib alleviates rat OA (Yan J et al., 2021). Serlonsertib has been used
in non-OA related clinical trials, with the most recent one being a phase 3 trial
for treatment of non-alcoholic steatohepatitis (NASH), a fibrotic liver disease
(Harrison S et al., 2020). In that trial, serlonsertib led to dose-dependent
reductions in hepatic p38 activation, which was indicative of target
engagement (Harrison S et al., 2020). Unfortunately, serlonsertib had no
significant effect on liver biochemistry, cirrhosis progression and adjudicated
clinical events. Side effects of serlonsertib were similar between treatment
and placebo groups (Harrison S et al., 2020). Overall, | was unable to
demonstrate therapeutic efficacy of serlonsertib. In view of the benefits
already demonstrated by ASK1 inhibition by others and the strong in vitro
data that support its use in OA, it may be worth considering slightly different
approaches to drug delivery and assessment. This might include putting the
drug into chow so that the mice receive a more continuous dose, or using the
inhibitor is a slightly less aggressive model in which more subtle changes

may be more easy to demonstrate.

While chronic mechanoflammation is considered deleterious in cartilage
injury, it is important to appreciate that there is likely to be a benefit to the
acute inflammatory response. Tissue injury generally incites inflammation
prior to repair. This may help to ensure that the wound is sterile before repair
occurs, but it is also likely to be important to drawing the correct repair-

promoting cells into the joint and to help remodel the damaged tissue before
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repair occurs. The incorporation of the modified to mice from weaning at 3-4
weeks prior to PMX surgery may have incited an early protective response
which affected the natural injurious response at the time of PMX surgery. This
may have rendered the protectiveness of the diet less effective compared to
feeding the mice the modified diet immediately post-surgery. Thus, it is worth
repeating this experiment by feeding the modified diet to mice post-surgery,
to attain a better picture of the modified diet’s ability to alter the acute
inflammatory response and subsequent OA development phase. As with the
ASK1i in vivo experiment, the mice were administered the ASK1i post-
surgery up till culling, thus it could be hypothesised that the ASK1i is
important in the acute post-surgery phase to aid cartilage homeostasis and
may suggest a rationale whereby the diet showed a worse outcome due to

early inhibition.

Cartilage injury also leads to the release of sequestered growth factors and
regulatory molecules in the PCM, such as FGF2, TGF3, HDGF and CTGF
(Tang X et al., 2018, Vincent T et al. 2007). Both FGF and TGFf, considered
pro-regenerative growth factors, are deemed as good clinical predictors when
measured in synovial fluid over the course of a joint distraction suggesting
their importance in the joint when the cartilage is repairing (Watt F et al.,
2020). Prior to this thesis, our group speculated that TGF may be one of the
drivers responsible for TAK1 activation upon injury, as TAK1 has been
historically described as a downstream target of TGFf3 signaling. In this
thesis, | saw that stimulation of chondrocytes with TGFf3 activated
inflammatory MAPKSs in a transient manner indicating that it likely contributes
to the mechano-inflammatory response. It would be interesting to use the
TGF inhibitor to measure what the relative contribution of TGFf is to the

mechano-inflammatory response after cartilage explantation. My work also
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showed that YAP is stimulated upon cartilage injury. Previous work from our
lab has shown that YAP mRNA induction occurs in a highly FGF2-dependent
fashion, indicating that the YAP pathway is activated upon release of
pericellular FGF2 in the acute injury response (unpublished data, Vincent
group). YAP has been reported to facilitate chondrocyte differentiation but
inhibit chondrocyte maturation (Zarka M et al., 2021). Importantly, YAP has
been reported to reciprocally inhibit TAK1 to modulate downstream NF-kB
signaling in chondrocytes (Deng Y et al., 2018), thus suggesting the potential
for targeting YAP to indirectly modulate mechanoflammation. How these
chondroprotective responses interact with mechanoflammation at the
intracellular level is not known, but it appears that they act synergistically and
in a coordinated fashion when the tissue is injured. Whilst it may have
beneficial effects in the acute scenario, we presume that chronic
mechanoflammation, which occurs in OA, is detrimental and it is this that

needs to be inhibited if we are to slow disease.

Our group previously investigated the effect that lipid peroxidation of PUFAs
play in mechanoflammation. ROS-induced lipid peroxidation products, such
as 4-Hydroxynonenal (4-HNE) were implicated OA (Vaillancourt F et al.,
2008) and were shown by Kamalathevan to cause a reduction in atRA, as
had previously been demonstrated by others. Our group identified cPLAZ2, the
enzyme responsible for the liberation of arachidonic acid from PUFAs in the
lipid bilayer to drive mechanoflammation (Kamalathevan et al., unpublished
data). This was supported by findings that anti-oxidative agents can reduce
mechanoflammation pathways and gene expression (Figure 1.5). In this
thesis, | investigated the effect of a oxidation-resistant deuterated diet on
murine OA. Interestingly, cartilage damage by histological assessment was

higher in the modified diet groups than control groups. Low deuteration of
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compounds, even water, give antioxidant effects, but excessive deuteration
can also promote cell damage and cell death (Zhang X et al., 2020). For
example, the deuterium/hydrogen ratio in cancer cells has been reported to
regulate entry into cell cycle phases (Somlyai G et al., 2010). Modification of
arachidonic acid may have also altered the anti-inflammatory (pro-resolving)
effects of arachidonic acid and its derivatives, thus leading to impaired
resolution of inflammation. Thus, it may be possible that the amount of
deuteration in the modified diet caused more adverse than protective effects
upon incorporation into cartilage. As a next step, it would be helpful to
measure whether ROS molecules or lipid peroxidation metabolites can

regulate by mechanical injury by reporter assay or mass spectroscopy.

Taken together my data have added to a large body of data that has arisen
from our lab that mechanoflammation is an important driver of OA. | have
added novel insights on the activation and stabilisation of ASK1 in cartilage,
described for the first time the phosphorylation of YAP on injury, and tested
new mechano-inflammatory pathway inhibition in vivo. Future work will
continue to refine our understanding and define the most promising targets

for future clinical studies.
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