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Abstract

Osteoarthritis (OA) is a common degenerative disease of articular joints characterised by
the enzymatic degradation of cartilage, mediated predominately by the collagenolytic
matrix metalloproteinases (MMP)-1 and -13. Various stimuli have been identified as
inducers of MMP expression in chondrocytes, including pro-inflammatory cytokines,
abnormal mechanical load, and the activation of protease-activated receptor 2 (PAR2) by
matriptase. Both PAR2 and matriptase are strongly implicated in OA. PAR2 is activated
by cleavage at a distinct site to reveal the canonical tethered ligand, SLIGKV, which can
bind and activate the receptor. PAR2 is also able to undergo non-canonical activation and
receptor disarming by cleavage at different sites, revealing different tethered ligands or

removing the extracellular domain.

This project aimed to identify novel PAR2 cleavages by incubated recombinant proteases
with a PAR2 peptide sequence. The classical collagenases, MMP-1, -8 and -13, as well
as the cysteine proteases cathepsins V, K, L and B, were all identified as novel PAR2
cleaving enzymes. The collagenases cleaved PAR2 at a distinct site a single amino acid
to the C-terminus of the canonical site, and the putative tethered ligand, LIGKVD, was
identified as a potential biased agonist for PAR2. The cathepsins generally cleaved PAR2
further towards the cell membrane, and cathepsin V was found to disarm against
canonical PAR2 activation. Enzyme kinetics were examined for all novel proteases and
compared with matriptase, identifying MMP-13 as the most potent collagenase for PAR2

cleavage, with all cathepsins exhibiting broadly similar kinetic profiles to each other.

Canonical PAR2 activation was further explored by DNA microarray analysis which
identified a pro-inflammatory expression profile. Multiple identified downstream targets
had previously been identified as MMP regulators induced by pro-inflammatory cytokine
stimulation of chondrocytes, such as activating transcription factor (ATF) 3, and early
growth response (EGR) 2. Furthermore, work performed on the mechanical loading of
chondrocytes in 3-dimensional hydrogel culture identified the same regulators to be
induced by abnormal load, with subsequent MMP-1 expression. Taken together, disparate
stimuli were identified as having common downstream elements suggesting overlapping
pathways resulting in a common outcome: the induction of MMP expression, and an

increased potential for cartilage catabolism.
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Chapter 1. Introduction

1.1 Articular Cartilage

1.1.1 Structure and Function

The human body contains numerous cartilaginous tissues, classified as being hyaline,
elastic or fibrocartilage from a histological standpoint?. The most abundant of these is
hyaline cartilage which is found on various surfaces such as in the nose, larynx, trachea
and bronchi, as well as on articular joint surfaces where it is known as articular cartilage®.
The major function of articular cartilage is joint protection®, by which it provides a low-
friction surface over the joints to protect them from the almost constant movement of the
average human body. Furthermore, it provides a resistant surface for load-bearing joints

such as those in the legs*.

Articular cartilage is a unique tissue. It contains no vascular, lymphatic or nervous system,
and harbours a relatively low number of resident cells known as chondrocytes?. These
mesenchyme-originating cells produce and maintain a complex extracellular matrix
(ECM) responsible for the unique properties of cartilage. The cartilage ECM contains
three major components — collagen, aggrecan and hyaluronan — with a multitude of less
abundant components. The major protein in all ECMs is fibrillar collagen, and in articular
cartilage, this is of a specific type — type Il collagen®. These collagen fibrils confer
strength to the tissue, and are resistant to proteolysis. Following collagen, the most

abundant proteins are the proteolgycans, in particular aggrecan?.

Articular cartilage consists of four distinct zones which differ in cellular morphology and
ECM structure (Figure 1.1). The top layer which faces the synovial cavity is known as
the superficial zone and accounts for 10-20% of total cartilage thickness®. This zone is
characterised by a low proteoglycan content, and densely packed collagen fibres parallel
to the articular surface’. In the middle zone, the proteoglycan content begins to increase
and in the deep zone the collagen forms thick fibres perpendicular to the subchondral
bone, surrounded by high levels of proteoglycan. This zone is key for the structural role

cartilage plays in the joints’.



> ____—Articular surface

. | STZ (10%-20%) 1TE

- Middle zone
(40%-60%)

Deep zone _ I:

(30%-40%) ‘

Calcified zone ———

Subchondral bone —t=

Chondrocyte Cancellous bone
Tidemark Tidemark

Figure 1.1: The zones of articular cartilage
Cartilage can be divided into 4 major zones: the superficial zone (STZ), the middle (or transitional zone), the deep
zone and the calcified zone. Diagram taken from Buckwalter et al., (1994).

1.1.2 Chondrocytes

The cartilage ECM is produced and maintained by the resident chondrocytes. It is thought
that there is a slow turnover of cartilage, with the chondrocytes also producing enzymes
which are able to break down the cartilage ECM, such as the collagenase Matrix
Metalloproteinase (MMP)-13 and the aggrecanase, A Disintegrin And Metalloproteinase
with Thrombospondin motifs (ADAMTS)-58.

As the cartilage is avascular, chondrocytes are unable to receive their nutrition and
oxygen from blood, rather they are sustained by diffusion from the synovium and the
majority of their energy requirements are obtained by anaerobic glycolysis®.
Chondrocytes are immediately surrounded in an ECM which differs in structure to the
general cartilage ECM, which is known as the pericellular matrix (PCM). The
chondrocyte and its associated PCM are together known as a chondron’. The morphology
of the chondrocytes and chondrons varies depending on their location in the cartilage
(Figure 1.1). Furthest away from the subchondral bone in the superficial layer, the
chondrocytes are smaller and flatter “disc-shaped” cells than those deeper within the
cartilage. Within the transitional zone, the chondrocytes are rounder and more sparsely
populated, before aligning themselves in clustered columns in the deep zone of cartilage’.
In the calcified zone, the chondrocytes are small hypertrophic cells in uncalcified lacunae
anchored within a calcified matrix which acts to attach the cartilage to the subchondral

bone™1°,



Despite having a very complex pathogenesis, one of the key concepts in osteoarthritis
(OA) is an excessive level of ECM breakdown by chondrocyte-expressed proteinases,
shifting the homeostatic balance away from ECM synthesis!!. Type Il collagen has an
extremely long half-life, estimated to be around 117 years*?, meaning that its degradation

is essentially an irreversible process, whereas aggrecan can more readily be remodelled?2,

1.1.3 The Extracellular Matrix

1.1.3.1 Collagen

Collagens are a large family of crucially important structural proteins, which compose a
third of all protein in the human body. The collagens are defined by their structure, which
is composed of three polypeptide chains, forming a right-handed triple helical structure.
In order to form this tight helix, every third residue in the amino acid sequence is a
glycine, the smallest amino acid. The overall primary structure of collagens is Gly-Xaa-
Yaa, where Xaa is commonly a proline residue and Yaa is often a post-translationally
modified hydroxyproline residue!*. These collagen triple helices can then self-assemble
together into microfibrils which can form huge macromolecular structures such as
collagen fibres. Of particular interest to cartilage biology are the fibrallar collagens,
especially the interstitial collagens (types I, 11 and 111) which can form these fibres®.

Collagen biosynthesis is a complicated process commencing with translation of collagen
genes into proto-collagen strands. Type I collagen consists of two gene products, alpha 1
and alpha 2 chains (COL1AL or A2), whereas type Il collagen consists of a single gene
product, alpha 1 chain (COL2A1). Type I collagen forms helices with two alpha 1 chains

and a single alpha 2 chain, whereas type 1l collagen forms trimers of alpha 1 chains.

1.1.3.2 Proteoglycans

Proteoglycans, as their name suggests, are heavily glycosylated proteins which usually
consist of a core protein where the glycosylation occurs in the form of glycosaminoglycan

(GAG) side chains®. The major proteoglycan in cartilage is aggrecan.

Aggrecan consists of three globular domains (G1, G2 and G3) separated by a long core
region of around 230 kDa, glycosylated with the GAGs chondroitin sulphate (CS) and
keratan sulphate (KS). The GAG side chains are separated in to KS- and CS-rich regions.

3



G1 and G2 are N-terminal to the long core region, and are separated from each other by

a short region known as the interglobular domain (IGD) (Figure 1.2)°.

The GAG side chains carry a negative charge which attracts positively charged water
molecules, saturating the tissue and rendering it resistant to compressive forces®.
Furthermore, aggrecan also undergoes various interactions with other matrix components,
forming large aggregates. An important non-covalent interaction occurs between G1 of
aggrecan and hyaluronic acid (HA), a large non-sulphated GAG, which can bind up to

one hundred individual aggrecan molecules?.
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‘g !_ I o
s umm = W

Figure 1.2: Structure of aggrecan

Aggrecan consists of three globular domains: G1, G2 at the N-terminus and G3 at the C-terminus, separated by a
core region, heavily glycosylated by GAGs. KS Keratan sulphate-rich region, CS Chondroitin sulphate-rich region.
IGD Interglobular domain. Diagram adapted from a figure in Heinegard (2009).

l

1.1.4 Mechanical Loading of Cartilage

In performing their physiological roles within joints, many articular surfaces are subjected
to great loads on a near constant basis. The structure of cartilage allows for this loading,
and it is known that experiencing “normal loading” is important in the maintenance of
joint homeostasis. Indeed, physiological loads on cartilage and chondrocytes stimulate
the cells to express anabolic mediators and effectors such as aggrecan and type Il

collagent®t’,

Physiological loading as a result of moderate physical exercise has been suggested to be
protective against OA development in humans'®, whereas moderate exercise may have

positive effects on established OA™°.



Conversely, the non-physiological loading of cartilage (either excessive loading, or lack
of physiological loading) has detrimental effects on cartilage health. Excess loading of
cartilage in explant culture can lead to chondrocyte apoptosis?® and the stimulation of
multiple pro-inflammatory pathways leading to the expression of proteins such as MMPs

which can lead to cartilage destruction®*? (Figure 1.3).
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Figure 1.3: Signalling pathways mediated by mechanical loading of cartilage
Chondrocytes are responsive to both physiological and non-physiological loading, and multiple pathways have
been identified as mechanosensitive. Diagram taken from Sun (2010).

1.2 Arthritis

“Arthritis” encompasses a huge range of diseases involving one or multiple joints with
some level of inflammation. Indeed, the word arthritis comes from the greek “arthro-”
Meaning joint and “-itis” meaning inflammation. The most common forms of arthritis are
osteoarthritis and rheumatoid arthritis (RA), however these also encompass many distinct

sub-forms with differing aetiology and progression.



1.2.1 Rheumatoid Arthritis

Rheumatoid arthritis is an autoimmune disease of synovial joints characterised by a strong
inflammatory response. The causes of RA are incompletely understood, with links to both
genetic and environmental factors?®. Despite the lack of an initial trigger being identified,
it is likely that RA results from the recognition of an auto-antigen. During subsequent
disease progression, a variety of immune cells such as T cells, B cells, macrophages,
neutrophils and mast cells infiltrate the synovial space, and with the resulting release of
a multitude of pro-inflammatory mediators, joint and bone is degraded, and the synovial

membrane proliferates forming a pannus?3.

1.2.2 Osteoarthritis

Osteoarthritis is a common disease in the aged population, with some symptoms of the
disease prevalent in the majority of people over 65 years of age?*. OA is a disease best
characterised by the degradation of articular cartilage, although the disease is considered
a disease of the whole joint®. The joints most often affected by OA include joints of the
hands, knees, hips and spine, with the major symptoms including pain, mild

inflammation, stiffness and general loss of mobility?.

There is some evidence that aggrecan cleavage is involved in the initiation of cartilage
degradation in OA, as aggrecan is able to protect the type Il collagen?®. Pratta et al.
(2003)%, provide evidence that the selective inhibition of ADAMTS-4 and -5 (the
aggrecanases) appears to offer protection against MMP-mediated collagen degradation in
bovine explant cultures. In order to control for non-specific inhibition of MMPs by these
aggrecanase inhibitors, the inhibitors were also added to the explant culture following
aggrecan cleavage (but before collagen cleavage), and here they offered no protection,
whereas MMP inhibition following aggrecan loss does offer collagen protection. The
authors hypothesised that aggrecan offers the collagen physical protection from
proteolytic attack via steric hindrance. Type Il collagen is thought to bind to the KS-rich
region of aggrecan®’ which would place the larger CS-rich region into close proximity of

the collagen fibrils, thus protecting the collagen.

Conversely, there is opposing evidence which suggests that the cleavage of collagen is
the initiating factor in cartilage degradation, with aggrecan loss being secondary to this.

This idea was first suggested in the 1970s when it was noted that the breaking of the
6



collagen network results in localised swelling of the cartilage, as a result of the collagen
no longer being able to partially “resist” the hydrophilic nature of the aggrecan®. Even
though there is an eventual aggrecan loss in OA, and thus a loss of water, early disease
phases are associated with an increase in hydration and swelling?®. Furthermore, aggrecan
loss has been shown to occur in areas where type Il collagen fibrils are damaged®3!.
Despite it not being definitively proven whether collagen or aggrecan cleavage are
involved in the initiation of cartilage degradation, it is clear that a close interplay between

these two key events is vital for disease initiation.

Aggrecan is able to undergo multiple cleavages (Figure 1.4), however the most important
pathological cleavages are thought to occur within the IGD as these cleavages result in
rapid loss of the whole GAG attachment region and thus is derogatory to the whole
structure of the cartilage®. The IGD is able to be cleaved by various MMPs, including
MMP-3%, -2, -9% -1, -8%, and -13% at asparagine-341 / phenylalanine-342. However, a
key study in 1992 showed that these were unlikely to be the most pathologically relevant
in OA. Sandy et al.% found that the synovial fluid collected from OA patients contained
aggrecan fragments cleaved at the glutamic acid-373 / alanine-274. Subsequent studies
confirmed that this cleavage was not undertaken by MMPs®®, and enzymes known as the
aggrecanases (ADAMTS-4 and -5) were subsequently identified®®4°,

Mice studies using ADAMTS-4 and -5 null mice showed that the loss of ADAMTS-5
(but not ADAMTS-4) protected against OA, suggesting that ADAMTS-5 is the key
aggrecanase in mice**2, The situation in humans is more complex however, with

evidence suggesting that ADAMTS-4 is also involved aggrecan degradation®344,
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Figure 1.4: Aggrecan and its cleavage sites
Multiple cleavage sites have been identified on aggrecan mediated by both the MMPs and the aggrecanases
(ADAMTS-4 and -5). Diagram adapted from a figure in Heinegard (2009).

1.3 Introduction to Proteases

Proteases are a class of enzymes which have the ability to catalyse the hydrolysis of a
peptide bond. There are five classes of proteases, categorised based on their mechanism
of catalytic action: serine proteases, metalloproteases, cysteine proteases, threonine
proteases, and aspartic proteases. The total spectrum of proteases encoded by humans is

known as the degradome.

There are currently 588 proteases identified within the human degradome: 192
metalloproteases, 184 serine proteases, 164 cysteine proteases, 27 threonine proteases and

21 aspartic proteases®.

A nomenclature for naming substrate amino acid and protease enzymatic subsites was
described in 1967 by Schechter and Berger®®, where the amino terminal side of the
cleavage site (the scissile bond) is known as the non-prime side and the carboxy terminal
side is known as the prime side. The amino acids of the substrate are subsequently
numbered P4-P4’, and the corresponding sites on the protease are numbered S4-S4’
(Figure 1.5) which allows for description and comparison of enzyme specificities.
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Figure 1.5: Schechter and Berger nomenclature for protease cleavage

The Schechter and Berger nomenclature describes the amino acids of the substrate as P4-P1 towards the amino
terminus of the cleavage site, and P1’ to P4’ towards the carboxy terminus. These correspond to the subsites S4-
S4’ on the protease.

1.4 Metalloproteinases

1.4.1 Catalytic mechanism

Much understanding of the metalloproteinase catalytic mechanism is based on studies of
thermolysin®’. Metalloproteinases are thought to employ a single-step catalytic
mechanism utilising a metal ion, often zinc (as is the case with all metzincins, such as the
MMPs), co-ordinated by two or three histidine residues. Metalloproteinases further
require a free water molecule to co-ordinate with the metal ion which is hydrogen bonded
to a glutamate residue. The catalytic mechanism is thought to entail the binding of the
substrate into the active site which displaces the hydrogens of the water molecule towards
the glutamate residue whereas the oxygen remains associated with the zinc ions. The zinc
ion also associates with the carbonyl oxygen of the substrate, forming the ES complex.
The polarising activity of the zinc by the glutamate allows the oxygen of the active site
water to perform nucleophilic attack on the carbonyl carbon of the scissile bond (Figure
1.6)4748,



Figure 1.6: Metalloproteinase catalytic mechanism

Metalloproteinases require a co-ordinated metal ion (usually zinc) which is bound to two or three histidine residues
as well as a water molecule. The water forms a hydrogen bond with a glutamate, which allows the water molecule
to act as a nucleophile, able to attack the scissile bond of the substrate at the carbonyl carbon. Diagram taken from
Erez et al., (2009).

1.4.2 The Metzincins

The metzincins represent a superfamily of zinc-dependent metalloproteinases including
the matrixins (MMPs), the astacins, the adamalysins and serralysin*®. This superfamily
shares certain features, most importantly the conserved zinc-binding motif
(HEXXHXXGXXH, where the three conserved histidine residues bind the zinc ion) and
a conserved methionine residue* located 6-53 amino acids after the zinc-binding motif,
known as the “met-turn”, a tight 1,4-B-turn which is thought to be key to the structural
integrity of the metzincin active sites®®. These two key features are indispensable to the
metzincins; indeed, they lend their name to the superfamily*®. Common to the metzincins
is the presence of multiple non-catalytic domains®t. Of the metzincins, the MMPs and the

adamlysins play key roles in the remodelling of ECM components.

1.4.3 The Matrix Metalloproteinases

The first MMP was identified by Gross & Lapiere in 1962 as a collagenolytic activity
in tadpole tails during metamorphosis. Subsequently, multiple family members have been
identified and subdivided into one of six groups according to substrate preference or
domain structure. These are the classical collagenases (MMP-1, -8 and -13); the
gelatinases (MMP-2 and -9); the stromelysins (MMP-3, -10 and -11); the matrilysins
(MMP-7 and -26); the membrane-type MMPs (MT-MMPs); and ungrouped MMPs (such
as MMP-12 and -19)°3. Despite these groupings of the MMPs, it is important to note that

they all have multiple substrates. For example, MMP-1 cleaves not only collagen, but
10



other substrates such as protease activated receptor 1 (PAR1)%. Conversely, despite being
classified as gelatinases, MMP-2% and MMP-9° further have the ability to cleave some

collagens.

1.4.3.1 MMP Structure and activation

The MMPs share a domain structure consisting of an N-terminal pro-domain, a catalytic
domain, a hinge region and (with the exception of MMP-7, -23 and -26) a C-terminal
haemopexin-like (Hpx) domain (Figure 1.7), although some family members have
variations on this structure, for example, the “membrane type” MT-MMPs. These either
contain a transmembrane domain or glycosylphophatidylinositol (GPI)-anchor to the C-

terminus of the Hpx domain®2.

Haemopexin-like domain

Hinge

Figure 1.7: The basic structure of MMPs

The majority of MMPs share this basic domain structure, including the collagenases (MMP-1, -8 and -13), the
gelatinases (MMP-2 and -9) and the stromelysins (MMP-3, 10 and 11) although other family members contain
additional features. For example, several “membrane-type” MMPs (MMP-14, -15, 16, and -17) have an additional
membrane binding domain, C-terminal to the Hpx domain, whereas the matrilysins MMP-7, -23 and -26 lack the
haemopexin-like domain.

The role of the pro-domain is to keep the MMPs in their inactive, latent pro-forms. This
is achieved via a mechanism called the “cysteine switch” whereby a conserved cysteine
residue in the cysteine switch motif (PRCGXPD) ligates to the zinc in the MMP active
site, preventing catalytic activity®’. The majority of secreted MMPs are secreted in their
pro-form and are activated by a mechanism known as “stepwise activation” where a
proteinase-susceptible “bait” region in the pro-domain is cleaved by various
proteinases®®. At this stage, the pro-domain is only partially removed and the pro-MMP
is only partially active. In order to fully activate the pro-MMP, the activity of other active

MMPs is required, or the pro-MMP may undergo auto-catalysis®®,

Various MMPs contain a furin-like enzyme recognition sequence (RX-(K/R)-R), such as
MMP-11 and the MT-MMPs>3, These enzymes are able to be activated intracellularly by

furin-like enzymes and secreted® or membrane bound® in an active form.
11



The activation of proMMPs is of great biological significance and is considered a key
limiting step in MMP activity®. Indeed, the inhibition of proMMP activation could hold
therapeutic relevance®?, which could be of particular importance as the therapeutic

targeting of MMPs has to date been unsuccessful®,

The Hpx domains of MMPs are thought to have a key role in ligand recognition of MMPs.

For an excellent review on Hpx domains, the reader is directed to Piccard et al. (2007)%.

1.4.3.2 The Collagenases

There are three “classical” collagenases: MMP-1, MMP-8 and MMP-13, with other
MMPs also having identified collagenolytic activity such as MMP-14. The collagenases
are defined by their ability to cleave fibrillar collagen and are all expressed in synovial

joints®,

The Hpx domains of the collagenases are indispensable for collagenolytic activity. MMP-
1, -8 and -13 are all relatively unstable and are thought to undergo autoproteolytic events,
separating the Hpx domain from the catalytic domain. MMP-1 and MMP-8 are
hydrolysed in the hinge region, with MMP-1 being hydrolysed at the proline-250 /
isoleucine-251 peptide bond®® and MMP-8 is hydrolysed at the glycine-242 / leucine-243
or proline-247 / isoleucine-248 peptide bonds®’. The auto-catalysis of MMP-13 does not
occur in the hinge region, rather the cleavage site is at the C-terminus of the catalytic
domain, at the serine-245 / leucine-246 peptide bond®. Following these auto-cleavage
events, the ability of the MMPs to cleave collagen is lost, however their ability to cleave
other non-collagen substrates remains. This led to the development of various studies
using MMP-Hpx chimeras to explore the role of the Hpx domains in collagen recognition.

12



Figure 1.8: Structure of MMP-2

Crystal structure of MMP-2, with the Hpx domain boxed in red. The Hpx domain is formed by a four-bladed
propeller structure with a co-ordinated calcium ion in the centre. Image adapted from a figure in Piccard et al.
(2007).

MMP Hpx domains consist of around 210 amino acids, which form a four-blade propeller
structure, with each blade consisting of four anti-parallel B-sheets®* (Figure 1.8). The first
and fourth blades are connected together via a disulphide bond®. When the catalytic
domain from MMP-1 is ligated to the Hpx domain from MMP-3 (an MMP with no
collagenolytic ability), its ability to cleave collagen is lost, confirming a vital role for the
Hpx of MMP-1 in collagenolytic activity®®. This study further created a chimera
containing the catalytic domain of MMP-3 and the Hpx domain of MMP-1, and this was
not sufficient to give MMP-3 collagenolytic activity, suggesting interplay of both the
catalytic and Hpx domain of MMP-1 is required for binding to and cleaving collagen.
Another study replaced blades two to four of the propeller in the MMP-8 Hpx domain for
the corresponding blades in the MMP-3 Hpx domain, and this chimera showed 16.1% of
the collagenolytic activity of MMP-87°.

MMP-1 was the first MMP to be associated with pathological conditions when
“collagenase” was detected in the synovium of patients with RAt. MMP-1 preferentially
cleaves type 111 collagen, followed by type | and has its weakest activity on type 117272,

MMP-8 was originally purified from human neutrophils (and is thus often referred to as

neutrophil collagenase), and has a similar cleavage profile to MMP-1, preferring to cleave
13



type I collagen over type Il collagen, however unlike MMP-1, MMP-8 has a much lower
activity on type Il collagen. Indeed, the catalytic efficiencies for MMP-8 on all 3 fibrillar
collagens are lower than those of MMP-1". Furthermore, much lower levels of MMP-8
are expressed within articular cartilage’, though higher expression levels are observed in
OA’. Overall, MMP-8 is not considered to be a major contributor to cartilage degradation

in arthritic conditions.

MMP-13 is thought to be the most important pathological collagenase in OA’. Even
though cartilage is thought to express lower levels of MMP-13 compared to MMP-177, it
has a much higher activity against type Il collagen which is its preferred substrate,
followed by type | and type Il collagen®. The Hpx domain from MMP-13 has been
shown to interact with a whole host of other cartilage ECM components, such as
fibronectin, type VI collagen, decorin, syndecan 4 and serglycin’®, potentially

highlighting a further role for this enzyme in the regulation of cartilage.
Despite neither MMP-1 nor MMP-13 being completely specific for either OA or RA”’, it
is generally considered that MMP-1 is more important in RA whereas MMP-13 is more

important in OAL,

1.4.3.3 The Gelatinases

The gelatinase sub-family of MMPs consists of two members: MMP-2 and MMP-9 or
gelatinase A and B, respectively. Despite being named for their ability to cleave gelatin,
the mix of proteins and peptides generated from partial collagen hydrolysis, the
gelatinases are able to cleave a much larger range of ECM components and have some

roles identified in arthritic diseases®®.

Both MMP-2% and MMP-9° have been shown to also exhibit collagenolytic activity,
with the ability to cleave type I collagen and both enzymes have had roles implicated in
OA. The expression of both gelatinases is elevated in OA cartilage compared to normal
adult human cartilage, with MMP-9 being expressed at a much lower level than MMP-
28183 1t is thought that in OA, gelatinase activity is higher in the subchondral bone, rather

than in the cartilage®*, with a role in OA-associated bone changes speculated for them®.
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1.4.3.4 The Stromelysins

The stromelysin sub-family of MMPs consist of three members: MMP-3 (stromelysin-1),
MMP-10 (stromelysin-2) and MMP-11 (stromelysin-3). None of the stromelysins are able
to cleave fibrillar collagen, however are able to cleave several other cartilage components
such as aggrecan®.

MMP-3 and MMP-10 share 82% sequence homology with one another and have similar
substrate specificities®®, however MMP-3 has much higher expression levels in
cartilage®’. Both of these enzymes are able to activate several proMMPs, including
proMMP-1, -8 and -13%388° thus are able to initiate collagen degradation by activating
the collagenases. Indeed MMP-3 is suspected to have an important role in cartilage
turnover in both health and disease and elevated levels have been observed in synovial
tissues of OA patients®.

Despite being expressed at lower levels than MMP-3, MMP-10 expression can be induced
by pro-inflammatory stimulation and subsequently induce collagen degradation by pro-

collagenase activation®,

1.4.3.5 The membrane-type MMPs

The cell anchored membrane-type MMPs (MT-MMP) sub-family of MMPs consists of
six members of which four are transmembrane proteins: MT1-MMP, MT2-MMP, MT3-
MMP and MT5-MMP, whilst two are glycosylphosphatidylinositol (GPI)-anchored:
MT4-MMP and MT6-MMP®, These six MMPs may also be referred to as MMP-14, -15,
-16, -24 -17 and -25, respectively. Whilst most soluble MMPs are secreted in an inactive
pro-form, the MT-MMPs are activated intracellularly, and secreted to the cell surface in

an active form. This activation is performed by furin-like proprotein convertases®.

1.4.3.6 The Tissue Inhibitors of Metalloproteinases (TIMPs)

TIMPs are a family of endogenous metalloprotease inhibitors consisting of four members:
TIMP-1, -2, -3 and -4, which are all 184-194 amino acids in length and consist of two key
domains. The N-terminal domain is responsible for the inhibitory activity, and does so by
folding into a “wedge-like” structure that is able to interact with the MMP active site®.
TIMPs bind and inhibit MMPs in 1:1 stoichiometry®3, thus can be used experimentally to

active-site titrate recombinant MMP. All four TIMPs can inhibit all MMPs, with the
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exception of TIMP-1 which has negligible levels of inhibition against MT1-MMP (MMP-
14)%,

1.4.4 The Adamalysins

The adamalysin subfamily of the metzincins include the ADAM (A disintegrin and
metalloproteinase) and the ADAMTS proteinases.

1.4.4.1 The ADAM family

The ADAMs are transmembrane and secreted proteinases with multiple roles including
cellular adhesion and the proteolytic processing and shedding of various membrane-
bound proteins, such as receptors and signalling molecules®®. Despite not being key
players in articular cartilage degradation, some ADAM members have been suggested to
have roles in OA. For example, ADAM-8 has been identified in human OA cartilage as
being able to cleave fibronectin, generating fragments that may then enhance collagenase
and aggrecanase expression®. Furthermore, the serum levels of ADAM-12 appear
increased in patients with knee OA%* and ADAM15 mRNA has been shown to be up-
regulated in human OA cartilage compared to normal cartilage®® whereas ADAM157-
mice exhibit accelerated development of OA lesions®’.

Cytoplasmic tail

/\_/

Figure 1.9: The basic structure of ADAM proteinases

The ADAM proteinases are integral membrane proteins, containing a transmembrane domain (TM) at their C-
terminus. Furthermore, the majority of ADAMs contain an epidermal growth factor-like (EGF) domain (ADAM-
10 and -17 lack this). They also contain a cysteine rich domain (Cys) and a disintegrin-like domain (Dis).

The ADAM proteinases have a relatively complex domain structure, consisting of an N-
terminal pro-domain, followed by its metalloproteinase catalytic domain, a disintegrin-
like domain, a cysteine-rich domain and (apart from ADAM-10 and -17) and an epidermal
growth factor (EGF)-like domain. They are transmembrane proteins, with a C-terminal
transmembrane domain and a cytoplasmic tail which varies in length across the family
members® (Figure 1.9). As with the MMPs, the pro-domain maintains the enzyme in a

latent form via a cysteine switch mechanism®, and activate intracellularly via the activity
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of furin-like enzymes, similarly to some MMPs, ADAM pro-domains contain a RX-
(K/R)-R motifi®,

To date, 21 human ADAM genes have been identified, of which only 13 have a
catalytically active metalloproteinase catalytic domain, containing the classical
HEXXHXXGXXH active site motif®. This suggests that the remaining 8 family
members have evolved functions dependent on their non-catalytic domains.

1.4.42 The ADAMTS family

The ADAMTS family of proteinases are closely related to the ADAM proteinases, with
two major differences. While the ADAMSs are generally membrane-bound proteins, the
ADAMTSs are secreted. Furthermore, the ADAMTSs have a thrombospondin type |
repeat in between their disintegrin-like domain and cysteine-rich domain®’. Following
the cysteine-rich domain, ADAMTSs have a spacer region followed by a highly variable
C-terminus (Figure 1.10).

Protease Domain Ancillary Domains
[ 1l 1
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Figure 1.10: The basic structure of ADAMTS proteinases

The ADAMTS proteinases share an N-terminal protease domain consisting of a pro domain, a metalloproteinase
catalytic domain and a disintegrin-like domain (Dis). The ADAMTS family also all contain a C-terminal ancillary
domain, though these vary in content. They all commence with a single central thrombospondin type | motif (TSP-
1) followed by a cysteine-rich domain (Cys) and a spacer region. Following this spacer, the family exhibits
variation with either a few or several TSP-1 motifs and other domains such as CUB domains (ADAMTS13), mucin-
like domains (ADAMTS7 and 12) and gon-1-like motifs (ADAMTS9 and 20)

Nineteen members of the ADAMTS family have been identified to date, with the ability
to cleave a wide range of substrates'®. As with the other metzincins, the ADAMTSs have
a pro-domain with a vital role in enzyme latency, however it is thought that these pro-
domains operate via a different mechanism as 13 members of the family lack a cysteine
which would form the cysteine switch mechanism®. Like the ADAMs, the ADAMTSs

are thought to be activated by furin-like enzymes*®?,

ADAMTS-4 has the shortest ancillary domain out of the ADAMTS family, terminating

following the spacer region, and containing no C-terminal thrombospondin type |
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motifsi®t. However, ADAMTS-4 has been suggested to interact via its ancillary domain
to the cell surface protein, syndecan 1, in a chondrocytic cell line'® with the interaction
requiring the central thrombospondin type | motif and the cysteine-rich domain. The
ancillary domain is thought to undergo proteolytic processing which can alter
aggrecanase specificity and activity, including a reduction in binding to GAGs and thus
reduction in aggrecanolysisi®. ADAMTS-5 has also been found to localise to the cell
surface, and has been shown to interact with both GAGs® and hyaluronan'%, localising

the enzyme to the chondrocytes with potential implications for OA.

1.5 Serine proteinases

1.5.1 Classification

The human genome encodes a predicted 184 serine proteinases, which have a wide variety
of functions in human biology, and they are generally considered as extracellular
proteases*>1%7, Whilst the majority of serine proteinases are soluble secreted proteins,
some serine proteinases are found membrane-bound, either by a C-terminal GPI-anchor,
a C-terminal transmembrane domain (type | transmembrane serine proteinases) or an N-

terminal transmembrane domain (type Il transmembrane serine proteinases, or TTSPs)%,

Of particular interest to the current programme of research, matriptase is one of 17
identified human TTSPs, a family of enzymes characterised by a C-terminal catalytic
domain separated from the membrane by a highly variable non-catalytic “stem region”?’.
TTSPs may be categorised into one of four subfamilies based on this variable stem region:
the HAT/DESC (human airway trypsin-like protease/ differentially expressed in
squamous cell carcinoma) subfamily, the hepsin/TMPRSS (transmembrane

protease/serine) subfamily, the matriptase subfamily and the corin subfamily%’.

1.5.2 Catalytic mechanism

Common to the serine proteinases is the “catalytic triad”, the presence of three amino acid
residues: aspartic acid, histidine and serine, in the catalytic domain which are responsible
for catalysis of substrate!®®. Chymotrypsin is considered the archetypal serine protease on
which much of our understanding of catalysis is derived. Indeed, chymotrypsin

numbering (histidine-57, aspartic acid-102, and serine-195) is used in all serine proteases,
18



despite these three amino acids not always being at these exact positions. Serine proteases
employ a two-step mechanism of catalysis whereby the protease initially binds to the
substrate in a covalent manner, forming an acyl-enzyme intermediate. This intermediate
subsequently breaks down in the second step into two products and the protease is

restored.

The substrate enters the active site and is initially held in position by non-covalent
interactions. The hydroxyl group of serine-195 and the imidazole group of histidine-57
are hydrogen bonded together, which allows the serine hydroxyl group to perform
nucleophilic attack on the carbonyl carbon in the substrate. This forms the acyl-enzyme
intermediate where serine-195 is covalently bound to the carbonyl carbon of the former
peptide bond, allowing C-terminal peptide fragment to dissociate away from the protease
active site. A water molecule is then able to enter the active site and forms a hydrogen
bond with histidine-57. This allows the water to perform nucleophilic attack on the
carbonyl carbon within the acyl-enzyme intermediate. Serine-195 and histidine-57 re-
form a hydrogen bond to restore the protease, and the second product is removed!*®
(Figure 1.11).

Figure 1.11: Serine protease catalytic mechanism

The catalytic triad of serine proteases consists of a histidine, a serine and an aspartic acid. The histidine is stabilised
by the aspartic acid by forming a hydrogen bond with it, and deprotonates the serine, producing a strong nucleophile
able to attack the substrate carbonyl carbon. Diagram taken from Erez et al., (2009).
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1.5.3 Matriptase

1.5.3.1 Structure and Function

Matriptase contains a single sea urchin sperm protein, enteropeptidase, agrin (SEA)
domain, two CIs/Clr, urchin embryonic growth factor and bone morphogenic protein-1
(CUB) domains, and four low density lipoprotein receptor class A (LDLRA) domains
(Figure 1.12).
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Figure 1.12: The domain structure of matriptase

Matriptase is a type Il transmembrane serine proteinase consisting of an N-terminal transmembrane domain
(orange), a C-terminal serine proteinase catalytic domain, as well as multiple non-catalytic domains in a stem
region, including a SEA domain, two CUB domains and four LDLRA domains. Multiple processed forms of
matriptase may be observed depending on progress through the maturation process. Full length matriptase is
95kDa, and undergoes early N-terminal processing to a 70kDa form, however it is thought these remain bound
together. Matriptase undergoes activation from the zymogen by cleavage at Arg 614, resulting in a two chain
disulphide linked form. When run by reducing SDS-PAGE, a 26kDa band is observed for the active catalytic
domain.

Matriptase is best characterised as a proteinase expressed in epithelial tissues®®.

Matriptase null mice die shortly following birth as a result of dehydration from

compromised skin integrity!!*. These mice exhibit an inability to process profilaggrin, a

protein important in the arrangement of keratin filaments in the skin'!2. In humans, an

important role in skin has been confirmed in patients with mutations in matriptase, such

as G827R™?3, which results in autosomal recessive ichthyosis with hypotrichosis (ARIA).
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Matriptase has also been found to be overexpressed in a number of carcinomas (cancers
derived from epithelial tissues), and correlations with negative prognostic outcomes have

been identified!!*,

A role for matriptase in OA was identified by Milner et al. (2010)* where it was found to
be more highly expressed in OA patient samples compared to control NOF (neck of femur
fracture) samples. The addition of matriptase to bovine explant cultures in the presence
of pro-inflammatory stimulation resulted in enhanced levels of observed collagenolysis.
Furthermore, the addition of matriptase to OA cartilage explant cultures resulted in an
increase in the level of metalloproteinase-dependent collagenolysis, as well as an increase
in the gene expression of MMP-1 and MMP-13, likely through the activation of the PAR2
receptor?, a known substrate for matriptase*®, and will be further described in chapter
1.7.

1.5.3.2 Activation

The non-catalytic domains of matriptase are known to have several roles in the maturation
and inhibition of matriptase, however it is likely they have further unidentified roles in
matriptase activity. The successful maturation of matriptase is a complex and
incompletely understood process, which is known to involve two sequential proteolytic
cleavages as well as interactions with its cognate inhibitor, hepatocyte growth factor
activator inhibitor (HAI)-11%,

Matriptase is synthesised as a single chain 95kDa zymogen and enters the secretory
pathway where it undergoes its first proteolytic cleavage, which occurs in the SEA
domain after glycine 149 at a conserved GSVIA sequence, yielding a 70kDa zymogen
form, although it is thought that the enzyme remains bound together!®. It is unknown
how this cleavage event occurs'’. The second proteolytic cleavage event occurs after
arginine 614, and is dependent on the first cleavage having occurred'®. This is the
cleavage which yields an active two-chain protease, and likely occurs as a result of a
transactivation process on the cell surface as catalytic inactive mutants are unable to
undergo this processing*'®. Furthermore, the zymogen form of rat matriptase has been
shown to be able to cleave a synthetic peptide with sequence similarities to the arginine
614 cleavage site!'®. Rat matriptase shares a high degree of homology with the human

enzyme'?,
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1.5.4 Other serine proteases in Osteoarthritis

Aside from matriptase, multiple other serine proteases have been implicated in OA
including the proteases involved in the complement and coagulation cascades (Figure
1.13)*2L, Abnormal complement activation is particularly associated with RA?2, however
recent work has identified higher expression and activation of complement components
in human osteoarthritic joints, such as activated fragments C3a and C5b-9'%,
Furthermore, mice deficient in either C5 or C6 protease are protected against OA, and
CD59a (an endogenous complement inhibitor)-deficient mice experience more severe
disease!?. It is thought that this abnormal complement activation in OA could lead to
cartilage damage by aberrant membrane-attack complex (MAC) deposition, the effector
arm of the complement system, leading to production of inflammatory mediators or
matrix-degrading proteases. Furthermore, the expression level of the competent proteases
factor I, factor D and protease C2 have elevated expression levels in OA cartilage

compared to normal®.

Various proteases of the coagulation cascade have been linked to arthritic diseases, in
particular RA?*, One of the key proteases in coagulation, thrombin, has been implicated
in arthritis. Thrombin is able to activate the PAR1 receptor (see chapter 1.7) which can
instigate pro-inflammatory signalling. PAR1 deficiency in mice results in protection from
antigen-induced arthritis, with a reduced expression of MMP13'?°, Furthermore, the
inhibition of thrombin attenuates synovial hyperplasia in collagen-induced arthritis (CIA)
in mice'?. Coagulation factors X and VII have the ability to activate PAR2 (see chapter
1.7)*, a pro-inflammatory receptor known to have an elevated expression in OA%,
Furthermore, the expression of coagulation factor X is elevated in OA compared to

normal cartilage?.

The high-temperature requirement A (HTRA) family of serine proteases have been linked
to arthritic diseases. Three out of the four family members (HTRAL, 3 and 4) have an
elevated expression level in OA compared to normal cartilage*?°. These three members
are all secreted proteases whereas HTRA2 functions within the mitochondrial®. The
expression of both HTRA1 and 3 is elevated in mouse models of arthritis'®*!32, HTRA1
has the ability to degrade cartilage components such as aggrecan and HTRA1-digested

fragments of aggrecan have been identified in OA cartilage'®. HTRAL has also been
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shown to digest soluble type Il collagen®®!, thus may act to further degrade partially

digested collagen in cartilage.

coagulation complement
activation A_ activation

APC \\ CSa
C
. Q2 P
thrombin &F \\}’ neutrophil
N Teel
fibrinogen ———— ftbrm i B Cell
|  monocyte
| macrophage
/4\ | dendritic cell
growth ? mast cell
plasrmnogen plasmin ——s factor
e(wa(u(m ‘
'ra 4
UPK
uPAR
chondrocyte
St ﬁbroblm ymase
l granzyme B
¥ mrm N proMMP
active MPs

FAPo. DPP4 DC"VE

MMPS
NtrA 1 \ ECM

_'iﬂ,’;ﬂ] = proteinase activated receptor; \- activation of signaling cascade(s)

Figure 1.13: Roles of serine proteases in cartilage turnover in arthritic joints
Multiple serine proteases are expressed within the joint and are thought to play roles in arthritic diseases. Taken
from Milner et al. (2008).

1.6 Cysteine proteinases

1.6.1 Classification and Structure

Cysteine proteases represent the third largest family of proteases, accounting for 164
proteases out of the 588 currently identified within the human degradome®. Members
from this family are generally considered to be intracellular proteases which share a
common catalytic mechanism***. They can be grouped into two major superfamilies:
cytoplasmic caspase-1-like enzymes, and endosomal/lysosomal papain-like enzymes®3®.
The research presented here utilises only papain-like superfamily enzymes, thus only
these will be focused on in this section. Indeed, despite sharing an active site cysteine and
catalytic mechanism, the two superfamilies share no other sequence homology and are

thought to be evolutionary distinct families of enzymes!3. The papain-like superfamily
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also includes a subfamily of calpain-like proteases which are calcium-dependent

cytoplasmic enzymes which share homology with the papain-like proteases®”.

The lysosomal papain-like cysteine proteases are referred to as the “cathepsins”®,
though this term is somewhat ambiguous as some enzymes such as cathepsin A, G (both
serine proteases'®¥1%%) D and E (both aspartyl proteases'“®!4), share the name but have
no relation to the lysosomal cathepsins. The research herein, the term “cathepsin” will
refer to lysosomal cysteine proteases, unless otherwise stated. There are 11 lysosomal
cathepsins in the human genome: B, C, F, H, K, L, O, S, V, X and W4,

The cathepsins share a similar structure with the mature forms being composed of two
domains of similar size with a total molecular weight of around 30 kDa. The two domains
are referred to as the “left” and “right” domains with the left domain being formed by
mainly the N-terminal half of the enzyme and vice versa, though the actual N-terminus is
located in the right domain and the C-terminus is located in the left domain*®, The left
domain is composed of three helical regions, the longest of which contains the catalytic
cysteine residue (position 25 in papain), whereas the right domain consists of a B-barrel
structure made up of 5 or 6 strands. The structure is stabilised by two disulphide bonds in
the left domain and a single disulphide bond in the right domain®*,

1.6.2 Catalytic mechanism

Cysteine proteases are thought to utilise a similar proteolytic mechanism to that of serine
proteases, however it is not as well understood. Initial work undertaken on the
prototypical cysteine protease, papain, identified a catalytic triad mechanism consisting
of cysteine-25 in the left domain, with histidine-159 and asparagine-175 in the right
domain*. Site-directed mutagenesis of the asparagine-175 to an alanine however
suggested that this amino acid is not directly involved in catalysis as catalytic activity was
partly retained, exhibiting an activity 150-fold lower than the wild typel#. Mutating
asparagine-175 to a glutamine however has little effect on catalysis, so it is thought that
position 175 forms a hydrogen bond with histidine-159. This would fix the histidine
residue in an orientation positioning its imidazole group in the proper position to act to
deprotonate the sulphur on the cysteine, allowing it to act as a nucleophile able to attack

the carbonyl carbon on the substrate!#>%® (Figure 1.14).
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Figure 1.14: Cysteine protease catalytic mechanism

Cysteine proteases utilise a catalytic diad in which the imidazole group on a histidine is able to deprotonate the
sulphur on a cysteine, allowing it to act as a nucleophile, able to attack the carbonyl group at the scissile bond on
the substrate. Diagram taken from Erez et al., (2009).

1.6.3 Regulation of activity

1.6.3.1 Activation

As cathepsins are synthesised as inactive pre-pro zymogens, they require activation to
yield catalytic activity. The pre (signal) peptide is removed during intracellular trafficking
while the enzymes are undergoing post-translational modifications and proper folding*’.
Insights to the pro-peptide inhibitory mechanism have been observed by the X-ray
crystallography of several pro-cathepsins including human pro-cathepsin B*%, human
pro-cathepsin L*® and human pro-cathepsin K*%%1 which showed that the pro-domain
physically blocks the properly-formed active site by simply running along the cleft
(Figure 1.15).

25



Figure 1.15: Crystal structure of pro-cathepsin B

Crystal structure highlighting the pro-domain (blue and red) over the mature domain of the enzyme (grey). The
pro-domain sits in the active-site cleft blocking catalytic activity. The active site cysteine and histidine are coloured
yellow and green, respectively. Taken from Turk et al. (2012).

Our understanding of the activation mechanisms of the cathepsins is incomplete, and
variations between individual enzymes exist, but generally are thought to be a result of
both proteolytic activities from other enzymes and autocatalytic activation. Insights into
activation mechanisms have been obtained with work on pro-cathepsin B, which has been
shown to have a low level of endogenous catalytic activity when exposed to low pH (as
would be found in the lysosomes) presumably due to movement of the pro-domain from
its normal inhibitory position. This partially active pro-cathepsin B is subsequently
hypothesised to trans-activate other partially active pro-cathepsin B molecules by
enzymatic cleavage of their pro-domains in a multi-step mechanism?*®2. It is thought that
this auto-activation mechanism is able to account in part for the activation of
endopeptidase cathepsins (such as cathepsins B, H, K, L and S), however exopeptidase
cathepsins (such as C and X) are unable to activate without the presence of an

endopeptidase (such as L or S)!53154,
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1.6.3.2 Inhibition

Cathepsins are broad-spectrum proteases at very high concentrations within the
lysosomes. As such, excessive activity of these enzymes can be potentially very damaging
to cells. Cathepsin activity is curtailed by a variety of endogenous protein inhibitors such
as cystatins, thyropins!® and to a lesser extent, serpins'®.

1.6.4 Cathepsin B

Cathepsin B was one of the first identified cathepsins, and as such is one of the best
described in this family®. Under normal physiological conditions, the activity of
cathepsin B is tightly regulated, however there are multiple pathlogical conditions where
this is no longer the case. The pathological condition most associated with cathepsin B is
cancer, where overexpression is observed in malignancies such as brain, lung, prostate,
breast and colorectal cancer. Indeed, the expression of cathepsin B correlates with
invasive and metastatic cancers'®®. Cathepsin B is thought to exert both intra- and extra-
cellular roles in cancer, such as promoting autophagy intracellularly*®’, and activating
important enzymes such as proMMPs via uPA'® and degrading TIMP1 and TIMP2

extracellularly®®.

1.6.5 Cathepsin K

Cathepsin K is best known as an osteoclast-expressed collagenolytic enzyme with a key
role in bone remodelling, however it is also expressed in cells such as macrophages,
synovial fibroblasts, chondrocytes, and at sites of wound-healing and inflammation?®. In
osteoclasts, cathepsin K represents 4% of all mMRNA, and constitutes around 98% of
expressed cysteine proteases®’. Despite the cathepsins being known as lysosomal
proteases, cathepsin K can be secreted. In terms of bone remodelling, it carries out its
function in resorption lacunae — a specialised compartment between the cell and the bone
with conditions which are favourable for bone resorption — where it acts as a very potent

collagenase breaking down the type | collagen of the bone®,

The ability for cathepsin K to degrade triple helical collagen is unique among the
cathepsins, and indeed unique amongst all known human proteases bar the collagenase
MMPs and neutrophil elastase'®. As with the collagenase MMPs, Cathepsin K is able to
cleave both type I and type Il collagens, however unlike the MMPs which cleave at a
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specific site yielding characteristic ¥4 and ¥ fragments, cathepsin K cleaves collagen at
multiple sites'®®. In contrast with many cathepsins which are negatively charged overall,
cathepsin K has several positively charged basic residues (lysine and arginine) which are
on the opposite side of the enzyme to the active site (Figure 1.16). It is thought that these
charges allow for interactions with the negatively charged GAGs of the ECM*®*, Indeed,
cathepsin K exosite interactions with GAG are absolutely vital for collagenolytic
activity®®® leading to the targeting of this region for the design of selective cathepsin K
collagenase activity inhibitors such as ortho-dihydrotanshinone (DHT1) which do not

inhibit cleavage of other cathepsin K substrates®®.
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Figure 1.16: Surface charges of cathepsins K and L

Cathepsin L shares the most sequence homology to cathepsin K (60%) however cathepsin K has a region of net
positive charge (blue) on the side furthest from its active site, whereas as with most cathepsins, cathepsin L has
more net negative charge (red). Image taken from Lacaille et al., (2008).

1.6.6 Cathepsin S

Cathepsin S is expressed mainly in cells of the immune system, namely antigen presenting
cells (APCs) such as B cells, macrophages and dendritic cells where it has a vital role in
antigen presentation®®’. During antigen presentation, the antigen presenting class 11 MHC
molecules are expressed on the cell surface, containing a random peptide for presentation
to other cells of the immune system. Class Il MHC consists of a3 dimers, however in
order to successfully form and then traffick to endosomes, they are associated with a
chaperone known as the invariant chain which sits where eventually the presented peptide
will sit. In order to successfully present antigen, lysosomal cathepsin S degrades the

invariant chain from class 1l MHC which allows peptide antigen to bind it*®".

Uncommonly for lysosomal proteases, cathepsin S is highly active and stable at more
neutral pHs*%, indeed it is the only cathepsin which is able to auto-activate at neutral pH

as well as low pH?®°, suggesting roles outside of lysosomal compartments. For example
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cathepsin S is known to be a potent elastinolytic enzyme at neutral pH with implications
for ECM degradation’®. Cathepsin S has been implicated in the pathogenesis of a number
of conditions such as RA, multiple sclerosis (MS)!2 and asthmal2,

1.6.7 Cathepsins L and V

Cathepsin L has had multiple intra- and extra-cellular physiological functions identified
including lysosomal protein turnover, regulation of cell cycle and MHC class Il

processing, and has also been implicated in the pathogenesis of multiple malignancies’.

Cathepsin V shares a high degree of homology with cathepsin L (78% homology,
compared to <40% for the other cathepsins), indeed upon discovery it was named
cathepsin L21"°. A major difference between cathepsin V and cathepsin L is a much more
restricted tissue distribution of cathepsin V, which is mainly expressed in the testes and

thymus®?®.

In terms of enzyme specificity, cathepsin V has a broader specificity in its S1 and S3 sites,
compared to cathepsin L which has a preference for positively charged residues in these

sites!’’.

1.6.8 Cathepsins in Osteoarthritis

The cathepsins have been strongly implicated in arthritic diseases including RA and OA.
Despite being best known as lysosomal proteases with optimal activity and stability at
lower pH values, several of the family have also been shown to have activity at more
neutral pH levels. Cathepsin S is well established to maintain its activity and stability at
neutral pH with extracellular roles in degrading ECM components®. Cathepsin B, whilst
most active at lower pH, is still thought to retain activity at neutral pH!’® and has also
exhibited activity at cleaving ECM components'’®. As mentioned previously, cathepsin
K is well established as being able to cleave triple helical collagen®. Cathepsin K has an
optimal activity at pH 6, however is also fully active at neutral pH, but lacks stability and
will rapidly lose activity’®®. Cathepsin L is thought to be one of the most unstable
cathepsins at neutral pH®!, however it will exhibit short-term activity at more neutral pH
levelst’®82, Like cathepsin L, cathepsin V is most stable at more acidic pH levels, but

will also exhibit activity at more neutral pH levels with a loss of stability7®.
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As well as evidence of cathepsin activity at more neutral pH levels, there is also evidence
of reduced pH levels in OA cartilage®®®, which would theoretically allow for more stable
active cathepsin enzymes. Indeed, cathepsin K degradation of type Il collagen has been

detected in human OA cartilage!®4,

The first cathepsin to be implicated in OA was cathepsin B#, where enzyme activity was
found to correlate with disease activity!®. In partial medial meniscectomy-induced
arthritis in rabbits, cathepsin B expression is up-regulated in the synovium, but not in
chondrocytes®’. 1L-1p stimulation of rabbit chondrocytes did however increase protein
expression of cathepsin B, The exact role for cathepsin B in OA is not fully understood.
Cathepsin B has been shown to cleave aggrecan at the “MMP-specific” site between
asparagine-341 and phenylalanine-342'8, Cathepsin B has also been shown to cleave and
reduce the activity of the protein deacetylase SirT1, an anti-inflammatory regulator in
chondrocytes, following treatment by TNFa!®. Interestingly, this role for cathepsin B is
thought to occur within the nucleus®®®.

Cathepsin S expression has also been shown to be induced by pro-inflammatory
stimulation of chondrocytes by TNFa and IL-1B, with subsequent secretion of active
enzyme, detectable in the conditioned medium!®. Activity of both cathepsin S and
cathepsin B has been detected in conditioned medium from OA cartilage in explant

culture and in regions of degraded cartilage from patients'®*.

Cathepsins V, L, K, B and S have all had multiple ECM substrates identified, including
OA-relevant aggrecan and collagen. As mentioned previously, cathepsin B has
aggrecanase activity, however cathepsins K, L and S have all also been shown to degrade
aggrecan'®2, As discussed previously, cathepsin K is a well-established collagenase and
the only cathepsin to cleave triple helical collagen. Cathepsins B, L and S have also been
shown to have the ability to cleave collagen sequences, all being able to cleave the
collagen non-helical telopeptide region'®21°, Several other ECM substrates for these five
cathepsins have also been identified, including elastin, fibronectin and type 1V collagen,
however these hold less relevance for OA. For an excellent review on cathepsin cleavage

of ECM components, see Fonovic et al., (2014)3,

Several animal models have implicated cathepsin K in the pathogenesis of OA, with most

of the evidence suggesting a role in the progression of the disease. Mice constitutively
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overexpressing cathepsin K spontaneously develop synovitis and exhibit degradation of
articular cartilage!®, whereas cathepsin K protein and cathepsin K neo-epitopes were
identified from post-mortems of horses which had naturally occurring OA, compared to
healthy®®. The inhibition of cathepsin K with the small molecule inhibitor SB-553484
following partial medial meniscectomy in a canine model of OA shows protective effects

in terms of reduced cartilage degradation®®.

Studies undertaken in rabbits has described opposing effects. In one study, following
anterior cruciate ligament transection-induced disease, cathepsin K expression was
elevated in rabbits, however when the disease was induced following cathepsin K siRNA
knockdown, disease progression was observed to be quicker, suggesting a protective
effect by cathepsin K'¥’. In a conflicting study, the inhibition of cathepsin K by a small
molecule inhibitor, L-006235, protected against OA in the same anterior cruciate
ligament transection model in rabbits!®®. In comparing these two studies, it is likely that
the latter had a better methodology to ascertain the role of cathepsin K in OA. The use of
siRNA in in vivo studies is known to have limitations, such as the ability to activate innate
immunity'®®, and is unlikely to be as efficient at inhibition as small molecule inhibitors.
Furthermore, the latter study is more in line with the other literature regarding a role for
cathepsin K in OA.

1.7 Protease-activated receptor 2 (PAR2)

1.7.1 The PAR family

The PAR family are unique amongst the G-protein coupled receptors (GPCRS) in that
they are activated in vivo by an irreversible proteolytic cleavage event of their
extracellular domain. Their peptide ligand is located within their extracellular domain,
however upon cleavage, the neoepitope is able to bind to the active site of the receptor —
this is known as a tethered ligand. The PARs are generally known as receptors for serine
proteases. There are four members in the PAR family, PAR1, PAR3 and PAR4 which are
known as thrombin receptors, and PAR2 which is a trypsin receptor. All four PAR

members have, however, had additional agonist proteases identified?®.
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The four PAR family members share a high degree of homology. PAR1 (F2R), PAR2
(F2RL1) and PAR3 (F2RL2) are located in a gene cluster of chromosome 5q13, whereas
PAR4 (F2RL3) is located on chromosome 19p122%%, As is conserved within the GPCR
superfamily, the PARs are “7-TM” receptors containing 7 transmembrane helices.
Furthermore, they have an N-terminal extracellular domain, three extracellular loops
(ECL1-3), three intracellular loops (ICL1-3) and a C-terminal intracellular domain®,
PARL1 and PARS further contain a hirudin-like motif within their extracellular domains

to facilitate thrombin binding?%.

Following cleavage and removal of the N-terminal region, the tethered ligands of the PAR
receptors are thought to interact primarily with ECL2, which results in a conformational
change of the receptor and subsequent activation®® (Figure 1.20). Following activation,
the induced signalling cascades are typical for GPCRs in that they are mediated by
association with heterotrimeric G-proteins. Heterotrimeric G-proteins consist of an a
subunit (Ga) which associates with a By dimer (GBy). Multiple Ga proteins have been
identified, which mediate different downstream signalling pathways?%®. The PARs have
been shown to couple with multiple Go subunits, including Goq, Gai, Gas and Gaiz/132%.
Furthermore, the PARs can also signal through Gpy-dependent pathways?® as well as G-
protein-independent pathways such as B-arrestin signalling?® (Figure 1.17). Our
understanding of PAR2 signal transduction is incomplete, and further description is
beyond the scope of this chapter. For an excellent review, the reader is directed to Soh et
al. (2010)%.
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Figure 1.17: PAR2 activation mechanism and induced signalling pathways

The PAR family of GPCRs, including PAR2 as shown in the diagram, is activated by proteolytic cleavage in their
extracellular domain which reveals a tethered ligand, for example SLIGKYV in the case of PAR2. The tethered
ligand then binds to and activates the receptor, and stimulates various signalling pathways. PAR2 signals through
coupled G proteins, including various Ga proteins, as well as By dimers. PAR2 also signals independently of G
proteins by B-arrestin signalling.

1.7.2 PAR2 agonists and antagonists

PAR?2 is best known as a receptor for trypsin, which cleaves PAR2 after arginine-36 to
reveal the tethered ligand SLIGKYV and instigate full activation of PAR2 in what is known
as canonical signalling?®. Multiple other proteases have been identified to cleave PAR2
at this site, including coagulation factors X and VII*?/, tryptase®®, trypsin V27,
Granzyme A%, kallikrein-2, -42%°, -5, -6 and -14%1°, TMPRSS2%!, acrosin?'?, human
airway trypsin-like protease?'3, Of greatest interest to this study, matriptase has also been
identified as a potent activator of PAR2!'°. In a challenge to the previous held dogma that
thrombin was an agonist for PAR1, PAR3 and PAR4 but not PAR2, thrombin has in fact

recently also been shown to have the ability to induce canonical PAR2 activation?!4,
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As well as the endogenous activators of PAR2, several exogenous activators have also
been identified. The serine protease Pen c¢ 13 is an allergen expressed by Penicillium
citrinum (a mould) and has been found to induce canonical PAR2 activation, with
associated pro-inflammatory outcomes?'®. The dust mite allergens and serine proteases
Der P3 and Der P9 have also been shown to cleave and activate PAR2 at the canonical
activation site?'®. Furthermore, the cysteine protease dust mite allergen Der P1 has also
been shown to activate PAR2 and stimulate inflammatory responses®!’?8, A bacterial
cysteine protease, arginine-specific gingipain from Porphyromonas gingivalis has been
demonstrated to induce canonical PAR2 activation?!%?%, as has a chitinase from the

bacterium Streptomyces griseus??..

A commonly used tool in PAR2 research is the use of synthetic peptides corresponding
to the tethered ligand, either SLIGKV or SLIGRL, corresponding to the human or
rat/mouse sequence, respectively. These peptides mimic the effect of canonical PAR2
activation, and by using mutant versions of them, much has been deduced about PAR2
agonist requirements. This is discussed in more detail in chapter 5.3. A modified synthetic
peptide, 2-furoyl-LIGRLO-NH2, where O corresponds to the non-proteinogenic amino
acid, ornithine, is used as a synthetic PAR2 agonist with greater potency and
bioavailability than SLIGKV/SLIGRL??222,

As well as the multitude of proteases identified as canonical activators of PAR2, several
other proteases have also been identified as cleaving PAR2 at distinct sites. Some of these
proteases can disarm the receptor by removing the extracellular domain and preventing
the canonical cleavage producing the tethered ligand. Other proteases have, however,
been identified as able to induce biased agonism, partially activating PAR2 by cleavage
at a distinct site and either revealing a different tethered ligand or stimulating a
conformational change of the receptor independently of a tethered ligand. Following
cleavage by proteases able to induce biased signalling, a subset of PAR2 downstream

signalling pathways are induced.

One of the first proteases identified as a disarmer for PAR2 was neutrophil elastase, which
was found to disarm against trypsin-mediated Ca?* mobilisation (a marker of Gagq
activation)??*. Subsequent work however identified elastase as able to induce biased
signalling, in terms of ERK1/2 phosphorylation in a Gaizi13-mediated Rho kinase

activation mechanism?%, It is thought that elastase acts as a biased agonist without the
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need for a tethered ligand, rather directly activating the receptor by inducing a
conformational change after cleavage. Elastase cleaves PAR2 after serine-68, resulting in
an extracellular domain only 9 amino acids long, likely too short to act as a ligand.
Furthermore, peptide agonists corresponding to the new N-terminus do not mimic the
effect of the enzyme, as would be expected based on other activator peptides used in
PAR2 research?®,

The serine proteases cathepsin G and proteinase 3 are both thought to be disarmers of
PAR2 with no current evidence for biased agonism. Cathepsin G cleaves after
phenylalanine-65 and proteinase 3 cleaves after valine-62, which as with elastase removes

the majority of the extracellular domain, preventing canonical activation??,

The cysteine protease cathepsin S has been identified as a biased agonist for PAR2%%¢.
Cathepsin S cleaves PAR2 after glutamic acid-56, revealing the tethered ligand
TVFSVDEFSA. Cathepsin S is able to disarm against trypsin-mediated Ca2*
mobilisation, but induces CAMP formation, as a result of inducing coupling to Gas, but
not Gag. The effects of cathepsin S are mimicked by TVFSVDEFSA which shows a
tethered ligand mechanism is responsible for the activation.

1.7.3 PAR?2 activation and termination

As previously mentioned, the PARs including PAR2 transduce signals via the coupling
with various G alpha proteins. PAR2 is unique amongst the PAR family in that it also has
the ability to bind to B-arrestins, which function to transduce G-protein independent
signalling pathways (such as G-protein independent ERK1/2 signalling), as well as
termination of PAR2 signalling®?’. PAR2 is also the only PAR that has been shown to
interact with Jun activating binding protein 1 (Jabl), a protein involved in the activation
of the AP-1 transcription factor??.

Considering the unique activation mechanism of the PARs, it is clear that following
activation, they cannot be “reactivated” due to the cleavage having already occurred.
Following activation, PAR2 is therefore internalised and new PAR2 trafficked to the cell
surface. PAR2 signalling is terminated by the phosphorylation of serine and threonine
residues on the intracellular domain which aids the recruitment of B-arrestin 1 and (-

arrestin 222°, proteins which are essential for the termination of PAR2 signalling and
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subsequent internalisation®?’. B-arrestin recruitment for internalisation is not unique to

PAR?2, rather is a common mechanism for GPCR inactivation and internalisation?%.

Following PAR2 internalisation, cell surface PAR2 is rapidly replenished by trafficking
intracellular stores to the cell membrane. It is thought multiple stores of PAR2 are present
within cells, at different stages of the secretion pathway. Following activation, PAR2 can
quickly be trafficked from endosomal stores to the cell surface, and if activated again,
further PAR2 can be trafficked from the Golgi. Additional activation would likely require
de novo protein synthesis to replenish surface PAR2?%. Recent work has shown that
PAR2 Gpy signalling leading to an activation of protein kinase D (PKD) is involved in
the trafficking of PAR2 from the Golgi to the cell surface membrane®®,

There is currently no PAR2 crystal structure available, however structural models have
been produced based on homology with other GPCRs (human PAR1, bovine rhodopsin
and human ORL-1)%%,

1.7.4 Physiological and Pathological roles of PAR2

Roles for PAR2 in both normal physiology and pathological conditions have been
identified in multiple tissues and systems, including the cardiovascular system, the
respiratory system, the nervous system, gastrointestinal tissues, the renal system, and the

200

musculoskeletal system<™. A role for PAR2 is also implicated in various cancers and

inflammatory conditions®®,

The physiological roles of PAR2 are complex and vary from cell type. Canonical PAR2
activation is pro-inflammatory in nature, resulting in the release of a host of inflammatory
mediators such as various cytokines and chemokines. For a detailed description of the
role of PAR2 in the aforementioned systems, the reader is directed to the review by
Adams et al. (2011)2%,

1.7.5 PARZ2 in Osteoarthritis

A role for PAR2 in OA was first speculated in the mid-2000s when the level of PAR2
gene expression was found to be elevated in OA chondrocytes compared to normal
chondrocytes, and that pro-inflammatory (IL-1p or TNFa) stimulation of both normal or

diseased chondrocytes increased PAR2 expression?8234,
36



The canonical activation of PAR2 is known to induce the expression of the key catabolic
mediators of articular cartilage, MMP1 and MMP13!% and the PAR2 activator
matriptase was found to also be significantly up-regulated in OA vs control cartilage®.
Matriptase is thought to act in OA pathogenesis via PAR2 as it is unable to directly
breakdown collagen, however its addition to OA cartilage in explant culture leads to
enhanced collagenolysis which was found to be dependent on MMP activity®. Matriptase
is able to induce MMP-1, -3 and -13 expression in OA cartilage, and subsequently it is
able to activate proMMP-1 and proMMP-3 (with active MMP-3 further being able to
activate proMMP-1 and proMMP-13)%.

A role for PAR2 in OA pathogenesis is supported in mouse models where PAR2-
deficient mice are protected in both the medial meniscotibial ligament disection
(MMTL)?* and destabilisation of the medial meniscus (DMM)?*® models of the disease.
Further mouse studies have implicated PAR2 in some of the pathological changes

observed in the joint, such as the formation of osteophytes and disease-related pain®’.

1.8 Scope of this thesis

Cartilage breakdown in OA is known to be a result of proteolytic cleavage mediated by
proteases synthesised and secreted by the only resident cell within cartilage, the
chondrocyte. The traditional view that metalloproteinases, specifically the collagenases
and the aggrecanases, are the key enzymes in OA is looking increasingly simplistic, with
increasing evidence that other families of enzymes such as the serine proteases and the
cysteine proteases also having roles in OA. Whilst some of these enzymes, such as
cathepsin K!8 may exert their role in OA by direct breakdown of cartilage, the role for

other proteases are not so clear and likely exert their roles indirectly.

As described in this chapter, serine proteases partake in multiple complex networks of
proteolysis, such as coagulation and complement activation, and many have roles in the
regulation of protease activity, such as proMMP activation. Serine proteases are also able
to regulate cell behaviour by direct receptor activation, such as uPA activation of uPAR
and multiple serine proteases with the ability to activate protease-activated receptors, with
PAR2 activation by matriptase of particular interest to this study.
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Understanding how proteases can regulate chondrocyte behaviour is essential for
understanding the molecular mechanisms underlying OA. Recent work has shown that
the cysteine protease cathepsin S has the ability to activate certain PAR2 responses??®,
challenging the dogma of this receptor being a receptor for trypsin-like serine proteases.
Indeed, MMP-1 and MMP-13 can activate PARL, highlighting the complexity of biology
and the over simplification of considering PAR1 a “thrombin receptor” or PAR2 a
“trypsin receptor”’. A multitude of proteases are expressed in cartilage in both normal
physiological turnover and pathological OA, and how the majority of these interact
with PAR2 is currently unknown. To date, no large scale screen of PAR2 cleavage by
cartilage-expressed proteases has been performed, therefore this project aims to identify
novel cleavages of PAR2. It is likely the in vivo situation is much more complicated than

matriptase activation of PAR2 leading to an induction of MMP1 and MMP13.

On the one hand it is of importance to understand how proteases can regulate chondrocyte
behaviour, however since chondrocytes are the only cell type within the cartilage, it is
also of importance to understand how protease expression is regulated in these cells. Pro-
inflammatory stimulation is known to induce the expression of multiple proteases, and
many studies have been undertaken to further understand this regulation. Mechanical
loading of chondrocytes has also long been thought to be important in the regulation of
chondrocyte function, including expression of various mechanosensitive genes, including
MMP expression??. Matriptase is known to have an elevated expression level in OAL,
however it is unknown how its expression is regulated, therefore this project also aims to

explore whether mechanical loading is involved in matriptase regulation.

1.9 Aims

e Toexplore the expression of matriptase and PARZ2 in chondrocytes by mechanical
loading.

e To perform a screen of cartilage and OA-expressed proteases for the ability to
cleave PAR2.

e To explore the role of any novel cleavages of PAR2.
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2.1 Materials

2.1.1

Antibodies

Chapter 2. Materials and Methods

Table 2.1: Antibodies used throughout this project

Antibody Source Manufacturer Product
Code
GAPDH Mouse monoclonal ~ Abcam, Cambridge, UK ab8245
Matriptase Rabbit polyclonal B/Ise;:k Millipore, St Louis, IM1014
. . Cayman Chemical
Hepsin Rabbit polyclonal Company, Ann Arbor, USA 100022
. Cell Signalling Technology,
Phospho-p38 Rabbit monoclonal Danvers, USA 4511
. Santa Cruz Biotechnology,
p38 Rabbit polyclonal Dallas, USA SC-535
Phospho-Erk1/2  Rabbit polyclonal #9101
Cell Signalling Technology,
Danvers, USA
Erk1/2 Rabbit polyclonal #9102
. Santa Cruz Biotechnology,
PAR-2 Rabbit polyclonal Dallas, USA SC-5597
MMP-1 Mouse monoclonal In-house RRU-CL1

2.1.2 Recombinant Proteinases
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Table 2.2: Recombinant proteases used throughout this project

Proteinase Source Manufacturer Product Code
proMMP-1 High Five™ Insect Cells Produced In-house N/A
proMMP-8 Mouse myeloma cell line, NSO-derived R&D Biosystems, Minneapolis, USA 908-MP-010
proMMP-13 High Five™ Insect Cells Produced In-house N/A
uPA Purified from human urine Merck Millipore, St Louis, USA 672112-10KU
HTRA1L Rosetta™(DE3)pLysS E. coli Prof. Michael Ehrmann, University of Duisberg-Essen, N/A
HTRA3 Rosetta™(DE3)pLysS E. coli Germany N/A
Cathepsin G Purified from human sputum leucocytes _ _ SG623
) o Elastin Products Company, Owensville, USA
Neutrophil elastase  Purified from human sputum leucocytes SE563
Hepsin Drosophila S2 insect cells Prof. Richard Leduc, University of Sherbrooke, Canada N/A
Matriptase E. coli Prof. Alastair Hawkins, Newcastle University, UK N/A
Factor | Purified from human serum Al138
. CompTech, Tyler, USA
Factor D Purified from human serum A136
ADAMTS-5 HEK 293-EBNA Cells Prof. Hideaki Nagase, University of Oxford N/A
Thrombin Purified from bovine serum Merck Millipore, St Louis, USA 605157-1KU
Cathepsin V Pichia pastoris ) o - ) N/A
_ o _ Prof. Dieter Bromme, University of British Columbia, Canada
Cathepsin K Pichia pastoris N/A



Cathepsin S
Cathepsin B
Cathepsin L
PCSK9

FAP

E. coli
Mouse myeloma cell line, NSO-derived
Mouse myeloma cell line, NSO-derived

Mouse myeloma cell line, NSO-derived

Spodoptera frugiperda, Sf 21
(baculovirus)-derived

Merck Millipore, St Louis, USA

R&D Biosystems, Minneapolis, USA

219323
953-CY-010
952-CY-010
3888-SE-010

3715-SE-010




2.1.3 Synthetic peptides

Table 2.3: Synthetic peptides used throughout this project

Peptide Sequence (N - C) Source
H- Dr. Hiroki
RSSKGRSLIGKVDGTSHVTGKG L

PARZ 4zmer VTVETVFSVDEFSASVLTGK-  oimizd AIST
OH Hokkaido, Japan

. Abcam,
PAR2 Trypsin AP H-SLIGKV-NH2 Cambridge, UK
PAR2 MMP AP H-LIGKVD-NH2

PAR2 MMP AP Reverse H-DVKGIL-NH2

Cathepsin S/V/L 10mer ~ H-TVFSVDEFSA-NH2

Cathepsin S/V/L 6mer H-TVFSVD-NH2 Peptide Synthetics,
Fareham, UK

Cathepsin K 6mer H-KVDGTS-NH2

VETV Abz-VETV-Y(3-NO2)

FSVD Abz-FSVD-Y(3-NO2)

SY-9 peptide Abz-SKGRSLIG-Y (3-NO2) GL Biochem,

Shanghai, China

2.1.4 Molecular Biology Reagents

For plasmid preparation, mini-prep kits were obtained from either GE Healthcare (Little
Chalfont, UK) for illustra plasmidPrep Mini spin kit or Qiagen (Hilden, Germany) for
QIAprep Spin Miniprep Kit. Maxi-prep kits were obtained from either Qiagen (Plasmid
Maxi Kit) or Promega (Madison, USA) for PureYield™ Plasmid Maxiprep System.

For Polymerase Chain Reaction (PCR) amplification, Q5® High-Fidelity DNA
Polymerase from New England Biolabs (Ipswich, USA) and Pfx50™ DNA Polymerase

from Thermo Fisher (Waltham, USA) were used.

All custom primer oligos were synthesised by Sigma-Aldrich (St. Louis, USA). Plasmid

sequencing was undertaken by Source Bioscience (Nottingham, UK).
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For molecular cloning, all restriction endonucleases and their buffers were obtained from
Thermo Fisher. Ligation was undertaken using an In-Fusion HD kit from Clontech
(Mountain View, USA). For transient and stable transfection, the mammalian expression
plasmid pcDNA3.1 (Thermo Fisher) was used and FuGene HD transfection reagent

(Promega) was used for transfection.

2.1.5 Cell culture reagents

Interleukin (IL)-1lo was provided by Dr Keith Ray at GlaxoSmithKline (Stevenage, UK)
and is dissolved in Dulbecco's Modified Eagle's medium (DMEM), sterile filtered with a
0.22 um polyethersulfone (PES) filter and stored at -20°C.

Oncostatin M (OSM) was produced in-house as previously described?, and is dissolved
in Dulbecco’s Phosphate-buffered Saline (PBS) with 0.1% (w/v) Bovine serum albumin

(BSA), sterile filtered with a 0.22 um PES filter and stored at -80°C.

2.1.6 Chemicals

Unless otherwise stated, all chemicals were obtained from Sigma-Aldrich.

Unless otherwise stated, all cell culture medium was obtained from Thermo Fisher.

Dulbecco’s PBS was obtained from both Sigma-Aldrich and Thermo Fisher.
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2.1.7 Protease inhibitors

Table 2.4: Protease inhibitors used throughout this project

Protease Inhibitor Source

E64 Cysteine proteases Sigma-Aldrich
AEBSF Serine proteases Sigma-Aldrich

DFP Serine proteases Sigma-Aldrich
TIMP-1 MMPs Prof. Hideaki Nagase
MMP-8 inhibitor | MMP-8 Merck Millipore
CL-82198 MMP-13 Sigma-Aldrich

2.1.8 Consumables

Unless otherwise stated, all consumables were obtained from Sigma-Aldrich.

Unless otherwise stated, all cell culture dishes, flasks and plates were manufactured by
Corning (New York, USA) and purchased from Sigma-Aldrich or VWR International
(Radnor, USA).

2.2 Bovine Nasal Chondrocyte Extraction

Primary chondrocytes were extracted from bovine nasal septa using a sequential digestion
method. Bovine nasal septa were obtained from a local abbatoir.

Reagents:

e Antibiotic-supplemented PBS: Dulbecco’s PBS, supplemented with 200 IU/mL
penicillin, 200 ug/mL streptomycin and 40 IU/mL Nystatin.

e DMEM-F12, supplemented with 10% Foetal Bovine Serum (FBS), 200 1U/mL
penicillin, 200 pg/mL streptomycin and 40 IU/mL Nystatin: “Complete DMEM-
F12”.

e Hyaluronidase (1 mg/mL in supplemented PBS, 4 mL/g cartilage).

e Trypsin (2.5 mg/mL in PBS, 4 mL/qg cartilage).

e Collagenase (2 mg/ml in supplemented DMEM-F12, 3 mL/g cartilage).
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Method: The nasal septum was isolated and removed from the nose and a scalpel was
used to remove any non-cartilaginous material. The cartilage was then cut into small
pieces and washed 3 x 5 minutes in antibiotic-supplemented PBS. The cartilage pieces
were then weighed and no more than 5 g added to multiple 50 ml Falcon tubes. The
cartilage was then incubated with hyaluronidase for 15 minutes at 37°C with rotation. The
hyaluronidase-containing supernatant was removed and the cartilage was washed 3 times
with supplemented PBS. The cartilage was then incubated with trypsin for 30 minutes at
37°C with rotation. The supernatant was removed and the cartilage washed 3 times with
complete DMEM-F12, before incubating with collagenase for 15-20 hours at 35°C with
rotation. Following the collagenase digest, cells were allowed to settle and the
chondrocyte-containing supernatant was passed through a 0.2 um cell strainer to remove
any undigested material. The cell solution was then centrifuged at 1100 x g and the pellet

resuspended in growth medium and the cells counted.

2.3 Monolayer Cell Culture

2.3.1 SW1353 cell line

SW1353 cells are a chondrosarcoma immortal cell line purchased from American Type
Culture Collection (ATCC) (Manassas, USA) and cryopreserved in SW1353 culture
medium supplemented with 10% DMSO.

Reagents:
e SW1353 (complete) culture medium: DMEM-F12, supplemented with 10% FBS,
2 mM L-glutamine, 100 1U/mL penicillin and 100 pg/mL streptomycin.

SW1353 cells were resurrected from cryopreservation in liquid nitrogren, by rapidly
thawing at 37°C, before adding drop-wise to 9 mL SW1353 complete culture medium
and centrifuging at 1100 x g for 5 minutes before resuspending the pellet in 12 mL fresh
SW1353 complete culture medium and seeding in a T75 flask. The SW1353 cell line was
mainained in T75 flasks, passaging at a 1.6 ratio when reaching 90% confluency (roughly
every 3-4 days) and plating cells for experiments as required. The cells were incubated at
37°C in 5% CO> in a humidified incubator.
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In order to passage the cells, the cells were first washed with 10 mL Dulbecco’s PBS,
before incubating for 5 minutes at 37°C with 2 mL trypsin-EDTA solution (0.05% porcine
trypsin and 0.02% (w/v) EDTA in HBSS) to dislodge the adhered cells. The trypsin was
then inhibited by the addition of 8 mL SW1353 culture medium and the cells transferred
to a 25 mL universal tube and centrifuged at 1100 x g for for 5 minutes. The cells were
then resuspended and either counted for plating out experiments, and/or used to seed a
new T75 to continue the cell line. SW1353 cells were typically utilised for 15-20 passages

before resurrecting new cells.

In order to count cells, 10 pL of cell suspenstion was mixed with 10 pL of trypan blue
solution (0.4% sterile-filtered) and well mixed. The 20 pL mixture was then added into
the chamber of a Fuchs-Rosenthal haemocytometer and cells were counted under a
microscope by averaging the counts obtained from three squares. Following counting,

cells were plated according to experimental requirements.

2.3.2 Bovine nasal chondrocytes (BNC)

BNC are a primary chondrocyte cell type extracted from bovine nasal septa as outlined

in chapter 2.2.

Reagents:
e BNC complete culture medium: DMEM-F12, supplemented with 10% FBS, 2
mM L-glutamine, 200 1U/mL penicillin, 200 pg/mL streptomycin and 40 1U/mL
Nystatin

Following the counting step in chapter 2.2, cells were seeded into 96-well plates at a
density of 1 x 10° cells per well in BNC complete culture medium. Cells were then
incubated at 37°C in 5% CO2 overnight before serum starving overnight in serum-free

BNC culture medium and subsequently undertaking experiments.
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2.4 3-Dimensional Cell Culture

Reagents:

o 25% SeaPlaque™ Agarose from Lonza (Basel, Switzerland). Made up in
nanopure water and autoclaved.

e 1 M HEPES (Thermo Fisher)

e DMEM-F12 powder (Thermo Fisher)

e Insulin-Transferrin-Selenium (ITS -G) (Thermo Fisher)

e (+)-Sodium L-ascorbate

e 5x DMEM-F12 prepared using DMEM-F12 powder and supplemented with 10%
FBS, 500 1U/ml penicillin, 500 ug/ml streptomycin and 50 mM HEPES.

Method: The 2.5% agarose was melted by heating in boiling water and then placed in a
water bath set to 42°C until the agarose reached 42°C. Supplemented 5x DMEM-F12 is
also heated to 42°C and then mixed with the agarose in a 1:4 ratio to yield 2% Agarose
and 1x culture medium. It is vital not to allow the temperature to drop in order to avoid
premature gelling, the agarose/ medium solution is therefore kept at 42°C until the cells
are added. The cells are prepared by suspending the required cells and centrifuging to
form a pellet. The pellet is then resuspended in the minimum possible amount of complete
DMEM-F12, typically 500 pL. The concentrated cell solution is then added to the
agarose/ medium solution and mixed taking care to avoid bubble formation. The solution
is then placed in a 100 mm cell culture dish and quickly incubated at 4°C for 2 minutes

followed by 15 minutes at room temperature in order to allow the mixture to set.

Once set, the base of a sterile 5 ml micropipette tip is used to punch out discs of 13 mm
diameter. Between 20 and 22 discs are obtained from a single 100 mm dish depending on
the size of the meniscus around the edge and the presence of bubbles. It is important to
avoid the meniscus and bubbles in order for the discs to have uniform thickness across
the entire diameter. The discs which are destined to undergo loading are then carefully
placed within the foam ring in the centre of each well of BioPress™ Compression Plates
from Flexcell International Corporation (Burlington, USA). The corresponding unloaded
controls are placed in regular 6-well cell culture dishes. “Day 0” (4 mL) culture medium
(table 2.5) is then added to each well, and the plates incubated at 37°C 5% CO. Culture
medium is subsequently changed daily with the medium outlined in table 2.5, according

to the method of Bougault et al., (2009)%°. The benefits of this cell culture regimen are
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twofold. Firstly, FBS is removed preventing adverse effects on downstream analysis, with
the ITS being used to supplement for the lack of FBS. Secondly, the increasing levels of
ascorbic acid help the cells to secrete a PCM/ECM%,

In order to test for the secretion of PCM/ECM by the chondrocytes, the agarose-
chondrocyte constructions either at day O or day 6 were fixed in 10% Formalin (Cellpath,
Newtown, UK) for at least 24 hours before washing in 70% ethanol and embedding in
paraffin wax (performed by the Newcastle University BioBank). Embedded constructs
were then sliced and stained for ECM components using histological staining methods

(performed by Sharon Watson).

Table 2.5: Progressive serum starvation and supplementation timetable for

chondrocytes in 3D-agarose culture

Day FBS (%) HEPES (mM) Ascorbic Acid (pug/ml)  ITS (%)
0 10 10 0 0
1 10 10 0 0
2 5 20 5 0
3 5 20 10 1
4 1 30 15 1
5 0 30 20 1
6 0 30 20 1

2.5 Cell loading studies using Flexcell® Compression System

Reagents:
e Laemmli buffer: 62.5 mM Tris-HCI pH 6.8, 5% (v/v) glycerol, 2.5% (w/v)
Sodium dodecyl sulphate (SDS), 0.025% Bromophenol blue. Made fresh from a

4x stock and then B-mercaptoethanol added to 3% (v/v).

Method: Medium from each well of the BioPress plates was replaced with 3 ml of “day
6” medium. Stationary platens (Flexcell International Corporation) were sterilised in 70%

ethanol and then prepared for compression by adjusting the centre screws so that the base
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of the screw was at the same level as the base of the platen. A stationary platen was added
to each well of the BioPress plates, and the centre screw adjusted so that it touched the
top of the gel. The amount to adjust the screws can be calculated based on the known

thickness of the gels using the following equation:

_ (311-h)
T 0.62

Where x is the number of 180° clockwise turns required so that the bottom of the centre
screw is in contact with the gel, and h is the known height of the chondrocyte-agarose

construct in millimetres.

Following the preparation of the BioPress plates with the stationary platen, the plates
were placed in the Flexcell® FX-5000™ Compression System (Flexcell International
Corporation) by centering the plates over the gaskets in the baseplate and clamping the
plates using the wing nuts on the clamping system until an airtight seal is formed between
the BioPress plate and the baseplate of the Flexcell system. The Flexcell computer
software is then used to create and run a regimen for cell loading. The system works by
increasing air pressure in the baseplate below the BioPress plate, forcing the flexible
bottom of the BioPress plate to rise and compressing the chondrocyte-agarose construct

against the stationary platen.

A 30 minute loading regimen of 20-40 kPa with a square waveform with 1 second of 20
kPa for every 2 seconds of 40 kPa was utilised (Figure 2.1). Following the 30 minute
loading regiment (referred hereafter as time point 0 minutes), the gels are processed for
further analysis. For histological analysis, gels were fixed in 10% formalin, washed in
70% ethanol and embedded in paraffin wax as described in chapter 2.4. For protein
analysis, gels are placed in a 15 ml Falcon tube and snap frozen in liquid nitrogen and
stored at -80°C before lyophilisation using a freeze-dryer. Following lyophilisation, the
gels are resuspended in 200 puL Laemmli buffer and heated to 100°C for 5 minutes. The
gels were allowed to set at room tempterature and transferred to a minispin filter paper
column with a 10 um pore size and cut up with a spatula. The gels were then centrifuged
at 12,000 x g for 1 hour at room temperature. This separates Laemmli buffer containing
proteins in the filtrate from bits of agarose which cannot pass the 10 pum pores. 20 pL of
filtrate is then used as loading samples for SDS-PAGE.
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Figure 2.1: Loading regimen
Cells were loaded with a loading regimen of 20-40 kPa with a square waveform with 1 second of 20 kPa for
every 2 seconds of 40 kPa.

2.6 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)

Background: SDS-PAGE is a commonly used laboratory technique in which samples
containing proteins are separated in a size-dependent manner. Protein samples are
denatured by heating to 98-105°C in a buffer containing SDS. Under native conditions,
proteins vary in net charge which would affect separation in electrophoretic techniques.
The presence of SDS negates this variability in protein charges by binding the denatured
polypeptide chains and giving all proteins a net negative charge and a uniform charge
density thus allowing them to migrate in a manner relative to their size. The reducing
agent B-mercaptoethanol may also be added to the sample, reducing disulphide bonds and
further disrupting any tertiary structure.

The gel is placed in a tank containing a tris-glycine?*, or less commonly a tris-tricine®*,
running buffer. An electric current is applied across the gel from negative at the top, to
positive at the bottom, allowing anions to migrate down through the gel. There are three
anions in SDS-PAGE: the negatively charged SDS/protein complexes, as well as chloride

ions from the gel and glycine/tricine from the running buffer.

The polyacrylamide gel contains an upper “stacking gel” and a lower “resolving gel”

which differ in pH, ionic content and acrylamide concentration. The different migratory
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properties of the stacking gel allow the loaded sample to concentrate (or stack) into a
single tight band before entering the resolving gel. This permits the proteins to commence
separating according to their mass at the same starting point. The stacking gel has a larger
pore size (typically resulting from a lower percentage acrylamide content) which allows
larger proteins to move quicker and stack with smaller proteins. When a current is applied,
the three anions enter the stacking gel, however they move at different speeds. The
chloride ions move the quickest and the glycine/tricine moves slightly slower than the
proteins. This traps the proteins between the chloride ions and the glycine/tricine, with
the glycine/tricine “pushing” the proteins into the desired narrow bands. The lower pH
(6.8) of the stacking gel is key, as this phenomenon is dependent on the pH. When the
anions reach the higher pH of the resolving gel (pH 8), the glycine/tricine becomes more
ionised and therefore, along with the chloride ions, migrates quicker than the protein. This
allows the SDS-protein complexes to migrate based on size as a result of the pores in the

acrylamide and not a result of their charge.

2.6.1 Tris-Glycine System

Method: Tris-glycine SDS-PAGE gels were cast with a either a 10 or12% resolving gel
and (depending on the mass of protein of interest) a 4% stacking gel. Gels were loaded
into gel running apparatus (Bio-Rad Mini-PROTEAN Tetra cell), and running buffer
added.

SDS-PAGE samples are prepared by mixing 4 parts sample with 1 part 5x laemmli buffer.
For denatured samples, a hotblock was used to heat at 100°C for 3 minutes.

Prepared samples (10-25 pL) are then loaded into the SDS-PAGE gel at ran at 100 V for
10 minutes to allow the samples to stack, and then 160-190 V until the bromophenol blue

dye front reached the bottom of the gel.

Protein was subsequently visualised by either Coomassie staining, silver staining or
Western blot (chapter 2.6.3, 2.6.4 and 2.6.5, respectively).

Lower Gel
375 mM Tris pH 8, 0.1% (w/v) SDS, 10 or 12% (v/v) Acrylamide/Bis
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Upper Gel
125 mM Tris pH 6.8, 0.1% (w/v) SDS, 4% (v/v) Acrylamide/Bis

Ammonium Persulphate (APS)
0.2% (w/v) APS

5x Laemmli (Sample) Buffer
625 mM Tris pH 6.8, 50% (v/v) Glycerol, 10% (w/v) SDS, 5% (v/v)  mercaptoethanol,
0.025% Bromophenol blue

Running buffer
25 mM Tris, 192 mM Glycine, 0.1% (w/v) SDS

2.6.2 Tris-Tricine System

Method: Tris-tricine SDS-PAGE gels were cast with a 20% resolving gel and a 4%
stacking gel. Once cast, gels were either used or stored wrapped in damp blue roll at 4°C
overnight. Gels were loaded into gel running apparatus (Bio-Rad Mini-PROTEAN Tetra
cell), and running buffer added with the cathode buffer going between the the two gels
and the anode buffer filling the rest of the tank. The tank was placed in a tray of ice prior

to running to prevent overheating.

Samples were prepared by mixing in equal parts with 2x sample buffer, and heating to
60°C for 3 minutes. Samples were loaded into the gel, 10 puL per well. Gels were ran at
200 V until the dye front reached the bottom of the gel, typically 2 hours.

Tris-tricine gels were analysed by silver staining as described in chapter 2.6.4.

Lower Gel
1 M Tris pH 8.45, 333 mM HCI, 0.1% (w/v) SDS, 20% (v/v) Acrylamide/Bis

Upper Gel
1 M Tris pH 8.45, 333 mM HCI, 0.1% (w/v) SDS, 4% (v/v) Acrylamide/Bis

52



Ammonium Persulphate (APS)
0.1% (w/v) APS

2x Sample Buffer
150 mM Tris pH 7, 30% (v/v) Glycerol, 12% (w/v) SDS, 0.05% Coomassie G-250

Running buffer - Anode
100 mM Tris pH 8.9, 22.5 mM HCI

Running buffer - Cathode
100 mM Tris pH 8.25, 100 mM Tricine, 0.1% (w/v) SDS

2.6.3 Coomassie Staining

Background: Coomassie Brilliant Blue refers to two similar dyes, R-250 and G-250,
which differ by the presence of two additional methyl groups on G-250. Despite both
being blue dyes, G-250 has a more green tint whereas R-250 has a more red tint. Both
dyes can be used to stain proteins, and this project utilised G-250. Coomassie dyes are
able to bind to proteins through non-covalent interactions between sulphonic groups in

the dye and amine groups within the protein.

Method: Following SDS-PAGE, the gels are briefly rinsed in ddH>O and placed directly
into Coomassie stain for 1 hour at room temperature on a rocker. There is no need for

fixation as the stain contains the fixative, acetic acid.

Following staining, the gel is placed into destain solution for at least 1 hour with multiple
changes of solution, until background staining is removed and the bands are clearly

visible.

Coomassie Stain
50% (v/v) methanol, 10% (v/v) acetic acid, 0.25% (w/v) Brilliant Blue G-250

Destain Solution

40% (v/v) methanol, 5% (v/v) acetic acid
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2.6.4 Silver Staining

Background: Silver staining is a sensitive method to stain for all proteins on a gel,
typically 10-100 times more sensitive than Coomassie staining. The principle behind the
stain is that silver ions from the silver nitrate solution are able to bind to various side
groups in various amino acids, which are then reduced to elemental silver during
development. The reaction can be stopped by introducing EDTA which can chelate any

unreduced silver ions.

Method: Following SDS-PAGE, the gels are briefly rinsed in ddH-O and placed in fixing
solution for 1 hour. Following fixation, the gels are place in sensitising solution for an
hour before rinsing 3 times for 5 minutes each. The gels are then placed in the silver
nitrate solution for 30 minutes, before rinsing twice for 1 minute each and placing in
developing solution. The gels are allowed to develop until clear bands are observed and
then the reaction is stopped to prevent excessive background. All steps were undertaken

at room temperature on a rocker.

Fixing solution

For Tris-Glycine gels: 40% (v/v) ethanol, 10% (v/v) acetic acid in ddH>O

For Tris-Tricine gels: 12% (w/v) trichloroacetic acid (TCA), 30% (v/v) methanol in
ddH.0

Sensitising solution
30% (v/v) ethanol, 6.8% (w/v) sodium acetate, 0.2% (w/v) sodium carbonate, 0.125%

(v/v) glutaraldehyde in ddH.O

Silver nitrate solution
0.25% (v/v) silver nitrate, 0.0148% (v/v) formaldehyde in ddH20

Developing solution
2.5% (w/v) sodium carbonate, 0.029% (v/v) formaldehyde in ddH,O

Reaction stopping solution
1.5% (w/v) EDTA in ddH20
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2.6.5 Western blotting

Background: Western blotting is a protein visualation technique which utilises
antibodies to specifically stain for target proteins of interest, unlike Coomassie or silver
staining which simply stain for all present proteins. Following SDS-PAGE, the separated
proteins are transferred from the gel to a membrane (either Polyvinylidene fluoride
(PVDF) or nitrocellulose) which is then blocked with protein (usually BSA or milk
proteins) before “probing” with a primary antibody specific to a protein of interest. After
the primary antibody is allowed to bind to its target protein and excess is washed away,
the antibody is detected. The most common detection method is to use a secondary
antibody conjugated to horseradish peroxidase (HRP) enzyme which is specific to the
species of primary antibody, for example “anti-mouse-HRP” or “anti-rabbit-HRP”. After
the secondary antibody is bound to the primary antibody and the excess washed away,
the HRP is detected by a method known as enhanced chemiluminescence (ECL). HRP is
able to convert the chemiluminescent substrate luminol into oxidised luminol in the
presence of hydrogen peroxide, a chemical reaction that produces light which can be
observed on X-ray film on in an imaging hood. The amount of light observed is relative
to the amount of protein in the band, therefore Western blotting is a semi-quantitative
method within a specific blot.

Method: A semi-dry transfer method was utilised in the project. Following SDS-PAGE,
the gel was equilibrated in transfer buffer for two minutes before placement in a transfer
stack. The transfer stack consists of two pieces of transfer buffer-soaked blotting paper,
methanol-activated PVDF membrane, the polyacrylamide gel, and two more pieces of
transfer buffer-soaked blotting paper. The stack was placed in an electroblotter from Bio-
Rad (Hercules, USA) and the electroblotting was undertaken at 80 mA per gel for 1.5

hours.

Following transfer, the PVDF membrane was blocked for 1 hour at room temperature in
either 5% BSA in Tris-buffered saline (TBS)-Tween (T) or 5% nonfat dry milk (Marvel
brand) in TBS-T, depending on antibody preferences. Typically, 5% BSA was only used

for antibodies which recognised phosphorylated proteins.
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The membranes were subsequently incubated overnight at 4°C with the primary antibody
at the manufacturer-recommended concentration, before washing in TBS-T and
incubating with the appropriate HRP-conjugated secondary antibody (Dako, Agilent
Technologies, Santa Clara, USA) for 1 hour at room temperature. Membranes were then
washed in TBS-T prior to ECL detection using an ECL kit (GE Healthcare). The blots
were then visualised using a Gbox EF Gel Documentation System with Geneshap
software by Syngene (Cambridge, UK).

Tris Buffered Saline — Tween (TBS-T)
10 mM Tris pH 7.4, 150 mM NaCl, 0.1% (v/v) Tween 20

Transfer buffer
39 mM Glycine, 48 mM Tris, 0.0325% (w/v) SDS and 20% (v/v) methanol

2.6.5.1 Densitometric analysis (densitometry)

Densitometric analysis of Western blot allows for semi-quantification of band intensity
and statisitical analysis to be undertaken. For analysis, high quality exported Tagged
Image File Format (TIFF) were loaded into ImageJ software (National Institutes of
Health, Bethesda, USA). Individual lanes were subsequently highlighted, background
removed, and relative band intensity calculated. Intensities were normalised to

appropriate loading control, typically GAPDH.

2.7 Agarose gel electrophoresis

Background: Agarose gel electrophoresis is used to visualise double-stranded DNA by
first separating out different sized DNA in a sample by electrophoresis, and then
visualising the gel by methods such as staining with a UV-sensitive dye (e.g. ethidium

bromide) which can intercalate with double-stranded DNA.

Method: For a 1% gel, 1 g of agarose was measured out and dissolved in 100 mL TAE
buffer and dissolved by microwaving until boiling. The liquid agarose solution was
allowed to cool for 5-10 minutes and 1 pL ethidium bromide (at 10 mg/mL) was added
and mixed. The solution was then placed into a gel tray and an appropriate comb added

to form the wells. Once fully cooled, the gel set and was placed into a running tank and
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filled with TAE buffer and the comb removed. Additional ethidium bromide (1 pL per
100 mL TAE) was added to the TAE buffer in the running tank and the samples loaded
into the appropriate wells. The lid was then placed on the tank, and the gel ran at 80-110

V for 30-60 minutes, or until the dye front migrated an appropriate distance.

The gels were then visualised using a Gbox EF Gel Documentation System with

Genesnap software (Syngene).

TAE buffer
40 mM Tris-base, 0.11% (v/v) Acetic acid, 1 mM EDTA in ddH20

2.8 Reverse-Transcription (RT) Real-time (q)PCR

2.8.1 mRNA extraction from monolayer cell culture

Background: In order to measure gene expression from cells in culture, the cells must
first be lysed and the mRNA stabilised. Multiple methods exist to extract mMRNA from
cells, such as phenol-chloroform extraction or commercially available cell lysis and
mMRNA stabilisation buffers.

Reagents:
e Cells-to-cDNA 11 Cell Lysis Buffer (Thermo Fisher)

Method: For gene expression experiments, cells were typically cultured in 96-well plates.
For mRNA extraction, all steps were performed on ice. Culture medium was aspirated
from the cells, and each well washed with 200 pL of ice-cold PBS. After aspirating off
the PBS, 30 pL of Cells-to-cDNA 11 Cell Lysis Buffer was added per well. Lysis was
assisted by scratching with pipette tips on a multichannel pipette, before transferring the
buffer/lysate mixture to a 96-well PCR plate. The lysates are then heated at 75°C for 10

minutes in a PCR thermocycler. Lysates were then stored at -80°C until required.

2.8.2 mRNA extraction from 3D cell culture

See chapter 3.2.2
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2.8.3 Reverse Transcription

Background: In order to quantify gene expression, the extracted mMRNA must first be
converted into complementary (C)DNA, which is the DNA equivalent of the mRNA
transcripts, thus differs from the genomic (g)DNA in that the introns have been spliced

out.

Reagents:

e Moloney Murine Leukemia Virus Reverse Transcriptase (MMLV RT), 200
units/puL (Thermo Fisher)

e Random Hexamers (NNN NNN), 0.2 pg/pL (Integrated DNA Technologies,
Coralville, USA)

e dNTPs, 2.5 mM each

e 100 mM Dithiothreitol (DTT) (Thermo Fisher)

e 5x First Strand buffer (250 mM Tris-HCI (pH 8.3), 375 mM KCI, 15 mM
Magnesium Chloride) (Thermo Fisher)

e RNaseOUT™ Recombinant Ribonuclease Inhibitor, 40 units/puL (Thermo Fisher)

Method: Mix 1 (3 uL dNTPs, 1 pL random hexamers per well) and mix 2 (4 pL 5x first
strand buffer, 2 uL DTT, 0.125 pL RNase OUT, 0.5 uL MMLV, 1.375 pL ddH.O per
well) made up for the required number of wells and placed on ice. 4 pL of mix 1 was
added per well of a 96-well PCR plate, followed by 8 pL per well of cell lysates from
chapter 2.8.1. The mixture was then incubated in a thermocycler at 70°C for 5 minutes.
The PCR plate was then instantly placed on ice and incubated for 2 minutes before adding
8 pL of mix 2 per well. The mixture plate was then centrifuged at 300 x g for 30 seconds
to mix and the reverse transcription reaction undertaken in a thermocyler: 37°C for 50
minutes, followed by 70°C for 15 minutes. The resulting cDNA was then stored at -20°C
(long-term) or 4°C (short-term). Prior to use in quantitative (Q)PCR assays, the cDNA
was diluted by adding 30 pL ddH20O per well.

2.8.4 TagMan® gPCR

Background: The TagMan method of gPCR utilises a sequence-specific probe of the
amplicon. The probe is a short oligonucleotide sequence with a fluorophore coupled to

the 5’ end and a fluorescence quencher molecule at the 3’ end. The qPCR machine uses
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a laser to excite the fluorophore, however when the probe is intact, the quencher quenches
the emitted light and no fluorescence is observed. The probe binds to the template strand
of cDNA and as the Taq polymerase extends the new strand, its 5’ to 3’ exonuclease
activity cleaves the probe, thus separating the fluorophore from the quencher and a signal
can be detected. The accumulated fluorescence is therefore directly proportional to the

amount of generated product in the qPCR reaction.

Reagents:
e TagMan® Gene Expression Master Mix (Applied Biosystems, Thermo Fisher)
e TagMan™ Fast Advanced Master Mix (Applied Biosystems, Thermo Fisher)

Method: A mastermix for the required number of wells is made containing 4.5 pL of
either Tagman gene expression mastermix (2x) (normal assay) or Fast Advanced Master
Mix (2x) (fast assay), 0.2 pL of each forward and reverse primer (30 pM) and 0.1 pL
probe (10 puM) per reaction. 5 puL of mastermix was added per well of an optical bottom
96-well gPCR plate (Applied Biosystems, Thermo Fisher). 5 uL of cDNA was then added
per well and the plate given a 30 second spin at 300 x g to mix.

Cycling conditions (normal assay):

1. Initial denaturation stage of 95°C 10 minutes

2. 40 cycles of 95°C for 15 seconds, 60°C for 60 seconds
Cycling conditions (fast assay):

1. Initial denaturation stage of 95°C 30 seconds

2. 40 cycles of 95°C for 1 second, 60°C for 15 seconds

Table 2.6: Primers and probes for TagMan assays, human genes

Gene Sequence (57 - 3°)

Forward: CGAATGGCTCATTAAATCAGTTATGG
18S Reverse: TATTAGCTCTAGAATTACCACAGTTATCC
Probe: Fam-TCCTTTGGTCGCTCGCTCCTCTCCC-Tamra
Forward: GTGAACCATGAGAAGTATGACAAC
GAPDH  Reverse: CATGAGTCCTTCCACGATACC
Probe: Fam-CCTCAAGATCATCAGCAATGCCTCCTG-Tamra
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Forward: AAGATGAAAGGTGGACCAAAATT

MMP1 Reverse: CCAAGAGAATGGCCGAGTTC
Probe: Fam-CAGAGAGTACAACTTACATCGTGTTGCGGCTC-Tamra
Forward: AAATTATGGAGGAGATGCCCATT

MMP13  Reverse: TCCTTGGAGTGGTCAAGACCTAA
Probe: Fam-CTACAACTTGTTTCTTGTTGCTGCGCATGA-Tamra
Forward: TTTGCCATCCAGAACAAGC

ATF3 Reverse: CATCTTCTTCAGGGGCTACCT
Probe: Probe #53 (Roche Probe Library, Roche, Basel, Switzerland)
Forward: AGACAGCAGAGCACACAAGC

CXCL8  Reverse: AGGAAGGCTGCCAAGAGAG
Probe: Probe #72 (Roche Probe Library)

For bovine HPN and ST14, TagMan gene expression assay on demands were utilised.

2.8.5 SYBR green qPCR

Background: In contrast to the TagMan method of gPCR where a sequence-specific
probe is utilised to monitor the PCR amplification, SYBR green is a dye that simply binds
to any double stranded DNA as is generated by the PCR reaction. As such, SYBR green
PCR is not as specific as TagMan, and more care must be taken to validate assays. This
validation is in the form of a dissociation curve which occurs at the end of the
amplification. The dissociation, or melt, curve gives an indication of the number of
amplification products (there should only be one) and also indicates whether primer-
dimers have occurred. The thermocycler begins the curve at a temperature below the T,
and gradually increases to 95°C, the idea being that different products will melt at

different temperatures thereby confirming the presence of a single amplicon.

SYBR green qPCR was utilised to measure expression levels of bovine genes in this

project.

Reagents:
e Platinum® SYBR® Green gPCR SuperMix-UDG (Thermo Fisher)
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Method: A mastermix for the required number of wells is made containing 10 pL
Platinum® SYBR® Green gPCR SuperMix-UDG (2x), 0.4 pL of each forward and
reverse primer (10 uM) and 5.2 pL HO per reaction. 16 pL of mastermix was added per
well of an optical bottom 96-well gPCR plate. cDNA (4 puL) was then added per well and

the plate given a 30 second spin at 300 x g to mix.

Cycling conditions:
1. UDG incubation stage of 50°C 2 minutes
2. Initial denaturation stage of 95°C 2 minutes
3. 40 cycles of 95°C for 15 seconds, 60°C for 60 seconds
4. Melt curve analysis

Table 2.7: Primers SYBR green assays, bovine genes

Gene Sequence (5° - 3°)
GAPDH Forward: CCATCTTCCAGGAGCGAGAT
Reverse: TCACGCCCATCACAAACATG
FOS Forward: AAACCATGACAGGAGGCAGA
Reverse: TCTAGTTGGTCTGTCTCCGC
JUN Forward: TATGCTCAGGGAACAGGTGG
Reverse: TCTGTTTCCCTCTCGCAACT
CSRNP1 Forward: TCACTCCCCTGTCCATTCTG
Reverse: GCTTGCTCCTGGGTAAACTC
EGR2 Forward: AGGCCGTAGACAAAATCCCA
Reverse: GTTGATCATGCCATCTCCGG
ATF3 Forward: CCTGCAGAAAGAGTCGGAGA
Reverse: GGTTCCTCTCATCTTCCGGA
MMP1 Forward: TACACCCCAGACCTGTCAAG
Reverse: TGTCACGATGATCTCCCCTG
MMP13 Forward: AGTCTCTCTATGGTCCAGGA
Reverse: CATAGGCGGCATCAATACGG
F2RL1 Forward: CCGTCCCAGGAAACAAGTCT

Reverse: CGGGGTGCTTCTTCTTTGTT
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2.9 LIVE/DEAD® Viability/Cytotoxicity Assay

To test viability of cells following loading, a LIVE/DEAD® Viability/Cytotoxicity Kit

for mammalian cells (Molecular Probes, Thermo Fisher) was utilised.

Background: The assay consists of two probes to simultaneously stain for both live and
dead cells within a population. Live cells are measured by calcein-AM, a non-fluorescent
precursor which can enter cells but is only cleaved to fluorescent calcein (Aex ~494 nm,
Xem ~517 nm) by intracellular esterase in cells which are alive. Dead cells are measured
by ethidium homodimer (EthD-1), which can enter only cells with damaged membranes

and fluoresces (Aex ~528 nm, Aem ~617 NM) when bound to nucleic acid.

2.9.1 3D cell culture

Method: Prior to carrying out the assays on loaded cells, the concentrations of calcein-
AM and EthD-1 required to stain BNCs in agarose to give optimal signal were determined
experimentally, testing a range of concentrations of both probes (0.1 pM to 10 pM) on
both live cells and cells killed using 70% methanol. Both probes were added to cells

separately in PBS and incubated for 45 minutes at 37°C.

Using this method, the optimal concentrations of probe to stain BNCs in agarose were 0.5
UM calcein-AM and 1 uM EthD-1 (data not shown). To expore the effect of loading on
cell death, a small sample of the loaded construct was removed and washed in PBS, and
subsequently incubating in PBS containing 0.5 puM calcein-AM and 1 uM EthD-1 for 45
minutes at 37°C. Fluorescence was measured on a Zeiss Axiovert 200M inverted

microscope (Carl Zeiss AG, Oberkochen, Germany).

2.9.2 Monolayer cell culture

Cells were plated in black-walled clear bottom 96-well plates. Cells were treated
according to the conditions to be tested in terms of other assays of interest. To measure

cell viability, only live cells were assayed using calcein-AM.

Cells to be assayed were PBS-washed, and 100 pL per well of 2.5 uM calcein-AM in
PBS was added. The plate was placed into a FLUOstar Optima fluorometer (BMG

labtech, Ortenberg, Germany) set to 37°C. The assay was carried out, monitoring
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fluorescence progress at Aex 480 nm and Aem 520 nm. The slope was taken for each
condition and normalised to the negative control. As a positive control, cells were pre-
treated for 30 minues with 70% methanol.

2.10 PAR2 overexpression in SW1353 cells

2.10.1 Stable transfection with expression plasmid

Background: The production of cell lines which express an expression plasmid in a
stable manner is a commonly used laboratory technique with major advantages over the
transient transfection of cells. The plasmid is transfected into the cells, where a selection
marker, normally antibiotic restistance, is utilised to select only cells integrating the
plasmid, killing off cells which have not integrated it. The major advantage over transient
transfection is that low transfection efficiency is overcome by removing untransfected
cells, resulting in a population of cells all of which overexpress the gene of interest.
Futhermore, the cells subsequently behave like normal cells and can be passaged and
plated out as such, without the need for repeated transient transfections, saving on time

and expensive transfection reagents.

2.10.1.1 Cloning of FLAG-PAR2 into pcDNAS3.1(+) vector

In order to clone the PAR2 gene (F2RL1) into the pcDNA3.1(+) vector, In-Fusion cloning
was utilised (Clontech). Primers were designed in order to amplify the full-length F2RL1
gene whilst simultaneously adding an N-terminal FLAG tag and overhangs with the
plasmid cut sites. The pcDNA3.1 vector contains an ampicillin resistance gene for

bacterial selection, and a neomycin resistance gene for mammalian cell selection.

The full-length F2RL1 gene was obtained commercially (R&D Biosystems, Minneapolis,
USA, catalogue #RDC0166) stored in a shuttle vector. A cloning strategy was developed
by designing primers containing an overhang for the pcDNA3.1(+) vector, a kozak
sequence in the forward primer, a FLAG tag in the forward primer and then an overhang
for the F2RL1 gene starting at the second amino acid position.
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Primers:

Forward 5’ to 3°:
TACCGAGCTCGGATC-GCCACC-ATGGACTACAAGGATGACGATGACAAG-
CGAAGTCCTAGTGCT

Reverse 5’ to 3°:

AAACGGGCCCTCTAG-TTAATAGGAGGTCTTAACAG

The sequences are coloured orange for pcDNA3.1(+) overhang, blue for kozak sequence,

purple for FLAG tag, and green for F2RL1 gene overhang.

Using the above primers, the F2RL1 gene was amplified using Q5 polymerase (New
England Biolabs) by performing a reaction containing 1 ng of template DNA (the F2RL1
gene), 0.2 mM dNTPs, 0.5 uM of each forward and reverse primer and 0.5 units of Q5
polymerase, in Q5 polymerase buffer.

Cycling conditions:
1. Initial denaturation stage of 98°C 30 seconds
2. 30 cycles of 98°C for 10 seconds, 56°C for 15 seconds and 72°C for 15 seconds

3. Final elongation of 72°C for 2 minutes

The pcDNA3.1(+) vector was double digested with the restriction enzymes Xbal and
BamHI by incubating 1 pg of the vector with 20 units each restriction enzyme in 50 pL
reactions with NEB buffer 3.1 at 37°C for 4 hours. Single digest control reactions were

also carried out.
Following the restriction digests and PCR, samples were subjected to agarose gel

electrophoresis to confirm successful digest and amplification (Figure 2.2), and the

products were subsequently purified using a PCR clean up kit (Qiagen).
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Figure 2.2: pcDNA3.1(+) digests and F2RL1 insert
1% Agarose gel with pcDNA3.1(+) uncut (A), BamHI/Xbal double digest (B), BamHI single digest (C), Xbal
single digest (D) and the PCR product encoding the kozak-FLAG-F2RL1 insert (E).

The kozak-FLAG-F2RL1 insert was ligated into the digested pcDNA3.1(+) vector using
an In-Fusion cloning kit (Clontech) by incubating 50 ng of cut vector and 100 ng of insert
with the kit components in a 10 pL reaction at 50°C for 15 minutes, according to the

manufacturer’s instructions.

The product was then transformed into “Stellar” E. coli (Clontech), by adding 2.5 pL of
product into 50 pL of bacteria, and incubating for 30 minutes on ice. The transformation
was then undertaken by heat shock (incubation at 42°C for 45 seconds), and then placed
back on ice for 2 minutes. SOC medium (500 pL) (Clontech) prewarmed to 37°C was
then added and the cells incubated at 37°C for 1 hour at 225 RPM in an orbital incubator.
The bacteria were then incubated on LB agar plates supplemented with 100 pg/mL

ampicillin overnight at 37°C. A control transformation was also undertaken.

Colony PCR reactions were performed to screen colonies for successful ligation
reactions. Fourteen colonies were selected, and samples were obtained by touching the
colony with a 20 pL pipette tip and then placing the tip in an Eppendorf tube containing
100 pL sterile water. The tubes were then heated for 3 minutes at 98°C to lyse the bacteria
and release the DNA.

PCR reactions were set up by creating a mastermix and then adding 1 pL of the bacterial
DNA-containing water to each reaction. The final reaction components per reaction were
0.3 mM dNTPs, 0.5 uM of each forward and reverse primers, 1.5 mM MgCl», 0.25 units
recombinant Taq polymerase (Thermo Fisher) in the supplied buffer. The primers were
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mismatched between the pcDNA3.1(+) vector (T7 promoter) and the F2RL1 gene so that

products would indicate successful ligation.

Primers:
Forward 5’ to 3°:
TAATACGACTCACTATAGGG

Reverse 5’ to 3°:

AGAGAGGAGGTCAGCCAAGG

Cycling conditions:
1. Initial denaturation stage of 94°C 2 minutes
2. 35 cycles of 94°C for 45 seconds, 42°C for 30 seconds and 72°C for 90 seconds

3. Final elongation of 72°C for 10 minutes

1 2 3 4 5 6 7 8 9 10 11 12 13 14

bp

500 -

Figure 2.3: Colony PCR of pcDNA3.1(+)-FLAG-F2RL1
A 1% Agarose gel was run with the 14 colony PCR reaction products. The expected band size for successful
ligation is 469bp, as observed in lanes 5, 12 and 13.

The colony PCR yielded three successful ligation bands (Figure 2.3), and colonies 5 and
12 were selected to further grow up and maxiprep. LB medium (250 mL) supplemented
with 100 pg/mL amplicillin innoculated by each colony was grown overnight at 37°C at
225 RPM in an orbital incubator. Plasmid DNA was extracted using the PureYield™
Plasmid Maxiprep System (Promega) according to the manufacturer’s instructions. A
sample of each clone was sent for sequencing (Source Bioscience) which confirmed

successful inframe cloning.

2.10.1.2 Optimisation of G418 concentration

In order to optimise the concentration of G418 to utilise on SW1353 cells, a kill curve
was generated. SW1353 cells were cultured in black walled clear bottom 96-well plates
and a titration of G418 100-1000 pg/mL was performed.
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Reagents:
e DMEM-F12, supplemented with 10% FBS and 2 mM L-glutamine but no
antibiotics.
e (418, stored dessicated then made up to 50 mg/mL in ddHO, filtered with 0.22
pm PES filter and stored at 4°C for up to 3 months.

G418 was made up in DMEM-F12 at the desired concentration and 200 uL added per
well. Cells were cultured at 37°C in 5% CO: for either 3, 7, 10 or 14 days with medium
replaced with freshly made medium at each time point.

In order to measure cell survival, a calcein-AM assay was undertaken as in chapter 2.9.2.
Data were normalised to the negative control which was assumed to have 100% survival.
A dose of 400 pg/mL was chosen based on the pcDNAS3.1 vector manufacturer manual
which stated that the minimum dose of G418 that kills the cells after 7 days should be
used (Figure 2.4).

100
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Cell survival (%)
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Figure 2.4: SW1353 sensitivity to G418
G418 was titrated onto SW1353 cells and cultured for up to 14 days. Cell survival was measured using a calcein-
AM.
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2.10.1.3 Stable transfection of pcDNA3.1 FLAG-PAR2

Reagents:
e DMEM-F12, supplemented with 10% FBS and 2 mM L-glutamine but no
antibiotics.
e (418, stored desiccated then made up to 50 mg/mL in ddH-O, filtered with 0.22
pum PES filter and stored at 4°C for up to 3 months.

In order to create a stable cell line with pcDNA3.1, the plasmid was first linearised by
digestion with Bglll, as this restriction site is not located in an important region of the
plasmid. A 100 pL reaction was set up containing 10 pg of pcDNA3.1_FLAG-PAR2 and
50 units of Bglll in buffer 3 (New England Biolads, Ipswich, USA) which was incubated
for 4 hours at 37°C. A 1% agarose gel was run to confirm successful digestion and the
product was purified using a PCR clean up kit (Qiagen).

Two 60 mm dishes were plated with 2x10° SW1353 cells each, and incubated overnight,
before transfection was undertaken. Cells were transfected using FuGene HD transfection
reagent according to the manufacturer’s instructions. Plasmid DNA (2.75 pg) was used
at a 1:3 ratio with 8.25 uL FuGene HD. A control transfection was also undertaken with

water:Fugene HD.

Medium was replaced with fresh SW1353 cell culture medium 24 hours post-transfection,
and with selective medium (400 pg/mL G418 in DMEM-F12, supplemented with 10%
FBS and 2 mM L-glutamine but no antibiotics), 48 hours post-transfection. Selective
medium was replaced every 2-3 days until the control transfection cells were all dead,
and the pcDNA3.1_FLAG-PAR?2 cells were 90% confluent. The dish was split 1:6 into 6
wells of a 6-well plate, and allowed to grow to 90% confluence. Each well was split into
a T25 flask which was allowed to grow to 90% confluence, and then each flask was split
into a T75 flask. A sample of each of the 6 clones was taken and lysed, and PAR2 Western
blot analysis performed. The clone with the highest expression of PAR2 was selected for

use in this project (data not shown).

2.10.2 Transient transduction with leniviral vector

Background: Lentiviral vectors use a highly modified version of the HIV-1 virus to

introduce foreign DNA into the genome of cells. Numerous modifications have been
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made on the native HIV-1 virus for use in gene delivery, removing multiple hazards

including pathogenicity.

The majority of modern lentiviral expression systems are referred to as being either
“second”- or “third”-generation. These are both highly safe and efficient lentiviral
systems, however the third-generation introduces additional safety features, although they
are more difficult to work with. As such, this project utilised a second-generation system.

A second-generation lentiviral expression system consists of three plasmids: an
expression plasmid, in which the gene to be overexpressed is cloned into, a packaging
plasmid (e.g. pPCMV-dR8.91) and an envelope plasmid (e.g. pMD2.G) which produce
virion proteins (the third-generation system splits the packaging components into three
plasmids). The three plasmids are co-transfected into HEK293T cells, which then
package live viral particles, which may then be collected and concentrated for subsequent

use in lentiviral transduction experiments.

The PAR2-expressing and empty vector control lentiviruses were provided by Dr Chun
Ming Chan, Newcastle University. The lentiviral expression plasmid utilised to construct
the virus was pHR’-SINCPPT-SIEW (hereafter pSIEW). The vector drives gene of
interest expression via a spleen focus-forming virus (SFFV) promoter, and also expresses
enhanced green fluorescent protein (EGFP), produced as a separate protein from a single
transcript as a result of an internal ribosome entry site (IRES) between the cloning site
and the EGFP gene. The vector also contains other lentiviral elements, such as a central
polypurine tract (cPPT), a Woodchuck hepatitis virus post-transcriptional Regulatory
Element (WPRE), and the HIV Rev response element (RRE). Lentiviruses expressing
either PAR2 (pSIEW_PAR?2) or empty vector control (pSIEW_Empty) were produced
by co-transfecting HEK293T cells with plasmids containing the remaining components
required for producing active virion particles. Active virus was harvested, concentrated
and stored at -80°C.

Reagents:
e Polybrene, 8 mg/mL, stored at -20°C
e Heat-inactivated (HI)-FBS, made by heating FBS at 56°C for 30 minutes
e Complete HI-DMEM-F12, supplemented with 10% HI-FBS, 100 1U/mL

penicillin, 100 pg/mL streptomycin and 2 mM L-glutamine
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e SFM, DMEM-F12, supplemented with 100 IU/mL penicillin, 100 pg/mL

streptomycin and 2 mM L-glutamine

Method: SW1353 cells were seeded into appropriate cell culture plate at a seeding
density of 30,000 cells/cm?® and allowed to adhere overnight. On the day of transduction,
cells were expected to be at 50% confluency. Transduction was undertaken by
supplementing complete HI-DMEM-F12 with 4 pg/mL polybrene, then thawing out
lentivirus and diluting in the supplemented medium at 1:200. The mixture was then added
to the cells at an appropriate volume for the plate used (100 pL/well in 96-well plate and
1000 pL/well in 12-well plate). Cells were then cultured for 48 hours at 37°C, 5% CO>
before checking EGFP expression using an inverted fluorescence microscope. Following
confirmation of successful transduction by EGFP expression, cells were serum-starved

overnight in SFM and subsequently used for experimentation.

2.11 Calcium mobilisation assay

Background: Activation of Gag-coupled GPCRs results in Ca?* flux which acts as a
second messenger to transduce signal downstream within the cells. In order to assay for
GPCR activation, Ca?* flux can be measured utilising fluorescent Ca?*-binding probes.
Multiple probes exist, and this project utilised Rhod-4 AM, a fluorescent probe with
excitation and emission wavelengths towards the red end of the spectrum. This probe was
chosen as the lentiviral construct expresses GFP which would interfere with assays in the

green part of the spectrum (such as Fluo-4 AM).

Reagents:

e Hank's Balanced Salt Solution (HBSS)

e 1 MHEPES, pH 7 in ddH20

e HEPES-buffered Hank's Balanced Salt Solution (HHBS), HBSS supplemented
with 20 mM HEPES, pH 7

e 2 M CaCl in ddH2O

e HHBS (2 mM Ca?"), HHBS supplemented with 2 mM CaCl

e 25 mM Probenecid (Santa Cruz Biotechnology, Dallas, USA), 72 mg dissolved in
300 pL 1 M NaOH, made up to 10 mL with HHBS (2 mM Ca?*)

e 20% Pluronic F-127 (Thermo Fisher), in DMSO
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2.5 mM Rhod-4 AM (Santa Cruz Biotechnology), in DMSO, stored at -20°C, protected
from light
2 mM lonomycin (Santa Cruz Biotechnology), in DMSO

Method: Cells transduced with PAR2-expressing lentivirus (chapter 2.10.2) in a black-
walled clear bottom 96-well plate were washed with 200 L HHBS (2 mM Ca?*). Rhod-
4 AM was made up to 5 pM in HHBS (2 mM Ca?") supplemented with 2.5 mM
probenecid and 0.02% pluronic F-127. Pluronic F-127 helps to increase the solubility of
the probe, whereas probenecid is an inhibitor of organic-anion transporters within the cell
membrane and thus helps to prevent the export, and therefore loss, of the probe. Rhod-4
AM (50 pL) was added to each well and the plate incubated at room temperature in the

dark for 45 minutes.

Following Rhod-4 AM loading, the cells were washed with 200 pL HHBS (2 mM Ca?"),
and then incubated in 100 uL HHBS (2 mM Ca?*) for 20 minutes at room temperature to
allow for complete de-esterfication of the probe. Meanwhile, the flourometer (FLUOstar
OPTIMA, BMG labtech) was prepared for the assay. Both injection pumps were primed
with 2 mL of HHBS (2 mM Ca?"), before priming in 1 mL of test compounds. Test
compound in pump A was always at 2x final concentration, whereas test compound in

pump B was at 3x final concentration.

Following de-esterfication of the probe, each well was replaced with 30 pL HHBS (2mM
Ca2"), and placed in the fluorometer pre-heated to 37°C. The flurometer was programmed
to read in single-well mode with a reading taken every second at Aex 520 nm and Aem 590
nm. Per well, a baseline was established for 10 seconds before 30 pL from pump A was
injected, then at 90 seconds, 30 puL from pump B was injected. Readings were taken up
to 120 seconds before moving onto the next well.

2.12 PAR-2 Activation and Disarming Assays

To test the effect of proteases and peptides on PAR2-expressing SW1353 cells, activation

and disarming experiments were undertaken, measuring various downstream outcomes.

Cells were seeded according to the requirements of the experiment and the method of

over expression. For gene expression studies by RT-gPCR and calcium mobilisation
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assays, cells were plated in 96-well plates. For experiments requiring Western blotting,
either 6 or 12-well plates were used. Prior to carrying out experiment, cells were serum-

starved overnight.

Reagents:
e SFM, DMEM-F12, supplemented with 100 IU/mL penicillin, 100 pg/mL
streptomycin and 2 mM L-glutamine
e HEPES-buffered Hank's Balanced Salt Solution (HHBS), HBSS supplemented
with 20 mM HEPES, pH 7

2.12.1 Matriptase and SLIGKYV activation assays

Matriptase and SLIGKYV activation assays consisted of simulating PAR2-overexpressing
cells which had been serum-starved overnight, with either matriptase or SLIGKV and

analysing by various methods.

For all assays except those measuring calcium mobilisation, matriptase or SLIGKV was
diluted into SFM at the appropriate concentration and pre-heated to 37°C. Medium was
aspirated from the cell culture plates, and the matriptase or SLIGKV in SFM added to the
cells. Typically, 50 pL was utilised for 96-well plates, and 500 uL for 12-well plates. The
cells were incubated for varying durations depending on the assay, and then harvested by

either extracting protein or mRNA as previously described.

For experiments measuring calcium mobilisation, SLIGKV or matriptase was diluted into
HHBS at twice the final assay concentration, and then used to prime the fluorimeter
pump. The cells were then aspirated, and HHBS added to each well. The amount of HHBS
added depended on the final assay concentration for that well. For example, if 20 uM
SLIGKYV was primed into the pump, then by placing 30 puL of HHBS on the cells and

injecting 30 pL in the assay would result in final stimulation of 10 uM.

2.12.2 Cathepsin V disarming assays

PAR?2 disarming assays consisted of pre-incubating PAR2-expressing SW1353 cells with
a cathepsin and then measuring a PAR2 activation readout following matriptase or
SLIGKYV stimulation. These assays were performed in 96-well plates, and consisted of
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either measuring calcium mobilisation or gene expression by RT-gPCR of PAR2-

responsive genes.

Experiments were performed following overnight serum starvation of the cells. For
measuring calcium mobilisation as a read out, the cells were first loaded with calcium

indicator as outlined in chapter 2.11.

The cathepsin enzymes were activated by diluting 1:10 in activation buffer, then further
diluting to final concentration in assay buffer, and 50 puL was added to each appropriate
well. Cells were incubated with cathepsin for 10 minutes at 37°C, before being washed
in assay buffer (calcium mobilisation) or SFM (gPCR). For measuring calcium
mobilisation, the plates were then directly placed in the fluorometer, and the assay
undertaken by injecting PAR2 agonist using the fluorometer pumps. When using gPCR
as a read out, the PAR2 activator was diluted into SFM and added to the cells before
further incubating at 37°C for the required time.

Cathepsin V, K, S, L activation buffer
100 mM Sodium acetate pH 5.5, 2.5 mM DTT, 2.5 mM EDTA

Calcium assay buffer
HHBS (2 mM Ca?*)

2.13 Enzymatic digestion of PAR2 42mer

Background: In order to screen proteases for their ability to cleave PAR2, incubations
were carried out with various proteases of interest and a 42 amino acid peptide (hereafter
“PAR2 42mer”) consisting of the extracellular region of PAR2 that all previously

identified cleavages have occurred (see chapter 4.1.2.1) .

Reagents:
e PAR2 42mer, at 100 uM in 0.1% TFA in ddH20, stored at -80°C.

e Various recombinant and purified proteases, see chapter 2.1.2.

Method: Reactions were set up using the buffer conditions recommend for the specific

protease. Typically, the experiments were set up by making dilutions of PAR2 42mer at
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20 UM and protease at 2x final concentration (typically in the range of 0.1 nM to 200 nM)
before mixing together in equal parts (typically 20-40 pL) yielding a final peptide
concentration of 10 pM. Reactions were incubated at 37°C for varying amounts of time.

Following enzymatic digests, the reactions were either analysed by tris-tricine SDS-
PAGE (chapter 2.6.2), HPLC (chapter 2.14.1) or nanoLCMS (chapter 2.14.3).

Cathepsin V, K, S, L buffer
100 mM Sodium acetate pH 5.5, 2.5 mM DTT, 2.5 mM EDTA, 0.05% (w/v) Brij 35

Cathepsin B buffer
25 mM MES pH 5,5 mM DTT, 0.05% (w/v) Brij 35

MMP-1, -8, -13 and ADAMTS?5 buffer
100 mM Tris-HCI pH 7.5, 100 mM NacCl, 10 mM CacClz, 0.05% (w/v) Brij 35, 0.01%
(w/v) PEG 6000.

Matripase, Hepsin buffer
100 mM Tris pH 8.5, 150 mM NacCl, 0.01% Brij-35

Neutrophil elastase, Cathepsin G, FAP buffer
100 mM Tris pH 7.5, 150 mM NacCl, 0.01% Brij-35

Thrombin, uPA buffer
100 mM Tris-HCI pH 7.5, 150 mM NacCl, 0.01% Brij-35

HTRA1, HTRAS3, Factor |, Factor D buffer
50 mM Tris pH 8, 150 nM NaCl, 0.01% Brij-35

PCSKO buffer
50 mM Sodium Citrate pH 5, 75 mM NaCl, 2 mM CacCl, 0.01% Brij-35
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2.14 Mass Spectrometry of PAR2 42mer digestion products

Background: In order to identify specific cleavage sites of enzymatic cleavages of
PAR2, mass spectrometry (MS) was used. Samples were either separated by HPLC and
ionised in direct-infusion MS, or the reaction mixture was directly subjected to
nanoLCMS.

2.14.1 High Performance Liquid Chromatography

High performance liquid chromatograpgy (HPLC) was used to examine the enzymatic

digestion products and to subsequently isolate specific products for MS.

An autosampler was used to inject either 10 pL or 30 pL of digestion reaction for
analytical or preparative HPLC, respectively, onto an ACE 3 C18 column (Advanced
Chromatography Technologies, Aberdeen, UK) fitted to an 1100 series HPLC system
(Agilent Technologies). The 5% to 60% acetonitrile gradient was run as detailed below.
Gradients were run at 35°C at a flow rate of 0.2 mL/min.

Run conditions:
1. 5% to 60% buffer B in 27 minutes
2. 60% to 100% buffer B in 1 minute
3. 100% to 5% buffer B in 2 minutes
4

Re-equilibration at 5% buffer B for 15 minutes

Buffer A
0.1% Formic acid in ddH20

Buffer B
0.1% Formic acid in acetonitrile

2.14.2 Direct-infusion MS

Samples fractionated by HPLC were loaded onto a TriVersa NanoMate (Advion, Ithaca,
USA) and electrosprayed into a Thermo Finnigan LTQ FT Ultra High Performance Mass
Spectrophotometer (Thermo Fisher) using a 2.4 kV voltage.
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2.14.3 NanoLCMS

For nanoLCMS, an Acquity UPLC system (Waters, Elstree, UK) was connected to the
Thermo Finnigan LTQ FT.

Samples were diluted 1:10 in 0.1% Formic acid and loaded into the autosampler. Sample
(1 pL) was injected onto the system and gradients were run on an in-house packed column
(Dr. Joe Gray) of 20 cm length x 0.1 mm width, with 5 um partical size at 5 pL/min.

Run conditions:
1. 5% to 55% buffer B in 35 minutes
2. 55% to 85% buffer B in 3 minute
3. 85% to 5% buffer B in 2 minutes

Products were trapped using an Agilent ion trap (Agilent Technologies) at 0.4 pL/min
and sprayed using a PicoTip silica tip (New Objective, Woburn, USA).

Buffer A
0.1% Formic acid in ddH20

Buffer B

0.1% Formic acid in Acetonitrile

2.14.3.1 Data analysis

NanoLCMS identifies all cleavages within a sample and thus the data required analysis

to identify the cleavages and order the relative abundance of products.

Firstly, the NanoLCMS traces were loaded onto Xcalibur™ Software (Thermo Fisher),
and all the data between 10 and 50 minutes on the gradient were compiled. These times
were chosen as they avoid the injection peaks at the start and the acetonitrile peak at the
end. After compiling the data from this timespan, a list of the 20 most abundant masses
was acquired. Subsequently, a search was undertaken using Mascot software (Matrix
Science, Boston, USA) where the peptide sequence was uploaded into the database, and
the raw nanoLCMS data file uploaded and cross-checked with the peptide sequence. This

resulted in a list of peptide fragments identified as belonging to the PAR2 42mer peptide,
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which was then cross-referenced with the top 20 list obtained from the Xcalibur™

Software, to give the top cleavages generated by each enzyme.

2.15 Enzyme Activity Assays

Background: Enzymatic reactions can be explored using quenched-fluorescent
substates. These substrates are composed of short peptide sequences, specific for various
protease preferences, as well as a quencher group and a fluorophore. In its intact state, the
quencher prevents the observation of the fluorophore emission following excitation,
however when the protease cleaves the substrate, the quencher spatially moves from the
fluorophore allowing fluorescence to be observed (Figure 2.5). Some fluorescent peptide
substrates, such as Boc-QAR-AMC, do not require a quencher as the binding of the AMC
flurophore to an amino acid results in quenching, and fluorescence is observed when the

AMC is cleaved away from the peptide.

Trypsin, Matriptase

Figure 2.5: Example of a quenched-fluorescent substrate: SY-9 PAR2 activation peptide
Quenched-fluorescent peptides are composed of a specific peptide sequence, with a quencher group as well as a
flurophore. For example, the PAR2 activation peptide, SY9, consists of 8 amino acids around the canonical
activation site, as well as a 2-aminobenzyl flurophore and a trinitrotyrosine quencher.
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2.15.1 FS-6 assay

Background: FS-6 is a quenched-fluorescent hexapeptide with the sequence AMC-Lys-
Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH> where AMC is the fluorophore 7-amino-4-
methylcoumarin, and Dpa is quencher N-3-(2,4-dinitrophenyl)l-a,B-diaminopropionyl.
FS-6 is a general MMP substrate cleaved by several MMPs including all MMPs utilised
in this project.

Reagents:
e FS-6 substrate at 5 mM in DMSO, stored at -20°C protected from light
e AMC standard at 5 mM in methanol, stored at -20°C protected from light

Method: 50 puL of MMP-containing sample made up to 1-5 nM (2x active concentration)
in assay buffer was added to two wells of a white-walled white bottom 96-well plate
(Perkin Elmer, Waltham, USA) per sample (two technical repeats). FS-6 substrate was
diluted to 20 uM (2x final concentration) in assay buffer, and 120 pL added to a third
well parallel to the assay samples. The plates were pre-incubated for at least 10 minutes
at 37°C to allow the reagents to reach assay temperature. Fluorescence was kept below
10% substrate hydrolysis using AMC standard at 1 pM. A multichannel pipette was then
used to add 50 pL substrate to each sample well as quickly as possible to ensure that
enzymatic reactions commenced essentially at the same time. Final substrate
concentration was 10 uM, and fluorescence increase was monitored in the form of a
progress curve on a FLUOstar Optima fluorometer (BMG labtech), at Aex 325 nm and Aem
405 nm.

FS-6 Assay buffer
100 mM Tris-HCI pH 7.5, 100 mM NacCl, 10 mM CacClz, 0.05% (w/v) Brij 35, 0.01%
(w/v) PEG 6000

2.15.2 Boc-QAR-AMC assay

Background: Boc-QAR-AMC is a fluorescent substrate for trypsin-like serine proteases
with the sequence Boc-GlIn-Ala-Arg-AMC, where Boc is N-tert-butoxycarbonyl, a
blocking group.
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Reagents:
e Boc-QAR-AMC substrate at 25 mM in methanol, stored at -20°C protected from
light
e AMC standard at 5 mM in methanol, stored at -20°C protected from light

Method: Serine protease-containing sample made up to 1-5 nM (2x active concentration)
in assay buffer, and 50 pL added to two wells of a white-walled white bottom 96-well
plate (Perkin Elmer) per sample (two technical repeats). Boc-QAR-AMC substrate was
diluted to 20 uM (2x final concentration) in assay buffer, and 120 pL added to a third
well parallel to the assay samples. The plates were pre-incubated for at least 10 minutes
at 37°C to allow the reagents to reach assay temperature. Fluorescence was kept below
10% substrate hydrolysis using AMC standard at 1 uM. A multichannel pipette was then
used to add 50 pL substrate to each sample well, as quickly as possible to ensure that
enzymatic reactions commence as close to each other as possible. Final substrate
concentration was 10 uM, and fluorescence increase was monitored in the form of a
progress curve on a FLUOstar Optima fluorometer (BMG labtech), at Lex 360 nm and Aem
460 nm.

Assay buffer
100 mM Tris pH 8.5, 150 mM NaCl, 0.01% Brij-35

2.15.3 Z-FR-AMC assay

Background: Z-FR-AMC is a fluoroescent substrate for papain-like cysteine proteases
with the sequence Z-Phe-Arg-AMC, where Z is blocking group benzyloxycarbonyl. This

substrate was used for all cathepsins in this project.

Reagents:
e Z-FR-AMC (Bachem, Bubendorf, Switzerland) at 20 mM in methanol, stored at
-20°C protected from light

Method: Cathepsin enzymes were stored in their pro-form and required activation by
exposing to reducing conditions, as provided by DTT in their assay buffers. To activate,
pro-cathepsins were typically diluted 1:10 in assay buffer and incubated at room

temperature for 10 minutes. Cathepsin-containing samples were made up to 1-5 nM (2x

79



active concentration) in assay buffer, and 50 pL added to two wells of a white-walled
white bottom 96-well plate (Perkin Elmer) per sample. Z-FR-AMC substrate was diluted
to 20 uM (2x final concentration) in assay buffer, and 120 pL added to a third well parallel
to the assay samples. The plates were pre-incubated for at least 10 minutes at 37°C to
allow the reagents to reach assay temperature. Fluorescence was kept below 10%
substrate hydrolysis using AMC standard at 1 pM. A multichannel pipette was then used
to add 50 pL substrate to each sample well, as quickly as possible to ensure that enzymatic
reactions commence as close to each other as possible. Final substrate concentration was
10 puM, and fluorescence increase was monitored in the form of a progress curve on a
FLUOstar Optima fluorometer (BMG labtech), at Aex 380 nm and Aem 460 Nm.

Cathepsin V, K, S, L assay buffer
100 mM Sodium acetate pH 5.5, 2.5 MM DTT, 2.5 mM EDTA, 0.05% (w/v) Brij 35

Cathepsin B assay buffer
25 mM MES pH 5,5 mM DTT, 0.05% (w/v) Brij 35

2.15.4 Michaelis-Menten Kinetics

Background: Michaelis-Menten kinetics is a commonly used model of enzyme kinetics,
able to relate the rate of reaction or velocity (V) with the concentration of substrate, [S].
Using Michaelis-Menten kinetics to explore how proteases can cleave their substrate,
several important kinetic constants can be calculated which can give insight into their
biochemistry.

The pioneering work by Leonor Michaelis and Maud Menten proposed a model for
enzymatic reactions where enzyme (E) is able to bind to substrate (S) to form an enzyme-
substrate complex (ES) which is a reversible reaction. The enzyme is then able to

irreversibly catalyse the substrate to product (P) and release itself from the complex, able

to catalyse another reaction (E):

k
E+S2ES-SE+P
With certain assumptions, the Michaelis-Menten equation can be derived as:
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_ Vmax [S ]
K+ [S]

%4
Where Vmax is the maximal velocity, and K is the Michealis-Menten constant. The K
is the substrate concentration at half Vmax and is considered an inverse measure of the
affinity of the enzyme for the substrate, thus a lower Kn is considered to be a higher
affinity and thus the velocity will reach Vmax more quickly. It is important to note that K,
is a kinetic constant and not an equilibrium constant (which would be the dissociation
constant Kq for affinity). Using Kq to describe enzymatic affinity for substrate can be
complicated since the enzyme also degrades the substrate rather than reaching a
dissociation/association equilibrium. Under certain circumstances, Kn may be equal to
Kq (when the rate of formation of the ES complex is much faster than the formation of E
and P from ES)?%2,

Keat 1S known as the turnover number, and is a measure of the number of substrate
molecules which are converted to product per active site per unit time. This can be

calculated by knowing the active-site concentration of the enzyme at T=0 (Eo):

As both ket and Km give information about the relationship between enzyme and

substrate, it is common to quote catalytic efficiency as:

kcat
Km

If an enzyme has a high turnover number as well as a high affinity for a substrate, then

the catalytic efficiency will be very high, and a high value for kcat/Km would express this.

In order to generate kinetic constants experimentally, increasing concentrations of
substrate are incubated with a constant concentration of enzyme, and the velocities are
observed. The velocities will increase with substrate concentration until the system

becomes saturated and Vmax is reached. Velocity is plotted against substrate
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concentration, and constants can be derived by methods such as Lineweaver-Burk plots,

or by computer software.

2.15.4.1 PAR?2 peptide kinetics

Background: In order to explore the enzyme kinetics for various proteases for PAR2,

quenched-fluorescent substrates for three regions of PAR2 were utilised.

Reagents:
e SY-9 peptide at 1.748 mM in 20% (v/v) acetonitrile, stored at -20°C protected
from light.
e VETV peptide at 10 mM in DMSO, stored at -20°C protected from light.
e FSVD peptide at 10 mM in DMSO, stored at -20°C protected from light.

Method: Serial dilutions of the PAR2 peptides were undertaken in assay buffer, resulting
in a series of enzyme concentrations at 2x final concentration. Each concentration was
placed into duplicate wells of a white-walled, white-bottom 96-well plate (Perkin Elmer),
50 pL per well, and the plate pre-heated to 37°C. Meanwhile, the enzyme was prepared
in assay buffer at 2x final concentration and 120 pL added to a third well parallel to the
assay wells. A multichannel pipette was then used to transfer 50 pL of 2x enzyme stock
to each well of the substrate, and the reaction monitored in a FLUOstar OPTIMA

fluorimeter at Aex 320 nm and Aem 420 nm.

Velocities were taken in the linear phase at the start of the reaction, and plotted against
substrate concentration. Velocity in arbitrary fluorescence units was converted to
concentration of substrate per unit time by using a total hydrolysis standard curve (see
Appendix 4). A plate was set up with concentration of substrate as used for kinetic
determination, enzyme was added, but instead of measuring velocity, the plate was
incubated for 2-4 hours at 37°C before measuring fluorescence at total hydrolysis. The
straightline equation was then used to relate arbitrary fluorescence to substrate hydrolysis.

A different standard curve was used for each different buffer system.

To determine Kinetic constants, non-linear regression analysis of velocities was
performed using GraphPad Prism software. Vmax and Km. Kcat could then be determined

based on the known active concentration of enzyme used.
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Cathepsin V, K, S, L assay buffer
100 mM sodium acetate pH 5.5, 2.5 mM DTT, 2.5 mM EDTA, 0.05% (w/v) Brij 35

Cathepsin B assay buffer
25 mM MES pH 5,5 mM DTT, 0.05% (w/v) Brij 35

Matriptase assay buffer
100 mM Tris pH 8.5, 150 mM NaCl, 0.01% Brij-35

MMP-1, -8, -13 assay buffer
100 mM Tris-HCI pH 7.5, 100 mM NaCl, 10 mM CaCl2, 0.05% (w/v) Brij 35, 0.01%
(w/v) PEG 6000.

2.15.5 Active-site titration

Background: Throughout this project, quoted enzyme concentrations refer to the protein
concentration of enzyme, however the enzyme might not be fully active. In order to
calculate accurate Kinetic constants to compare enzymes, an accurate active-site
concentration must be obtained. In order to active-site titrate an enzyme, an inhibitor with
1:1 binding stoichiometry is required, and is titrated to a range of concentrations against
a constant enzyme concentration. When plotted with velocity on the Y axis, and inhibitor

concentration on the X axis, the X-intercept is the active concentration of enzyme.

2.15.5.1 Cathepsin active-site titration with E64

Background: trans-Epoxysuccinyl-L-leucylamido(4-guanidino)butane (E64) is an
epoxide small molecule inhibitor of cysteine proteases, which exerts its effect by being
able to bind to the active-site cysteine residue as a result of nucleophilic attack from its
thiol group. It is commonly used to active-site titrate various cathepsins®*, including all

cathepsins used in this project.
Reagents:

e Z-FR-AMC (Bachem) at 20 mM in methanol, stored at -20°C protected from light.
e E64,at 1 mM in ddH-O, stored at -20°C
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Method: Pro-cathepsins were activated by diluting 1:10 in their assay buffer and
incubating at room temperature for 10 minutes. Subsequently, they were diluted to 3x
final concentration (typically 1-5 nM) and 33 pL was added to 2 wells of a white-walled
white bottom 96-well plate (Perkin Elmer) per sample. E64 was diluted in the same assay
buffer, and a range of dilutions undertaken by either serial or parallel dilution. Typically,
concentrations ranging from 10-fold lower to 10-fold higher than the enzyme
concentration were used. 33 pL of each E64 concentration was added to the enzymes in
the plate and incubated for 30 minutes at 37°C to allow complete inhibition. Substrate Z-
FR-AMC was diluted to 30 uM (3x final concentration) and 80 pL was added to a third
well parallel to the assay wells. A multichannel pipette was then used to add 33 pL
substrate to each sample well, as quickly as possible to ensure that enzymatic reactions
commence as close to each other as possible. Final substrate concentration was 10 M,
and fluorescence increase was monitored in the form of a progress curve on a FLUOstar
Optima fluorimeter (BMG labtech), at Aex 380 nm and Aem 460 nm.

Cathepsin V, K, S, L assay buffer
100 mM sodium acetate pH 5.5, 2.5 mM DTT, 2.5 mM EDTA, 0.05% (w/v) Brij 35

Cathepsin B assay buffer
25 mM MES pH 5,5 mM DTT, 0.05% (w/v) Brij 35

2.15.5.2 MMP active-site titration with TIMP1

Background: As described in chapter 1.4.1.6, MMPs are inhibited by their endogenous
inhibitors which bind with 1:1 stoichiometry. This property can be exploited to active-
site titrate MMPs, by titrating with a known concentration of TIMP. This project utilised
TIMP1 as it is able to inhibit all the used MMPs. MMPs are produced recombinantly in
their pro-form, thus require activating before carrying out the assay. They can be activated

in vitro in the presence of 4-aminophenylmercuric acetate (APMA).

Reagents:
e TIMP1 at 5.6 uM, stored at -80°C.
e AMPA stock solution at 10 mM, made by dissolving 35.2 mg APMA in 200 pL
DMSO, then made up to 10 mL in 100 mM Tris pH 8.5 stored at 4°C protected

from light for up to 3 months
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Methods: Pro-MMPs were first activated by diluting 1:10 in their assay buffer with 1
mM APMA and incubating at 37°C for 30 minutes (proMM13), 1 hour 30 minutes
(proMMP8) or 3 hours (proMMP1). Subsequently, they were diluted to 3x final
concentration (typically 1-5 nM) and 33 pL was added to 2 wells of a white-walled white
bottom 96-well plate (Perkin Elmer) per sample. TIMP1 was diluted in the same assay
buffer, and a range of dilutions undertaken by either serial or parallel dilution. Typically,
concentrations ranging from 10-fold lower to 10-fold higher than the enzyme
concentration were used. Each TIMP1 concentration was added (33 L) to the enzymes
in the plate and incubated for 30 minutes at 37°C to allow complete inhibition. Substrate
FS6 was diluted to 30 uM (3x final concentration) and 80 pL was added to a third well
parallel to the assay wells. Subsequently, 33 pL of substrate was added to each sample
well as quickly as possible. Final substrate concentration was 10 uM, and fluorescence
increase was monitored in the form of a progress curve on a FLUOstar Optima fluorimeter
(BMG labtech), at Aex 325 nm and Aem 405 nm.

FS-6 Assay buffer
100 mM Tris-HCI pH 7.5, 100 mM NaCl, 10 mM CaCl2, 0.05% (w/v) Brij 35, 0.01%
(w/v) PEG 6000.

2.16 Gene expression microarray

Background: A gene expression (or DNA) microarray is a powerful method for
exploring the genome-wide gene expression status of a sample, utilising a chip containing
thousands of oligomeric probes. High purity mRNA is extracted from a source such as a
tissue or cells, which is then reverse-transcribed to cDNA, which is then hybridised to the

chip and measured.

Method: SW1353 cells were seeded into a 6-well plate at a seeding density of 30,000
cells/cm?® before transducing with pSIEW_PAR?2 lentivirus as outlined in chapter 2.10.2
and cultured for 48 hours at 37°C 5% CO.. The cells were serum-starved overnight, and
stimulated with 10 nM matriptase, 100 uM SLIGKV (both dissolved in SFM) or
unstimulated (SFM only). Stimulation was undertaken for either 90 minutes or 24 hours

before extracting mRNA using an RNeasy kit (Qiagen). The mRNA was sent to the
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Central Biotechnology Services at Cardiff University School of Medicine for gene

expression analysis.

The microarray utilised a HumanHT-12 v4 Expression BeadChip Kit (Illumina Inc., San
Diego, USA), able to measure 12 samples on a single chip, with 47,000 probes per

sample. Samples were randomised over two chips.

The raw microarray data were analysed by the Musculoskeletal Research Group
Bioinformatics Support Unit at Newcastle University. Pathway analysis was undertaken

using Ingenuity Pathway Analysis software (Qiagen).

2.17 Statistical Analysis

Statistical differences between two parametric groups were compared using a student’s
two-tailed t-test. Where multiple comparisons were made within one experiment, a one-
way analysis of variance (ANOVA) was performed. Graphpad Prism 5.0 software or
Microsoft Excel were used to undertake statistical analysis. The significance levels used
were: * = p<0.05, ** = p<0.01 and *** = p<0.001.
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Chapter 3. Mechanical Loading of Chondrocytes

3.1 Introduction

As described in chapter 1, chondrocytes are cells which respond to mechanical load in a
variety of manners, such as altered growth, metabolism and gene expression. Of particular
interest to this project is the fact that various MMPs are known to be regulated by
mechanical loading, such as MMP-1, -2, -3, -9 and -13%2 — which include the two key
collagenases implicated in OA, MMP-1 and 13. Matriptase has been shown to be up-
regulated in OA patients!, however very little is currently understood about the
mechanisms behind this up-regulation. This chapter aims to explore whether matriptase

expression may be regulated by mechanical loading.

3.1.1 Chapter Aims

e To develop a system by which to encapsulate chondrocytes in a 3D hydrogel and
to expose them to mechanical load, and to extract mRNA and protein for further
analysis.

e To explore whether matriptase, and other serine proteases of interest such as
hepsin, are regulated by abnormal loading.

e To further aim to understand genes regulated by mechanical loading in

chondrocytes in the context of catabolism.

3.2 Results

3.2.1 Comparison of Bovine Nasal Chondrocytes with SW1353 cells

In order to test the mechanical loading of chondrocytes, a source of appropriate cells is
required. Due to the relatively large numbers of cells required per experiment (5-10x10°
cells), the utilisation of human articular chondrocytes (HAC) harvested from joint
replacement patients would be inappropriate as these typically yield below 1x10° cells
(unpublished observations). A comparison of a human chondrocytic cell line, SW1353,

and primary bovine nasal chondrocytes (BNC) was therefore undertaken.
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10x108 cells (either SW1353 or BNC) were utilised to make agarose/cell constructs and
cultured for 6 days with progressive serum starvation and supplementation in order to
allow the cells to secrete a PCM (chapter 2.2.8). Following day 6, histological staining
was performed. These results clearly showed that BNCs, but not SW1353 cells, were able
to synthesise and secrete proteoglycans in the pericellular space (Figure 3.1 C, D, G and

H) as shown by Alcian Blue and Safranin O staining.
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Figure 3.1: Histological staining of SW1353 cells and BNCs following 6 day culture

Chondrocyte/agarose constructs containing either SW1353 (A-D) or BNCs (E-H) were cultured for 6 days
according to the method described in chapter 2.2.8, before fixing in formalin, embedding in paraffin wax and
staining with H&E (A, E), Masson’s Trichrome (B,F), Alcian Blue (C,G) or Safranin O (D, H). Scale bar = 100

pm.



Having ascertained whether the two cell types are able to secrete a PCM, their basic
responses to loading were examined. It has been described in the literature that p38 is
rapidly phosphorylated in response to loading?3%244-247 Both SW1353 and BNC agarose
constructs were therefore loaded with identical loading regimens and their responses
examined by western blotting. Following a 30 minute loading regimen of 20-40 kPa at
0.33 Hz, the chondrocyte/agarose constructs were snap frozen in liquid nitrogen and
processed for SDS-PAGE analysis, in a method designed to maintain the phosphorylated
status of proteins in the cells®°. Following mechanical loading, SW1353 cells did not
appear to respond in terms of p38 phosphorylation (Figure 3.2). For BNCs however, there
was a clear phosphorylation of p38 (Figure 3.3). When BNCs were loaded after two days
in culture (before they had secreted a PCM), they did not respond to mechanical loading
(Figure 3.4A). It appears that prior to secretion of PCM, there appears to be a space

between the cell and the surrounding agarose matrix (Figure 3.4B-E).

Unloaded Loaded

Minutes post loading 0 15 60 0 15 60

Phospho-p38 | . S

Total p38 . O

Figure 3.2: Western blot for SW1353 cells following dynamic loading

SW1353 cells encapsulated in agarose underwent 30 minutes of dynamic loading (20-40kPa at 0.33Hz), following
which the gels were frozen in liquid nitrogen at 0, 15 or 60 minutes post-loading. Following processing, SDS-
PAGE gels were run and Western blots for phospo-p38 and native p38 were undertaken.
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Figure 3.3: Western blot for BNC following dynamic loading

Following 7 days in culture, BNCs encapsulated in agarose underwent 30 minutes of dynamic loading (20-40kPa
at 0.33Hz), following which the gels were frozen in liquid nitrogen at 0, 15 or 60 minutes post-loading. A: SDS-
PAGE gels were run and western blots for phospo-p38 and total p38 were undertaken. Blot shown is representative
of n=5 independent experiments with constructs generated from 5 bovine noses. B: Densitometric analysis of p38
phosphorylation was undertaken on the n=5 separate blots. Density is relative to appropriate total p38 time point
(mean £ S.E.M; where *** p < 0.001 by two-way ANOVA comparing unloaded and loaded samples).
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Figure 3.4: Histology and FOS expression post-loading after 2 days in culture

BNCs encapsulated in agarose were cultured for 2 days following seeding before either undergoing loading or
processing for histological analysis. Loaded cells underwent dynamic loading (20-40kPa at 0.33Hz for 30 minutes)
before extracting mMRNA immediately post-loading, reverse transcribing to cDNA and running qPCR analyses for
FOS (A). For histological analysis, BNC/agarose constructs were fixed in formalin, embedded in paraffin wax,
sectioned and stained with Alcian Blue (B), Safranin O (C), H&E (D) or Masson;s Trichrome (E). ¢ = cell, s =
space between cell and agarose matrix, b = boundary between space and agarose matrix. qPCR data pooled from
two separate chondrocyte populations. Cells selected for figure are representative of all cells on the slides.
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3.2.2 Development of a method to extract RNA from chondrocytes embedded in

agarose

In order to define the effects of mechanical loading on cells at the gene expression level,
the ability to extract abundant and high quality RNA is of utmost importance. The
extraction of RNA from cells embedded in agarose requires the dissolution of the agarose,
the lysis of the cells and stabilisation of the RNA, whilst avoiding the interference of
additional components of the gel, such as culture medium. As such, extraction of RNA
from cells in agarose is known to be a relatively difficult process. Several methods,
however, have been published with various levels of success. A selection of these
methods were attempted to extract RNA, such as Bougault et al. (2009)%, Wang &
Stegemann (2010)?*® and Mio et al. (2006)%*°, however none of these resulted in
successful RNA extraction. A scouting experiment was undertaken based on the work of
Mio et al. (2006)%*° where a range of extraction conditions were tested. Two key variables
are considered to be vital in the extraction of RNA when utilising a Qiagen RNeasy Kkit,
namely the amount of lysis buffer RLT used to dissolve the gel, and the final pH of the
dissolved gel prior to loading onto the silica membrane of the Qiagen column. SW1353
cells were seeded into 13mm agarose gel discs at a density of 666 cells/ul. These
constructs were dissolved in a range of buffer RLT volumes, 500-2000 pl. Following
dissolution, the cells were homogenised by pipetting up and down, and then varying
amounts of 2M Sodium Acetate (pH 5.5) were added, 5-50 pl. 0.71 volumes (of buffer
RLT) of absolute ethanol was added, and the mixture loaded to a Qiagen RNeasy column.
The subsequent method was as described by the manufacturer, including an on-column
DNase digest. The RNA was eluted in 50 pl RNase-free H2O, and concentrations

measured.

It was evident that lower volumes of buffer RLT resulted in significantly higher yields of
RNA, with a slight trend between RNA vyield and pH within each buffer RLT group
(Figure 3.5). These results disagree with Mio et al. (2006), who found that lower volumes
of buffer RLT resulted in lower yields of RNA. Their optimum volume of buffer RLT
was 1540 pl, which when taken into account with their agarose construct volume of 440
pl is 3.5 volumes of RLT to agarose/cell construct. The cell/agarose constructs utilised in
this work have an estimated volume of 360 pl, of which the optimum volume of RLT 500

ul, ora 1:1.39 ratio.
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Figure 3.5: Optimisation of conditions to extract RNA from cells embedded in agarose

SW1353 cells were embedded in 2% agarose at a concentration of 666 cells/pl, prior to dissolution in 500-2000 pl
Qiagen lysis buffer RLT, alteration of pH using 2M sodium acetate (pH 5.5) and addition of 0.71 volumes absolute
ethanol before loading onto a Qiagen RNeasy column and subsequent clean-up, DNase step and elution (mean +
S.E.M; where ** p < 0.01; *** p < 0.001 by two-tailed unpaired T-test comparing the means of all the data for
each buffer RLT value independent of sodium acetate amount). RNA extracted from n=2 gels from the same
chondrocyte population per tested condition.

SW1353 cells were utilised in the optimisation of RNA extraction rather than BNCs due
to the ease of obtaining the large quantities of cells required to test all possible conditions.
After ascertaining the optimal conditions to extract RNA from SW1353 cells, it was
important to carry out a similar experiment with BNCs due to potential differences in
optimal conditions. As 500 and 1000 ul of buffer RLT were the only volumes to result in
good vyields of RNA from SW1353 cells, only these two volumes were tested in BNCs.
As with SW1353 cells, using 500 pl of buffer RLT to dissolve the construct resulted in a
significantly better yield of RNA compared to dissolving in a higher volume (1000 pl)
(Figure 3.6). Furthermore, varying amounts of sodium acetate pH 5.5 were added to alter
the pH of the solution prior to loading on the RNeasy column. Despite not being
statistically significant, there was a trend of 30 ul sodium acetate pH 5.5 resulting in a
better yield. These conditions were therefore chosen to be used in subsequent studies:
dissolving the construct in 500 pl buffer RLT before adjusting the pH with 30 pl 2 M
sodium acetate pH 5.5.
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Figure 3.6: Optimisation of conditions to extract RNA from BNCs embedded in agarose

BNCs were embedded in 2% agarose at a concentration of 228 cells/pl, prior to dissolution in 500 or 1000 pl
Qiagen lysis buffer RLT, alteration of pH using 2 M Sodium Acetate (pH 5.5) and addition of 0.71 volumes
absolute ethanol before loading onto a Qiagen RNeasy column and subsequent clean-up, DNase step and elution
(mean £ S.E.M; where * p < 0.05 by two-tailed unpaired T-test comparing the means of all the data for each buffer
RLT value independent of sodium acetate amount). RNA extracted from n=3 gels from the same chondrocyte
population per tested condition.
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3.2.3 Exploration of the effect of mechanical loading on the regulation of

matriptase and hepsin

Based on the results obtained in section 3.2.1, it was decided to focus solely on BNCs for
the following work. After ascertaining that the mechanical loading of BNCs clearly
results in the induction of certain early response genes, it was of interest to explore
whether other known regulators of osteoarthritis were also differentially regulated
following loading. Although matriptase was recently identified by this group as a key
regulator in OA?, little is known about the regulation of matriptase expression in cartilage.

It was therefore of interest to explore whether the gene might be mechanically sensitive.

BNCs were loaded using the same regimen used to confirm the phosphorylation of p38,
however different time points were chosen working under the assumption that new
protein synthesis of a protease would require more than 60 minutes. The expression of
matriptase following loading gave rise to mixed results with both striking up-regulation
and no regulation or even down-regulation observed. When pooling together the data
from densitometric analysis of the western blots from 5 independent experiments, there
was no significant regulation of matriptase by loading observed (Figure 3.7 A). Hepsin is
another serine protease of potential interest in OA, and its expression following load was
also assessed. As with matriptase, no significant trends with loading were observed
(Figure 3.7 B). To further validate the experimental set up, the expression of MMP-1, a
protease previous described to be mechanically regulated, was examined. These results
(Figure 3.7 C) suggest that MMP-1 is indeed regulated by loading, with significant
increases in expression over time. Interestingly, the significant increases commenced
immediately post-loading. Taken together, these data suggest that neither matriptase nor

hepsin are mechanically regulated under tested conditions.
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Figure 3.7: Exploration of MMP1, matriptase and hepsin expression following mechanical load

BNCs encapsulated in agarose underwent 30 minutes of dynamic loading (20-40kPa at 0.33Hz), following which the gels were frozen in liquid nitrogen at 0, 3, 6 or 24 hours post-loading. SDS-PAGE
gels were run and western blots for matriptase (A), hepsin (B) and MMP1 (C) were undertaken. The blots were re-probed with GAPDH as a loading control and densitometric analysis was undertaken.
Density is relative to appropriate GAPDH time point (mean + SD; where * p < 0.05; ** p < 0.01, by unpaired two-tailed T Test compared to corresponding unloaded time point). Data generated from
n=4 (MMP1) or n=5 (matriptase and hepsin) independent experiments from independent populations of chondrocytes.



With the western blotting data on matriptase regulation by loading being inconclusive,
the effect on gene expression was explored. BNCs were loaded and mRNA was extracted
0, 6 and 24 hours post-loading and gPCRs were undertaken for ST14 (matriptase), F2RL1
(PAR2) and HPN (hepsin) (Figure 3.8). At 24 hours post-loading, there was a trend of up
regulation of ST14 though this was not statistically significant (p=0.07) and an up
regulation of F2RL1. HPN however appeared to be down-regulated post-loading, but it is
important to note that this gene had a very low expression level and thus very high cycle

threshold (Ct) values making data analysis less robust.

It was observed that the Ct values for the housekeeping gene loading control GAPDH
were higher at later time points post-loading (namely 24 hours) compared to earlier time
points, implying a lower amount of starting cDNA. The average Ct value for GAPDH at
24 hours post-loading across four independent experiments was 22.3, whereas the average
value for unloaded control, 0 and 6 hours post-load (pooled) for the same experiments
was 19.2 — suggesting around 8.5 fold less GAPDH and thus starting mRNA. This raised
concerns that the viability of the cells could be adversely affected by the loading regimen.
Previously, cell viability in agarose culture had been ascertained indirectly by observing
successful secretion of PCM and the observation of cell division by microscopy, however
no assays had been undertaken to measure cell viability post-loading.

In order to explore cell viability post-loading, LIVE/DEAD® assays were undertaken on
loaded constructs (see chapter 2.2.10) (Figure 3.9). Despite being unable to quantify cell
death, it was clear that following loading there was cell death with the effects more
pronounced at 24 hours post-loading. This increase in cell death correlates with the

observed higher Ct values on gPCR undertaken at this point.
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Figure 3.8: Exploration of ST14, F2RL1 and HPN expression following mechanical loading

BNCs encapsulated in agarose underwent 30 minutes of dynamic loading (20-40kPa at 0.33Hz). Following loading, mRNA was extracted as described in chapter 3.2.2 and reverse transcribed to
cDNA. gPCRs were undertaken for various indicated genes, normalised to GAPDH housekeeping gene (mean + SD; where * p < 0.05, by unpaired two-tailed T Test compared to basal expression,
unloaded control). Data pooled from four separate chondrocyte populations, and significant outliers were identified by a Grubb’s test and removed from the analysis.
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Figure 3.9: Exploration of cell death in BNCs following mechanical load

BNCs encapsulated in agarose underwent 30 minutes of dynamic loading (20-40kPa at 0.33Hz), following which a sample was taken to perform a LIVE/DEAD® assay as described in chapter 2.2.9.
Calcein-AM stains only live cells, whereas EthD-1 stains only dead cells. Constructs were generated from BNCs obtained from two bovine noses, and each time point for each nose had three technical
replicates (labelled construct 1, 2 or 3). Calcein-AM and EthD-1 images from corresponding sample are taken on the same field of view, simply taking images with different fluorescent filters.



Based on these results, it was difficult to draw firm conclusions on gene expression at
later time points following loading, thus making this loading regimen inappropriate for
exploring the effect of loading on the expression of genes such as ST14 and HPN. Despite
the utilised loading regimen having being previously described in the literature, regimens
of lower pressures were tested to explore whether FOS could be up-regulated retaining
greater cell viability. A loading regimen of 10-30 kPa at 0.33 Hz for 30 minutes was
sufficient to upregulate FOS expression (Figure 3.8), however LIVE/DEAD staining
revealed that cell death also increased following load (data not shown). Reducing the
loading regimen to 0-20kPa at 0.33Hz for 30 minutes resulted in better cell viability
immediately post-loading (data not shown), however the up regulation of FOS was at a
much lower level, with a fold change of 1.46 compared fold changes of 7.42 and 5.73 for
20-40 kPa and 10-30 kPa regimens, respectively (Figure 3.10). This small fold-change
was statistically significant, however due to its small magnitude it was decided not to
pursue this regimen because of potential issues with sensitivity and resolution of other

genes.
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Figure 3.10: FOS expression following differing loading regimens

BNCs encapsulated in agarose underwent 30 minutes of dynamic loading of different loading regimens (20-40kPa,
10-30kPa or 0-20kPa, all at 0.33Hz). Immediately post-loading, MRNA was extracted as described in chapter 2.2.8
and reverse transcribed to cDNA. A gPCRs were undertaken for FOS, and normalised to GAPDH housekeeping
gene (mean + SD; where ** p < 0.01; *** p < 0.001, by unpaired two-tailed T Test compared to basal expression,
unloaded control). Data pooled from either two (10-30kPa and 0-20kPa) or four (unloaded and 20-40kPa) separate
chondrocyte populations.

Based on these issues with long-term viability of cells following loading, it was decided
to examine gene expression changes at earlier time points post-loading when viability

was not compromised.

102



3.2.4 Assessment of mechanical loading on known regulators of collagenase

expression

Previous work in our group has identified key regulatory components of collagenase
expression in chondrocytes following pro-inflammatory IL-1+OSM stimulation in HAC.
It was hypothesised that abnormal loading on chondrocytes results in phenotypical
changes similar to pro-inflammatory stimulation, therefore it was of interest to ascertain
whether these regulatory components followed similar expression patterns following
loading, to IL-1+OSM stimulation. Importantly, these regulators are thought to be slow
immediate early genes (IEG), and thus are expressed in the first few hours of IL-1+OSM
stimulation in HAC, and therefore are better candidates for study using the Flexcell

BioPress system.

As prior work on these regulatory components was performed in HAC, it was of initial
interest to explore the kinetics of gene expression following IL-1+OSM stimulation in
BNC in monolayer culture before subsequently comparing the effect of loading (Figures
3.11 and 3.12). As expected, FOS expression is significantly elevated 1 hour following
IL-1+OSM stimulation, before rapidly returning to lower levels. As in HAC, ATF3,
CSRNP1 and EGR2 were all also rapidly up-regulated in BNC. Following the expression
of these early response genes to pro-inflammatory stimulation, collagenase (MMP1 and
MMP13) expression gradually increases over the 24-hour time-course. Based on the data
obtained from stimulating BNC in monolayer, it was clear that the first 3 hours of the
time-course are of greatest interest for ATF3, CSRNP1 and EGR2 so a time-course of this
length was undertaken following BNC loading. Furthermore, prior data (Figure 3.9)

suggest that cell viability is higher in these early time points.

Interestingly, FOS expression hit a peak at 1-hour post-loading, reaching a fold increase
of 38 compared to unloaded samples, whereas immediately post-loading, the fold increase
was 10. Previously, FOS expression had been examined immediately post-loading for
validating the compression system, as this was the time point utilised in the
literature?39:244245 ATF3 expression reached maximal expression immediately post-load,
reducing but remaining significantly elevated for the remainder of the time-course, a
similar profile to pro-inflammatory stimulation. CSRNP1 and EGR2 had highly similar

expression profiles to each other, with maximum expression 2 hours post-load, which

103



differs from their expression following IL-1+OSM stimulation where their expression is
more similar to FOS, reaching maximum expression early at 1 hour, before lowering 1.25
hours onwards. Based on the earlier concerns with cell viability, later time points were
not examined, thus there is no examination of MMP expression at 6-24 hours, however
protein expression data described in chapter 3.2.3 do suggest that MMP-1 protein
expression is indeed elevated at 6 and 24 hours. Cell viability was also examined for the
duration of this time-course, which appeared good for the duration with no observable

cell death (data not shown).
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Figure 3.11: Exploration of gene expression changes following IL-1+OSM stimulation

BNCs seeded at a density of 10x10* cells per well in a 96-well plate were cultured for 3 days before serum starving
overnight and stimulating with I1L-1 at 0.5ng/mL and OSM at 30ng/mL for varying lengths. Following stimulation,
mMRNA was extracted and reverse transcribed to cDNA and qPCRs were undertaken for various indicated genes,
normalised to GAPDH housekeeping gene (mean + SD; where * p < 0.05; ** p < 0.01; *** p < 0.001, by unpaired
two-tailed T Test compared to basal expression, T=0). Data pooled from two separate chondrocyte populations.
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Figure 3.12: Exploration of gene expression changes following mechanical load

BNCs encapsulated in agarose underwent 30 minutes of dynamic loading (20-40 kPa at 0.33 Hz). Following
loading, mMRNA was extracted as described in chapter 3.2.2 and reverse transcribed to cDNA. gPCRs were
undertaken for various indicated genes, normalised to GAPDH housekeeping gene (mean + SD; where * p < 0.05;
**p < 0.01; *** p <0.001, by unpaired two-tailed T Test compared to basal expression, unloaded control). Data
pooled from two separate chondrocyte populations.
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After showing that ATF3 expression was increased post-loading, ATF3 expression was
examined at the protein level also. Expression of ATF3 was clearly induced by
mechanical loading in a time dependent manner (Figure 3.13), however as with the earlier
protein expression experiments (chapter 3.2.3), there was variability between
experiments, thus only densitometric analysis is presented here. CSRNP1 and EGR2
expression could not be examined due to lack of antibody cross reactivity with bovine
proteins.
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Figure 3.13: ATF3 expression following mechanical load

BNCs encapsulated in agarose underwent 30 minutes of dynamic loading (20-40 kPa at 0.33 Hz), following which
the gels were frozen in liquid nitrogen at indicated time points post-loading. SDS-PAGE gels were run and western
blots for ATF3 were undertaken. The blots were re-probed with GAPDH as a loading control and densitometric
analysis was undertaken. Density is relative to appropriate GAPDH time point (mean £ S.E.M; where *** p <
0.001 by two-way ANOVA comparing all unloaded and loaded samples). Data generated from n=5 independent
experiments from independent populations of chondrocytes.

107



3.3 Discussion

In this chapter, a method by which to explore the effect of mechanical loading of cells
cultured in agarose was developed and optimised. Overall, data presented in this chapter
suggest that the system has severe limitations in terms of cell viability over 24 hours,

however this system was best suited over shorter term experiments.

A large amount of initial work using the Flexcell BioPress system was based on the
methods described by Bougault et al (2009) in their detailed published protocols. Their
methods for initial cell culture to produce PCM proved successful, and their loading
regimen proved successful in BNCs, but not SW1353 cells. Their method to extract
protein for SDS-PAGE also worked, however their method for RNA extraction was
unsuccessful despite multiple attempts. Further published methods to extract RNA (for
example, Wang & Stegemann (2010)?*® and Mio et al. (2006)**°) were attempted,
however no success was achieved with any of these methods. Subsequently, a condition
scouting experiment was performed based on the method of Mio et al. (2006)*° as their
method appeared the most promising. Optimal conditions for the extraction of RNA from
SW1353 cells which differed from that of Mio et al. (2006) was identified in dissolution
of the construct in 500 pl Qiagen buffer RLT, as opposed to 1320 ul which their paper
would suggest to be optimal for the construct size in the present study. Their paper also
suggested a correlation between pH and RNA vyield, where better yields were obtained
when lowering pHs. Lower pH values act to neutralise electrostatic repulsion between the
negatively charged silica membrane and negatively charged nucleic acid, thus resulting
in higher RNA yields binding to the column?°,

A trend of increasing yields with lowering pH in the 1000 ul buffer RLT group was
observed, however no such trend existed in the optimal 500 pl group. Extraction
conditions for BNC/agarose constructs were further optimised as these were the cells to
be utilised in subsequent gene expression experiments. As with SW1353 cells, the optimal
volume of buffer RLT for dissolution was 500 ul and the optimal amount of sodium
acetate pH 5.5 added appeared to be 30 pl, however this was not significantly higher than
20 pl (p = 0.22). The trend that 30 pl sodium acetate pH 5.5 resulted in a better yield in
BNC whereas in SW1353 cells sodium acetate pH 5.5 appeared to make no difference
could be explained by the fact that BNCs produce a PCM when cultured in agarose. This
PCM stained positive for GAG, which is negatively charged and would therefore

108



contribute to the net negative charge of the lysis solution prior to column loading. It is
possible that the higher volume of sodium acetate pH 5.5 required to optimise RNA yield
from BNC reflects this GAG. These conditions were therefore used for subsequent RNA

extractions.

It is difficult to explain the observed differences in optimal extraction conditions with
Mio et al.?*®, however differences in experimental setup are the likely reason. They
observed agarose in the eluted RNA when using less than 840 pl buffer RLT, however
samples in the present study were clear. A key difference in the experimental designs are
that they used 1% agarose whereas 2% agarose was used in the present study, however
this does not logically explain the observed differences. It would be reasonable to assume
that the higher concentration of agarose would be more likely to result in carryover

agarose in the eluted RNA, which did not prove to be the case.

A comparison of the human chondrosarcoma cell line SW1353 with BNCs was performed
in order to decide which would be more suited to this research. SW1353 cells clearly did
not secrete a PCM, nor were they responsive to loading in terms of p38 phosphorylation.
It is known that the PCM plays an important role in the mechanical transmission of
loading stimuli®®!, therefore the fact that SW1353 cells did not respond to load could
possibly be explained as such. SW1353 cells are a commonly used cell line for research
on chondrocytes, however their use has several limitations. A comparison between
SW1353 cells and HAC has revealed multiple differences in gene expression profiles
between the two cell types®2. Of greatest interest is the fact that SW1353 cells express
very low levels of SOX9, a vital “master” transcription factor for all stages of
chondrogenesis and chondrocyte function?®32%, SOX9 is required for the formation of
cartilage in terms of collagen type Il expression®®*, as well as aggrecan expression?>2%8,
Staining for both collagen (Masson’s Trichrome) and proteoglycans (Safranin O and
Alcian Blue) show no matrix secretion, which could be a result of low SOX9 expression.
SW1353 cells also express low levels of SOX5 and SOX6, which are two other SOX
transcription factors important in cartilage, and have been shown to be important in the
expression of aggrecan?®. Reflecting this low expression of SOX genes, expression of
key matrix genes such as collagen type Il and aggrecan were hardly detectable in SW1353
cells?2, Interestingly, when SOX9 is overexpressed in SW1353 cells, their ACAN

(aggrecan) expression also increases (David Young, personal communication).
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After 6 days in agarose culture, BNCs did however secrete a PCM, which appeared to
contain proteoglycans but not collagen, perhaps reflecting the additional time a collagen
matrix requires to form?%20, This PCM was shown to be necessary for responding to
loading in terms of FOS induction by testing the loading of BNCs after only 2 days in

261 and these

culture. The chondrocyte with its surrounding PCM is known as a chondron
are known to have a proteoglycan-rich matrix’, a characteristic shared with the BNCs
cultured in agarose in the present study. The PCM is thought to anchor the chondrocyte

262 and is considered to act as

to the surrounding tissue by a network of type VI collagen
a transducer of mechanical stimuli from the external environment of the tissue into the
cell?63284 As such, it is perhaps unsurprising that when undertaking loading experiments
on the BNCs before they secrete a PCM, there is no observed up-regulation of FOS
expression. Indeed, on close examination, it appears that the cells are in limited contact
with the agarose until they form a PCM (Figures 3.1 and 3.4). It is possible that the BNCs
are suspended in an aqueous solution when first seeded in the agarose, which is gradually
replaced by PCM over the 6 days. This aqueous space would not appear on the
histological analysis, and appear as empty space under the microscope. When cells in this
form are subjected to compressive load, they are likely protected from the compressive
forces and do not have the forces applied to the agarose transmitted to the cell and thus

there is no up-regulation of FOS.

After confirming that BNCs respond to mechanical loading by looking at previously
described markers such as p38 phosphorylation and FOS induction?39244245 the key aims
of this chapter were addressed — to explore the effect of mechanical loading on matriptase
and hepsin expression. As proteinase expression is usually expected at later time points
post-stimulus, a 24-hour time-course was decided upon. The effect of loading on
matriptase and hepsin expression gave rise to mixed results. The experiment was repeated
several times with chondrocytes extracted from multiple bovine nasal septa. Down and
up-regulation of both proteinases was observed in these studies, and when densitometric
analysis was undertaken and the data pooled, no significant effect of loading (up-
regulation nor down-regulation) was observed. To validate the experiments, the
expression of MMP-1 was assessed, and this was indeed significantly up-regulated in a
time-dependent manner over the time-course. MMP-1 expression has been shown to be
up-regulated in a variety of models including tensile strain of rabbit knee articular
chondrocytes in monolayer culture®®®; unconfined compression of femoropatellar

cartilage disks in explant culture®®®; and dynamic compression of calf femoropatellar
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chondrocytes seeded in a poly(ethylene glycol) dimethacrylate hydrogel?®’. However, it
Is important to note that not all loading regimens result in MMP-1 up-regulation, as down-
regulation has also been observed following cyclic tensile strain of rabbit knee and
shoulder chondrocytes?®®. To our knowledge, this is the first study to describe MMP-1
up-regulation in chondrocytes cultured in agarose, but based on the literature, this result
is likely to be expected. Taken together, these data suggest that the tested loading regimen
successfully applies mechanical loading to the chondrocytes and results in elevated levels

of MMP-1, however matriptase and hepsin expression are not regulated by this loading.

An interesting observation was that there was a significant increase in MMP-1 expression
immediately post-loading, as well as some individual blots for matriptase and hepsin
showing a similar effect. 30 minutes of loading would not allow for sufficient time for de
novo protein synthesis of proteases such as MMP-1, matriptase or hepsin, so another
explanation must be sought. A potential explanation could be that rather than being an
up-regulation of the gene, there is in fact a reduction in protein turnover by loading, thus
the observed increase in protease on the blot, though there is limited evidence in the
literature to support this theory. There is however some evidence that protein turnover
can be regulated by mechanical loading in muscle cells. For example actin?®, myosin?™
and collagen®’* have all been shown to have reduced protein turnover when undergoing
mechanical strain. It is important to note that these three examples are all structural
proteins, thus their mechano-regulation is not necessarily a surprise. Interestingly,
proteases such as MMP-1 are key regulators of structural proteins, in that they cleave
components such as collagen.

It is important to stress the fact that this is not a definite conclusion on the hypothesis of
whether matriptase and hepsin are mechanosensitive, as there are a huge range of other
loading regimens that could be tested if time and resources were not a limiting factor.
What can be concluded is that under the tested conditions, where MMP-1 is clearly
induced, matriptase and hepsin expression was more variable. Across the experiments,
variation in responses was observed. In terms of causes, biological variability is a
possibility, indeed it is known that the breed of cattle utilised, the Hereford, exhibits
significant genetic variation within the breed?’? and the genetic diversity within the breed

is considered to be as great as exists within human populations?”>.
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Another potential cause for variability is the Flexcell BioPress system itself. The
preparation of the BioPress plates for loading requires the adjustment of the stationary
platen to rest directly on top of the gel. As described in chapter 2.5, this can be calculated
by knowing the accurate height of the gel. However, the “starting” position of the platen
can only be set by eye and by touch, which is not a very scientific method as small
discrepancies between platens can lead to differences in the loads given to each gel. If the
platen is slightly too far away from the gel, but slightly too close to another gel —
differences that the human eye cannot see — then both gels will receive different loads.
As there are a limited number of gels obtained per bovine nasal septum, the protein
expression experiments are undertaken with only a single technical replicate, which

means that any variations within a time point will not be cancelled out.

Due to initial difficulties in extracting the RNA from the agarose constructs, the
experiments exploring gene expression were undertaken after the experiments exploring
protein expression. Based on the concerns with variability between experiments
potentially being caused by the Flexcell system itself, the experiments exploring gene
expression were designed to contain three technical replicates at each time point with the
hope of generating more robust data. The expression of ST14, HPN and F2RL1 were
explored post-loading and there were hints that ST14 and F2RL1 might be up-regulated
at 24 hours post-loading. In undertaking these experiments it was observed that the Ct
values for GAPDH were higher at 24 hours post-loading compared to earlier time points
and unloaded controls. This raised concerns that the cell viability over time might be
affected by the application of load. To address this, cell viability assays were performed
which suggested that the cells were indeed losing their viability over the time-course with

the effect more pronounced at 24 hours post-loading.

It was not ascertained whether the cells are undergoing necrosis or apoptosis. As the cells
appear to take time to die post-loading, apoptosis is the more likely culprit as if the cell
loading machine was physically compressing the cells to death, then one would expect
cell death to be observed earlier. Furthermore, following loading, the cells have a similar
appearance compared to unloaded control cells, with no obvious signs of physical
deformation. In terms of the causes of cell death, there is evidence in the literature that
suggests c-Fos may act as a pro-apoptotic molecule in various cell types?’4?"" and loading
resulted in high expression levels of FOS, with a fold increase level of expression
reaching 38 times that of basal (unloaded) levels 1-hour post-loading. This was a much
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larger induction of FOS than was induced by IL-1+OSM stimulation which only reached
an induction of 4.5 fold higher than basal (unstimulated). It is possible that this very high
“dose” of FOS could be lead to apoptosis. Indeed, there are positive correlations between

c-Fos expression levels and amount of apoptosis previously described?’827°,

Since it was possible cell death was linked to cell loading in a dose-dependent manner,
other dynamic loading regimens with a lower pressure — 10-30 kPa and 0-20 kPa were
tested, both for the same length and frequency as the previous experiments (30 minutes
at 0.33 Hz). The 10-30 kPa also stimulated FOS at a slightly lower level than 20-40 kPa,
however this did not result in better cell viability. The 0-20 kPa, however resulted in only
a very small induction of FOS expression which would likely result in lower resolution
of downstream genes of interest, so it was decided to be inappropriate to further test.
These three tested regimens were all 30 minutes long, with the same dynamic waveforms
(0.33 Hz, square waveform). There are a large range of other loading regimens possible
to utilise by varying the conditions, using a different waveform, different frequency,
different length etc. It is possible that there are loading regimens which would stimulate
BNCs but not kill the cells. Unfortunately, due to the time-consuming nature of these

experiments, it was not possible to explore further loading regimens.

The loading regimen used in this study has previously been described in the literature
with no mention of adverse effect on cell viability?%244245 however these studies utilised
a different type of chondrocyte — embryonic mouse chondrocytes. Bovine nasal septum
cartilage does not undergo mechanical loading in vivo. A comparison of bovine nasal and
articular chondrocytes with respect to loading as not been undertaken to date, however it
is possible that BNCs are less able to tolerate mechanical loading. It has been shown that
other non-loading cartilage, for example auricular cartilage, has different responses to
articular cartilage differ in responses following dynamic loading in terms of collagen type
I and Il and aggrecan expression with articular cartilage showing greater increases in
expression, although viability was not explored?®. It is known that BNCs differ to bovine
articular chondrocytes (BACs) (metacarpophalangeal) in that articular chondrocytes
express more type Il collagen and aggrecan, whereas BNCs express more type |
collagen?®!, Furthermore, the response of BNCs and BACs to pro-inflammatory cytokines
(IL-10) differ in terms of subsequent ADAMTS4 expression?®?, and it is highly likely other
responses differ between the two cell types. Interestingly, a study comparing the use of

either human nasal or human articular chondrocytes in loading following tissue
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engineering suggested that nasal chondrocytes were able to respond to and endure various
loading regimens including a higher expression of matrix protein than articular

chondrocytes, although cell viability was not explicitly tested nor discussed?2,

As cell viability and GAPDH Ct values appeared better at earlier time points post-loading,
it was decided to look at other genes relevant to OA which would potentially be
mechanosensitive. Our group has recently identified several transcription factors
implicated in regulation of MMP-1 and MMP-13 following IL-1+OSM stimulation —
ATF3, CSRNP1 and EGR2 (Chris MacDonald, unpublished). This prior work was
performed in HAC, and was first successfully replicated in BNC before exploring in the
loading model. Following loading the three genes did indeed get up-regulated, however
the temporal regulation appeared to differ to pro-inflammatory stimulation. Following IL-
1+0OSM stimulation, FOS, CSRNP1 and EGR2 had very similar expression profiles of
reaching peak expression at 1 hour, before beginning to reduce by 1.25 hours whereas
ATF3 also peaked early, at 1.25 hours. Following loading, however, ATF3 peaked first,
immediately post-loading, with FOS peaking at 1-hour post-loading whereas EGR2 and
CSRNP1 peak 2 hours post-loading. It is likely that these slight differences in temporal
regulation reflect the differing stimuli.

ATF3 has previously been shown to be mechanosensitive to stretch in human bronchial
epithelial cells?® and rat cardiomyocytes®®, whereas EGR2 mechano-sensitivity to
stretch has been demonstrated in both rat retinal glial cells?®® and in mouse osteoblastic
cell line MC3T3-E1%%. EGR2 has also been shown to be mechanosensitive to loading in
vivo in mouse tibiae?®®. In terms of mechanical loading in chondrocytes, ATF3 and EGR2
up-regulation were observed in a gene expression microarray following the loading of
embryonic mouse chondrocytes with a very similar loading regimen (20-40 kPa for 30
minutes at 0.5 Hz, compared to 20-40 kPa for 30 minutes at 0.33 Hz in the present study)
with fold increases of 1.47 and 2.60, respectively, immediately post-loading®*®. These
data suggest that EGR2 expression immediately post-loading has not yet significantly
increased, with no significant effect observed until 1 hour, and then peaking at 2 hours.
The present study also observed a much larger fold increase of ATF3 compared to theirs,
potentially reflecting that adult bovine chondrocytes might be more responsive than
embryonic mouse chondrocytes. Comparing these studies also highlights the importance
of temporal kinetics of gene expression, and the limitations of only picking a single time

point for analysis.
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CSRNPL1 (sometimes referred to as AXUDL in the literature), has been shown to be up-
regulated following 6 hours of “compression” in human primary cementoblasts®®,
however they used a centrifuge to apply the compression, which is less physiologically
relevant than other systems. To our knowledge, the observation that CSRNP1 is up-

regulated in chondrocytes following mechanical loading is a novel observation.

3.4 Summary

e Chondrocytic cell line SW1353 does not secrete PCM whilst cultured in agarose
and do not appear responsive to mechanical loading. BNCs however do secrete a
PCM and do respond to mechanical loading in terms of p38 phosphorylation and
FOS induction.

e Matriptase and hepsin do not appear to be regulated at the protein level post-

loading, however MMP-1 is.

¢ Mechanical loading of BNCs appears to result in cell death, an effect pronounced
with time post-loading. As the later time points are more of interest with regards
to OA relevant genes, it is difficult to generate confident data with this system.

The early time points appear more robust.

e The mechanical loading stimulation of BNCs appears to elicit a similar response

to pro-inflammatory stimulation with IL-1+OSM
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Chapter 4. Screening of novel proteases with the ability to
cleave PAR?2

4.1 Introduction

A role for canonical PAR2 activation in the pathogenesis of OA was described in chapter
1, where matriptase is able to cleave and activate PAR2, both of which have elevated
expression levels in the disease. This can lead to the induction of many pro-inflammatory

genes as well as the key collagenases in articular cartilage, MMP-1 and MMP-13.

Cartilage destruction in OA is much more complex than just the action of a single enzyme
on a single receptor to induce the expression of a few important genes. Many other
proteases have been identified as having roles in OA and other arthritic diseases. Whilst
some may directly break down components of the cartilage, such as the aggrecanases
ADAMTS-4 and ADAMTS-5%%, others exert their roles indirectly. For example, many
enzymes have been identified as part of networks by activating other enzymes. The serine
protease plasmin has long been known to possess the ability to activate various
proMMPs?®!, and subsequently several other proteases including thrombin, neutrophil
elastase, and cathepsin G have also been found to possess this activation capacity*?.

The extracellular milieu of enzymes within cartilage (both normal and in disease) is
complex, and therefore it is likely there are many unidentified roles for them. This chapter
therefore aims to screen whether cartilage (and especially OA)-expressed proteases have
the ability to cleave PAR2. The identification of novel cartilage-expressed proteases with
the ability to cleave PAR2 could lead to the identification of novel mechanisms in the

pathogenesis of OA.

4.1.1 Chapter Aims

e To develop a method to test protease ability to cleave a PAR2 42mer synthetic
peptide.

e To screen for proteases from the serine, cysteine and metalloproteinase families
for their ability to cleave this PAR2 42mer.
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4.2 Results

4.2.1 Validation of a Tris-Tricine SDS-PAGE and silver staining method to
visualise PAR2 42mer

42.1.1 Design of PAR2 42mer

A literature search was undertaken to compile a list of all previously identified cleavages
of PAR2 (appendix 1). This demonstrated that all previously identified cleavages have
occurred between positions 31 and position 76 of PAR2. The extracellular domain of
PAR2 ends at amino acid 75, therefore it was decided to design a synthetic peptide ending
at position 72 as any closer to position 75 would have limited physiological relevance due
to enzyme not being able to bind to full-length transmembrane PAR2. The PAR2
sequence from arginine-31 until lysine-72 was therefore kindly synthesised by Dr. Hiroki
Shimizu (National Institute of Advanced Industrial Science and Technology (AIST),
Sapporo, Hokkaido, Japan) for use in the protease screen (Figure 4.1).
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Canonical
Activation Site

Figure 4.1: Location of PAR2 42mer peptide
A synthetic peptide corresponding from arginine-31 to lysine-72 (in orange) of PAR2 was designed and
synthesised. The sites of several key cleavages are also highlighted.

4.2.1.2 Optimisation of Tris-Tricine system to separate peptides

In order to visualise cleavage events of the PAR2 42mer, it was decided to use SDS-
PAGE followed by polypeptide staining. The PAR2 42mer is a peptide of 4324.86 Da
and is therefore too small to be visualised by “conventional” SDS-PAGE which utilises
a Tris-Glycine buffer system to separate the proteins. In order to visualise the PAR42mer
and cleavage products, it was decided to utilise a Tris-Tricine system based on the method
of Schagger (2006)2%.

Firstly, it was important to ascertain whether the Schagger method would be sufficient to
stain for peptides as small as 4 kDa. SDS-PAGE gels with a 20% acrylamide resolving
gel and 4% stacking gel were cast, electrophoresed and Coomassie-stained according to
the Schagger method with a series of protein/peptide standards ranging from 1,060 Da to
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26,600. Using this method, the 1,060 and 3,496 Da peptide/proteins did not successfully
stain (Figure 4.2A). The Schagger method used a fixing solution containing 10% acetic
acid, and it was hypothesised that this was not a strong enough fixative and the smaller
peptide/proteins were able to diffuse out of the gel before being fixed. Glutaraldehyde
was therefore utilised as a stronger fixative, and indeed lower MW peptide/proteins were

visible following Coomassie staining (Figure 4.2 B).

Despite the tris-tricine system being sufficient to visualise peptide/proteins smaller than
the PAR2 42mer, Coomassie staining is not sufficiently sensitive to visualise the PAR2
42mer on an appropriate scale for in vitro digests. Silver staining was therefore used.
Initially, silver staining following glutaraldehyde fixation was utilised, however this
resulted in a very high level of background on the gel (data not shown). Trichloroacetic
acid (TCA) was therefore utilised as a stronger fixative than acetic acid, with a trade off
against glutaraldehyde: despite poorer fixation, a lower background was observed (Figure
4.2 C).

MW

26,600 -

17,000 -

14,200 -

6,500 -

3,496 -
1,060 -

Figure 4.2: Optimisation of fixation and staining of Tris-Tricine SDS-PAGE gels

A series of protein/ peptide standards containing (from smallest to largest) bradykinin, bovine insulin chain B,
bovine aprotinin, bovine alpha-lactalbumin, equine myoglobin, and rabbit triosephosphate isomerase were
separated by SDS-PAGE. 16% acrylamide tris-tricine gels were cast, electrophoresed and fixed with either 10%
acetic acid (A) or 5% glutaraldehyde (B) for 1 hour at room temperature before staining with Coomassie G-250. A
20% acrylamide tris-tricine gel was cast, electrophoresed and fixed with 12% TCA for 1 hour at room temperature
before silver staining (C).
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4.2.1.3 Screening a panel of proteases known to cleave PAR2

After optimising SDS-PAGE and silver staining for use with peptides the size of the
PAR2 42mer, it was of interest to validate a system by which to identify cleavages of the
peptide. Four proteases previously identified as being able to cleave PAR2 at various
locations were selected for this: matriptase, hepsin, cathepsin G and neutrophil elastase.
Matriptase and hepsin are both canonical PAR2 activators cleaving PAR2 at position 36
between arginine and serine!*>?%%, Cathepsin G has been identified as a disarmer of PAR2,
cleaving the protein at position 64 between phenylalanine and serine??®. Neutrophil
elastase is thought to be a biased agonist and disarmer of PAR2, cleaving at position 67

between serine and valine?%.

Incubation of hepsin and matriptase with PAR2 42mer resulted in a reduction of parent
peptide and an accumulation of a single smaller product of >3.5kDa over time (Figure 4.3
A and D). The expected cleavage of matriptase and hepsin would result in fragments of
~3650 Da and ~670 Da, thus the observed product is likely to be the ~3650 Da fragment,
whereas the smaller fragment would be too small to observe by this method. Neutrophil
elastase and cathepsin G both also cleave the PAR2 42mer (Figure 4.3 B and C), however
there was no accumulation of product observed, only a loss of the parent peptide,
implying all fragments are too small to observe by SDS-PAGE.

It is important to note that the PAR2 42mer often runs as a doublet by SDS-PAGE. A
doublet can be observed in Figure 4.3 D, however one of the gels run in the same
experiment ran as a singlet (Figure 4.3 A). By running HPLC, it is clear that only a single
product exists (see Figure 5.1 in chapter 5). It was never ascertained why this occurred,

and thus it is important to compare the negative control lane to any cleavage lanes.
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Figure 4.3: Validation of system with proteases known to cleave PAR2

10 uM PAR2 42mer was incubated with 10 nM of either hepsin (A) or elastase (B), 1 nM cathepsin G (C), or 0.1
nM matriptase (D) for varying durations before resolving the reaction products on 20% polyacrylamide gels and
silver staining. All gels representative of 2 independent experiments.
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4.2.2 Screen of proteases for ability to cleave PAR2 42mer

After validating the use of SDS-PAGE to identify the cleavage of the PAR2 42mer with
enzymes known to cleave PAR2, the system was used to identify novel enzymes for their
ability to cleave PAR2.

4.2.2.1 Serine protease screen

As PAR?2 is considered primarily to be a receptor for serine proteases?®*, and as a role for
serine proteases in the pathogenesis of various arthritic diseases, including OA, is
becoming well established!?!, it was decided to screen novel serine proteases for their
ability to cleave PAR2.

In order to keep the serine protease screen relevant to arthritis and in particular OA, a list
of serine proteases that were found to be significantly dysregulated in OA versus control
(neck of femur fracture samples) was drawn up (table 4.1), based on low-density array
data generated during a previous study by our group®. Some of the dysregulated serine
proteases in the screen are known PAR?2 activators, such as matriptase!'®, hepsin®? and

coagulation factor X?%,

Of the proteases identified in the serine protease screen, complement factor D,
complement factor I, HTRAL, HTRA3, PCSK9 and FAP were sourced for screening of
PAR2 cleavage ability. Furthermore, uPA and thrombin were sourced for screening.
Despite not being identified in this screen, uPA has previously been implicated in arthritis

pathogenesis®®

where its injection into mice joints resulted in rheumatoid arthritis-like
morphological changes such as synovitis, pannus formation and some -cartilage

destruction.

Thrombin has also been implicated in arthritis. Aside from its role in thrombosis,
thrombin also activates PAR1 to mediate various other roles including pro-inflammatory
signalling. PAR1 deficiency in mice confers protection from antigen-induced arthritis,
including reduced MMP-13 expression'®, whereas thrombin inhibition attenuates

synovial hyperplasia in collagen-induced arthritis in mice*?,
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Table 4.1: Differentially regulated serine proteases in OA, Low-density array
analysis taken and modified Milner et al., (2010)*

Gene Protein Fold change
BF B-factor 0.3
C2 Complement component 2 7.24
DF D component of complement 5.08
DPP4 Dipeptidylpeptidase 4 3.41
ELANE Neutrophil Elastase 5.94
F10 Coagulation factor X 17.69
FAP Fibroblast activation protein 2.36
GZMA Granzyme A 18.97
GZMB Granzyme B 3.7
GZMK Granzyme K 10.81
HPN Hepsin 0.09
HTRA1 HtrA serine peptidase 1 3.8
HTRAZ2 HtrA serine peptidase 2 0.67
HTRA3 HtrA serine peptidase 3 4.2
HTRA4 HtrA serine peptidase 4 20.23
IF | factor 7.86
KLK13 Kallikrein 13 21.73
PCSK1 Proprotein convertase subtilisin/kexin type 1  0.11
PCSK6 Proprotein convertase subtilisin/kexin type 6 9.98
PCSK9 Proprotein convertase subtilisin/kexin type 9 14.48
PLAT Plasminogen activator, tissue 0.22
PRSS15 Protease, serine, 15 0.57
PRSS23 Protease, serine, 23 5.89
PRSS3 Protease, serine, 3 0.24
ST14 Matriptase 5.92
TMPRSS4 Transmembrane protease, serine 4 0.02
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Both uPA and thrombin displayed the ability to cleave the PAR2 42mer at higher
concentrations after 24 hours (Figure 4.4). Signs of degradation by thrombin were
observable as low as 10 nM of enzyme, and a dose-response was observed thereafter. It
appears that thrombin digestion of PAR2 42mer results in a single product. uPA appeared

less potent at degrading the peptide, however clear digestion was also observed.

+ PAR2 42mer
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Figure 4.4: uPA and Thrombin cleavage of PAR2

PAR2 42mer (10 uM) was incubated with increasing concentrations (nM) of either thrombin (A) or uPA (B) for
24 hours at 37°C before resolving the reaction products on 20% polyacrylamide gels and silver staining. All gels
representative of 2 independent experiments.

As recombinant HTRA1 and HTRA3 preparations were available at very high
concentrations, PAR2 42mer digestion by a wide range of concentrations was tested.
HTRAL had the ability to degrade the PAR2 peptide, with evidence of cleavage as low
as 20 nM with 500 nM resulting in a complete visual loss of peptide at 24 hours (Figure
4.5 A). Two bands are visible in the 20-200 nM digestions; thus it is likely multiple
cleavages occur resulting in products too small to visualise by SDS-PAGE. The high
concentrations of enzyme result in visual bands from the enzyme preparation visible in
the gel, as shown in the 10000 nM enzyme only control. There was no evidence of
HTRAS3 being able to cleave PAR?2 at all tested concentrations (Figure 4.5 B).
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Figure 4.5: HTRAL, but not HTRAS3, can cleave PAR2
PAR2 42mer (10 pM) was incubated with increasing concentrations (nM) of either HTRA1 (A) or HTRA3 (B) for

24 hours at 37°C before resolving the reaction products on 20% polyacrylamide gels and silver staining. All gels
representative of 2 independent experiments.

The ability of complement factors D and | to cleave PAR2 was examined, and there was

no evidence of either enzyme exhibiting such activity (Figure 4.6).
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Figure 4.6: Factor D and Factor | do not cleave PAR2
PAR2 42mer (10 uM) was incubated with increasing concentrations (nM) of either Factor D (A) or Factor | (B)

for 24 hours at 37°C before resolving the reaction products on 20% polyacrylamide gels and silver staining. All
gels representative of 2 independent experiments.

Furthermore, neither PCSK9 or FAP displayed any evidence of being able to cleave the

PAR2 42mer (Figure 4.7).
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Figure 4.7: PCSK9 and FAP do not cleave PAR2

PAR2 42mer (10 pM) was incubated with increasing concentrations (nM) of either PCSK9 (A) or FAP (B) for 24
hours at 37°C before resolving the reaction products on 20% polyacrylamide gels and silver staining. All gels
representative of 2 independent experiments.

42.2.2 Metalloprotease screen

The ability of MMPs to modify cell behaviour by cleaving receptors has previously been
described in the literature with both MMP-1%" and MMP-13% able to cleave and activate
the thrombin receptor PARL. Furthermore, it has been reported that MMP-1 may be able
to act on PAR2 in an agonistic manner, which is further discussed in chapter 5.3. It was
therefore of interest to ascertain whether the collagenolytic MMPs would have the ability
to cleave PAR2, as both the MMPs and PAR2 are known to be involved in arthritis.

The incubation of proMMP-1, -8 and -13 in the presence of APMA with the PAR2 42mer
for 24 hours resulted in observable cleavage (Figure 4.8). Both MMP-1 and MMP-3
appear to result in a single product with a dose-response observed, whereas MMP-8 at
lower concentrations results in a single product, however both this product and the parent

peptide were lost at higher concentrations.
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Figure 4.8: MMP-1, -8 and -13 cleavage of PAR2 42mer

PAR2 42mer was incubated for 24 hours with either proMMP-1 (A), proMMP-8 (B) or proMMP-13 (C) at various
concentrations, activated by 1 mM APMA, before resolving the reaction products on 20% polyacrylamide gels and
silver staining. All gels representative of 2 independent experiments.

In order to confirm that it was indeed metalloprotease activity responsible for cleavage of
the peptide, experiments were undertaken in the presence of GM6001, which inhibited
MMP-1, -8 and -13 cleavage of the PAR2 42mer (data not shown).

42.2.3 Cysteine protease screen

As described in chapter 1, several lysosomal papain-like cysteine proteases, often referred
to as the “cathepsins”, have been identified as having extracellular roles and implicated
in arthritic disease. Furthermore, cathepsin S has been identified as a biased agonist for
PAR2 activation??®, Therefore, the ability of cathepsins V, K, B and L to cleave PAR2

was explored.

All tested cathepsins were able to digest the PAR2 42mer (Figure 4.9). Of these, cathepsin
K appeared to result in an observable smaller band, whereas the other cathepsins resulted
in a loss of PAR2 42mer but no additional bands, thus the product(s) were likely too small
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to be visualised by this technique. The addition of E64 cysteine protease inhibitor resulted
in the inhibition of PAR2 cleavage for each enzyme, showing that the cleavage of PAR2

was dependent on cysteine protease activity.

It is important to draw attention to a small band present in all lanes, including the controls.
This band was not present in experiments undertaken earlier on in the project, thus it

appears that the peptide was not stable in long-term storage.
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Figure 4.9: Cathepsin cleavage of PAR2 is dependent on cysteine protease activity

10 uM PAR2 42mer was incubated with either 1 nM cathepsin V, 5 nM cathepsin K, 10 nM cathepsin B, 20 nM
cathepsin S or 0.5 nM cathepsin L 30 minutes at 37°C in the presence or absence of 10 pM E64, before resolving
the reaction products on 20% polyacrylamide gels and silver staining. Gel representative of 2 independent
experiments.

4.3 Discussion

In this chapter, a synthetic peptide was synthesised corresponding to the extracellular
region of PAR2 where previously identified cleavages have been identified, and a method
of visualising this peptide by SDS-PAGE was optimised. Subsequently, this system was
validated by confirming a series of known PAR?2 activators and disarmers could digest
the peptide. Finally, a series of cartilage and arthritis-relevant proteases from the serine,
cysteine and metalloprotease families were screened for their ability to cleave PAR2,

which identified several novel activities of enzymes from these families.

In designing the sequence for the PAR2 42mer synthetic peptide, a list of all previously
identified PAR2 cleavages was drawn up in order to design a peptide that could “cast the
largest net” for identifying cleavages, and with consideration that solid-phase synthetic
peptide synthesis becomes markedly more difficult with each increasing amino acid in
length?®. Indeed, in searching the literature, it appears that 42 amino acids is the longest

PAR?2 peptide sequence utilised for enzyme identification research to date, and previous
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studies requiring large sequence coverage have utilised overlapping peptides®?®, or

otherwise have focused on smaller specific PAR2 regions?1%22>3% Moreover, the PAR2
sequence utilised in this project (arginine-31 to lysine-72) is comparable to the sequence
utilised in a study by Loew et al. (2000)*°** who made an arginine-31 to leucine-79
sequence, however this was not a synthetic peptide generated by solid-phase synthesis,
but rather a recombinant protein expressed and purified from E. coli. Sequence analysis
of PAR2 suggests that the extracellular domain ends at amino acid 75, thus the
proteinase 3 and elastase cleavages identified at positions 74, 75 and 76 by Loew et al.
(2000) are likely to be of low physiological relevance. Terminating the PAR2 42mer
utilised in the project at lysine-72 was decided to encompass the whole physiologically-

relevant range of residues.

Before screening novel enzymes for the ability to cleave PAR2, the system set up was
validated by testing four enzymes previously identified as being able to cleave PAR2.
Matriptase, hepsin, cathepsin G and neutrophil elastase were all tested for their ability to
cleave PAR2. Matriptase and hepsin are both canonical activators expected to cleave after
arginine-36%2% whereas cathepsin G is thought to be a disarmer and neutrophil elastase
a disarmer of some responses and a biased agonist of others?24?%, Multiple cleavage sites
for cathepsin G and neutrophil elastase have been identified®®!, however it this thought
that the most important and physiologically-relevant cleavages are after phenylalanine-

64 and after serine-67, respectively??.

The cleavage of the PAR2 42mer by hepsin and matriptase was evident as early as 30
minutes, however even when digested for 21 hours, only a single product was observed,
with no evidence of secondary cleavages or loss of peptide from the visible range of the
SDS-PAGE system. This observation is in line with the literature where only a single
cleavage site has been identified for the two enzymes — the canonical site. Electrospray
MS was undertaken on the digestion product generated by matriptase and hepsin, and this

confirmed the expected canonical cleavage (data not shown).

Neutrophil elastase and cathepsin G both also cleaved the peptide as expected, however
this was observed by loss of parent peptide and no product was observed. This would
imply that the products were too small to observe by SDS-PAGE, or there are multiple
cleavages which result in multiple small fragments. The expected fragment size from the

previously described major cleavage site for cathepsin G is 3581.00 Da and 3826.24 Da
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for neutrophil elastase (based on the work of Ramachandran et al. 201122°), both would
be expected to be visible by the SDS-PAGE method utilised. Indeed, the band generated
by hepsin and matriptase was 3653.10 Da and was clearly detected by this method. Taken
together, it is likely that multiple digestions have taken place by neutrophil elastase and
cathepsin G resulting in a series of peptides too small to visualise. Multiple cleavage sites
on PAR2 have previously been observed by both enzymes?2>%%, so this observation is in
line with the literature.

After optimising and validating a method to assess enzymes for their ability to cleave
PAR2, a screen was undertaken and 9 novel enzymes were identified as being able to
cleave PAR2 (table 4.2). Three metalloproteases, MMP-1, -8 and -13 were all able to
cleave PAR2; two serine proteases, UPA and HTRA1 and four cysteine proteases,
cathepsins V, K, B and L also had this ability.

Table 4.2: List of proteases tested for their ability to cleave PAR2

Cleavages: Not
Cleavages: Novel No Cleavage
Novel

MMP-1* ADAMTS-5

Metalloproteases MMP-8

MMP-13
uPA Thrombin Factor |
HTRA1 Cathepsin G Factor D
Serine Proteases Neutrophil elastase =~ HTRAS3
Hepsin FAP
Matriptase PCSK9
Cathepsin V Cathepsin S
Cysteine Cathepsin K
Proteases Cathepsin B
Cathepsin L

*MMP-1 previously suggested to act on PAR2, however no identification of cleavage site nor

direct evidence of PAR2 cleavage by active MMP-1 observed %, see chapter 5.
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It is important to draw attention to the relative concentrations of protease as well as length
of incubation required to observe PAR2 42mer cleavage. Some proteases, for example
matriptase, were very potent, able to cleave PAR2 with low concentrations (0.1nM
matriptase for 30 minutes resulted in about 50% cleavage), whereas proteases such as the
MMPs were much less potent. MMP-1 and MMP-13 required 400nM of protease for 24
hours to observe the same level of PAR2 42mer degradation. The cathepsins were
generally very potent, whereas the other serine proteases exhibited a variable level of
potency, for example thrombin, uPA and HTRA1 all required high protease concentration

with a long incubation to observe cleavage.

The observation that HTRAL was able to cleave PAR2 is an interesting one. This enzyme
has been linked with multiple musculoskeletal disorders®®* including both RA and OA
where elevated protein levels are observed in synovial fluids®®. Furthermore, HTRA1 is
expressed by chondrocytes, with elevated gene expression levels in OA?® with high
levels of the protein detected in cartilage extracts*®. HTRA1 expression is also elevated
in antibody-induced arthritis in mice®!. The role of HTRAL in arthritic diseases is
incompletely understood. Recombinant HTRAL is able to induce MMP1 and MMP3
expression in human synovial fibroblasts from both OA and RA patients in a mechanism
that is thought to involve HTRAL cleavage of fibronectin and subsequent fibronectin
fragment induction of MMP expression®®, HTRA1 has also been shown to degrade
various cartilage components such as aggrecan with HTRAZ1-digested fragments
identified in OA cartilage®®. HTRAL1 can also digest soluble type 11 collagen®!, and can
potentially act to further degrade MMP-digested fibrillar collagen in disease.

Despite being a trypsin-like serine protease, HTRA1 does not have a preference for a
charged amino acid in the P1 position®’, thus is unlikely to be a candidate for being a
PAR2 canonical activator which would require cleavage after an arginine. HTRAL prefers
small- to medium-sized hydrophobic residues, as well as polar threonine and glutamine
in the P1 position®*’. The bands observed on the gel suggest that multiple cleavages occur
as first a single band appears, but at higher concentrations all bands disappear implying
multiple peptide fragments too small to visualise by this method.

This project had initially included thrombin as part of the screen, which was identified as
a novel enzyme with the ability to cleave PAR2, but a paper has since been published
with identifies thrombin as a PAR2 activator?}*. Indeed, thrombin was identified as
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cleaving the PAR2 canonical activation site, which is line with the cleavage observed in
this project as thrombin digestion of the PAR2 42mer resulted in a band of the same size
as matriptase and hepsin. The fact that the screening method in this project identified a
cleavage which was subsequently published elsewhere further validates the system as a

good system to screen PAR2 cleavages.

UPA is best known for its role in fibrinolysis, where it activates plasminogen to plasmin,
but roles have also been identified in arthritic diseases®®® and it is able to activate various
proMMPs including proMMP-3 and proMMP-132°13%8 Interestingly, uPA is already
known to be able to signal via a cell surface receptor, the uPA receptor (UPAR), which
can induce multiple cell signalling pathways®%. uPA has a preference for a basic arginine
or lysine in the P1 position, as well as a small glycine or serine in the P2 position®'°, and
thus is a candidate for being a canonical PAR2 activator which would require cleavage
after glycine and arginine. The motif glycine-lysine appears three times in the sequence
also, so there is also potential for other uPA cleavages within the PAR2 sequence. The
band observed on the gel appears to be of a similar size to that of hepsin, matriptase and

thrombin.

Of the serine proteases screened, there was no evidence of factor I, factor D, HTRAS,
PCSK9 or FAP being able to cleave PAR2. To date, only a single substrate has been
identified for complement factor D which is complement factor B as part of the
complement cascade®®. Complement factor 1, despite having slightly more identified
substrates than factor D, still has a limited amount of substrates®!®. The complement
system has however been linked to arthritic diseases, in particular RA?? with factors |
and D both being significantly up-regulated in OA compared to control cartilage?. Despite
these links with arthritis, the known substrate specificities of these enzymes are in line
with the findings presented here.

FAP is best known as a dipeptidyl peptidase (an exopeptidase which cleaves two amino
acids from the N-terminus) with a preference for a P1 proline, however it has also been
shown to exhibit endopeptidase activity®'!. Thus, it was relevant to include in this PAR2
cleavage screen. The PAR2 42mer peptide contains no proline residues, and despite being
some evidence that FAP may also cleave substrates with alanine, arginine, glycine, lysine

or serine in the P1 position®'?, it is clear there is a strong preference for a proline in this
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position®'®, The failure of FAP to cleave PAR2 means further research is required in order

to identify potential substrates for this unusual protease.

The three major collagenases, MMP-1, -8 and -13 were all able to cleave PAR2. This was
a fascinating observation, as it is known that canonical PAR2 activation is able to
upregulate the expression of many MMPs, including MMP1, MMP3 and MMP13*. Data
presented in this chapter now suggests that active MMPs can act on PAR2, identifying a
potential feedback system. Due to the vital importance of the collagenases in OA, as well
as the importance of canonical PAR2 signalling in the disease, further work was

undertaken on these cleavages, and is presented in chapter 5.

PAR2 has been mainly described as a receptor for trypsin-like serine proteases, however
a recent paper described biased agonism via activation by the lysosomal cysteine protease
cathepsin S?%. As several other lysosomal cysteine proteases have had extracellular roles
identified, and have been linked to arthritic diseases, a series of these were also screened.
Cathepsins B, K, V and L were all identified as novel enzymes with the ability to cleave
PAR2. These novel observations were very interesting, and opened up PAR2 as
potentially much more than just a receptor for trypsin-like serine proteases. Therefore,
more work was undertaken to further understand these cleavages, and is presented in

chapter 6.

4.4 Summary

e A 42 amino acid peptide corresponding from arginine-31 to lysine-72 of PAR2,
which contains the vast majority of previously identified PAR2 cleavage sites,

was designed and synthesised.

e A method to visualise the PAR2 42mer was optimised, comprised of tris-tricine
SDS-PAGE and silver staining.

e The system was validated by confirming that matriptase, hepsin, cathepsin G and

neutrophil elastase could cleave the PAR2 42mer.
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e Ascreen of novel enzymes from the metalloprotease, serine and cysteine protease
families was undertaken, identifying 9 novel enzymes with the ability to cleave
PAR2.
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Chapter 5. Investigation of the role of the collagenolytic
MMPs 1,8 and 13 in PAR?2 cleavage

5.1 Introduction

After identifying that MMP-1, -8 and -13 can enzymatically digest the PAR2 42mer
peptide, work was performed to further explore these cleavages. To gain initial insights
into potential roles of cleavages, it is important to know the specific cleavage sites, which
were obtained by mass spectrometry. Subsequently, further insights into the relevance of
the cleavages were obtained by generating kinetic parameters for the enzymes for their
cleavage site. Biochemistry-based assays are useful to give insights into the cleavages,

but to further to understand the biology, cell work also was performed.

5.1.1 Chapter Aims

e To identify the cleavage sites for MMP-1, -8 and -13 cleavage of PAR2.
e To explore kinetic parameters of MMP-1, -8 and -13 cleavage of PAR2.
e To explore a functional role for MMP-1, -8 and -13 cleavage of PAR2 in a

chondrocytic cell culture model.

5.2 Results

5.2.1 |Identification of PAR2 cleavage sites by MMP-1, -8 and -13

To identify the cleavage sites, mass spectrometry was used to identify the cleavage
products generated by MMP cleavage. HPLC was used to remove detergents present in
the digestion buffer and to visualise the contents of the enzymatic reaction. To be able to
identify cleavage products, the undigested 42mer peptide was run as a control and the
elution time noted for comparison with digestion products. The undigested PAR2 42mer
yielded a single major peak which elutes at around 16.5-17 minutes on the gradient
(Figure 5.1).
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Figure 5.1: Reversed-phase HPLC trace for PAR2 42mer undigested

The PAR2 42mer peptide was diluted to 10 uM in 0.1% TFA and 30 pL was injected onto an ACE 3 C18 HPLC
column. A gradient of 5-60% acetonitrile was run over 27 minutes at 35°C using a flow rate of 0.2 mL/min. The
peptide elutes at around 16.9 minutes on the gradient. Chromatogram representative of three independent
experiments.

To generate robust mass identification by electrospray MS, it is considered that a peak of
greater than 50 mAU is required (Dr Joe Gray, personal communication). Thus, peaks
greater than 50 mAU were selected for mass identification. The HPLC separation of a 24-
hour digestion reaction containing 400 nM MMP-1 with 10 uM PAR2 42mer yielded two
major peaks - a peak at 16.9 minutes which corresponds to the parent peptide, as well as
a peak with a later elution time at 18.4 minutes (Figure 5.2). The peak was collected and
the mass obtained by electrospray MS (an example MS trace is presented in appendix 2),
yielding 3564.9 Da. FindPept software (ExPASy) was used to identify all possible
cleavage sites on the PAR2 42mer, which identified a single site corresponding to the
observed mass, which was a cleavage between serine-7 and leucine-8 of the peptide (and
thus serine-37 and leucine-38 in full length PAR2). A small peak was also observed at

16.3 minutes, but it was below the sensitivity for electrospray MS.
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Figure 5.2: Reversed-phase HPLC trace for PAR2 42mer following MMP-1 digestion

PAR2 42mer (10 pM) was incubated with 400 nM MMP-1 for 24 hours at 37°C. 30 pL was injected to the HPLC
system and ran through an ACE 3 C18 column on a 5-60% acetonitrile gradient over 27 minutes at 35°C using a
flow rate of 0.2 mL/min. Peaks were collected manually for further analysis by electrospray MS.

A similar experiment using 20 nM MMP-8 resulted in the identification of three major
peaks —at 16.3, 16.9 and 18.4 minutes (Figure 5.3). As previously described, the peak at
16.9 minutes corresponds to the parent peptide, and the peak observed at 18.4 minutes
was likely to be the same product as observed by MMP-1 cleavage. A small peak at 16.3
minutes had been observed by MMP-1 cleavage of the PAR2 42mer (Figure 5.2),
however it was too small to run by MS. The 16.3 and 18.4 minute peaks generated by
MMP-8 cleavage were subjected to electrospray MS, and as expected, the peak at 18.4
minutes was the same product as generated by MMP-1. The peak at 16.3 minutes yielded
aproduct of 3924.1 Da, which corresponded to a cleavage between valine-38 and leucine-
39 of the peptide (valine-68 / leucine-69 in full length PAR2).
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Figure 5.3: Reversed-phase HPLC trace for PAR2 42mer following MMP-8 digestion

PAR2 42mer (10 puM) was incubated with 20 nM MMP-8 for 24 hours at 37°C. 30 pL was injected to the HPLC
system and ran through an ACE 3 C18 column on a 5-60% acetonitrile gradient over 27 minutes at 35°C using a
flow rate of 0.2 mL/min. Peaks were collected manually for further analysis by electrospray MS.

The HPLC trace of the digestion of PAR2 42mer by 200 nM MMP-13 resulted in a
chromatogram with many peaks (Figure 5.4). As insufficient peptide was used in the
digestion for all the peaks to be product from the PAR2 42mer, it was hypothesised that
MMP-13 had undergone autolysis as it is known to lack stability, thus resulting in
observation of MMP-13 fragments. This was confirmed by running a HPLC trace of 200
nM MMP-13 following 24-hour incubation in the absence of PAR2 42mer (data not
shown). The peaks at 17.9 and 18.4 minutes were selected for electrospray MS. There
was no evidence of the parent peptide remaining in the chromatogram. As with MMP-1
and -8, the peak at 18.4 yielded the same product resulting from a cleavage between
serine-7 and leucine-8 of the PAR2 42mer. The peak at 17.9 yielded a product with a

mass of 3165.6 Da, which interestingly corresponded to a second cleavage event. This
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product was a result of the previously observed cleavage at serine-7 and leucine-8, as well
as a cleavage of its C-terminal fragment at valine-38 and leucine-39 — one of the cleavages
observed by MMP-8 digestion of PAR2 42mer.

It was not possible at this stage to deduce which was the primary cleavage, however the

fact that the 3564.9 Da peak was the larger peak, and the fact that the serine-7 and leucine-
8 cleavage is present in both peaks, suggests that this is likely to be the case.
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Figure 5.4: Reversed-phase HPLC trace for PAR2 42mer following MMP-13 digestion

PAR2 42mer (10 pM) was incubated with 200 nM MMP-13 for 24 hours at 37°C. 30 pL was injected to the HPLC
system and ran through an ACE 3 C18 column on a 5-60% acetonitrile gradient over 27 minutes at 35°C using a
flow rate of 0.2 mL/min. Peaks were collected manually for further analysis by electrospray MS.
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Table 5.1: Identification of cleavage sites, highlighting the observed product in black

Mass Mass
Protease (Observed) (Expected) Sequence
(Da) (Da)
LIGKVDGTSHVTGKGVTVETVF
MMP-1 3564.9 3564.9 SVDEFSASVLTGK
RSSKGRSLIGKVDGTSHVTGKGVTVETVFES
MMP-8 3924.1 3924.0 VDEESASY
LIGKVDGTSHVTGKGVTVETVF
MMP-8 3564.9 3564.9 SVDEESASVLTGK
LIGKVDGTSHVTGKGVTVETVF
MMP-13 3165.6 3165.6 SVDEESASV
LIGKVDGTSHVTGKGVTVETVF
MMP-13 3564.9 3564.9 SVDEESASVLTGK

To ascertain which of the cleavages was the primary cleavage event, limited digests were
undertaken at 3 and 6 hours for 200 nM MMP-13. At 3 hours, the parent peptide is still
present, and approximately half had been converted to the 3564.9 Da peak, corresponding
to the serine-7 and leucine-8 cleavage (Figure 5.5 A). By 6 hours, there is much less
parent peptide remaining, having mostly been converted to the 3564.9 Da peak (Figure
5.5 B). Furthermore, at 6 hours the 3165.6 Da peak corresponding to the valine-38 and
leucine-39 of the peptide begins to appear. Taken together, these data strongly suggest
that for MMP-13, the primary cleavage is between serine-7 and leucine-8, and the

secondary cleavage is between valine-38 and leucine-39.

MMP-1, -8 and -13 all cleave at an MMP-specific site which is one amino acid
downstream of the canonical activation site of PAR2, which results from a cleavage with
leucine in the P1’ position yielding a new product with an N-terminal leucine (Figure
5.6).
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Figure 5.5: Reversed-phase HPLC trace for PAR2 42mer following MMP-13 digestion at 3 and 6 hours
PAR2 42mer (10 uM) was incubated with 200 nM MMP-13 for either 3 hours or 6 hours at 37°C. 30 pL was
injected to the HPLC system and ran through an ACE 3 C18 column on a 5-60% acetonitrile gradient over 27
minutes at 35°C using a flow rate of 0.2 mL/min. Peaks were identified based on their elution time.
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Figure 5.6: Summary of MMP cleavage sites on PAR2
Representation of the structure of the PAR2, highlighting the primary MMP cleavage site at serine-37 / leucine-
38, and the secondary MMP cleavage site at valine-68 / leucine-69 as well as the canonical site for comparison.

5.2.2 Kinetic parameters of MMP-1, -8 and -13 for PAR2 substrate

Following the identification of an MMP cleavage site between serine-37 and leucine-38
of| PAR2, kinetic parameters were generated and compared to matriptase. For this work
the SY-9 peptide was used, a quenched-fluorescent peptide containing 8 amino acids with
the sequence SKGRSLIG, corresponding to P4 to P4’ of the canonical cleavage site where
matriptase and trypsin cleave. As the MMP cleavage site is only a single amino acid
downstream from the canonical site, this peptide can also be used as a substrate for

MMPs, and their kinetics directly compared to matriptase.
Michaelis-Menten kinetic experiments were undertaken for MMP-1, -8 and -13 (Figure

5.7), as well as for matriptase. By active-site titrating the enzymes (appendix 3), turnover
numbers (Kcat) were able to be calculated for each one. Taken in combination with the Km,
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“enzymatic efficiency” was calculated for each enzyme in terms of Kcat/Km. For further

information regarding derivation of constants, see chapter 2.15.4.

109 A MMP1

20 B MMP8

Velocity (nM.s™)

509 C MMP13

O 1 1 1 1 1
0 20 40 60 80 100

[SY-9 Substrate] uM

Figure 5.7: MMP-1, -8 and -13 Michaelis-Menten curves for SY-9 substrate

Michaelis-Menten curves for MMP-1, -8 and -13. Increasing concentrations of 2Abz-SKGRSLIG-3NY (SY-9)
peptide were incubated with MMP. MMP-1 was at 400.4nM (A), MMP-8 was at 172.8nM (B) and MMP-13 was
at 9.088nM (C). The fluorescence was measured at Aex 320 nm and Xem 420 nm and the linear reaction velocities
were obtained from linear gradients of the fluorescence progress curves at early timepoints. The hydrolysis of
substrate was quantified (nM.s™?) using a standard curve generated by total substrate hydrolysis. Graphpad Prism 5
software was used to plot velocity against substrate concentration and non-linear regression was used to generate
constants Km and Vmax. Keat was calculated from Vmax and enzyme active concentration. Curves shown are n=3
independent experiments, mean + SD.
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The kinetic constants for MMP-1, -8, -13 and matriptase are outlined in table 5.2. As
expected, matriptase had a much higher kcat than any of the MMPs with the ability to
turnover 1720 molecules of substrate per minute per active site, compared to MMP-13
which can turnover 5.62. MMP-1 and -8 are however much less active on this substrate
than MMP-13, with kcat values of 0.03 and 0.14, respectively. In terms of Michaelis
constant, an indicator of enzyme affinity for substrate, all four enzymes have comparable
values, with MMP-13 having the lowest Kn. Taken together, these data suggest that the
three MMPs have a similar affinity to matriptase for binding to the substrate SY-9,
however are much less active at turning it over. In terms of Kca/Km, matriptase is two
orders of magnitude more efficient than MMP-13 (6.13 x 10° M1.stand 2.6 x 103 MLs’
1, respectively), which is in turn an order of magnitude more efficient than MMP-1 and
-8 (0.09 x 10> M1.st and 0.47 x 10> M1.s2, respectively).

Table 5.2: Kinetic constants for MMP-1, -8, -13 and matriptase digestion of
PAR2 peptide SY-9

Enzyme Keat (Min?) Km (UM) Keat/ Km (ML.s7)

MMP-1 0.03 £0.002 52.52 +5.73 0.09 x 10?

MMP-8 0.14 £ 0.005 48.47 +£4.10 0.47 x 102
MMP-13 5.62 +0.32 36.07 +4.89 2.6 x 10°
Matriptase 1720 + 113.90 46.73+6.71 6.13 x 10°

5.2.3 Exploration of the role of MMP-1, -8 and -13 in PAR2 cleavage

Identification of cleavage sites for MMP-1, -8 and -13 and subsequent deduction of
kinetic constants for their cleavage site on PAR2 gives initial insights onto the role of
these enzymes into PAR2 biology, however to further explore potential roles, cell culture

work was undertaken.

52.3.1 Do MMP C-terminal domains (CTDs) act as competitive inhibitors of

matriptase-induced PAR?2 activation?

As MMP-1, -8 and -13 have relatively low turnover numbers for their PAR2 substrate,
yet also have low Michaelis constants, it was hypothesised that the MMPs may be acting

as competitive antagonists. If an MMP is bound to and cleaving PAR2 at position 37,

144



then it is unlikely the canonical site at position 36 can be also be cleaved to activate the

receptor.

To test this hypothesis, a large quantity of MMP was required, however this represented
a technical difficulty, therefore MMP C-terminal domains (CTDs) were used in lieu of
full-length enzyme. These MMP CTDs are recombinant proteins consisting of the entire
haemopexin-like domain of the MMP as well as a part of the linker domain. It is well
established that the hameopexin-like domains play key roles in MMP binding to ligand®*,
therefore it is possible that they could play a role in PAR2 binding and thus be able to
block subsequent matriptase action.

Before testing the addition of matriptase on PAR2 in the presence of MMP CTD, it was
important to make sure that matriptase does not directly act on CTD and thus give false
results. Firstly, matriptase was incubated with either 10- or 100-fold excess MMP-1, -8
or -13 CTD and incubated for 3 hours. The reactions were separated out by SDS-PAGE
and silver stained, which showed no evidence of matriptase digesting CTD (Figure 5.8
A). Secondly, the effect of CTD was tested on matriptase enzyme activity. Matriptase
activity assays (Boc-QAR-AMC assays) were undertaken, in which a 1-1000-fold excess
range of MMP-1, -8 and -13 CTDs were included in the assay. Once again, there was no
evidence of MMP CTD interfering with the enzyme activity of matriptase (Figure 5.8 B).
Taken together, these data suggest that matriptase had no interaction with MMP CTD in
the absence of PAR2 and retains full activity; therefore, subsequent experiments could be
undertaken.
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Figure 5.8: Incubation of MMP-1, -8 and -13 CTDs with matriptase

(A) MMP-1, -8 and -13 CTDs at either 100 or 1000 nM were incubated with Matriptase at 10 nM for 3 hours, after
which samples were separated by SDS-PAGE and silver stained. Gel representative of n=2 independent
experiments. (B) Boc-QAR-AMC assays were undertaken with 1 nM matriptase in the presence of CTDs at various
molar excesses. Activity assay n=3 independent experiments.

To test the hypothesis that MMP CTD can act antagonistically to PAR2 activation by
matriptase, an experiment was undertaken where PAR2-overexpressing SW1353 cells
(see chapter 2.10) were pre-incubated with MMP-1, -8 or -13 CTD for 30 minutes. The
cells were then stimulated with 10 nM matriptase in a calcium mobilisation assay. The
presence of both MMP-1 and -13 CTD appeared to have a small antagonistic effect on
calcium mobilisation following matriptase stimulation (Figure 5.9). When this effect was
quantified, 1000 nM of MMP-1 CTD resulted in 91% of maximal calcium mobilisation,
and 1000 nM MMP-13 CTD resulted in 82% of maximal calcium mobilisation (Figure
5.10). These two reductions were both statistically significant to p <0.05, and were the
only significant results from this experiment, despite a trend of reduction for 100 nM
MMP-13 CTD.
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Figure 5.9: Calcium mobilisation following matriptase stimulation with MMP-1, -8 and -13 CTD pre-

incubation

SW1353 cells were transduced with pSIEW_PAR2 (red lines) and pSIEW_Empty (blue lines) expressing lentivirus
before culturing for 48 hours then serum starving overnight. Cells were loaded with Rhod-4-AM fluorescent
calcium indicator and placed in a fluorimeter where the assays were undertaken. The cells were pre-incubated for
30 minutes with either MMP-1, -8 or -13 CTDs. Fluorescence was observed following 10 nM matriptase

stimulation (M), and 5 pM ionomycin stimulation (I). Data shown are mean of n=2 independent experiments.
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Figure 5.10: Calcium mobilisation following matriptase stimulation with MMP1, 8 and 13 CTD pre-
incubation

Maximal calcium response (average calcium response in the 10 seconds immediately following stimulation)
obtained from the data in figure 5.9 and normalised to the no CTD pre-treatment in PAR-2 expressing cells as
100% response. PAR2 expressing cells are black bars whereas empty vector control cells are grey bars. Mean +
S.E.M; where * p < 0.05 by unpaired T-test between 1000 nM pre-treatment group and no pre-treatment group in
PAR2 expressing cells. Data shown is mean of n=2 independent experiments.
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5.2.3.2 Testing putative MMP cleavage revealed tethered ligand, LIGKVD, for IL-8
expression

In order to study PAR2 biology, the synthetic peptide SKIGKV-NH2 (hereafter SLIGKV)
is commonly used as an agonistic “activator peptide” which mimics PAR2 canonical
activation by trypsin®'4. Other activator peptides have been utilised in the literature,
corresponding to other PAR2 cleavage sites, for example TVFSVDEFSA-NH; which is
revealed by cathepsin S?2°. It was hypothesised that should MMP cleavage of PAR2 be
agonistic for the receptor, then the revealed ligand would commence with leucine-37. The
synthetic peptide LIGKVD-NH: (hereafter LIGKVD) was therefore synthesised and
utilised as a putative MMP activator peptide. The reverse sequence peptide DVKGIL was

used as a negative control.

Interleukin-8 (IL-8, gene CXCLS8) is well established as a pro-inflammatory chemokine
induced by canonical PAR2 signalling®®>%®, To explore whether LIGKVD might
instigate pro-inflammatory PAR2 signalling, CXCL8 expression was examined and
compared with canonical SLIGKV stimulation. Both peptides were added to PAR2-
overexpressing cells in increasing concentrations (10 to 300 uM) and stimulated for three
hours, after which CXCL8 expression was examined. As expected, there was a robust
upregulation of IL-8 with all tested SLIGKV concentrations, however there was no effect
by LIGKVD (Figure 5.11 A). Taking the concentration of SLIGKV as low as 1 uM still
resulted in IL-8 upregulation significant to p < 0.001 (Figure 5.11 B).
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Figure 5.11: 1L-8 expression following 3 hour SLIGKYV, LIGKVD and DVKGIL stimulation in

SW1353_FLAG-PAR?2 cells

SW1353_FLAG-PAR2 cells were seeded in 96-well plates and stimulated for 3 hours with increasing
concentrations of either 10-300 uM SLIGKYV and LIGKVD (A) or 1-100 pM SLIGKYV, LIGKVD and DVKGIL
(B), as well as 10 nM matriptase as a positive control. Following stimulation, mMRNA was extracted and reverse
transcribed to cDNA. gPCR was were undertaken for 1L-8 (CXCL8), normalised to 18S ribosomal RNA (mean +
SEM; where ** p < 0.01 and *** p < 0.001 , by unpaired two-tailed T Test compared to basal expression,

unstimulated control). Data pooled from n=2 separate independent experiments.
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5.2.3.3 Testing putative MMP cleavage revealed tethered ligand, LIGKVD, on calcium

mobilisation

IL-8 is a useful readout for assessing canonical PAR2 activation, as instigated by
matriptase or SLIGKYV stimulation. The lack of response by LIGKVD suggests that it is
not a canonical agonist, therefore other signalling pathways further upstream than IL-8

were investigated.

Firstly, calcium mobilisation assays were undertaken with increasing concentrations of
SLIGKV on PAR2-overexpressing cells, and there were good responses at all tested
concentrations from 0.2 to 20 uM (Figure 5.12). When undertaking similar experiments
with LIGKVD concentrations up to 100 uM, there was no calcium response (Figure 5.13
A). The small “response” observed with the 100 uM sample is in fact a buffer injection
artefact as a result of injecting a large volume on the cells and is often observed at the top
concentration of such dose-response studies. This effect is also observed injecting 100
UM LIGKVD on the empty vector control cells. The reverse control peptide, DVKGIL,

also had no effect on calcium mobilisation (Figure 5.13 B).
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Figure 5.12: Calcium mobilisation following SLIGKYV (canonical activating peptide) titrations

SW1353 cells were transduced with pSIEW_PAR2 (red lines) and pSIEW_Empty (blue lines) expressing
lentivirus before culturing for 48 hours then serum starving overnight. Cells were loaded with Rhod-4-AM
fluorescent calcium indicator and placed in a fluorimeter where the assays were undertaken. Titrations of
SLIGKYV peptide were undertaken using either 0-20 uM (A) or 0-2 uM (B) peptide. Fluorescence was observed
following SLIGKYV stimulation (S), and 5 uM ionomycin stimulation (I). Data shown is mean of two independent

experiments.
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Figure 5.13: Calcium mobilisation following putative MMP activating peptide (LIGKVD) and reverse
control peptide (DVKGIL) titrations

SW1353 cells were transduced with pSIEW_PAR2 (red lines) and pSIEW_Empty (blue lines) expressing
lentivirus before culturing for 48 hours then serum starving overnight. Cells were loaded with Rhod-4-AM
fluorescent calcium indicator and placed in a fluorimeter where the assays were undertaken. Titrations of 0-100
UM for either putative MMP activating peptide LIGKVD (A) or reverse control peptide DVKGIL (B) were
undertaken. Fluorescence was observed following LIGKVD (L) or DVKGIL (D) stimulation, and 5 pM

ionomycin stimulation (I). Data shown is mean of two independent experiments.
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5.2.3.4 Testing putative MMP cleavage revealed tethered ligand, LIGKVD, on MAPK

activation

Following the observation that LIGKVD does not stimulate calcium mobilisation, the
activation of p38 and ERK1/2 MAPK signalling pathways was explored. It is known that
both p38 and ERK1/2 are phosphorylated in response to PAR2 canonical activation,

including activation by matriptase3’.

A time-course experiment was undertaken to explore the dynamics of both p38 and
ERK1/2 phosphorylation in PAR2-overexpressing SW1353 cells following either 10 nM
matriptase or 100 uM SLIGKY stimulation (Figure 5.14). As expected, both proteins are
phosphorylated, with ERK1/2 reaching peak phosphorylation earlier than p38, after 5
minutes for matriptase, and 10 minutes for SLIGKV. p38 reached maximal
phosphorylation at 40 minutes for both agonists (however the time-course was terminated

thereafter, thus it is possible maximal p38 phosphorylation was later).

The same experiment was undertaken by stimulating the cells with either 100 uM
LIGKVD or DVKGIL. Interestingly, the addition of LIGKVD resulted in a marked
phosphorylation of ERK1/2 which mimics the phosphorylation observed following
SLIGKYV stimulation (Figure 5.15 A). These cells however had no evidence of p38
phosphorylation, indicating that biased signalling is occurring following LIGKVD
stimulation. There was no evidence of MAPK phosphorylation following control peptide
DVKGIL stimulation (Figure 5.15 B).
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Figure 5.14: ERK1/2 and p38 phosphorylation following Matriptase and SLIGKYV stimulation

SW1353 cells were transduced with pSIEW_PAR2 or pSIEW_Empty expressing lentivirus before culturing for 48
hours then serum starving overnight. A time course was undertaken by stimulating with either 10 nM matriptase
(A) or 100 uM SLIGKYV (B) and cells were lysed and proteins separated by SDS-PAGE before probing for either
phospho-ERK1/2, native ERK1/2, phospho-p38 or native p38. Blots shown are representative of two independent
experiments.
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Figure 5.15: ERK1/2 and p38 phosphorylation following LIGKVD and DVKGIL stimulation

SW1353 cells were transduced with pSIEW_PAR?2 or pSIEW_Empty expressing lentivirus before culturing for 48
hours then serum starving overnight. A time course was undertaken by stimulating with either 100 pM LIGKVD
(A) or 100 uM DVKGIL (B) and cells were lysed and proteins separated by SDS-PAGE before probing for either
phospho-ERK1/2, native ERK1/2, phospho-p38 or native p38. Blots shown are representative of two independent
experiments.

ERKZ1/2 has previously been shown to be involved in the positive regulation of MMP-1
expression in various cell types®'®3° including chondrocytes®®. Therefore, the
regulation of MMP1 by LIGKVD was explored.
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As expected, SLIGKV resulted in significant upregulation of MMP1 expression at all
tested peptide concentrations, and control peptide DVKGIL had no effect. However, there
was no evidence of LIGKVD regulating MMP1 expression, even at the very high
concentration of 500 uM (Figure 5.16).
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Figure 5.16: MMP1 expression following SLIGKYV, LIGKVD or DVKGIL stimulation
PAR2-overexpressing cells were stimulated for 24 hours with 0-500 pM SLIGVD, LIGKVD or DVKGIL.
Following stimulation, mRNA was extracted and reverse transcribed to cDNA. gPCR was were undertaken for
MMP1, normalised to GAPDH (mean + SEM; where ** p < 0.01 and *** p < 0.001 , by unpaired two-tailed T
Test compared to basal expression, unstimulated control). n=1 independent experiments.
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5.2.3.5 MMP_activity in IL-1+OSM-stimulated bovine nasal cartilage conditioned

medium is able to cleave SY-9

The stimulation of bovine nasal cartilage with IL-1 in combination with OSM results in
an MMP-dependent degradation of cartilage®??, a system used as a model for enzyme-

mediated degradation of cartilage!*?%3%,

In order to test whether active MMP generated from this model would be able to cleave
PAR2, conditioned medium was used in a SY-9 activity assay. It was clear that there was
SY-9 degrading activity within the conditioned media, and this was clearly a result of
MMP activity, as the effect was completely blocked by GM6001. The inhibition of serine
proteases with DFP and cysteine proteases with E64 had no effect on the cleavage of SY-
9 (Figure 5.17 A).

To ascertain specific MMPs involved in this activity, a selective MMP-8 inhibitor (MMP-
8 inhibitor 1) and a selective MMP-13 inhibitor (CL-82198) were utilised. This
experiment suggests that the SY-9 cleaving activity is mainly as a result of MMP-13. CL-
82198 inhibits MMP-13 with an ICso of 3.2 uM324, and 10 uM in this assay was able to
almost inhibit all the SY-9 degrading activity of the bovine cartilage conditioned medium
whereas 100 uM resulted in total inhibition (Figure 5.17 B). MMP-8 inhibitor | has an
ICso of 4 nM for MMP-82° and 10 nM had no effect on SY-9 degradation, whereas 100
nM only had a very small effect, however statistical analysis was not able to be
undertaken (Figure 5.17 B).
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Figure 5.17: MMP activity in IL-1+OSM stimulated bovine nasal cartilage conditioned medium contains

MMP activity able to digest SY-9 peptide

100 pL reactions containing 5 pL day 14 conditioned medium from an IL-1+OSM-stimulated bovine nasal
cartilage explant experiment were incubated with 10 uM SY-9 peptide in the presence or absence of either 100 uM
GM®6001, 10 uM E64 or 2 mM DFP. Assays were undertaken in a fluorimeter to monitor SY-9 cleavage and
velocities were obtained from the resulting progress curves. Data was normalised to the control wells, given as
100% activity (A). n=2 independent experiments with conditioned medium from different donors. Subsequently, a
similar experiment was undertaken with MMP-13 inhibitor CL-82198 or MMP-8 inhibitor | (B). n=1 independent

experiment.
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5.3 Discussion

In this chapter, the specific cleavage sites generated by MMP-mediated PAR2 digestion
outlined in chapter 4 were identified and subsequently the functional roles of these
cleavages were explored. Overall, these results suggest that there might be a blocking
effect of canonical signalling mediated by MMPs and that MMPs might be biased
agonists of PAR2.

HPLC was undertaken on the products resulting from MMP-1, -8 and -13 digestion of the
PAR2 42mer. Of these, MMP-1 yielded the “cleanest” digestion with a single major
product, whereas MMP-8 and -13 yielded two major products. MS analysis of these
products identified the cleavage sites as being serine-37 / leucine-38 for all three
proteases, as well as valine-68 / leucine-69. Both these cleavage sites result from a leucine
in the P1’ position and a glycine in the P3’ position, however the P2’ position varies with
an isoleucine at position 39 and a threonine at position 69. The collagenolytic MMPs have
a preference for a hydrophobic amino acid at the P1° position, a basic or hydrophobic
amino acid at the P2’ position and a small amino acid (alanine, glycine or serine) at the
P3’ position®?®3?’, Furthermore a search of these three proteases in the MEROPS database
(which collates all previously identified MMP cleavage sites) indicates that the
hydrophobic amino acid leucine is the preferred P1° amino acid for them®°. The three
proteases, in particular MMP-8 and -13, also have a preference for a glycine the P3’

position of their substrate, which is also found in both sites identified on PAR2.

When comparing the two identified cleavage sites, the literature supports the observation
that serine-37 / leucine-38 is the likely major cleavage event as the P1’ — P2’ — P3’
positions are all chemical preferences for the collagenases, whereas the P2’ for the valine-
68 / leucine-69 cleavage site is a polar uncharged amino acid in threonine as opposed to
the preferred basic or hydrophobic residue in that position. The observation that MMP-8
and -13 both cleaved in the additional site that MMP-1 did not, could possibly reflect the
higher specificity for P3’ glycine for MMP-8 and -13 compared to MMP-13%°, It is likely
that MMP-1 does indeed also cleave that site as a small peak was observed at the correct
retention time by HPLC, but under tested conditions this was below the sensitivity range

of electrospray MS.
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In order to ascertain the relative importance of the two observed cleavages for MMP-8
and -13, a restricted digest experiment was undertaken using MMP-13. This clearly
demonstrated that serine-37 / leucine-38 was the initial cleavage event, followed by
valine-68 / leucine-69. It is well established that PAR2 activation is rapid following
canonical activation, as demonstrated in this chapter by measuring calcium mobilisation
following matriptase stimulation. It therefore follows that any activation by MMP-
mediated cleavage at serine-37 / leucine-38 would likely be instigated before cleavage
occurs at valine-68 / leucine-69. The second cleavage could also have a potential role as
a limiting factor in any MMP-mediated activation. Indeed, mast cell tryptase has been
identified as a canonical activator of PAR2, however its activation potential is limited by

a secondary cleavage downstream of the canonical site?®.

In order to gain initial insights of the relevance of this MMP cleavage site on PAR2,
enzyme Kinetics were studied. As the SY-9 peptide substrate encompasses P4-P4’ for
matriptase and P5-P3’ for the MMPs, it could be used to directly compare the kinetics for
PAR2 cleavage by all the enzymes. Unsurprisingly, all three MMPs were far less efficient
at cleaving the substrate compared to matriptase. Matriptase is known as a very potent
PAR2 activator?®, and has previously had its cleavage of the SY-9 peptide explored.
Béliveau et al. (2009)3%8, found that matriptase cleaved PAR2 with a Kea/Km 0f 3.1 X 10°
M.s, which is a Figure in the same order of magnitude as obtained in this study, 6.13 x
10° Mtst It is important to address the limitations of small peptide substrate
experiments such as this, as they are unlikely to allow for exosite interactions, such as
with MMP haemopexin domains, and thus the physiological enzymatic efficiencies are
likely to be different. It is interesting to compare the kinetics for PAR2 cleavage by
matriptase, and PARL1 activation by thrombin (the archetypal protease-mediated receptor
activation). Thrombin cleaves PAR1 with a keat/Km of 1.2 X 10" M™1.s?, two orders of

magnitude more efficiently than matriptase cleavage of PAR22%,

When considering the enzyme kinetics for the collagenases, it is important to note that
this projected utilised APMA-activated enzyme, however this is not considered to be fully
active. When activated by either APMA or trypsin, the pro-collagenases are activated
only to 10-25% of maximal activation. This results from cleavage within the bait region
of the pro-domain, however for fully active enzyme, the whole pro-domain requires
removal, which can be performed by enzymes such as MMP-33%, It is therefore possible
that the kinetic data presented within this chapter underestimates the physiological
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relevance of these cleavages, and the utilisation of MMP-3-activated collagenase would

likely give higher kca values.

The relatively low kca/ Km values for MMPs on SY-9 are a result mainly of their low Kcat
values, whereas their Km values are comparable to matriptase. These low Kn values
suggest a relatively high affinity for the substrate. Taking these data together, a hypothesis
was developed where MMPs might act as competitive antagonists for PAR2 canonical
activation. In a system where PAR2, matriptase and MMPs are all expressed, such as
cartilage, it is possible that MMPs and matriptase compete for binding to PAR2. In such
a system, irrespective of the subsequent functional role of the MMP cleavage and revealed
ligand, canonical PAR2 activation by matriptase would be attenuated. The presence of
MMP at its cleavage site would render it very unlikely to allow matriptase to bind there

due to steric hindrance.

To test this hypothesis in a cell culture model, a blocking experiment utilising MMP
CTDs was undertaken. MMP CTDs were utilised due to a lack of recombinant full-length
MMPs and time constraints for producing sufficient quantities. The MMP CTDs consist
of the entire haemopexin-like domain as well as part of the linker domains of MMP. It is
well established that MMP haemopexin-like domains play key roles in substrate
recognition and binding of MMP to substrate®*, therefore it is possible that this is true of
MMP cleavage of PAR2. Whilst the haemopexin-like domain will not be binding to the
cleavage site on PAR?2, it is possible that it will be able to bind sufficiently close to also

result in steric hindrance.

This experiment showed a modest blocking effect of MMP-1 and -13 CTDs on calcium
mobilisation triggered by canonical matriptase activation of PAR2. A 100-fold excess of
MMP-1 and -13 CTD over matriptase resulted in 91% and 82% of maximal calcium
mobilisation, respectively. Background work suggested that this effect was not a result of
interference by CTD on matriptase activity. Were this a result of CTD binding and
blocking matriptase from fully activating the receptor, the modest effect does not reflect
the K values for matriptase and MMP-1 and -13 could be a result of not using full-length
MMP. Depending on where the CTD binds to PAR2, matriptase was not fully blocked
from activating the receptor. It would be important in future work to utilise full-length
MMP in similar experiments. Should the effect observed by CTD be a result of blocking
the receptor, then utilising full-length MMP should result in a stronger blocking effect.
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After exploring the effect of MMP CTD on canonical PARZ2 signalling, an exploration of
the potential role of the MMP cleavage and its revealed ligand was undertaken. The MMP
cleavage site of PAR2 is downstream of the canonical activation site meaning it can either
be a disarmer, a full agonist or a biased agonist. Unfortunately, sufficient quantity of
active MMP was unable to be sourced for this work, so instead a synthetic peptide
corresponding to the putative revealed tethered ligand, LIGKVD, was used.

This tethered ligand was compared to matriptase and SLIGKV canonical activation of
PAR2, and it was found that LIGKVD was unable to activate the pathways resulting in
IL-8 expression, as well as being unable to stimulate calcium mobilisation. When looking
at MAPK signalling, LIGKVD was able to stimulate ERK1/2 phosphorylation, but not

p38 phosphorylation, as opposed to the canonical activators which stimulated both.

Previous work has been undertaken on the canonical activator peptide, SLIGKV,
exploring key residues for PAR2 activation. Al-Ani et al. (2004)% created a series of
mutants substituting alanine into each position from 37 to 42 of full-length PAR2 for cell
culture work, as well as synthetic peptides. As their work used rat cells, the canonical
activator peptide was SLIGRL. Interestingly, when measuring calcium mobilisation, their
ALIGRL mutant resulted in 95% activity in cell culture work following trypsin activation,
whereas the synthetic ALIGRL peptide resulted in 9.5% residual activation in the same
cells. In their study, substituting the P2’ leucine for an alanine had a much larger reducing
effect resulting in only 14% activation for trypsin activation, and no activity for the
synthetic peptide SAIGRL. Taken together with their other mutants, it was concluded that
the serine and leucine at the P1” and P2’ position are key to activating PAR2, with leucine
of particular importance. This leucine is present in the putative MMP activator peptide
used in this study as the P1’ position. This peptide however did not exhibit any stimulation
of calcium mobilisation, despite being tested at a concentration of 500 times higher than
for the observed calcium mobilisation by SLIGKV. The fact that LIGKVD in this study
exhibited no calcium mobilisation whereas ALIGRL did in the Al-Ani et al. (2004)3%
study could reflect a species difference between rat and human, or the fact that despite
leucine at P2’ being more important than serine at P1°, there is a requirement for the
presence of an amino acid there, such as alanine. Indeed this is supported by the
observation that synthetic PAR2 agonist 2-furoyl-LIGKV-OH (also known as ASKH95)
is able to fully activate PAR2, including calcium mobilisation®3!. The 2-furoyl-LIGKV-
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OH peptide was developed as a PAR2 agonist with a longer biological half-life than
canonical activator peptide SLIGKV-NH,, and has a higher affinity for PAR2 than the
canonical activator3!4. Whilst the 2-furoyl group is not an amino acid, it is a similar size

to an amino acid, and therefore could act to keep the leucine in the P2’ position.

A subsequent study found that the peptide SLAAAA was able to stimulate ERK1/2
phosphorylation without stimulating calcium mobilisation, as observed with LIGKVD in
this study but unfortunately they did not measure p38 MAPK?332, It is thought that there
is a requirement of a basic amino acid in position 5 of the tethered ligand/ activator peptide
for triggering calcium mobilisation — lysine in the human sequence or arginine in the rat
sequence®®. The LIGKVD peptide used in this project has this basic lysine in position 4,
and position 5 is subsequently occupied with a hydrophobic valine. It is unknown how
the canonical peptide or LIGKVD docks into the active site of PAR2, however this loss

of basic residue could contribute to the loss of calcium mobilisation observed.

An interesting study by Lin et al. (2008)334, compared the rat activator peptide SLIGRL
with a truncated version, LIGR and explored various signalling pathways. As with the
peptide LIGKVD utilised in this study, LIGR was shown to instigate biased signalling.
As with LIGKVD, LIGR was unable to stimulate calcium mobilisation, IL-8 induction or
p38 MAPK phosphorylation, however unlike LIGKVD, there was no phosphorylation of
ERK1/2 either. The biased signalling induced by LIGR involved activation of the Rho
family of GTPases as measured by an increase in GTP-bound Rho.

Despite being able to induce the phosphorylation of ERK1/2, LIGKVD was unable to
induce MMP1 expression. Cell signalling is complex with much cross-talk between
pathways. Whilst the inhibition of ERK1/2 will result in a suppression of MMP1
expression following canonical PAR2 activation (Dr Chun Chan, unpublished), the
suppression is not total, implying other pathways are also involved. Indeed, following IL-
1B stimulation of chondrocytes, ERK1/2 inhibition will reduce MMP1 expression,
however so will p38 inhibition, albeit to a lesser extent3, In this study it is likely that
despite inducing ERK1/2 phosphorylation, other pathways required for MMP1 expression

are not induced.

The observation that cell surface receptors may be activated by collagenolytic MMPs has
previously been described. Both MMP-1 and MMP-13 have been shown to be able to
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activate the PAR1 receptor. MMP-1 cleaves PARL two amino acids upstream of its
canonical activation site, and results in an extended tethered ligand®®’, whereas MMP-13
cleaves a single amino acid downstream of the canonical site?®®. Both MMP-1 and -13
are agonistic to PAR1, with some evidence of biased signalling generated by these

cleavage sites?®72%,

Furthermore, Li and Tai (2013) published work that described MMP-1 acting on cells in
a PAR2-dependent manner, by upregulating monocyte chemoattractant protein-1 (MCP-
1) protein. Their work utilised A549 cells which are not as responsive to canonical PAR2
signalling as lentiviral overexpressed PAR2 nor PAR2 stable cell line (unpublished
observations). The fact their paper observed a PAR2 activation effect with 5nM MMP-1
does not fit with data presented in this project. In this project, 5nM matriptase would be
a low concentration to be used to activate PAR2 in highly expressing cells. Kinetic data
presented here shows that matriptase is around 68000-fold more efficient at cleaving
PAR2 than MMP-1 is based on respective kcat/ Km values, therefore it is very unlikely that
5 nM MMP-1 would be sufficient to activate PAR2. Furthermore, to activate MMP-1
they used 10 pg/mL trypsin, which is approximately 416 nM, followed by subsequent
inhibition with soybean trypsin inhibitor. Trypsin is difficult to completely inhibit
(unpublished observations), and this paper failed to provide MMP inhibitor (e.g.
GM6001) experiments, nor a trypsin/trypsin soybean inhibitor-only control to confirm
that it was indeed MMP-mediated cleavage and not trypsin contamination responsible for

the observed effect.

Both PAR2%%* and matriptase® are expressed significantly higher in OA chondrocytes than
in normal chondrocytes, and it is known that canonical PAR2 activation results in MMP1
and MMP13 expression'?®, When recombinant matriptase is added to OA cartilage
explant cultures, there is an enhanced level of collagen breakdown which is dependent on
MMP activity and attenuated by PAR2 antagonists®. Matriptase is then subsequently able
to directly activate proMMP-1, and indirectly activate proMMP-13 (by activating
proMMP-3 which is able to activate proMMP-13) which is responsible for the observed
collagenolysis in the explant experiments®. Data presented in this chapter further suggests
that these active MMPs may be able to also act on PAR2 in a feedback loop (summarised
in Figure 5.18). Further work will be required to elucidate the exact role of MMP cleavage
of PAR2.
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It remains to be deduced as to whether this feedback loop impacts negatively (i.e. prevents
further PAR2 signalling) or positively (i.e. perpetuates PAR2 signalling) on ECM
remodelling in OA. In either case, the findings of this chapter further highlight the

inherent complexity regarding proteolysis and cell signalling in a disease setting.
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Figure 5.18: Chapter Summary

Both matriptase and PAR2 are more highly expressed in OA cartilage. It has previously been shown that PAR2
activation by matriptase results in the upregulation of MMP1, MMP3 and MMP13, which are then secreted and can
also be activated by matriptase directly (MMP-1 and MMP-3) or indirectly (MMP-13, via MMP-3t). Work
presented in this chapter shows that MMP-1 and MMP-13 can both cleave PAR2 in in vitro assays and the putative
revealed ligand, LIGKVD, is a biased agonist for MAPK signalling.
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5.4 Summary

e MMP-1, -8 and -13 primarily cleaved at serine-36 / leucine-37 in PAR2, a single
amino acid to the C-terminus of the canonical activation site.

e MMP-13 was the most catalytically efficient enzyme to cleave PAR2 followed by
MMP-8 and then MMP-1, however all three were markedly less efficient than

matriptase.

e The three collagenases had a similar affinity for PAR2 substrate, and using the C-
terminal domains of MMP-1 and -13 resulted in small antagonistic effects on

matriptase stimulation of PAR2.
e The putative MMP-revealed ligand, LIGKVD, was unable to stimulate 1L-8

expression, calcium mobilisation, or p38 MAPK phosphorylation, however was

able to stimulate ERK1/2 phosphorylation.
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Chapter 6 - Investigation of the role of cathepsin-mediated

PAR?2 cleavage

6.1 Introduction

Data presented in chapter 4 identified a novel activity for four cathepsin enzymes in the
ability to cleave PAR2. Furthermore, the previously described activity of PAR2 cleavage
by cathepsin S was confirmed??63%, Data presented in this chapter aims to follow a similar
work flow to the data presented in chapter 5 which explored MMP cleavage of PAR2. In
order to understand cathepsin cleavage of PAR2, it is important to first identify the
cleavage sites. Subsequently, generating kinetic parameters for the cleavages provides
insights into functional relevance. Finally, to gain physiological relevance of the
cleavages, cell culture-based work was performed to explore functional outcomes of this

cleavage in PAR2.

6.1.1 Chapter Aims

e To identify the sites for cathepsin cleavage of PAR2.
e To explore kinetic parameters of cathepsin cleavage of PAR2.

e Toexplore a functional role for cathepsin cleavage of PAR2 in chondrocytic cells.

6.2 Results

6.2.1 Identification of cathepsin-mediated cleavage sites of PAR2

After identifying the ability of cathepsins V, L, B, S and K to cleave PAR2 in chapter 4,
work was performed to identify the cleavage sites for these enzymes. For this work,
nanoLCMS was utilised rather than direct infusion MS as was performed for MMP-
cleavage of PAR2 in chapter 5. The reasons for this change of methodology were that as
the stock concentrations of the recombinant cathepsins were higher than that of the
MMPs, and that the cathepsins cleave PAR2 at a much lower concentration, a much larger
dilution to assay concentration could be performed. The recombinant enzyme stocks all
contained detergents which interfere with and damage nanoLCMS UPLC columns and

thus were removed (by HPLC for the MMPs) or diluted out as per the cathepsins (Dr Joe
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Gray, personal communication). The advantages of using nanoLCMS over direct infusion

are a higher sensitivity and the ability to identify all cleavages within a sample.

NanoLCMS was performed on the 4 novel PAR2-cleaving cathepsins, as well as with
cathepsin S (an example trace is presented in appendix 2). Multiple cleavages for each
enzyme were identified and by using the analysis strategy described in chapter 2.14.3.1,
these were ordered for each enzyme, and are shown in Figure 6.1 for cathepsins V, K, L
and S.

The primary cleavage site for cathepsins V, S and L was between glutamic acid-56 and
threonine-57, with secondary sites for cathepsins V and S between phenylalanine-59 and
serine-60. A secondary site for cathepsin L was located towards the N-terminus between
glycine-40 and lysine-41, which also corresponds to the primary site for cathepsin K.
More minor sites were identified between serine-60 and valine-61 (cathepsins S and L),

as well as between threonine-54 and valine-55 (cathepsin K).

Matriptase K(2), V(1), S(1), L(2)
K(1), L(2) K(3) V(2), 5(2), L(4)

} I

RSEIEIREIE <K VDGTSHVTGKGVTVETVFESVDEFSASVLTGK

31 + 4 4 72

Cathepsin S cleavage sites Cathepsin S cleavage site
(Elmariah et al., 2014) (zhao et al., 2014)

Figure 6.1: Cathepsin cleavage sites on PAR2

Schematic showing the amino acid sequence of the PAR2 42mer peptide, highlighting the identified cleavage
sites by the cathepsin enzymes in this study, as well as the previously described cathepsin S cleavages of PAR2.
Cleavage sites are numbered in brackets in order of importance according to nanoLCMS. Quenched-fluorescent
peptides utilised for Kinetic studies in this project are highlighted: red for SY-9 peptide, green for VETV
substrate, and blue for FSVD substrate.

Cathepsin B resulted in more cleavages than the other enzymes, and it was more difficult
to order them using the method utilised for the other cathepsins. Cleavages by cathepsin
B were identified at all the same sites as for the other cathepsins, as well as several other

sites (Figure 6.2).
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Figure 6.2: Cathepsin B cleavage of PAR2
PAR2 42mer sequence showing the amino acid sequence of the PAR2 42mer peptide, highlighting the
identified cleavage sites by cathepsin B.

As multiple cleavage sites were identified for each enzyme, it was of importance to
validate the method for ordering the importance of the cleavages. Synthetic substrates
were therefore designed to compare the potencies of the cathepsin enzymes for each
cleavage site. It was difficult to design specific substrates for each enzyme, and it was
decided to utilise two peptides of 4 amino acids each: VETV and FSVD (Figure 6.1). The
VETYV substrate contains the identified primary cleavage site of cathepsins V, S and L
(glutamic acid-56 / threonine-57), whereas the FSVD peptide contains the site for the
secondary cathepsin V, S and L cleavage at phenylalanine-59 / serine-60. The SY-9
peptide was used as the primary cleavage site for cathepsin K and the secondary site for
cathepsin L (Figure 6.1).

6.2.2 Kinetic parameters of cathepsins V, L, S and K for PAR2 substrates

Kinetic parameters were generated for the cathepsin enzymes using the VETV, FSVD
and SY-9 substrates, and compared with matriptase. Cathepsin B did not display
Michaelis-Menten kinetics and therefore these data are not presented. The Michaelis-
Menten curves for cathepsin V, L, S and K are shown in Figure 6.3, and the K, Keat and

keat/ Km values are all outlined in table 6.1.
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Figure 6.3: Cathepsin V, L, S and K Michaelis-Menten curves
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Michaelis-Menten curves for cathepsins V, L, S and K. Increasing concentrations of VETV, FSVD or SKGRSLIG (SY-9) peptides were incubated with fixed concentrations of cathepsin enzyme.
Cathepsin V was used at 5.32 nM for VETV, 10.65 nM for FSVD and 266.2 nM for SY-9 (A). Cathepsin L was used at 25 nM for all peptides (B). Cathepsin S was used at 10.77 nM for VETV and
FSVD and at 21.54 nM for SY-9 (C). Cathepsin K was used at 10.69 nM for all peptides (D). The fluorescence was measured at Aex 320 nm and Xem 420 nm and the linear reaction velocities were
obtained from early gradients of the fluorescence progress curves. The hydrolysis of substrate was quantified (nM.s™?) using a standard curve generated by total substrate hydrolysis. Graphpad Prism
5 software was used to plot velocity against substrate concentration and non-linear regression used to generate constants Km and Vmax. Kcat Was calculated from VVmax and enzyme active concentration.
See Chapter 2.15.4.1 for all experimental conditions. Curves shown are n=3 independent experiments, mean + SD.



Table 6.1: Kinetic constants for cathepsin V, L, S and K, and matriptase digestion of PAR2 peptides VETV, FSVD and SKGRSLIG

Enzyme Peptide Km (UM) Keat (Min™) Keat/ Km (M.s7%)

VETV 66.12 + 4.60 72.95 = 2.141 1.84 x 10*
Cathepsin V FSVD 56.31 +10.61 41.14 + 3.112 1.22 x 10*
SKGRSLIG 74.80 £ 6.274 15.32 + 0.5641 3.41x10°
VETV 63.14 + 3.966 140.5 + 3.673 3.71 x 10*
Cathepsin L FSVD 47.46 + 8.225 92.80 + 7.611 3.26 x 10*
SKGRSLIG 12.53 + 0.9363 13.11 + 0.3062 1.74 x 10*
VETV 110.6 £ 13.71 92.79 £5.728 1.40 x 10*
Cathepsin S FSVD 57.77 £10.91 38.78 + 2.965 1.12 x 10*
SKGRSLIG 109.6 + 6.653 48.78 £ 6.653 7.4x10°
VETV 316 + 85.99 182.0 + 33.96 9.60 x 10°
Cathepsin K FSVD 262.8 +24.12 117.8 £7.046 7.47 x 10°
SKGRSLIG 78.15+9.129 127.8 + 8.312 2.73x 10*

VETV N/A N/A N/A

Matripase FSVD N/A N/A N/A
SKGRSLIG 46.73 £6.711 1720 £ 113.9 6.13 x 10°

N/A = No data as enzyme did not cleave substrate



Cathepsin V, S and L all had a primary cleavage site of glutamic acid-56 / threonine-57
according to the nanoLCMS data, and this was supported by the generated Kinetic
constants. These three enzymes had their highest turnover numbers (kcat) and catalytic
efficiencies (kcat/Km) for the VETV substrate which corresponds to this cleavage site.
Cathepsin V, S and L had Kca/Km values of 1.84 x 10%,1.40 x 10* and 3.71 x 10*M?.s?,
respectively. Therefore, these three enzymes can be ordered in terms of efficiency for the
cleavage site as cathepsin L > cathepsin V > cathepsin S. Cathepsin S actually exhibited
a higher kea: value than cathepsin V (92.79 min compared to 72.95 min), but its lower
affinity for the substrate resulted in a lower catalytic efficiency. Overall, these three

proteases exhibited broadly similar kinetics for the VETV substrate.

Interestingly, all three enzymes had a higher affinity (lower Kn) for the FSVD substrate
than the VETV substrate, suggesting they bind this substrate better, but do not cleave it
as effectively. Both cathepsin V and cathepsin S had a much lower catalytic efficiency
for the SY-9 substrate, an order of magnitude lower than for VETV and FSVD, though
for cathepsin S, this was a result of a high K, as its ket for SY-9 was in fact higher than
for FSVD.

Cathepsin V and S had their secondary cleavage site based on nanoLCMS as
phenylalanine-59 / serine-60, which is encompassed in the FSVD substrate. Once again,
this is supported by the kinetic data which identify this substrate as their secondary
substrate based on catalytic efficiency. Both these enzymes cleave the SY-9 substrate
also, despite not being identified as doing so in Figure 6.1. When analysing the
nanoLCMS data, a cleavage site at glycine-40 / lysine-41 can be observed, but it is not

one of the top cleavages, thus was not included.

The secondary cleavage site for cathepsin L was glycine-40 / lysine-41, and this is further
supported by kinetic data showing a higher catalytic efficiency for SY-9 than cathepsin
V and S do. However, the cathepsin L catalytic efficiency for SY-9 is lower than for

FSVD, which contains the cathepsin L preferred cleavage sites 3 and 4.

Unlike the other cathepsins, nanoLCMS identified the primary cathepsin K cleavage
towards the N-terminus at glycine-40 / lysine-41, with secondary and tertiary cleavages
located within the VETV substrate sequence. This observation is also fully supported by
the kinetic data, which show that cathepsin K has the highest catalytic efficiency for the
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SY-9 peptide compared to VETV and FSVD. Interestingly, cathepsin K has a similar Kcat
value for the three substrates, with a highest value for VETV. The lower catalytic
efficiency for VETV and FSVD is a result of very high Kmn values, suggesting a low
affinity for these substrates. It stands to reason in the cleavage of the PAR2 42mer
substrate, the higher affinity for the glycine-40 / lysine-41 would result in preferential

binding and thus cleavage at this location — as observed in the nanoLCMS experiments.

6.2.3 Cathepsin V and S do not stimulate PAR2 calcium mobilisation

Cathepsin S has previously been identified as a biased agonist for PAR2 able to stimulate
CAMP production, but unable to stimulate calcium mobilisation, activate ERK1/2, recruit
B-arrestins or endocytose PAR22%, As cathepsin V was identified to have a similar
cleavage profile to cathepsin S, it was of interest to explore whether cathepsin V would
behave in a similar manner in terms of cellular responses. Despite the majority of
lysosomal cathepsin enzymes being active at lower pH levels, cathepsin S is known to
retain activity at neutral pH*®8, Cathepsin V has been shown to lose stability rapidly at
more neutral pH levels, being most stable at pH 5.5, It was therefore important to test
the stability of recombinant cathepsin V in a buffer system that is compatible with cell

culture work.

A pH curve was performed testing pH 5.5-7.5 using 100 mM phosphate buffer, 150 mM
NaCl, 0.01% Brij-35 (Figure 6.4). Under the tested conditions, cathepsin V was in fact
most active at pH 7, but rapidly lost its activity at all tested pH values. After 15 and 30
minutes there was a higher residual activity at pH 6.5. Interestingly, under the tested

conditions, at no time point was pH 5.5 the optimal pH.
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Figure 6.4: Cathepsin V pH curve

Cathepsin V was activated by diluting 1:10 in activation buffer (100 mM sodium acetate pH 5.5, 2.5 MM DTT, 2.5
mM EDTA) and incubating for 5 minutes at room temperature. Active cathepsin V was then diluted to 2x assay
concentration in a pH range of 100 mM phosphate buffer, 150 mM NaCl, 0.01% Brij-35, and a Z-FR-AMC assay
was performed as outlined in chapter 2. Velocities were calculated as change in fluorescence per second, taken
from linear phase of the assay. n=3, error bars represent SD.

Even though cathepsin V rapidly lost its activity at neutral pH values, PAR2 responses
are known to be rapid (see calcium mobilisation assays following matriptase stimulation
in chapter 5), therefore cathepsin V assays could be performed as there is likely enough
activity before the enzyme loses its stability.

The effect of cathepsin V on calcium mobilisation was explored, and compared to the
effect of cathepsin S. Assays were performed with a stock of enzyme in assay buffer being
prepared and loaded into the fluorimeter to inject onto the cells for the assay. The assay
took 40 minutes to complete, therefore loss of activity was a concern. pH 6.5 was utilised
for cathepsin V as there appeared to be the longest stability at this pH. Cathepsin S was
utilised at pH 7. Neither cathepsin V nor cathepsin S could stimulate calcium mobilisation
(Figure 6.5).
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Figure 6.5: Calcium mobilisation following Cathepsin V and S titration

SW1353 cells were transduced with pSIEW_PAR2 (red lines) and pSIEW_Empty (blue lines) expressing lentivirus
before culturing for 48 hours then serum starving overnight. Cells were loaded with Rhod-4-AM fluorescent
calcium indicator and placed in a fluorimeter where the assays were performed. Titrations of activated cathepsin V
(A) or cathepsin S (B) were performed using 0-200 nM enzyme. Fluorescence was observed following cathepsin
injection stimulation (V or S, respectively), and 5 pM ionomycin stimulation (I). Data shown are mean of n=2

independent experiments.

After showing that recombinant cathepsin V and S were unable to stimulate calcium
mobilisation, the experiment was repeated utilising cathepsin-revealed activator peptides.
The revealed ligand for the primary cathepsin cleavage site of PAR2 between glutamic
acid-56 and threonine-57 would be TVFSVDEFSA, which is the peptide utilised by Zhao
et al., (2014)?% to mimic the effects of cathepsin S in their paper. As the canonical
activator is shorter at 6 amino acids, a 6 amino acid version of the cathepsin activator
peptide was also synthesised, TVFSVD. As expected, neither of these peptides had the

ability to stimulate calcium mobilisation (Figure 6.6).
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Figure 6.6: Calcium mobilisation following TVFSVD and TVFSVDEFSA titration

SW1353 cells were transduced with pSIEW_PAR2 (red lines) and pSIEW_Empty (blue lines) expressing lentivirus
before culturing for 48 hours then serum starving overnight. Cells were loaded with Rhod-4-AM fluorescent
calcium indicator and placed in a fluorimeter where the assays were performed. Titrations of cathepsin AP
TVFSVD (A) or TVFSVDEFSA (B) dissolved in HHBS were performed using 0-100 uM peptide. Fluorescence
was observed following peptide injection stimulation (6mer or 10mer, respectively), and 5uM ionomycin
stimulation (I). Data shown are mean of n=2 independent experiments.

6.2.4 Cathepsin V is able to disarm matriptase-induced canonical PAR2 activation

As cathepsin V was unable to stimulate calcium mobilisation, but is able to cleave PAR2
downstream of the canonical activation site, it was of interest to explore whether

cathepsin V could disarm against matriptase-induced canonical PAR2 activation.

Firstly, the disarming of PAR2 by the serine protease cathepsin G was explored to confirm
that this system could be utilised to measure PAR2 disarming. Cathepsin G has previously
been described as a PAR2 disarmer by Ramachandran et al., (2011)?%, thus their

methodology was replicated in the SW1353 cell overexpression system utilised in this
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study. Cathepsin G was clearly able to disarm matriptase-induced canonical PAR2
activation of calcium mobilisation (Figure 6.7), thus the disarming by cathepsin V could

subsequently be explored.
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Figure 6.7: Cathepsin G disarming of canonical PAR2 activation

SW1353 cells were transduced with pSIEW_PAR2 (red lines) and pSIEW_Empty (blue lines) expressing lentivirus
before culturing for 48 hours then serum starving overnight. Cells were loaded with Rhod-4-AM fluorescent
calcium indicator and pre-treated. Cathepsin G was diluted to 0.3 units/mL in HHBS (2 mM Ca2+) and added to
the cells for 15 minutes before removing, washing in HHBS (2 mM Ca2+) and undertaking the calcium
mobilisation assay. Data shown is from n=1 experiment.

PAR2-expressing SW1353 cells were pre-stimulated for 15 minutes with various
concentrations of cathepsin V, and subsequently challenged with matriptase. Cathepsin
V could attenuate matriptase-induced calcium mobilisation in a dose-dependent manner,
with the highest effect following 200 nM cathepsin V pre-treatment (Figure 6.8 A). The
experiment was repeated, but instead of injecting ionomycin as a positive control, the
PAR2 agonist peptide SLIGKV was injected. Cathepsin V-mediated disarming of PAR2
canonical activation would occur as a result of removal of the tethered ligand sequence
of PAR2. The SLIGKYV peptide activates PAR2 independently of the PAR2 extracellular
domain by binding directly to the active site. Therefore, as expected, the SLIGKV peptide
could restore the calcium response following cathepsin V disarming. This was confirmed

as the control transduction cells did not respond to SLIGKV (Figure 6.8 B).
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Figure 6.8: Pre-treatment PAR2 expressing cells with cathepsin V disarms canonical PAR2 activation
SW1353 cells were transduced with pSIEW_PAR2 (red lines) and pSIEW_Empty (blue lines) expressing lentivirus
before culturing for 48 hours then serum starving overnight. Cells were loaded with Rhod-4-AM fluorescent
calcium indicator and pre-treated (in order to disarm) with 0-200nM activated cathepsin V in 100 mM phosphate
buffer pH 6, 150 mM NaCl for 15 minutes before placing in a fluorimeter and stimulating with 10nM matriptase
(A and B), and subsequently stimulating with either 5 uM ionomycin (A) or 10 pM SLIGKV (B). Both n=2
independent experiments. To quantify disarming, maximal calcium response (average calcium response in the 10
seconds immediately following stimulation) was obtained from the experiments in A and B (therefore n=4
independent experiments) (C); where *** p < 0.001 by unpaired T-test between 200 nM pre-treatment group and
no pre-treatment group in PAR2 expressing cells.
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Calcium mobilisation was quantified, and statistical analysis performed, which confirmed

the significant disarming by 200 nM cathepsin V (Figure 6.8 C).

Cathepsin V disarming of calcium mobilisation is an interesting observation, however to
explore whether this could hold relevance for arthritic diseases, it was of interest to
examine whether this effect is transmitted downstream to the expression of PAR2-
regulated genes. PAR2-expressing SW1353 cells were disarmed as previously, but
instead of undertaking calcium mobilisation assays, they were challenged with matriptase
for 30 minutes, before incubating for 24 hours and gene expression examined for MMP1
and MMP13.

Only the highest tested concentration of cathepsin V pre-incubation, 200 nM, showed any
evidence of disarming MMP induction, where MMP1 expression was significantly
attenuated (Figure 6.9 A). In these assays, it appears that 10 nM matriptase was unable to
stimulate MMP13 upregulation. As with the calcium mobilisation experiments, the
cathepsin V disarming of PAR2 followed by stimulation with the SLIGKV peptide did

not result in any attenuation of MMP1 expression (Figure 6.9 B).
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Figure 6.9: Cathepsin V can disarm against matriptase-induced MMP expression

SW1353 cells were transduced with pSIEW_PAR2 and pSIEW control-expressing lentivirus before culturing for
48 hours then serum starving overnight. Cells were then pre-treated with 0-200 nM activated cathepsin V in 100
mM phosphate buffer pH 6, 150 mM NaCl for 15 minutes before PBS-washing and stimulated with 10 nM
matriptase (A) or SLIGKV (B) for 30 minutes, before PBS-washing and culturing in SFM for an additional 24
hours. Cells were then lysed and mMRNA extracted and reverse transcribed to cDNA. MMP1 and MMP13 expression
was measured by gPCR and normalised to GAPDH. where * p < 0.05 by unpaired T-test between 200 nM pre-
treatment group and no pre-treatment group in PAR2 expressing cells. Data pooled from n=3 independent
experiments for panel A, n=1 for panel B.
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6.2.5 Putative cathepsin K activator peptide KVDGTS does not mobilise calcium

Cathepsin K has been shown to have optimal activity at pH 6, but is also nearly fully
active at pH 78, Cathepsin K is however much more stable at lower pH values, retaining
49% of its activity after 1 hour at pH 6.5, but none of its activity at pH 7.5. Cathepsin K
is most stable at pH 5.5%,

Cathepsin K activity was explored at a range of pH values. Cathepsin K appeared to have
similar activity levels at pH 5.5 — pH 7 initially, but activity at higher pH levels decline
by the 30-minute mark, with complete loss of activity at pH 7 but no loss of activity at
pH 5.5 (Figure 6.10).
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Figure 6.10: Cathepsin K pH activity curve
Cathepsin K was activated by diluting 1:10 in activation buffer (100 mM sodium acetate pH 5.5, 2.5 mM DTT, 2.5

mM EDTA) and incubating for 5 minutes at room temperature. Active cathepsin K was then diluted to 2x assay
concentration in a pH range of 100 mM phosphate buffer, 150 mM NaCl, 0.01% Brij-35, and a Z-FR-AMC assay
was undertaken as outlined in chapter 2. Velocities were calculated as change in fluorescence per second, taken
from linear phase at beginning of assay. n=3, error bars represent SD.

The pH of cartilage has been shown to be reduced in OA33, and the activity of cathepsin
K has been observed in the disease'®, therefore cleavage of PAR2 by cathepsin K could
hold physiological relevance and warrants further investigation. Unfortunately,
limitations in the availability of sufficient quantities of recombinant cathepsin K meant

that the required experiments could not be performed within the time frame of this project.

184



The primary cleavage site for cathepsin K was located between glycine-40 and lysine-41,
thus should this be an activating cleavage, then the putative revealed ligand would be
KVDGTS. This putative activator peptide was therefore synthesised and utilised in lieu
of active cathepsin K. Testing the addition of KVDGTS on PAR2-expressing cells had

no effect on calcium mobilisation at all tested concentrations (Figure 6.11).
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Figure 6.11: Calcium mobilisation following KVDGTS titration

SW1353 cells were transduced with pSIEW_PAR2 (red lines) and pSIEW_Empty (blue lines) expressing lentivirus
before culturing for 48 hours then serum starving overnight. Cells were loaded with Rhod-4-AM fluorescent
calcium indicator and placed in a fluorimeter where the assays were performed. Titrations of putative cathepsin K
AP were performed using 0-100 uM peptide. Fluorescence was observed following peptide injection stimulation
(K), and 5 puM ionomycin stimulation (I). Data shown are mean of n=2 independent experiments.

6.3 Discussion

All tested cathepsins were found to be able to cleave PAR2 potently, and at multiple sites.
This is unsurprising due to the intracellular roles of this family of proteases, where they
are best described as lysosomal proteases responsible for breaking down a wide range of
proteins and peptides as part of normal protein turnover. Indeed, a search of these
proteases in the MEROPS database shows little specificity in terms of amino acids able
to interact within S4-S4” of the cathepsin active site clefts®!°. One might therefore ask the
question of whether cathepsin-mediated cleavage of PAR2 is physiologically relevant or
merely a product of incubating a protease with low specificity with a polypeptide and
therefore cleaving the only heterologous protein substrate in the reaction. Indeed,
cathepsins are likely to be involved in the recycling of PAR2 following canonical

activation and subsequent internalisation??®. This discussion will examine the potential
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physiological relevance of cathepsin-mediated PAR2 cleavage by considering previously

identified extracellular roles for the cathepsins.

To date, the only cysteine protease identified as being able to cleave PAR2 is cathepsin
§22630 7hao et al., (2014)* identified a cathepsin S cleavage site between glutamic acid-
56 and threonine-57, which reveals the tethered ligand TVFSVDEFSA. They showed
cathepsin S to be a biased agonist, able to stimulate cAMP production, but unable to
stimulate calcium mobilisation, activate ERK1/2, recruit B-arrestins or endocytose PAR2
in HEK293 cells overexpressing PAR2. Another study by Elmariah et al., (2014)? found
cathepsin S to cleave at two locations further towards the N-terminus than the Zhao et al.
(2014) study: between leucine-38 and isoleucine-39 and between glycine-40 and lysine-
41. The Elmariah et al., (2014)? study described conflicting signalling outcomes
following cathepsin S stimulation of PAR2 in that cathepsin S, as well as both putative
activator peptides IGKVDG and KVDGTS, were all able to stimulate calcium
mobilisation in HeLa cells overexpressing PAR2.

The reason for the identification of different cleavage sites in the two studies is likely to
result from the fact that the Elmariah et al., (2014)? study utilised a shorter synthetic
peptide to examine cleavage by cathepsin S which terminated at threonine-54, which
would be too short to observe the Zhao et al., (2014)-identified cleavage at glutamic
acid-56. Indeed, data presented within this chapter using a peptide longer than the peptide
used in both these studies, encompassing the whole region from arginine-31 to lysine-72,
confirms the presence of the cleavage identified by Zhao et al., (2014)*. No cleavage was
observed at the two cleavage sites identified by Elmariah et al., (2014)?, however
cathepsin S could cleave the PAR2 SY -9 peptide substrate, which encompasses the region
serine-33 to glycine-40. Taken together, it is likely that cathepsin S can indeed cleave all
the sites identified in both studies, however when presented with the full-length PAR2
sequence, there is a much stronger preference for the glutamic acid-56 / threonine-57 site,
but it will cleave between leucine-38 and isoleucine-39 or between glycine-40 and lysine-
41 in the absence of the preferred site as observed by Elmariah et al., (2014)?, and within
the SY-9 kinetics in the present study. Taken together, the data from these two previous
studies and the present study, it is likely that the glutamic acid-56 / threonine-57 is the
predominant cathepsin S cleavage of PAR2 and the most likely to hold physiological

relevance.
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As well as confirming the ability for cathepsin S to cleave at glutamic acid-56 / threonine-
57, cathepsins V, L, K and B were all shown to cleave at this location, with this being the
preferred site in PAR2 for cathepsins V and L, and a secondary site for cathepsin K. Zhao
et al., (2014)! did not explore enzyme kinetics for this cleavage, however data presented
in this chapter show that cathepsin V and L are more potent than cathepsin S at cleaving
this site on PAR2. When considering the kinetic parameters for the three substrates,
specificity for the glutamic acid-56 / threonine-57 can be ordered as cathepsin V >
cathepsin S > cathepsin L. Cathepsin L has cleavage sites at all three sequences identified

by nanoLCMS and had a similar potency for each site in terms of catalytic efficiency.

In agreement with the Zhao et al., (2014)* study, cathepsin S was unable to stimulate
calcium mobilisation in PAR2 overexpressing SW1353 cells. Cathepsin V was also
unable to do this, which is in line with the similar cleavage profiles observed by both
enzymes on PAR2. Furthermore, the same activator peptide used in the Zhao et al.,
(2014)! study, TVSFVDEFSA, was unable to stimulate calcium mobilisation which is in
agreement with that study. Futher work needs to be performed to explore whether
cathepsin V, L and S are able to induce the same signalling outcomes in chondrocytes as

were observed with cathepsin S in HEK293 cells?%,

The lack of calcium mobilisation by cathepsin S stimulation of PAR2 is in disagreement
with Elmariah et al., (2014)? who observed calcium mobilisation following cathepsin S
stimulation. It is unclear why calcium mobilisation was observed in their study, and not
in the present study or the Zhao et al., (2014)! study, but all three studies utilised different
cell lines, thus could be a result of different signalling mediators available following
PAR2 cleavage. Futhermore, a contaminant can not be excluded on the recombinant
cathepsin S stock utilised by Elmariah et al., (2014)? as no controls utilising a cathepsin
S inhibitor were performed confirming the observed calcium mobilisation is indeed a

result of cathepsin S activity.

Interestingly, the present study did identify a cathepsin cleavage site at glycine-40 /
lysine-41, which was the primary cleavage site for cathepsin K, and the secondary site
for cathepsin L. To test the role of this cleavage, the putative activator peptide, KVDGTS,
was synthesised. This peptide is the same as the peptide utilised by Elmariah et al.,
(2014)? who incorrectly used it as the cathepsin S activator peptide. In that study, this
peptide was able to stimulate calcium mobilisation in PAR2-overexpressing HelLa cells.
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It was therefore hypothesised that cathepsin K and KVDGTS would induce calcium
moblisation. Limitations in recombinant cathepsin K meant that this hypothesis could not
be fully tested, however the addition of KVDGTS on PAR2-overexpressing SW1353
cells had no effect on calcium mobilisation, which is in disagreement with Elmariah et
al., (2014)2. The reasons for this are unclear, but it could possibly be as a result of different
cell types, and different availability of required signalling mediators. SW1353 cells
however clearly have the capacity for inducing calcium mobilisation in a PAR2-
dependent manner as shown with matriptase activation in this study. Despite the
possibility for non-canonical calcium mobilisation explaining the observed differences,
the Elmariah et al., (2014)? study suggests canonical calcium mobilisation occuring as
measured by inositol monophosphate accumulation, a metabolite of inositol triphosphate

— the agonist for the calcium channel responsible for canonical GPCR activation3%®.

Cathepsin V was found to be able to disarm canonical PAR2 activation in terms of
calcium mobilisation and MMP1 induction. In this study, a pH curve was performed using
a buffer system amenable to cell culture work, and interestingly, cathepsin V was found
to be most active at pH 7 initially, and most active at pH 6.5 at the 15 and 30 minute
marks. Cathepsin V was unstable at all pH values however, quickly reducing in activity.
This observation conflicts with previous work which shows cathepsin V to be most active
at pH 5.7, and completely stable for at least 2 hours at pH 5.5 but rapidly losing activity
at pH 6.5 or 7Y78. It is extremely likely that these conflicting observations reflect the
different buffer systems utilised within the two studies, with 100 mM phosphate buffer,
150 mM NaCl, 0.01% Brij-35 utilised in the present study clearly not an optimal buffer
system for this enzyme. A trade off was however required to allow for cathepsin V
activity in cell culture work, and there was clearly a disarming effect observed in the cell

culture work, suggesting that activity did indeed occur in the cell culture model.

By considering the kinetic data presented in this chapter as well as the previous literature
regarding cathepsin S cleavage of PAR2, it is reasonable to hypothesise that cathepsins
V, S and L could hold relevance in PAR2 and OA biology.

Cathepsin V is one of the more recent and less well understood cathepsins, and currently
there is not a lot of evidence for its expression in cartilage, involvement in OA or
extracellular functions. Macrophage-expressed Cathepsin V has been shown to have the
ability to potently digest the ECM-component elastin®*®, although that study failed to
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detect secreted cathepsin V, and suggested intracellular digestion of elastin. Other work
has however shown cathepsin V to be secreted from cells®*”. Work presented in this
chapter showed that cathepsin V was able to disarm against matriptase-induced canonical
PAR2 signalling, including a reduction of MMP1 expression which could hint at a
protective effect for cathepsin V in OA. More work however needs to be undertaken on

the role of cathepsin V in cartilage biology.

On the other hand, cathepsin L is a better candidate for having a role in cartilage biology,
and in arthritis with respect to PAR2 cleavage. Cathepsin L has been detected in synovial
fluid of patients with RA3%® and secretion has been observed in chondrocytes extracted
from OA cartilage'®. The enzyme is expressed in the synovium of both RA and OA
patients®°. Furthermore, cathepsin L has been shown to be able to cleave aggrecan'®.
Future work would need to be undertaken with cathepsin L in cell culture work to
ascertain putative roles in chondrocyte and PAR2 biology. However, one would
hypothesise that cathepsin V and L would exert similar effects in vivo.

As previously discussed, cathepsin S has been identified as a biased agonist for PAR2. A
potential role for cathepsin S cleavage of PAR2 in OA is possible as cathepsin S activity
has been previously detected in OA cartilage explant culture!®!, therefore there is
evidence for the presence of cathepsin S in a tissue and disease where PAR2 is expressed.
Furthermore, the expression and secretion of cathepsin S from chondrocytes following

TNFa or IL-1B stimulation has been described*.

As described in chapter 1, a role for cathepsin K in OA is well established. Cathepsin K
degradation of type 11 collagen has been detected in human OA cartilage®8, therefore the
presence of cathepsin K in a tissue where PAR2 is expressed suggests potential
physiological relevance for cathepsin K cleavage of PAR2. Further work will be required

to ascertain the role for cathepsin K in PAR2 biology.

A role for cathepsin B in OA is also well established as outlined in chapter 1. In terms of
cathepsin B cleavage of PAR2, there were too many cleavages observed to deduce the
most physiologically relevent cleavages. Further work would be required untertaking
more restricted digests to ascertain which cleavages occur first — it remains possible that

there could be a physiological role for cathepsin B in PAR2 biology.
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Taken together, there is potential for the cathepsins to have a role in PAR2 activation or
disarming in OA. In particular, cathepsins S, L and K are strong candidates for this based
on previously described roles of these enzymes in OA and general extracellular functions.

6.4 Summary

e Cathepsins V, K, L, B and S were all able to cleave PAR2 at multiple sites, with
a primary cleavage site for cathepsins V, S and L between glutamic acid-56 and
threonine-57, and a primary cleavage site for cathepsin K between glycine-40 and
lysine-41. Cathepsin B cleaved at multiple sites along the sequence and cleavages

were difficult to rank.

e The kinetic parameters for cathepsins V, K, L and S generally correlated with the
ranking of cleavages as observed by nanoLCMS.

e Cathepsin V, as well as its putative activator peptide, were unable to stimulate

calcium mobilisation.

e Pre-incubation of SW1353 cells with cathepsin VV was able to disarm against

matriptase-induced canonical activation of PAR2.

e The putative cathepsin K activator peptide was unable to stimulate calcium

mobilisation.
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Chapter 7 — Canonical PAR2 Activation: Gene Expression

Microarray

7.1 Introduction

Data presented in chapters 4, 5 and 6 have identified and begun to describe the regulation
of PAR2 activity by extracellular proteolysis mediated by enzymes involved in OA. Data
presented in chapter 6 have also demonstrated the ability for cathepsin V to “disarm”
canonical PAR2 activation by matriptase. Taken together, it is likely that a complex
extracellular environment regulates chondrocyte behaviour in response to PARZ2 in both
the context of disease and normal physiology. It is not possible to understand the full
relevance of extracellular events in PAR2 biology when intracellular events in terms of
PAR2 signalling are incompletely understood. A gene expression microarray to assess
global gene expression changes following canonical PAR2 activation was therefore
performed.

There has been little work previously performed in chondrocytes with respect to PAR2
biology, and data presented and discussed in chapter 6 with respect to previously
published data has suggested possible signalling differences between commonly used cell
lines in response to PAR2 activation. Only a single study has previously explored global
gene expression changes following PAR2 canonical activation, and this work was
undertaken in HEK293 cells®¥, a cell line with conflicting PAR2 responses as outlined
in chapter 6. Furthermore, that study utilised both trypsin and the synthetic PAR2 agonist
2-furoyl-LIGRLO-NH:> to stimulate canonical PAR2 activation. There is evidence that
such synthetic PAR2 agonists can act on cells in PAR2-independent mechanisms®*, and
that trypsin cleavage of other cell surface proteins may modify cell behaviour®*2. It was
therefore of interest to explore global gene expression changes following matriptase and
SLIGKYV stimulation of PAR2 in chondrocytic cells.

Understanding the signalling outcomes of PAR2 activation in chondrocytes, stimulated
by a physiologically relevant activator in matriptase, is of central importance to this study.
Furthermore, as PAR2 canonical activation is generally considered to be pro-
inflammatory in nature, it is of interest to compare some of the downstream targets of

PAR2 activation with the downstream targets identified in chapter 3 of this study, where

191



mechanical loading of cells was found to induce the expression of various pro-
inflammatory regulators such as ATF3, CSRNP1 and EGR2.

7.1.1 Chapter Aims

e To optimise time points to explore SW1353 cell gene expression by microarray
after canonical PAR2 activation.

e To perform a gene expression microarray following canonical PAR2 activation
by either SLIGKV or matriptase.

e To carry out pathway analysis to explore the outcomes of canonical PAR2

activation.

7.2 Results

7.2.1 Optimisation of time points for microarray

As described in chapter 3.2.4, previous work undertaken in our group explored the
expression of collagenases following IL-1+OSM stimulation in HAC and identified
regulators such as ATF3, CSRNP1 and EGR2. Studies undertaken using bovine nasal
chondrocytes identified some of the same regulators that were mechanosensitive. In order
to explore global gene expression changes in SW1353 cells, it was of importance to pick
the most relevant time points for examination, and it was decided that the time required

for maximal expression of genes such as ATF3 would be of greatest interest.

Firstly, the kinetics of ATF3 and MMP expression were explored following IL-1+OSM
stimulation is SW1353 cells. ATF3 expression peaked at 1.5 hours post-stimulation,
reaching statistically significant upregulation at 0.5 hours and remained significantly up-
regulated for the remainder of the time-course, until 24 hours (Figure 7.1 A). As expected,
MMP1 and MMP13 expression were induced later in the time-course, reaching maximum
level at the 24-hour mark (Figure 7.1 B).

192



N
g
>

*kk Bl ATF3

[
T

=
T

ol
1

ATF3/GAPDH (Fold change vs basal)
(@)

Q(Sip cﬁ’cﬁﬁ’ Yo 1 % o g

Time (hours)

ﬁ B

@ 600-

P tt+ 03 MVPL
o B VMMP13
(@)

& 400-

e

o

©

S

w

T 200- *kk

(|

<

) Tt

% O | ] ] ] | | ] nl

Time (hours)

Figure 7.1: ATF3, MMP1 and MMP13 expression following IL1+OSM stimulation

SW1353 cells were stimulated with IL-1 at 0.5 ng/mL and OSM at 30 ng/mL for varying lengths of time before
lysing the cells, extracting the mRNA, reverse transcription and qPCR examining ATF3 (A) or MMP1 and MMP13
(B) expression. Mean + S.E.M; where *** p < 0.001 by unpaired T-test between ATF3 or MMP1 basal expression
(T=0) and time point; T p < 0.01, T p < 0.001 by unpaired T-test between MMP13 basal expression (T=0) and
time point. Data pooled from n=2 independent experiments.

After exploring the kinetics of ATF3 expression in SW1353 cells following IL-1+OSM
stimulation, it was of interest to see whether PAR2 activation would also induce ATF3
expression. Despite it being known that MMP expression is induced in chondrocytes
following PAR2 canonical activation, the signalling pathways involved are not well
established, and ATF3 has not previously been explored as a PAR2 target.
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ATF3 expression was indeed robustly induced by canonical PAR2 activation by both

matriptase and SLIGKV, with maximal induction 1.5-hours post-stimulation (Figure 7.2).
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Figure 7.2: ATF3 expression following matriptase and SLIGKYV stimulation

SW1353 cells transduced with pSIEW_Empty or pSIEW_PAR?2 were stimulated stimulating with either 100 pM
SLIGKYV or 10 nM matriptase for varying lengths of time before lysing the cells, extracting the mRNA, reverse
transcription and qPCR examining ATF3 expression. Mean + S.E.M; where ** p < 0.01*** p < 0.001 by unpaired
T-test between ATF3 basal expression (T=0) and time point following matriptase stimulation; and 1T p < 0.01, Tt
p < 0.001 by unpaired T-test between ATF3 basal expression (T=0) and time point following SLIGKYV stimulation.
Data pooled from n=1 experiment.

When comparing the IL-1+OSM and PAR2 activation data, it was decided that the use of
1.5 and 24 hours would be most appropriate for the microarray experiment, as this would
give coverage for examining earlier expressed genes such as ATF3, as well as later genes
such as the MMPs.

7.2.2 Microarray experiment validation

To generate the mRNA for use in the microarray analysis, three independent experiments
were undertaken, overexpressing PAR2 in SW1353 cells and then stimulating with either
100 uM SLIGKYV peptide, 10 nM matriptase, or control (serum-free medium), for either
90 minutes or 24 hours. mMRNA was extracted and a small sample was taken to perform a
reverse transcription to validate the experiments by gPCR. The expression levels for

ATF3 (90 minutes) or MMP1 (24 hours) were examined at each time point. All three
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experimental repeats exhibited successful induction of ATF3 and MMP1 at the expected

time points (Figure 7.3) and the samples were therefore sent for microarray analysis.

©
g
>

[e2]
o
1

J

N
e

N
e

ATF3/GAPDH (Fold change vs basal)

MMP1/GAPDH (Fold change vs basal)

Figure 7.3: ATF3 and MMPL1 expression of samples sent for microarray analysis

pSIEW_PAR?2 transduced SW1353 cells were stimulated with either 100 pM SLIGKYV or 10 nM matriptase for
either 90 minutes (A) or 24 hours (B) before mMRNA was extracted by an RNeasy kit. A sample of the mRNA from
each replicate was reverse transcribed and qPCR was performed for either ATF3 (A) or MMP1 (B). Each bar
represents a single sample, thus there is no standard deviation for error bars to be added. Each experiment was
performed independently of each other.
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7.2.3 A comparison of matriptase and SLIGKV-mediated canonical activation

SLIGKYV (as well as the equivalent rat sequence, SLIGRL) are commonly used as
agonists for canonical PAR2 activation, able to activate PAR2 independently of receptor
cleavage®'®. There is however evidence that this peptide activates PAR2 via a different
mechanism to the equivalent sequence as a tethered ligand®3, although whether this
results in different downstream effects is unknown. Furthermore, there is some evidence
that SLIGRL lacks specificity for PAR2, with an ability to activate the GPCR neurokinin-
1 receptor having been suggested®®. It was therefore of interest to examine whether
global gene expression changes following canonical PAR2 activation by SLIGKV and

matriptase were similar.

Changes in genes expressed greater than 2-fold (log> >1) compared to basal, as well as
genes down-regulated by greater than 2-fold (log> < -1) were compared for SLIGKV vs
matriptase stimulation. At 90 minutes, most differentially regulated genes were up-
regulated, and there was a strong correlation between SLIGKV and matriptase, with an
R? value of 0.96 (Figure 7.4).

At 24 hours post-stimulation, there was a greater number of down regulated genes, and
an even stronger correlation between matriptase and SLIGKV, with an R? value of 0.99
(Figure 7.5).

Taken together, it was clear that matriptase and SLIGKYV exhibited similar effects on gene
expression changes in SW1353 cells, and thus subsequent analyses were performed
predominantly on matriptase-stimulated samples, as these hold more physiological

relevance.

196



[ ]
6_
[ ]
R2=0.96
—44
w
Q *
o e
L}
ke ) *
£ o o €7 @
N; e @
- ® 9 [ ]
S? o * .
< NS
g r e’
1) ®
0
L
0 2 4 6

Matriptase log2{Fold Changes)

Figure 7.4: Scatter plot of matriptase vs SLIGKYV induced expression changes 90 minutes post-stimulation
Scatter plot of matriptase vs SLIGKV gene expression changes (both normalised to unstimulated control) 90
minutes post-stimulation. Included are all genes with a logz fold change of -1< and >1. The blue line represents the
correlation and the grey shading represents the standard deviation. There are a total of 134 genes included in the
analysis. The R? value refers to the correlation between the two stimulations.
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Figure 7.5: Scatter plot of matriptase vs SLIGKYV induced expression changes 24 hours post-stimulation
Scatter plot of matriptase vs SLIGKV gene expression changes (both normalised to unstimulated control) 24 hours
post-stimulation. Included are all genes with a logz fold change of -1< and >1. The blue line represents the
correlation and the grey shading represents the standard deviation. There are a total of 109 genes included in the
analysis. The R? value refers to the correlation between the two stimulations.

198



7.2.4 An examination of genes regulated by canonical PAR2 activation in SW1353

cells

7.2.4.1 90-minute stimulation

Following 90-minute stimulation of both matriptase and SLIGKYV, similar gene
expression changes were observed with many genes up-regulated (Figure 7.6).
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Figure 7.6: Volcano plots showing global gene expression changes following 90-minute SLIGKV or
matriptase stimulation

Volcano plot of normalised microarray data, comparing either matriptase vs control (A) or SLIGKYV vs control (B).
The vertical red lines mark logz fold change of -1 and 1 whereas the horizontal red line corresponds to an adjusted
p-value of <0.05. The red dots therefore correspond to genes significantly expressed at either <0.5 or >2 fold change
to basal.

199



Due to the similar gene expression changes following SLIGKV or matriptase stimulation,
this chapter will focus predominantly on the expression changes following matriptase-
mediated PAR?2 activation as this holds more physiological relevance. Overall, 165 genes
were significantly (adjusted p-value of p <0.05) up-regulated by greater than 2-fold (log
>1) compared to basal, whereas only 3 genes were down-regulated by greater than 2-fold

(logz < -1). A list of the top 20 most up-regulated genes is presented in table 7.1.

Table 7.1: Top 20 most up-regulated genes following 90-minute matriptase

stimulation

Rank Fold Change Adj. p-value Gene

1 83.439 2.1944124 CXCLS8

2 41.279 2.9780724 CXCL8

3 25.005 1.3742°% FOSB

4 20.718 1.4796'% FAM90A2P
5 17.764 3.16567%° NR4A2

6 15.656 6.75332'% TNFAIP3

7 15.066 2117412 ATF3

8 13.494 3.58251% FOS

9 13.023 1.1615618 NR4A2

10 11.944 4.139241° FAM90A5P
11 10.733 6.59862%2 DUSP1

12 10.379 6.4080222 IER3

13 10.246 4.988091° EGR1

14 10.038 8.025791° FAM90A5P
15 9.631 1.9995120 KLF2

16 8.401 1.7244717 IL11

17 8.394 1.28431% Cllorfo6
18 7.643 1.3162518 CSRNP1

19 7.596 417231718 NFKBIA
20 7.319 4.139241° EGR2
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7.2.4.2 24-hour stimulation

Following 24-hour stimulation of both matriptase and SLIGKV, similar gene expression

changes were observed with many genes both up- and down-regulated (Figure 7.7).
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Figure 7.7: Volcano plots showing global gene expression changes following 24-hour SLIGKYV or matriptase
stimulation

Volcano plot of normalised microarray data, comparing either matriptase vs control (A) or SLIGKYV vs control (B).
The vertical red lines mark logz fold change of -1 and 1 whereas the horizontal red line corresponds to an adjusted
p-value of <0.05. The red dots therefore correspond to genes significantly expressed at either <0.5 or >2 fold change
to hasal.
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Following 24-hour matriptase stimulation, 68 genes were significantly (adjusted p-value
of p >0.05) up-regulated by greater than 2-fold (log2 >1) compared to basal, whereas 48
genes were down-regulated by greater than 2-fold (logz < -1). A list of the top 20 most
up-regulated genes is presented in table 7.2 and list of the 20 most down-regulated genes
is presented in table 7.3. Furthermore, other genes of interest to this study outside the top

20 are included in the tables.

Table 7.2: Top 20 most up-regulated genes and other up-regulated genes of interest

following 24-hour matriptase stimulation

Rank Fold Change Adj. p-value Gene

1 18.82546 1.529382¢ KIAA1199
2 13.42363 3.3533418 IL11

3 10.36369 1.1159% STC1

4 9.374547 7.48334°18 CXCLS8

5 5.517051 2.8736417 1L24

6 3.545718 1.111961 ITGA2

7 3.372986 1.6978612 DUSP5

8 3.31848 4.3933671 PLAUR

9 3.152777 475277 Y MMP9

10 3.064465 2.1300613 PLAUR

11 3.023068 6.47027°1 1L24

12 3.001402 2.1699410 PLAUR

13 2.93569 6.293431! LDLR

14 2.884798 6.47027°1 ARHGAP22
15 2.807649 4.2992412 IL24

16 2.727704 6.8002313 SOD2

17 2.677695 2.043028 UPP1

18 2.654329 1.35243 1 GRAMD1B
19 2.650923 9.7580671 DEFB103B
20 2.640348 7.933671¢ GNG11

26 2.489293 3.3904413 SPINK1

47 2.156543 8.36622 SERPINB8
53 2.105567 1.0070312 ADAMTS6
66 2.026306 1.9952°F CSRNP1
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Table 7.3: Top 20 most down-regulated genes and other down-regulated genes of

interest following 24-hour matriptase stimulation

Rank Fold Change Adj. p-value Gene

1 4931793299 5.6822813 TXNIP

2 3.418230792 9.758064 MAFB

3 3.305468236 4.0966312 MYH8

4 3.234320017 8.7494512 BMP4

5 3.22614988 1.27891° CNTNAP2
6 3.103671954 9.03272°13 ID3

7 3.097001174 8.9232214 CADM1

8 3.011349777 1.1159%° RGCC

9 2.988116262 2.6847513 AKR1B10
10 2.952064379 1.5358412 ACKR3
11 2.93761677 1.24726711 AKR1C3
12 2.896065984 1.70762°° RHOBTB3
13 2.742393287 1.6753512 ABLIM1
14 2.727627319 1.111961 ACKR3
15 2.473539313 2.21141°8 NPPB

16 2.455910271 3.25209°° COL1A1
17 2.373306942 3.54222°11 F2RL2

18 2.367435452 7.498631° TLE4

19 2.305964608 1.3345210 COL1A2
20 2.279555578 5.916021° ATOHS
31 2.138721772 1.152°1 F2R

7.2.5 Pathway Analysis of PAR2 canonical activation

Ingenuity Pathway Analysis (IPA) was performed on matriptase-induced PAR2 canonical
activation (samples normalised to controls). IPA is powerful software utilised to analyse
complex “omic” data, including gene expression microarray data. IPA can perform
searches for targeted information on gene and protein networks based on interactive

models of experimental systems previously outlined within the literature.
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7.2.5.1 Canonical Pathways

Firstly, a canonical pathway analysis was performed, which analyses associations within
the experimental dataset with previously described signalling pathways. The analysis
gives an indication of how strongly the pathway is in an activation or inhibitory state (Z

score), as well as the significance of the association (Figure 7.8).
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Figure 7.8: Top dysregulated canonical pathways following matriptase stimulation of PAR2

Ingenuity Pathway Analysis was performed on the microarray data: matriptase normalised to control samples, at
both 90 minutes (A) and 24 hours (B) examining associated canonical pathways with the data set. The bars on the
primary x axis represent the -log(p-value) for each pathway, stating the statistical significance for the association
of that pathway with the microarray data set. The shade of the bar fill (orange for positive regulation, blue for
negative regulation) shows the strength of the regulation: darker shade for stronger regulation. The line on the
secondary x axis represent the ratio of regulated genes: the number of genes in the canonical pathway dysregulated
in the examined data set.
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At the 90-minute time point, all the associated pathways were in a positive activation
state, with many on the list being associated with pro-inflammatory responses, such as
TNF signalling, IL-6 signalling, IL-17 signalling and IL-1 signalling. The most
statistically associated pathway was TNFR2 signalling, however pathways such as
HMGBL1 and IL-6 had higher Z-scores indicating a stronger level of activation (however
at lower statistical significance due to fewer genes within the pathway being
dysregulated).

An initial striking difference at the 24-hour time point was a marked reduction in the
number of significantly associated pathways. Furthermore, unlike the 90-minute time
point, there was an association with a negatively associated pathway in protein kinase A
(PKA) signalling. The most significantly associated pathway at this time point was IL-8

signalling.

7.2.5.2 Upstream Regulators

As well as exploring canonical pathways by IPA, specific upstream regulators associated
with the data set were explored. Rather than being a whole pathway, these upstream
regulators represent specific gene products involved in regulation of multiple downstream
targets. The analysis explores the activation state of both the upstream regulator and
downstream targets within the experimental dataset, and then gives an activation Z-score,
as well as significance for the association. The analysis also states a predicted activation
state. Strong statistical association with a particular upstream regulator does not
necessarily result from multiple activated or inhibited targets, but rather can result from
a mixture. This results in a statistically associated upstream regulator without a predicted
activation state, as is observed for many of the identified top associations in this study.
As with the canonical pathway analysis, the upstream regulator analysis is based on

previous literature for signalling networks.

At the 90-minute time point, the majority of the top 20 most significant upstream
regulators are in a predicted activation state, with only CD3 being a predicted inhibited
upstream regulator, and two regulators, NR3C1 and 1gG having no predicted activation
state (table 7.4). The most strongly associated upstream regulator is Platelet-derived
growth factor (PDGF) — BB chain dimer, followed by TNF and IL-1B. Other
inflammatory regulators of interest to this project within the top 20 include p38 MAPK,
NF-kB, Jnk, ERK and ERK1/2.
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Table 7.4: Top 20 most significantly associated upstream regulator genes with

microarray data following 90-minute matriptase stimulation

Rank Gene Z score p-value of overlap  Predicted Activation
1 PDGF BB 5.868 8.38°% Activated
2 TNF 5.458 7.9140 Activated
3 IL1B 5.874 6.493° Activated
4 NR3C1 0.507 1.67°%0 -

5 CREB1 4.282 5.41730 Activated
6 P38 MAPK 4.016 1.5528 Activated
7 TREM1 4.452 3.69% Activated
8 NFKB 4.339 3.22% Activated

(complex)

9 Jnk 3.196 3.74% Activated
10 CREM 3.353 5.73% Activated
11 EIF2AK3 2.608 7.9222 Activated
12 STAT3 3.780 1.33%0 Activated
13 ERK 4.164 3.4520 Activated
14 CD3 -3.103 9.31°% Inhibited
15 ERK1/2 3.049 2.21°1° Activated
16 ECSIT 3.302 8.00°%° Activated
17 IgG -1.774 2.94718 -

18 FOXL2 3.571 5.1318 Activated
19 FOXO03 2.741 24671 Activated
20 PRKCD 2.688 4.6417 Activated

By 24 hours, within the top 20 most strongly associated upstream regulators, only three
have a predicted activation state: TNF, IL-1B and ERBB2 (table 7.5). TNF and IL1-B
were both strongly associated at the 90-minute time point, however ERBB2 was the 106"
most associated at this time point.

207



Table 7.5: Top 20 most significantly associated upstream regulator genes with

microarray data following 24-hour matriptase stimulation

Rank Gene Z score p-value of overlap Predicted Activation
1 TGFB1 0.813 2.09% -

2 TP53 -0.609 2108 -

3 Cg 1.599 1.0512 -

4 TNF 3.377 48012 Activated
5 HIF1A 0.607 1.42°1 -

6 SP1 4.4611 -

7 NEDD9 1.890 1.1110 -

8 PRKCD 1.320 5.51°10 -

9 SP3 5.51°10 -

10 STAT5A 8.7310 -

11 IL1B 3.453 1.35%° Activated
12 TGFBR1 -1.195 1.44°%° -

13 CBX5 0.333 1.49°0° -

14 JUN 1.675 1.75%° -

15 AHR 1.700 2.00°0° -

16 Apl 5.01°% -

17 NR3C1 -1.497 5.28% -

18 ERBB2 2474 8.54°0° Activated
19 KRAS 1.555 1.28%8 -

20 estrogen -1.706 1.70°%8 -

receptor

The signalling networks of IL-1B and TNF were further explored due to their high Z-
scores and significance at the 90-minute time point; the fact they were also two of the
three activated regulators at the 24-hour time point; and the fact that as cytokines, TNF
(specifically TNF-a) and IL-1 are both thought to be involved in OA.

As shown in table 7.4, TNF is a strongly activated upstream regulator, and by examining
the downstream regulators under regulation by TNF within the microarray, it is clear that
many of the genes were activated by matriptase (Figure 7.9). Further downstream of the
regulators, 74 targets were also dysregulated by PAR2 activation. Two of these of

particular interest, EGR2 and ATF3, were selected for inclusion in the diagram.
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Figure 7.9: TNF pathway following 90-minute matriptase stimulation

The signalling network downstream of TNF was examined based on the activation state of the genes within the
network in the microarray dataset of 90-minute PAR2 stimulation by matriptase. Included are 2 downstream targets
of interest (out of 74 total targets in the network): EGR2 and ATF3.

IL-1B (IL-1P) was another strongly activated upstream regulator, and by examining the
downstream regulators previously described as under its regulation, many were observed
as activated within the microarray dataset following matriptase activation of PAR2
(Figure 7.10). Further downstream of the regulators, 72 targets were also dysregulated by
PAR2 activation. Three of these were of particular interest: ATF3, CSRNP1 and EGR2,

and were selected for inclusion in the diagram.
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Figure 7.10: IL-1B pathway following 90 minute matriptase stimulation

The signalling network downstream of IL-1B was examined based on the activation state of the genes within the
network in the microarray dataset of 90-minute PAR2 stimulation by matriptase. Included are 3 downstream targets
of interest (out of 72 total targets in the network): ATF3, CSRNP1 and EGR2.
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7.3 Discussion

Work presented in this chapter optimised the time points to be utilised for a gene
expression microarray following canonical PAR2 activation. The selected time points
were based on how SW1353 cells responded to IL-1+OSM stimulation in terms of ATF3
and MMP expression. ATF3 was subsequently identified as a PAR2 target, and 90 minutes
was chosen as an early time point and 24 hours as a later time point for microarray
analysis. A gene expression microarray was performed by stimulating PAR2-expressing
SW1353 cells with either matriptase or SLIGKYV, after which these responses were

compared, and further analysis performed on matriptase-stimulated samples.

In examining the top 20 most up-regulated genes following 90-minute matriptase
stimulation, a multitude of early response genes (FOSB, FOS, ATF3, IER3, EGR1, EGR2
and CSRNP1), transcription factors (NR4A2 and KLF2), cyto/chemokines (CXCL8 and
IL-11) and other inflammatory regulators (NFKBIA and TNFAIP3) were found to be
significantly up-regulated. An initial and striking observation was that ATF3, EGR2 and
CSNRP1 were all identified as being robustly up-regulated following PAR2 activation.
These three genes were explored in chapter 3 as being regulated by the mechanical
loading of chondrocytes. A previous study has also identified these three genes as key
regulators of collagenase activation following IL-1+OSM stimulation of chondrocytes
(Chris MacDonald, unpublished).

The gene with the highest fold increase of expression following 90-minute matriptase
stimulation was CXCL8 (the gene which encodes IL-8), which validates the use of this
gene as a readout for canonical PAR2 activation in previous chapters, as well as in
previous studies®'>%18, |L-8 has also been implicated in OA pathogenesis. IL-8%** and its
receptor3®® are up-regulated by OA chondrocytes, and whilst this expression of IL-8 has
not been linked to PAR2, data presented in this study suggests that the involvement of
PAR?2 is a reasonable hypothesis. IL-11 which was also up-regulated at this time point
has also been implicated in OA, with an elevated expression in OA chondrocytes®*.
However, this is contrary to the pro-inflammatory outcomes of PAR2 signalling, as it is
suggested that IL-11 is anti-inflammatory in chondrocytes, leading to TIMP-1
upregulation®®. IL-11 has however also been shown to promote MMP expression

similarly to IL-6 when combined with IL-1 (A.D. Rowan, personal communication).
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Nuclear receptor subfamily 4, group A, member 2 (NR4A2) had a robustly elevated
expression level following 90-minute matriptase stimulation. NR4A2 has been identified
as a transcription factor involved in multiple arthritic diseases, particularly inflammatory
arthritic diseases®*’. NR4A2 has however also been shown to have elevated expression in
OA synovial tissues®*®. Furthermore, the overexpression of NR4A2 in an immortalised
synovial fibroblast cell line leads to a synergistic increase in MMP13 expression

following TNFa stimulation348,

Other genes strongly up-regulated following 90 minutes include various early response
genes which have been previously implicated in OA. For example, FOSB had the second
highest fold increase in expression following 90 minutes, and family member FOS was
also highly up-regulated. The gene products of the FOS family form heterodimers with
gene products of the JUN family to form the AP-1 transcription factor, which has key
roles in the transcription of a variety of genes including the collagenolytic MMPs, in a
response to a variety of stimuli, including cytokines. Indeed, the inhibition of c-Fos (the
gene product of FOS)/AP-1 results in a reduced induction of MMP13 following IL-1
stimulation, and was found to be protective against OA in the CIA model of mouse

disease*.

To our knowledge, this is the first study to identify ATF3 and CSRNP1 as downstream
targets of PAR2 canonical signalling, however EGR2 has previously been identified as
being induced following trypsin activation of PAR2 in HEK293 cells, although not as
robustly as in SW1353 cells®¥. Little is currently known about the signalling pathways
involved in matriptase-induced up-regulated expression of collagenases. The observation
that ATF3, CSRNP1 and EGR2 are all targets of PAR2 signalling is therefore a fascinating
one, as it suggests the potential for similar and overlapping mechanisms of collagenase
expression following distinct stimuli, be it IL-1+OSM, abnormal mechanical load, or
PAR2 activation. It is noteworthy that DNA microarray analysis of SW1353 cells
following IL-1+OSM identified CXCL8 as the most up-regulated gene, in complete
agreement with the data presented here®°, further suggesting overlapping common
pathways.

In order to further explore this overlap and association with other defined signalling
pathways, pathway analysis was undertaken. Unsurprisingly, canonical PAR2 activation
was strongly associated with a whole host of defined inflammatory canonical pathways,
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such as TNF signalling, IL-6 signalling, IL-17 signalling, TLR-signalling, IL-1
signalling, and p38 MAPK signalling. Furthermore, many of these canonical pathways
have also been associated with OA. For example, IL-1 and TNF have long been strongly
associated with OA. IL-1 (namely, IL-1B) and TNF are expressed and released by
multiple cells of the joint, including chondrocytes, cells of the synovial membrane,
osteoblasts and infiltrated mononuclear cells®*!. Elevated levels of IL-1B and TNF are
observed in the synovial fluid and cartilage of patients with OA®*?, and the receptor for
IL-1 also exhibits a higher expression level in OA chondrocytes®. These cytokines are
catabolic in nature, stimulating the expression of multiple genes detrimental to cartilage
health such as the collagenolyic MMPs®!, IL-1B and TNF were both identified in this
study as very strongly associated upstream regulators within the microarray dataset,
suggesting several downstream regulators and targets of IL-18 and TNF are also induced
by canonical PAR2 activation. Multiple other upstream regulators identified in this study
have also been previously shown to be involved in IL-1f and TNF signalling, such as p38
MAPK, JUN and STATS3. Furthermore, at 24 hours post-stimulation, IL-1B and TNF
remained two of the three top upstream regulators which retained a predicted activation

state, further establishing their association with PAR2 signalling.

Taking together the canonical pathway analysis and the upstream regulator analysis, it is
clear that canonical PAR2 activation is highly pro-inflammatory in nature, with many
overlapping pathways with those observed by pro-inflammatory cytokine stimulation.

Futhermore, IL-6 and IL-17 have also been implicated in OA®?, as has TLR signalling®*.

The later time point utilised in this study was 24 hours. A striking observation was that
24 hours post-stimulation there was a more equal number of down and up-regulated
genes, whereas at 90 minutes, only three genes were significantly down-regulated below
the threshold of logz < -1. This was not observed in a previous microarray analysis of
canonical PAR2 activation®® and could reflect differences in cell line or differences in

sensitives of the microarray chips utilised.

After 24-hour stimulation, several cytokines remained highly up-regulated, including IL-
8 and IL-11 as observed at 90 minutes, with the addition of I1L-24, a cytokine which has
been associated with RA, however not with OA3%. Other genes up-regulated at 24 hours

post-stimulation include cell surface receptors such as PLAUR, the uPA receptor and
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LDLR, the Low-Density Lipoprotein receptor. Other cell surface receptors such as F2R
(PAR1) and F2RL2 (PAR3) were however down-regulated at this time point.

The only proteases to be significantly up-regulated at 24 hours at the set threshold were
ADAMTS6 and MMP9, despite RT-gPCR clearly showing the upregulation of MMP1 at
this time point in the same samples. This is likely a reflection of the relative sensitivities
of DNA microarray analysis and RT-qPCR. Indeed, it is generally accepted that RT-
gPCR is more sensitive than microarray analysis®%-3*¢, MMP-9 is a gelatinase which has
an elevated expression level in OA®°30  whereas ADAMTS-6 is an incompletely

understood protease with no current link to the disease.

Interestingly, at 24 hours two protease inhibitors were up-regulated: SPINK1 and
SERPINBS. SPINK1 is a kazal-type serine-protease inhibitor, best known as a pancreatic-
expressed trypsin inhibitor*®®, To our knowledge, this is the first time SPINK1 has been
shown to be regulated by PAR2 activation, which might suggest the presence of a
negative feedback system whereby canonical PAR2 activation can upregulate a trypsin
inhibitor. Despite being able to inhibit trypsin, there is however evidence that SPINK1
does not inhibit matriptase®®?. SERPINBS is an intracellular serine protease inhibitor and

is best known as a furin inhibitor3®3, with no current links to arthritic diseases.

The most down-regulated gene at 24 hours was Thioredoxin-interacting protein (TXNIP),
which is an interesting observation as this gene has recently been implicated in QA3
The regulation of this gene by PAR2 is not a novel observation, and this was indeed also
the most down-regulated gene observed in a previous microarray analysis of canonical
PAR2 activation®¥®. TXNIP was found to be expressed at relatively high levels in normal
human and mouse cartilage, however expression was significantly reduced in both OA,
and with aging®®.

The second most down-regulated gene at 24 hours was MAFB, a transcription factor,
which has also been implicated in OA. MAFB is regulated by retinoic acid and the genetic
knockdown of MAFB in chondrocytes however results in an increased expression of
aggrecan and a decreased expression of MMP3 and MMP133%%, MAFB deficiency is
therefore anabolic, which conflicts with the generally catabolic effects of PAR2

activation.
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Another strongly down-regulated gene at 24 hours was bone morphogenic protein 4
(BMP4), a growth factor from the TGF-p family, which also has a decreased expression
level in patients with OA3%°,

Under the criteria used for the pathway analysis, only a single down-regulated canonical
pathway was associated with the microarray data set, which was protein kinase A (PKA).
Interestingly, decreased PKA activity has recently been associated with activation of
another GPCR, GPR22, in chondrocytes®®’, with GPR22 having previously been linked
to OAS,

Taking together the data presented within this chapter, it is clear that canonical PAR2
activation is pro-inflammatory in nature, and multiple genes regulated by PAR2 have
links to arthritic diseases, with links to OA of particular interest to this study. In exploring
canonical PAR2 activation on a global level within chondrocytes, many potentially

interesting novel avenues of exploration have been identified.

7.4 Summary

e ATF3 expression reaches a peak at 1.5 hours post-stimulation when stimulated
with either IL-1+OSM or via PAR2 activation.

e Matriptase and SLIGKV both induce highly similar gene expression changes in
SW1353 cells.

e Multiple pathways and upstream regulators are significantly associated with the
microarray data set, and the responses of PAR2 activation are generally pro-

inflammatory in nature.
e Genes such as ATF3, CSRNP1 and EGR2 are highly induced by PAR2 activation,

identifying overlaps with chondrocyte responses following PAR2 activation,

mechanical loading of chondrocytes or IL-1+OSM stimulation.
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Chapter 8 — General Discussion

8.1 General Perspectives

OA is a disease which is characterised by the enzymatic breakdown of articular cartilage,
where the balance between ECM synthesis and degradation is disturbed and proteases
such as the collagenases, MMP-1 and MMP-13 are up-regulated. It is becoming
increasingly clear that as important as the collagenases are, many other enzymes have
roles in cartilage turnover and disease, including metalloproteinases such as the
aggrecanases - ADAMTS-4 and ADAMTS-5%, as well as proteases from the serine and

cysteine protease families.

Serine proteases have been implicated in OA, from simple associations (e.g. elevated
expression), to others with more detailed pathogenic mechanisms. The serine protease
matriptase was identified as having a role in OA. Matriptase has an elevated expression
level in OA patients, as does the receptor PAR2, which can be potently activated by
matriptase to induce MMP expression’. Various cysteine proteases have also had roles
implicated in the disease, with the strongest links being the cathepsin proteases, cathepsin
B and cathepsin K.

This project had two major aims: to explore how matriptase expression is regulated in
chondrocytes, and to explore how proteases expressed by chondrocytes interact with
PAR2 compared to matriptase. Understanding the regulation of previously described
pathogenic mechanisms such as matriptase-mediated PAR2 activation, as well as the
discovery of novel mechanisms of disease are important for understanding OA, and the
development of future therapeutics.

To date, the therapeutic inhibition of active cartilage degrading proteases has been
unsuccessful. The inhibition of the collagenases or MMP-3 has been shown to be
protective in preventing cartilage degradation in animal models of OA3°370 however
when in clinical trials, low selectivity and severe side effects were observed®’?,
highlighting the importance of these enzymes in normal physiology. The targeting of
MMPs in OA has, however, shown that the overall aim: the prevention of MMP-mediated

cartilage degradation, is a valid target for therapy. Understanding the regulation of MMPs
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in cartilage, from physiology to pathology, will potentially identify new targets elsewhere
in the pathway which could prevent specific MMP activity without directly inhibiting any
MMPs with a small molecule inhibitor.

8.2 Regulation of collagenase gene expression

The initial aims of chapter 3 were to explore whether matriptase was regulated by
mechanical load. In performing this work, limitations in the model were identified with a
major issue of long-term viability of BNCs following loading. Data generated at earlier
time points were however more robust in terms of reproducibility and cell viability,
therefore the focus of this chapter shifted towards an exploration of genes involved in
collagenase expression. A previous study performed by our group has identified ATF3,
CSRNP1 and EGR2 as all having roles in the regulation of collagenase expression
following pro-inflammatory stimulation by IL-1+OSM, specifically ATF3 and EGR2 in
the regulation of MMP13 and CSRNP1 in the regulation of MMP1 (C. MacDonald,
unpublished). As these regulators are induced early following pro-inflammatory
regulation, they were candidates for exploration with the mechanical loading models.
This work identified all three of them to be induced by the mechanical loading of

chondrocytes.

In chapter 7, a gene expression microarray was performed to explore global gene
expression changes following canonical PAR2 activation. Multiple genes were regulated
with strong associations to multiple defined pro-inflammatory signalling pathways and
networks. One of the strongest associations with canonical PAR2 signalling in
chondrocytes was with IL-1 signalling. Furthermore, ATF3, CSRNP1 and EGR2 were all
found to be strongly induced by PAR2 activatio. It is well established that mechanical
loading, PAR2 activation and IL-1+OSM stimulation are all able to robustly induce MMP
expression, however work presented in this study suggests that the signalling networks

involved may have overlap (Figure 8.1).
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Figure 8.1: Canonical PAR2 activation, mechanical loading and IL-1+OSM stimulation result in

collagenase expression
Work presented in this thesis identified ATF3, EGR2 and CSRNP1 as being regulated by mechanical loading in

chondrocytes, as well as being downstream targets of PAR2 canonical activation. This follows on from previous
work by this group which identified them as being collagenase regulators following IL-1+OSM stimulation.

The identification of potential overlapping signalling pathways from distinct stimuli is
interesting, yet not unique in biology. For example, in the context of bone, another tissue

with important mechanical roles, osteocytes respond to both mechanical loads and
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hormonal stimulation. Despite being distinct stimuli, many of the downstream signalling
pathways are known to overlap, such as Wnt signalling and ERK signalling®’2. Within
OA, abnormal mechanical load, IL-1 and OSM, and matriptase/PAR2 signalling have all
been implicated in the disease, and identifying common downstream regulators could
provide interesting and novel therapeutic targets. As discussed previously, MMP
inhibition has not yielded success due to the lack of specificity of inhibitors and the
importance of these proteases in physiology. In understanding further how different
pathological stimuli can induce MMP expression, it may be possible to identify specific
regulators in chondrocytes where the different incoming stimuli converge, before

inducing the expression of MMPs.

8.3 PARZ2 disarming and biased agonism

The work presented in this study was performed in the context of cartilage biology and
OA, however PAR2 and the examined proteases are expressed in multiple tissues.
Therefore, work presented in this study could hold relevance in other physiological and
pathological systems. Indeed, despite being identified in this study as having the ability
to cleave PAR2, one of the identified proteases has limited relevance to cartilage biology
based on our current understanding of cartilage. As discussed in chapter 6, there is little
evidence of extracellular proteolysis by cathepsin V and it is not known to be present in
cartilage. This protease has however been linked to multiple pathological conditions
including atherosclerosis®*, as well as breast and colorectal cancers'”, diseases in which
PAR?2 is also implicated®®. As there is evidence that cathepsin V can be secreted from
cells such as a fibrosarcoma cell line®*’, a role for cathepsin V cleavage of PAR2 under

certain conditions cannot be excluded.

The other cathepsins identified as able to cleave PAR2 are however better candidates as
being relevant to cartilage biology. As discussed in chapter 6, cathepsin L has been
detected in synovial fluid of patients with RA3%®, secretion has been observed in
chondrocytes extracted from OA cartilage!®!, and it has the ability to cleave aggrecan'®.
This places cathepsin L as being expressed and present in the correct compartment to
cleave PAR2 in a physiological manner. Furthermore, data presented in chapter 6 showed
that cathepsin L was the most potent cathepsin at PAR2 cleavage. The similar cleavage

profiles of cathepsins V and L against PAR2 in the present study, as well as the high level
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of homology between the two enzymes'’

mean that it would be reasonable to hypothesise
that the two enzymes behave similarly. Cathepsin V was able to disarm against
matriptase-induced canonical PAR2 activation, resulting in an attenuation of collagenase
expression. Whilst not explored in this study, one could hypothesise that both cathepsins
V and L would be biased agonists for PAR2 based on previous work with cathepsin S

which showed induction via Gas-mediated cAMP accumulation??®,

Taken together, it is possible that cathepsin L expression in osteoarthritic cartilage could
be protective against the disease. Aside from the disarming of PAR2 activation, there
could be further protection in terms of the biased signalling pathways induced. Should
cathepsin L prove to mimic the action of cathepsin S on PAR2 activation and result in
CAMP accumulation, this could further offer protection in OA. The hormone calcitonin,
which signals via a GPCR (the calcitonin receptor), has been shown to be protective
against cartilage degradation in a cAMP-dependent mechanism®”®. MMP expression
following TNF+OSM cytokine stimulation in bovine articular cartilage explant culture
was found to be attenuated by cAMP3'3, It has been suggested that CAMP has anti-
inflammatory properties in arthritic diseases*’#, and indeed PKA (a downstream target of
cAMP) activity has recently been found to be reduced in OA3®. Interestingly, pathway
analysis of global gene expression changes following canonical PAR2 activation in
chapter 7 of this study found PKA activity to be reduced further suggesting links between

PAR2 activation and previously described outcomes of OA.

Although cathepsin S cleavage of PAR2 was not a novel observation, a role of cathepsin
S cleavage of PAR2 in cartilage biology has not been explored previously. Cathepsin S
cleavage of PAR2 is another strong candidate for a pathological mechanism in OA, as
cathepsin S has well established extracellular roles where it is considered the most stable
cathepsin at neutral pH levels'®®, Cathepsin S activity has been detected in OA
cartilage®®, and secreted cathepsin S following TNFa or IL-1B stimulation of
chondrocytes has been described'®®. Based on data presented in this study, it is likely

cathepsin S and L would exert similar signalling and disarming outcomes.

Of the cathepsin enzymes studied, cathepsin K exhibited a markedly different cleavage
profile of PAR2. Despite also being a lysosomal cathepsin protease, cathepsin K is best
described as an extracellular-localised ECM degrading protease, and a potent collagenase
vital in bone remodelling'®. The observation that cathepsin K can cleave PAR2 is a
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fascinating discovery as cathepsin K has been linked to OA with cathepsin K degradation
of type 1l collagen being detected in human OA cartilage!8*. This provides evidence for
the presence of active cathepsin K in the correct compartment for activity against PAR2.
The outcomes of cathepsin K cleavage of PAR2 are currently unknown, however work
presented in chapter 6 with the putative activator peptide suggests that canonical PAR2
signalling is not induced. Cathepsin K was found to cleave downstream of the canonical
activation site, therefore it is likely that disarming would occur against canonical
activation. However, it remains to be elucidated whether cathepsin K can act as a disarmer
experimentally, or whether cathepsin K can act as a biased agonist for PAR2 responses.

Cathepsin K has also been implicated in a wide array of cancers with a variety of
suggested roles, which are generally detrimental such as the enabling of tumour
metastasis®’®, a role generally attributed to collagenase activity. The observation that
cathepsin K can cleave PAR2 could therefore have wider implications outside of arthritic

diseases.

Data presented in chapter 4 identified the classical collagenases, MMP-1, -8 and -13 as
having the ability to cleave PAR2. Further work presented in chapter 5 identified an
MMP-specific cleavage site on PAR2, a single amino acid downstream of the canonical
site, after leucine-37. Studies performed on the putative activator peptide, LIGKVD,
suggested that cleavage at this site could result in biased agonism. The only signalling

pathway identified as being stimulated by this ligand was the phosphorylation of ERK1/2.

Despite ERK1/2 signalling known to be important in MMP1 expression®?°, LIGKVD was
unable to stimulate MMP1 expression in the present study. The signalling outcomes
following LIGKVD-mediated ERK1/2 phosphorylation remain to be elucidated. The
activation of ERK1/2 signalling is a fairly ubiquitous event following receptor activation,
and in terms of PAR2 activation, multiple pathways have been identified as being able to
stimulate ERK1/2 phosphorylation, with a wide range of potential outcomes for cell
behaviour. ERK1/2 phosphorylation has been identified as a downstream pathway of Ga-
dependent pathways (Gaq, Gaizns, Gas); GPy-dependent pathways and G protein-

independent pathways?00:204.225.227,

It is difficult to speculate the potential roles of MMP-mediated PAR2 “activation”,
however, it is unlikely to be positive feedback based on the lack of MMP1 expression
following LIGKVD stimulation. ERK1/2 is involved in a variety of cellular functions,
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and has been associated with generally pro-inflammatory processes, however anti-
inflammatory roles for ERK1/2 have also been identified®’537”. With respect to PAR2
biology, ERK1/2 is thought to be important in the internalisation of the receptor following
activation in a p-arrestin-dependent manner, however this was found to also involve Gaq
activation and associated Ca?" mobilisation not observed in the present study®’®,
Neutrophil elastase has been identified as a biased agonist able to stimulate ERK1/2
phosphorylation, but not Ca* mobilisation®”®. However, this neutrophil elastase-
mediated PAR2 biased agonism was suggested to be a result of receptor conformational
change following cleavage, whereas in the present study the biased signalling observed
with LIGKVD is unlikely to result from a receptor conformational change as the receptor
likely remains intact. Depending on the mechanism of ERK1/2 activation by PAR2,
cellular localisation can be regulated. For example, when interacting with B-arrestin,
ERK1/2 activity is retained within the cytoplasm, whereas in the absence of B-arrestin,
ERK1/2 is able to translocate to the nucleus®’8, thus ERK1/2 has the potential to regulate
different targets. It is therefore of vital importance to further elucidate the regulation of
ERK1/2 by LIGKVD/active MMP in order to begin to understand an outcome for the

cleavage.

In addition to the lack of evidence for a potential positive feedback situation by the
putative MMP revealed ligand LIGKVD, data presented in chapter 5 highlighted the
possibility that MMPs might be antagonistic to canonical PAR2 activation by blocking
matriptase from cleaving PAR2. These experiments were performed with recombinant
non-catalytic domains of MMP-1 and MMP-13, however there appeared to be a modest
blocking effect. It would be of interest to explore whether full-length MMP can block
PAR2 activation by matriptase. Matriptase is a very potent activator of PAR2 which
results in expression of MMP1 and MMP13, both potent collagenases. All these proteins
have been implicated in OA, and if the disease pathogenesis were as simple as this
mechanism, then one could hypothesise a rapid disease progression. OA is however
generally described as a slowly progressing disease®*; thus the underlying pathological
mechanisms are likely much more complex. Within simplistic pathogenic pathways such
as the matriptase-PAR2-MMP axis, it is likely that additional levels of regulation are
present and yet to be elucidated. Work presented in this thesis such as the cleavage of
PARZ2 by the collagenases, and the antagonism of PAR2 activation by MMP-1 and MMP-
13 CTDs, potentially provides indications of some of these unknown levels of regulation,

and warrants further investigation.
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8.4 Future Work

8.4.1

8.4.2

8.4.3

Mechanical Loading of Chondrocytes

Work presented in this chapter provided no evidence that mechanical loading is a
regulator of matriptase expression, however did show regulation of pro-
inflammatory genes such as CSRNP, ATF3 and EGR2. There were however
severe limitations in the system, namely the cells had limited viability following
loading. Furthermore, the loading regimens were not very physiological, nor was
the “matrix” that the cells were cultured in. There were sufficient results from this
chapter however to warrant future work in the field of mechanical loading of
chondrocytes. A better system to explore the mechanical loading of chondrocytes
would be one which applies mechanical load directly to cartilage in explant
culture, as the cells will have a physiological matrix to transmit mechanical

signals, and more physiological loads could be utilised.

Serine protease cleavage of PAR2

Data presented in chapter 4 identified the serine proteases HTRAL and uPA as
having the ability to cleave PAR2. Constraints with reagents and time meant that
these cleavages were not further explored. Both proteases have been implicated
in OA, and are known to partake in extracellular proteolysis and indeed uPA is
already known to induce cell signalling by binding its receptor uPAR. A further
exploration of these proteases and their role in PAR2 cleavage would therefore be

of interest.

The role of MMP-mediated PAR2 cleavage

The putative MMP cleavage revealed ligand LIGKVD was identified as a biased
agonist for PAR2, able to stimulate ERK1/2 phosphorylation. It is therefore vital
to firstly explore whether active MMP is able to induce ERK1/2 phosphorylation

when added to cell culture.

LIGKVD was unable to induce calcium mobilisation, therefore the ERK1/2
activation is unlikely to be a result of Gag-coupled PAR2 activation and

subsequent ERK activation by PKC3" or calcium®®, ERK signalling however has
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8.4.4

multiple activators which are known to be targets of PAR2, such as Gas, Gai,
Gos, Goazns, Py subunit and B-arrestin signalling®!. It would therefore be of
interest to ascertain which pathways are required for the observed LIGVKD-
induced ERK1/2 activation.

In line with deducing the pathway by which LIGKVD signals, and working under
the assumption that active MMP also activates ERK signalling, it is of interest to
ascertain the signalling outcomes of MMP-mediated PAR2 activation and explore
whether there is a more negative feedback situation of anti-inflammatory
outcomes, or whether there is a positive feedback situation of more pro-

inflammatory outcomes.

Experiments performed with the pre-incubation of MMP CTD on PAR2-
expressing cells suggested the potential for a blocking effect by MMP-1 and
MMP-13 CTDs on matriptase-induced PAR2 activation. This potential
antagonistic action of MMP CTD warrants further investigation with full-length

MMP including a catalytically inactive enzyme.

The role of cathepsin-mediated PAR2 cleavage

Cathepsin V was able to disarm against matriptase-induced canonical activation
of PAR2, however as discussed in chapter 6, cathepsin V is unlikely to hold a
great deal of physiological relevance in cartilage biology and OA. Cathepsin V
was used for these assays primarily due to availability of sufficient recombinant
enzyme, however cathepsins S and L are likely more relevant. Furthermore,
cathepsin B has associations with OA, and also cleaved multiple downstream sites
to the canonical site thus is a candidate for being a PAR2 disarmer in cartilage.
Therefore, future work testing the ability for cathepsins L, S and B to disarm

against canonical PAR2 activation would be of great interest.

Cathepsin S is described as a biased agonist in the literature (able to induce Gos-
mediated cAMP accumulation)®®. Data presented in chapter 6 showed that
cathepsin V, and to some extent cathepsin L, have similar cleavage profiles to
cathepsin S. It would therefore be of interest to explore whether cathepsins V and
L are able to act as biased agonists for CAMP accumulation.
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Cathepsin K primarily cleaved at a distinct site to the other cathepsin enzymes, at
a location which makes it a candidate for either biased agonism or disarming. The
putative activator peptide (KVDGTS) did not induce calcium mobilisation,
however this is not sufficient to conclude the peptide has no effect (as shown by
data in chapter 5 with the LIGKVD peptide). Future work would therefore require
the exploration of other signalling pathways known to be regulated by PAR2.
Furthermore, for a greater level of physiological relevance, the addition of active
cathepsin K would need to be tested on cells and compared with KVDGTS.

Exploration of canonical PAR2 activation in chondrocytes

It is known that matriptase-induced PAR2 activation in chondrocytes leads to an
upregulation of collagenase (MMP1 and MMP13) expression, however little is
currently known about the signalling pathways involved. This study identified
several downstream targets of PAR2 activation which are also downstream targets
of IL-1+OSM stimulation of chondrocytes. It is therefore of interest to further
examine these and explore whether they are required for collagenase expression.
For example, experiments such as siRNA knockdown of ATF3, EGR2 and

CSRNP1 prior to matriptase stimulation of cells would be interesting to perform.

Studies in chapter 3 was performed in bovine nasal chondrocytes, whereas the
microarray in chapter 7 was performed in human SW1353 cells. Previous
investigation with IL-1+OSM was performed in human articular chondrocytes
(HAC). Despite, ATF3, EGR2 and CSRNP1 being regulated in all three cell types,
for direct comparison, all studies should be performed on a single cell type. As
HAC represent the most physiologically relevant cell, the regulation of these
effectors following PAR2 activation or mechanical loading should be explored in
them.
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8.5 Summary

Data presented in this thesis identified several novel cleavages of PAR2 by proteases from
the metalloproteinase family (the collagenases: MMP-1, -8 and -13), the cysteine protease
family (cathepsin V, K, L and B) and the serine protease family (HTRAL, uPA). The
collagenases were found to cleave PAR?2 at a specific site, a single amino acid C-terminal
to the canonical activation site, to reveal a putative ligand, LIGKVD. When added to cells
as a synthetic peptide, LIGKVD could induce biased signalling in PAR2-overexpressing
SW1353 cells as measured by the phosphorylation of ERK1/2, but not p38 MAPK, both
of which are phosphorylated by canonical PAR2 activation. The cathepsins cleaved at
multiple sites, however primary sites after glutamic acid-56 for cathepsins V and L, and
after glycine-40 for cathepsin K, were identified.

A gene expression microarray was performed exploring canonical PAR2 activation in
SW1353 cells following matriptase stimulation. It was clear that the signalling outcomes
were pro-inflammatory in nature, with significant overlap with other pathways known to
be involved in OA. Some of the most up-regulated genes included ATF3, EGR2 and
CSRNP1, which had already been identified as mechanosensitive in this project, and
identified as key regulators of collagenase expression following IL-1+OSM stimulation
by previous study. Data presented in this thesis suggest that disparate stimuli all appear
to have some common downstream elements that facilitate MMP expression. Further
elucidation of the signalling networks involved could highlight novel therapeutic targets
for the treatment of OA.
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Appendix 1: Known PAR?2 cleavages

Protein Gene | Site Selgs\éﬁgg Evidence | Reference
kallikrein-related |, 5 | 31 | G-T-N-R|S-S-K-G | SP,RE,MS 210
peptidase 5
o 36 | S-K-G-R|S-L-I-G | SP,RE,MS 210
kallikrein-related 15
peptidase 6 KLK6 41 L-1-G-K|V-D-G-T SP, RE, MS
51 | V-T-G-K|G-V-T-V | SP,RE,MS 210
31 | G-T-N-R|S-S-K-G | SP,RE,MS 210
kallikrein-related |\, 14 | 36 | S-K-G-R|S-L-I-G | SP,RE,MS 210
peptidase 14 -
41 | L--G-K|V-D-G-T | SP,RE MS
51 | V-T-G-K|G-V-T-V | SP,RE, MS 210
34 | RSSKIGRSL | PARLRE 01
_ 3% | SKGRISLIG | PARLRE 0
Trypsin 1 PRSSL 41 | L-GKV-D-G-T | SP,RE,MS 210
51 | V-TGKIGV-T-V | PARGRE n
72 | LTGKILTTY | PARGRE n
34 | RSSKIGRSL | TARARE 01
Plasmin PLG
36 | SKGRISLIG | TARARE 01
Tryptase TPSABL 36 S-K-G-R|S-L-I-G SP, RE, MS 206
alpha/beta-1 41 L-I-G-K|V-D-G-T SP, RE, MS 206
Thrombin F2 3% | SKGRISLIG | PARGRE 01
Matriptase ST14 | 36 | S-K-G-RISLIG
Coag“'ag'("” factor | g9 | 36 | S-K-G-R|S-L-I-G | SDM,RE 127
Coagulationfactor | g7 | 36 | SK-G-RIS-LIG | SDM,RE 127
Trypsin PRSS3 | 36 | S-K-G-R|S-L-I-G | SP,RE,MS 207
IV/mesotrypsin
38 | GRSLILGKYV | PARGRE 01
Cathepsin G CTSG | 59 | ETV-FISV-DE | TARARE 01
SP, rPAR2, 225,301
64 | V-D-EFISASV | LIS
42 | 1GK-V|DGTs | TARARE 01
48 | T-SHVITGKG | TARERE o1
Neutrophil Elastase | ELANE PAR?.RE
53 | G-K-G-V|T-V-E-T 2, RE, 301
58 | V-ET-VIFSV-D | TARARE o1
67 | FS-AS|V-L-T-G | SP,RE, MS 25
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rPAR2, RE,

74 | G-K-L-T|T-V-F-L el 01
76 | LT-TVIFLPl | TARARE 301
Calpain 1 CAPNL | 50 | E-T-V-F|SV-D-E | ARLRE 301
45 | V-D-G-TIS-HV-T | TARERE 301
Calpain 2 CAPN2
71 | V-L-T-GIK-L-T-T rPAfAZé RE, 301
48 | TSHVITGKG | TARERE 301
55 | G-V-T-V|E-T-V-F rPAfAzé RE, 301
57 | TVETIVFsy | PARGRE 301
SP, IPAR?2, 725 301
61 | V-F-S-V|D-E-F-S Aol
Proteinase 3 PRTN3 | 62 | F-SV-DJEF-SA | PARGRE 301
72 | LTGKILTTV | PARGRE 01
74 | GKLTITVFL | PARARE 301
75 | K-L-T-T|V-F-L-P rPAf\*AZS’ RE, 301
76 | LT-T-VIFLPl | PARARE 01
Indirect:
MMP-1
Interstitial addition to 303
collagenase MMP1 | N/A N/A A549 cells
with PAR2
antagonist
Indirect: cell
iti -3-li response with
Chltlnei[sg 31I|ke CHIZLL | N/A N/A AR .
protein blocking
antibody
Cathepsin S 56 V-T-V-E|T-V-F-S SP, RE, MS 226
38 | G-RSL|I-G-KV | SP,RE, MS 30
40 | S-L-I-GIK-V-D-G | SP,RE,MS 30

rPAR2 = recombinant PAR2, SP = synthetic peptide, RE = recombinant enzyme, MS =

mass spectrometry, SDM = site-directed mutagenesis
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Example Mass Spectometry Traces

Appendix 2

MMPL1 - Ser-37 / Leu-38

Electrospray MS
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in K

Catheps

NanoLCMS

X:\data\nanoACQUITY\16_02_04\AF_CatK

04/02/2016 20:43:34

RT: 0.00 - 59.99 @WN@@
4369 itri NL:
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3 41.50
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80
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Appendix 3: Active-site titrations

100+

60
404

204 I

TIMP-1 (nM)
1004
804

60+

20- I t

% residual MMP activity

TIMP-1 (nM)

1004
80-
60-
40- $

20+ $

0.0 0.2 0.4 0.6
TIMP-1 (nM)

Appendix 3.1: MMP active-site titration
MMP-1 (A), MMP-8 (B) and MMP-13 (C) were active-site titrated by TIMP-1 as outlined in chapter 2.15.5.2.
Curves shown are n=2 independent experiments, mean + SD.
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Appendix 3.2: MMP active-site titration

Cathepsins B (A), K (B), V (C), S (D) and L (E) were active-site titrated by E64 as outlined in chapter 2.15.5.1.

Curves shown are n=2 independent experiments, mean + SD.
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Appendix 4: Example of raw enzyme Kinetic data

6000+

0 1 1 1 1 1
0 20 40 60 80 100

SY-9 (uM)

1500+

0 T T T T 1
0 20 40 60 80 100
SY-9 (uM)

Appendix 4.1: Example of raw fluorescence data
Data showing the same enzyme assay before (A) and after (B) using a total hydrolysis standard curve to calculate

substrate turnover, and thus subsequently being able to perform Michaelis-Menten kinetics.
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