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ABSTRACT

Osteoarthritis (OA) is a common musculoskeletal disease characterised by articular cartilage
loss resulting in severe joint pain, chronic morbidity, and premature mortality. There are no
licensed OA drugs and current treatments involve pain relief with analgesics and joint
replacement surgery.
In murine cartilage chondrocytes the zinc-ZIP8-MTF1 signalling pathway causes cartilage
breakdown. Pathway activation by interleukin-1β (IL-1β) stimulates upregulation of zinc
transporter gene Slc39a8 (coding for ZIP8), increased intracellular zinc levels, nuclear
translocation of the zinc-dependent MTF1 transcription factor and upregulation of genes
encoding cartilage matrix-degrading proteins including Mmp13 and Adam-ts5.
This thesis aimed to investigate if the IL-1-mediated zinc-ZIP8-MTF1 pathway is active in
human chondrocytes and if this pathway contributes to OA pathogenesis.
Analysis of OA-related transcriptomic datasets revealed that SLC39A14 but not SLC39A8,
was dysregulated in human OA cartilage and mouse OA models. Human articular
chondrocytes (HACs), and the chondrocyte cell lines SW1353 and T/C-28a2, were cultured in
monolayer and treated with IL-1α and/or ZnCl2 or IL-1β. Genes involved in inflammation,
zinc homeostasis and cartilage degradation were measured by quantitative PCR. MTF1
activity and subcellular localisation were evaluated using luciferase reporter assays,
immunocytochemistry (ICC) and western blots.
SLC39A8 and SLC39A14 were upregulated in IL-1α-treated HACs 5.5 and 2.9-fold
respectively but were selectively elevated in SW1353 (SLC39A8, p <0.0001) and T/C-28a2
cells (SLC39A14, p = 0.0001). IL-1 raised intracellular zinc ion levels in HACs (p=0.0004)
but not in the cell lines. IL-1 upregulated MMP13 in T/C-28a2 lines and SW1353 cells, while
both MMP13 and ADAM-TS5 were upregulated in T/C-28a2 cells. MMP13 and ADAM-TS5
expression was non-significant after IL-1 treatment in HACs. IL-1 repressed MTF1
transactivation activity in SW1353 cells (14.5%, p=0.0114), even when MTF1 itself was
overexpressed (17.2% p<0.0001). Western blotting and ICC results were non-correlative.
Zinc-ZIP8-MTF1-mediated cartilage matrix-degrading gene upregulation induced through IL1α as a contributing factor to human OA pathogenesis was inconclusive.
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Chapter 1. INTRODUCTION
1.1 Synovial joint and long bone biology
1.1.1 The synovial joint structure and function
A joint is an articulation between two bones which permits differing ranges of movement
(Lumen, 2019). These are classified into fibrous, cartilaginous, or synovial joints in order of
increasing mobility. Of these, synovial joints are the most common type of joint in the human
body and are distinguishable from the others because of the presence of a synovial cavity
between the adjacent bones (Figure 1.1). There are six types of synovial joint which have
distinct ranges of motion. These include pivot joints, (between C1 and C2 vertebrae, hinge
joints (e.g. elbow and knee), saddle joint (e.g. thumb), ball-and-socket (e.g. hip and shoulder),
plane (e.g. ankle) and condyloid (e.g. wrist). Interphalangeal joints of the fingers and toes are
also examples of hinge joints and have two hinge regions as opposed to the thumbs one.
Synovial joints consist of multiple tissues including bone, synovium, cartilage, ligaments,
tendons and muscles (Figure 1.1). Ligaments provide stability and muscles allow for
movement. The subchondral bone, where the two opposing bones of the joint meet, is lined
with smooth articular cartilage and the encapsulated joint space is lined with a synovial
membrane from which the synoviocytes exude synovial fluid. The cells responsible for the
maintenance of the synovium, both in terms of removing cellular debris and in secretion of
matrix components are type A and B synoviocytes respectively (Iwanaga et al., 2000). The
synovial fluid and cartilage synergistically reduce friction between the bones. The synovium
nourishes the chondrocytes in the avascular articular cartilage through diffusion of oxygen
and nutrients in exchange for carbon dioxide and waste metabolites, in part facilitated by
hyaluronic acid and lubricin (Scanzello and Goldring, 2012; Gordon-Betts, 2013).
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Figure 1.1 – The synovial joint and associated tissues.
This schematic of a healthy synovial joint highlights the different tisuses and points of
attachment (entheses) of tendons and ligaments to bone. The unique aspect of the synovial
cavity is the avascular environment in which the synovial fluid provides nourishment to the
cartilage through diffusion which supports cartilage function i.e. reducing bone-on-bone
friction. Image copied from Wikimedia Commons Madhero88, 2010, Joint.png [online],
Accessed 14/07/2020, URL: https://commons.wikimedia.org/wiki/File:Joint.png.
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1.1.1.1 Articular cartilage
Articular chondrocytes are a highly specialised and metabolically active cell type which is
perhaps unusual due to being located in a hypoxic environment. Chondrocytes are the only
cellular component in articular cartilage and their main function is to maintain or remodel
cartilage through the release of anabolic matrix proteins and metalloproteinases in a regulated
manner. Chondrocytes can respond to a plethora of different soluble mediators such as growth
factors and cytokines and mechanical stresses mediated through integrin receptors. However,
the chondrocytes rarely interact with one another for direct cell-to-cell communication to occur
(Fox et al., 2009).
The chondrocytes and the extracellular matrix (ECM) proteins within the articular cartilage are
not randomly positioned but are in fact organised into different layers or zones with differing
functionality in each zone (Figure 1.2). The chondrocytes in the superficial zone are flattened
in appearance and produce lubricin which plays an essential role in boundary lubrication
(Goldring and Goldring, 2010). This region protects from a combination of shear, tensile and
compressive forces and makes up 10-20% of the articular thickness. The collagen fibres (types
II and IX) are aligned parallel to the articular surface (Fox et al., 2009). The middle zone
comprises 40-60% of the total tissue volume and it contains proteoglycans and thicker collagen
fibrils which are oblique in arrangement. The chondrocytes in the middle zone are spherical
and are few in number and this zone functionally provides the first resistance to compressive
load. In the deep zone, comprising 30% of the tissue, the chondrocytes are columnar in
arrangement and are parallel to the collagen fibres, permitting the most resistance to
compressive forces. The tidemark zone is between the deep and calcified zones, and this
calcified zone anchors the cartilage to the subchondral bone (Fox et al., 2009).
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Figure 1.2 – The zones of articular cartilage.
From left to right, a histological slide of articular cartilage tissue stained with haematoxylin and
eosin, the chondrocyte morphology and cellular organisation, and the collagen molecular
arrangement in each of the zones of articular cartilage. Newman, A.P. 1998, Articular cartilage
repair. American Journal of Sports Medicine 26(2) pp.309-324 [online], Accessed 17/07/2020].

In addition to the cartilage zones, there are different territories surrounding the chondrocytes
distinguished by composition, collagen fibril diameter and organisation. These are pericellular,
territorial, and the interterritorial environments, the first of which deals with
mechanotransduction and has the fewest collagen fibres but many more glycoproteins. One
receptor type on the surface of chondrocytes through which mechanotransduction is conveyed
are the integrin receptors. These integrin receptors consist of α and β subunits and bind to a
variety of different proteins including collagen types II and IV (α1β1, α2β1, α11β1), vitronectin
and osteopontin (αVβ3), laminin (α6β1) and most abundantly fibronectin (α5β1) (van der Kraan
et al., 2002). The mechanical signals conveyed from the collagen to the chondrocytes protects
against apoptosis (Cao et al., 1999). These integrin-mediated signals are necessary for the
formation of intracellular focal adhesion plaques, a prerequisite for chondrocyte responsiveness
to growth factors such as fibroblast growth factor and insulin growth factor 1 (Clancy et al.,
1997; Martin and Buckwalter, 1998). The pericellular matrix is encapsulated by the territorial
matrix which is composed of many fine collagen fibrils (including collagen type VI and IX)
forming a basketlike network around the cells (Fox et al., 2009). This zone is functionally most
resistant to compression loads. The interterritorial region is the largest of the three matrix
territories, covering all zones of the articular cartilage with parallel or oblique collagen fibres
with respect to the chondrocyte arrangement in each zone.
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1.1.2 Long bone and joint development
1.1.2.1 Endochondral ossification
Long bone formation, also known as endochondral ossification, commences when
mesenchymal stem cells (MSCs) undergo condensation to form distinctive limb buds in the
embryo and subsequent formation of a hyaline cartilage framework (Mackie et al., 2008). The
production of this cartilage structure is mediated through the process of chondrogenesis,
turning mesenchymal tissue into chondroblasts which secrete extracellular matrix
(predominantly collagen type II and aggrecan) mediated by multiple transcription factors
including SOX9 and RUNX2 (Goldring, 2012; Li and Dong, 2016). The chondroblasts
become less metabolically active and differentiate within lacunae into chondrocytes
undergoing proliferation, hypertrophy and apoptosis. This permits osteoblasts to produce
trabecular bone at the site of primary ossification in the diaphysis of the structure. The
trabecular bone becomes denser and stronger during development following calcification of
the ECM which is converted into osteoid and is mineralised by osteoblasts. Secondary
ossification centres in the epiphyses of the bone allow for continued endochondral
ossification.
Most of the cartilage is replaced by bone apart from the growth plate and articular cartilage,
situated between the epiphysis and metaphysis of long bones or covering the subchondral
bone at the site of the synovial joint respectively. The growth plate is responsible for
continued growth of the diaphysis of the long bone postnatally, until completion of puberty,
when the growth plate fuses and the bone is skeletally mature. Fracture recovery following an
injury to the bone does not require a cartilage model for repair and instead uses osteoblasts
differentiated directly from MSCs to produce trabecular bone which is later replaced with
lamellar bone in a process of intramembranous ossification (Mackie et al., 2008).
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1.1.2.2 Synovial joint development
Synovial joint formation occurs in tandem with long bone ossification in two main stages.
These two phases are called interzone formation and cavitation. These refer to the creation of
a non-chondrogenic layer of cells between the continuous hyaline cartilage core producing a
presumptive joint site, and the processes involved in the separation of the two opposing
skeletal elements to create the synovial joint respectively (Archer et al., 2003).
The interzone is a non-chondrogenic region that forms after MSC condensation and
differentiation and separates the two epiphyses of the bones opposite the presumptive joint.
The morphology of the cells in this region adopt a flattened rather than a circular appearance
and the interzone is only a few cell layers thick. The interzone is critical for synovial joint
formation because its removal from elbow joints in chick (Gallus gallus) embryos’ resulted in
fusion of the humerus with the radius and ulna (Holder, 1977). The loss of chondrogenic
markers such as Sox9 and Col2a1 and expression of Gdf5, Wnt9a (formerly Wnt14) and Wnt4
characterise cells of the interzone and differential protein expression, and proliferation in this
region is what gives rise to the interzone (Archer et al., 2003). Interzone expression of bone
morphogenetic proteins (BMPs) two and four are also present during the early stages of joint
development, however BMPs are downregulated in later stages because of BMP antagonism
from proteins like noggin. A null mutation was made by replacing the coding region of
Noggin with a lacZ gene to determine the effects on skeletogenesis, effectively removing the
inhibition of BMPs during this process (Brunet et al., 1998). These mutant mice did not
develop joints and had skeletal fusions strongly supporting the role of BMP antagonism in the
development of functioning synovial joints. The presence of chordin messenger RNA
(mRNA), another example of a BMP antagonist in the interzone, was additional evidence for
the importance of BMP regulation in joint development. GDF5, a member of the transforming
growth factor beta (TGFβ) family and hence a prochondrogenic factor, is present at the
interzone. This is paradoxical given this tissue is non-chondrogenic, however, years of
research on this gene’s role in joint development is justified from evidence of Gdf5/GDF5
mutations in brachypod mice and humans causing appendicular skeletal defects and absence
of joints (Storm et al., 1994). GDF5 does not however specify joint formation as it has three
major roles in initiating chondrogenesis, chondrocyte proliferation and in early joint
maintenance (Storm and Kingsley, 1999; Archer et al., 2003).
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Cells at the centre of the interzone, named the intermediate zone, do not undergo apoptosis in
order to generate the fluid-filled cavity that becomes the synovial joint (Chijimatsu and Saito,
2019). Instead, these cells upregulate their hyaluronic acid production, hyaluronic acid
synthases, hyaluronic acid binding proteins (CD44) and the activity of uridine
diphosphoglucose dehydrogenase prior to and during the detachment of cell-to-cell adhesion.
Cavitation contributes to the formation of the articular cartilage and other synovial joint
tissues (Chijimatsu and Saito, 2019), in fact there is evidence that growth plate and articular
cartilage are derived from different cell lineages. For example, GDF5-expressing progenitor
cells in mice have been shown to give rise to articular cartilage (Koyama et al., 2008).
Skeletal muscle paralysis in chick embryos results in failure of joint cavitation and these mice
did not lose Gdf5 expression in the interzone (which under normal conditions is gradually
downregulated in the developing joint) but downregulated mitogen activated protein kinase
(MAPK) signalling and hyaluronic acid synthesis was observed. This finding was
complemented by similar or more severe phenotypes in muscle-less mice also known as
splotched-delay mutants (Chijimatsu and Saito, 2019). These results point to the requirement
of muscular contraction and MAPK signalling in proper joint development.
Two members of the odd-skipped family of zinc finger transcription factors (Osr1 and Osr2)
required for development of leg joints in Drosophila melanogaster are also implicated in
synovial joint formation in mice (Gao et al., 2011). They reported that Osr1 and Osr2 are
required for expression of Gdf5, Wnt4 and Wnt9a, which, as already discussed, are key to
interzone formation and joint development. Hence, zinc association with these transcription
factors is required for normal joint formation of these species, but their role in human
embryogenesis is still to be determined.
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1.1.3 Joint homeostasis
1.1.3.1 Anabolic matrix proteins and growth factors
The principal collagen and proteoglycan in articular cartilage is collagen type II and aggrecan
respectively, collectively accounting for most of the structural protein within the ECM.
Collagen type II is a helical molecule comprised of three identical α1 polypeptide chains that
intertwine, providing tensile strength. Collagen type II accounts for approximately 90-95% of
collagen within the ECM with the minor collagens (type I, IV, VI, IX and XI) stabilising
collagen type II fibrils in the ECM network. The collagen network resists the swelling
pressure of proteoglycan through inherent tensile strength, ensuring resistance to compression
and the redistribution of force under mechanical load (Fosang and Beier, 2011). Other than
collagen, elastin is the major structural protein of the ECM and provides flexibility for the
cartilage (Kim et al., 2011).
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Aggrecan consists of many monomers of core protein non-covalently attached to a hyaluronic
acid backbone via LINK protein (Verma and Dalal, 2011) as shown in Figure 1.3. Aggrecan
attracts water molecules indirectly through the negative charges on the side-chains of the
glycosaminoglycans (GAGs), an important mechanism of nutrient acquisition for
chondrocytes in this otherwise avascular tissue (Fosang and Beier, 2011). Other matrix
proteins are present in the ECM at lower concentrations than the predominating collagen type
II and aggrecan, many of which bind and store growth factors supporting normal tissue
function (Grässel and Aszodi, 2017). For example, perlecan, another large multi-domain
proteoglycan in the pericellular matrix, sequesters fibroblast growth factor 2 (FGF2) which
regulates chondrocyte proliferation. Furthermore, a mechanical load applied to chondrocytes
cultured in alginate beads resulted in pericellular perlecan and FGF2 accumulation and
extracellular signal-regulated kinase (ERK) activation, suggesting a role for perlecan in
conveying mechanically driven signal transduction (Vincent et al., 2007). Biglycan is a small
leucine-rich repeat proteoglycan capable of binding many substrates including collagen (types
I, II, III and VI), BMPs (two, four and six), TGFβ and tumour necrosis factor α (TNFα)
(Grässel and Aszodi, 2017). Biglycan deficient mice develop an osteoporotic-like phenotype
and collagen fibril abnormalities (Xu et al., 1998). Biglycan may mediate toll-like receptor
activation in chondrocytes in response to physical injury, though evidence for this signalling
pathway comes from macrophage toll-like receptor stimulation using soluble biglycan, and
still awaits to be definitively proven in chondrocytes (Babelova et al., 2009).

Figure 1.3– Aggrecan is the major proteoglycan component of cartilage.
Aggrecan is composed of multiple core protein monomers attached to a hyaluronic acid back
bone via LINK protein. The core proteins are post-translationally modified with the addition of
sulphated glycosaminoglycans, enabling water and associated nutrients to bathe the
chondrocytes. This movement of water also enables cartilage to resist compression loads which
is why aggrecan is necessary for functional articular cartilage. Aggrecan = ACAN.
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1.1.3.2 Metalloproteinase-mediated matrix turnover
The family of proteins required for matrix turnover in embryogenesis, wound healing, and
cartilage remodelling are the metzincin metalloproteases. The sub-families within the
metzincin proteinases have low genetic sequence homology but share zinc dependency for
their activity. The matrix metalloproteinases (MMPs) and a disintegrin and metalloproteinasethrombospondin proteinases (ADAM-TS) are the most important proteinase families in
articular cartilage which are responsible for remodelling and are discussed below.
The MMP family consists of 24 proteins in humans (Löffek et al., 2011), seven of which (1,
2, 3, 8, 9, 13 and 14) have been shown to be expressed in articular cartilage under a range of
conditions (Rose and Kooyman, 2016). Of these seven, four (1, 2, 13 and 14) are
constitutively expressed, presumably participating in matrix turnover. There are numerous
ways in which the MMPs are regulated to maintain normal physiological homeostasis. These
include transcriptional/post-transcriptional regulation, extracellular localisation
(compartmentalisation), pro-domain removal and inhibition by tissue inhibitor of matrix
metalloproteinases (TIMPs) (Löffek et al., 2011). Except for the membrane-type MMPs (MTMMP), the MMPs are secreted with pro-domains, rendering them inactive zymogens until
cleavage by pro-protein convertases or furins dependent on the MMP class. In the zymogen
form, the cysteine residue PRCGxPD in the pro-domain interacts with a zinc ion of the
catalytic domain, which would otherwise function to cleave substrates through interaction
with the proline-rich hinge region and haemopexin domain (except MMP7 and 26). Zinc is an
essential cofactor of metalloproteinase activity with its target substrates at the catalytic
domain. The pro-domain, cleaved during transport through the golgi, is one of three common
domains shared by all MMPs (except for MT-MMPs) in addition to the signal sequence and
catalytic domain.
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MMP1 and MMP13 both cleave collagen type II, with the latter one of the two receiving
greater research attention because of its robust cleavage potential against this major collagen
within the ECM of articular cartilage. MMP1 cleaves collagen type III and both enzymes can
cleave the minor collagens type IV and IX, and glycoproteins like osteonectin (Shiomi et al.,
2010). MMP2, also known as gelatinase A, does not cleave either collagen type II or
aggrecan, but does target collagen IV and is regarded as crucial for early wound healing (Salo
et al., 1994). Mmp2 deletion in mice also causes intramembranous ossification defects,
including growth delay and craniofacial abnormalities (Mosig et al., 2007). MMP14 (also
called MT1-MMP) targets aggrecan and cadherin for cleavage in the ECM (Rose and
Kooyman, 2016), boosts postnatal bone formation through osteogenesis and chondrogenesis
(Yang, 2015), and can activate both MMP2 (Esparza et al., 1999) and MMP13 (Knäuper et
al., 1996). Collagen fragmentation is the irreversible step in cartilage degradation.
The degradation of aggrecan by the ADAM-TS family of aggrecanases is an important step in
cartilage turnover. The core protein of aggrecan has three globular domains with sulphated
chondroitin and keratan GAG residues between domains two and three, and an interglobular
domain (IGD) between domains one and two. Cleavage of aggrecan by aggrecanases
(ADAM-TS4 and/or ADAM-TS5) occurs between the different domains of the aggrecan
protein, such that cartilage ECM can be remodelled during development or injury as
illustrated in Figure 1.4. Aggrecanases that target the IGD cleave at position 373 generating
the ARG peptide sequence. Aggrecanase cleavage also occurs at multiple sites within the
chondroitin sulphate rich regions and there is a hierarchy of preferential cleavage sites at
either the chondroitin sulphate regions or IGD for both ADAM-TS4 and ADAM-TS5
(Tortorella et al., 2002). Though there is much evidence for ADAM-TS4 and 5 involvement
in structural damage to the ECM, the question of which of these enzymes is more critical to
cartilage damage in humans remains nuanced. For example, the ability of ADAM-TS4 to
cleave in the IGD of aggrecan correlates with age in animal and human cartilage but does not
with ADAM-TS5 (Roughley et al., 2003). This may reflect the age-related changes in the
glycosylation pattern of aggrecan (Pratta et al., 2000; Miwa et al., 2006). In fact, ADAM-TS4
has a much wider substrate specificity than ADAM-TS5 and can also cleave cartilage
oligomeric matrix protein as well as fibromodulin and decorin (Apte, 2009). Unlike collagen
loss, aggrecan breakdown is reversible, as proteoglycan can be resynthesized as observed
when the turgor of rabbit ears was restored following cessation of papain aggrecanase
injection in the ears (THOMAS, 1956).
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Figure 1.4 – Aggrecan core protein is the target of aggrecanases at multiple sites.
Replicated from Fosang et al.,2008.
Boxes above the aggrecan core protein indicate the known cleavage sites of the aggrecanases
(ADAM-TS) in humans, cows, rats and mice in numerical order of preferential cleavage. Some
keratan sulphate is present in the mouse IGD and is highlighted. A disintegrin and
metalloproteinase-thrombospondin = ADAM-TS, Interglobular domain = IGD, Keratan
sulphate = KS, Chondroitin sulphate = CS.

Like the MMPs, the ADAM-TS members are synthesised in zymogen form possessing a prodomain and require pro-protein convertases to activate the catalytic domain. Unlike MMPs,
the aggrecanases also have an ancillary domain consisting of disintegrin-like,
thrombospondin, cysteine-rich and spacer domains involved in substrate recognition as
illustrated for ADAM-TS5 in Figure 1.5.
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Figure 1.5 – Schematic of ADAM-TS5 domain structure.
The ADAM-TS5 protein can be divided in two halves e.g. the proteinase and ancillary domains
and within each are distinct protein domains required for function. Edited from Fosang et al.,
2008.
1.1.3.3 Tissue inhibitors of metalloproteinases
Regulation of the metalloproteinases is clearly necessary in cartilage to avoid overactivity of
these enzymes causing an imbalance in favour of chondrocyte catabolic activity, in turn
contributing to pathogenesis. There are four TIMPs (1-4) in mammals that are thought to be
products of gene duplication (Murphy, 2011). TIMPs are 184-194 amino acids long and
inhibit their targets in a 1:1 stoichiometry by blocking pro-MMP cleavage thus preventing
MMP target substrate cleavage (Fox et al., 2009). In healthy cartilage from patients with neck
of femur (NOF) fractures compared to age-matched hip osteoarthritic cartilage, TIMP1 and
TIMP4 were overexpressed, suggesting that healthy individuals could regulate the cartilage
MMP activities with these two proteins (Kevorkian et al., 2004). Cawston and colleagues
measured increased TIMP1 levels in cell culture medium from the T/C-28a4 chondrocyte cell
line treated with growth factors (IL-4 and TGF-β) and retinoic acid for 24 hours compared to
untreated cells, though this upregulation was not sustained. Using bovine nasal cartilage
explants, this same group showed that addition of IL-4 to explants treated with interleukin-1
(IL-1) and oncostatin M (OSM) resulted in ~2% collagen release compared to >90% with
these inflammatory mediators alone, thus protecting the cartilage from collagenases. No
discernible difference in TIMP1 levels was measured and Cawston et al., suggested this
protective response was due to IL-4-mediated collagenase gene downregulation (Cawston et
al., 1999).

13

1.2 Osteoarthritis
Osteoarthritis (OA) is the most common musculoskeletal condition worldwide and the
11th leading cause of global disability. In the United Kingdom, over 8.75 million people
have sought treatment for OA (Arthritis Research UK, 2013). Historically, OA was
thought of as a ‘wear-and-tear’ disease associated with old age and characterised by
cartilage destruction. However, within the last 15 years, it has become increasingly
accepted that OA affects multiple tissues within the joints. The changes that occur
within the joint include fibrillation and gradual loss of the articular cartilage (causing a
reduction in the joint space), formation of osteophytes on the subchondral bone,
synovitis, and increased synovial fluid volume (Figure 1.6). One or more of these
clinical features may be present, but ultimately results in compromised joint function,
loss of dexterity and pain from bone-on-bone grinding. The most affected joints are the
knee and hip but also the hand, wrist, foot, and ankle. The fact that OA can occur in the
hand, which is not weight-bearing, supports the notion that OA is not merely the result
of abnormal mechanical loads caused by joint instability or misalignment (Arthritis
Research UK, 2013).

Figure 1.6- Diagram of an advanced osteoarthritic joint.Multiple tissues are affected
in the pathogenesis of OA, but the distinctive feature is reduced joint space width
following degradation of the articular cartilage. Other features which may present are the
thickening of the synovium due to synovitis, increased synovial fluid volume and
instability through ligament and tendon damage. Replicated from Arthritis Research UK,
2013, Osteoarthritis in general practice report. Accessed 29/07/20.
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1.2.1 Risk Factors
The aetiology of OA is unknown but its associated risk factors include age, biological sex
(women have greater incidence), obesity, prior joint injury (including anterior cruciate
ligament (ACL) tear), and bone density (Arthritis Research UK, 2013).
1.2.1.1 Age
People over 40 years typically present with OA and the reported prevalence of the disease is a
function of multiple factors including OA diagnosis (radiographic, symptomatic or selfreported), age range, countries of origin and sex distribution of the study population (Hunter
and Bierma-Zeinstra, 2019). For example, radiographic OA is more widespread than
symptomatic OA across the age groups and knee and hand OA is more prevalent than hip OA
in population-based studies. Incidence increases with increasing age but between the ages of
50-75, knee and hand OA incidence among women exceeds that of men with peak incidence
at age 75 (Hunter and Bierma-Zeinstra, 2019). Aged cartilage and OA cartilage are distinct in
their appearance (functional versus non-functional), yet the former can predispose to the latter
should the accumulation of advanced glycation end-products overwhelm the structural
integrity through increased brittleness (Verzijl et al., 2002). Chondrocytes from elderly
individuals are more likely to adopt a senescence-associated secretory phenotype which
essentially switch from phosphoinositide 3 kinase-Akt anabolic cell signalling to activation of
specific catabolic MAPK signalling pathways, resulting in cartilage matrix-degrading enzyme
production and apoptosis. Increased mitochondrial dysfunction in aged chondrocytes causes
greater reactive oxygen species (ROS) production, coupled with diminished glutathione antioxidant activity, compromising chondrocyte sensitivity to growth factors, leading to a
phenotypic switch (Loeser, 2017).
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1.2.1.2 Biological sex
Women over men are more likely to develop OA of the knee and hand but not hip (Boyan et
al., 2013b) across different age groups according to studies conducted in sponsorship with the
Centers for Disease Control and the National Institutes of Health (Srikanth et al., 2005;
Loeser et al., 2012). The severity of OA increases after the menopause in women but the
supporting literature on how sex hormones may mediate OA risk in women is not clearly
defined (Boyan et al., 2013a). For example, male and female chondrocytes express oestrogen
receptors (with fewer receptors overall in male cells), indicating chondrocytes are oestrogen
responsive cells. However, male articular chondrocytes do not produce protein kinase C
(PKC) activity nor are able to produce proteoglycans in response to 17β-oestradiol unlike
female articular chondrocytes, clearly indicating sexual dimorphism after treatment with 17βoestradiol (Kinney et al., 2005). This paper also suggested that the 17β-oestradiol-mediated
effect was the result of rapid signal transduction following activation of the membrane-bound
receptor (PKC activity) and not through activation of the nuclear receptor of oestrogen
(proteoglycan measurement by 35S]-sulphate incorporation).
While pre-menopausal concentrations of 17β-oestradiol has a decelerating effect on telomere
attrition (Breu et al., 2011), no significant effect was observed with a reduced 17β-oestradiol
post-menopausal concentration. Diminishing oestrogen levels in menopause may influence
the severity of OA by reducing chondrocyte proliferation and matrix production (Kinney et
al., 2005), and encouraging greater MMP 1,3 and 13 transcription in 3D cultured
chondrocytes (Claassen et al., 2010). It should also be noted that male and female
chondrocytes express androgen and dihydrotestosterone (DHT) receptors such that they are
receptive to androgen stimulation. DHT has been shown to be produced from testosterone in
rat growth plate chondrocytes by 5α-reductase (Raz et al., 2005). Though less is known about
the direct effects of testosterone on articular chondrocytes (Boyan et al., 2013a), androgen
studies have shown to be protective in cartilage studies of inflammation-induced rheumatoid
arthritis (RA) (Da Silva et al., 1993), though it is not known whether this was a direct effect,
DHT-driven or even oestrogen-mediated, produced locally by aromatase conversion of
testosterone. Whether this protective effect extends to OA cartilage is unknown but likely
does not offset the consequences of post-menopausal oestrogen levels on the articular
chondrocytes.
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Bilateral oophorectomy or oophorectomy and hysterectomy in rodent (Yao et al., 2006;
McMillan et al., 2007) and primate (Wentorf et al., 2006) animal models are used to study the
loss of oestrogens on connective tissue homeostasis in the joints. Osteopenia was a common
phenotype in all animals receiving these surgeries but there was variation of such between
animals and rates of its onset (Boyan et al., 2013a). In primates, the decline in oestrogens did
not result in changes to patellar tendon or ACL following mechanical load of the tissue postsacrifice two years after surgery, therefore suggesting that not all joint tissues are affected
equally following oestrogen removal (Wentorf et al., 2006). A major limitation of these
animal models, and hence the interpretation of these findings, was the use of young animals,
removing the contribution of age in the pathogenesis of OA (Boyan et al., 2013a). This
variation in phenotypes/symptoms is also reflected in humans as not all post-menopausal
women develop OA, but subchondral bone changes and general osteopenia may predispose to
OA through abnormal mechanical loading, impacting articular cartilage.
1.2.1.3 Obesity
Obesity is the greatest modifiable risk factor in OA and its association with OA in the
literature is more robust for knee than hip joints, reflecting either joint-site specific effects or
differences in the methodologies of the studies assessing these relationships (King et al.,
2013). One group investigated the relationship between body mass index (BMI) (among other
anthropometric factors including height and weight) and risk for arthroplasty in a prospective
cohort study of women, where a relative risk of 10.5 and 2.47 for knee and hip respectively
was calculated in obese (BMI ≥30kg/m2) versus non obese (BMI ≤22.5kg/m2) individuals
(Liu et al., 2007). Liu et al., 2007 estimated the percentage contribution of being overweight
and obese on knee and hip arthroplasty in the UK as 69 and 27% respectively. In addition to
weight and obesity as contributing factors for elective joint replacement, there are other
influences such as patient and doctor preferences and socio-economic factors, for instance
waiting lists and access to private healthcare. Thus, interpretation of joint replacement data
needs to be carefully assessed.
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Magnetic resonance imaging (MRI) has been used to screen 137 middle-aged individuals with
associated knee OA risk factors but without radiographic knee OA at baseline and at a 36
months follow up (Laberge et al., 2012). Subjects were grouped into three categories
according to their BMI status (≤25kg/m2, 25-29.9kg/m2 or ≥30kg/m2) and those who were
obese had higher prevalence and severity of cartilage lesions at baseline which were
positively correlated with BMI and increased meniscal tears and high-grade defects compared
to non-obese groups. At the 36 months follow up the number of new or worsening cartilage
lesions was significantly higher in obese subjects (p=0.039), but obesity did not confer greater
risk of meniscal or bone marrow lesion progression. How obesity confers risk to OA is
believed to be a consequence of increased mechanical loading and of metabolic factors (King
et al., 2013), as being obese can confer greater risk to hand OA which is non-load bearing.
The low-grade inflammatory state that excess adipose tissue contributes towards is mediated
in part by adipokines (leptin and adiponectin), the receptors for which are abundantly
expressed on chondrocytes, synoviocytes and subchondral osteoblasts. Leptin regulates
MMPs, pro-inflammatory cytokines and nitric oxide but less is known about the role of
adiponectin and contrary evidence supporting both pro and anti-inflammatory effects have
been reported in joint disease compared to its anti-inflammatory effects systemically (King et
al., 2013).
1.2.1.4 Joint injury
Post-traumatic osteoarthritis (PTOA) development of the knee tends to occur after a decade
following an injury, the prevalence of which increases from 13% in patients with isolated
ACL injury to 21-48% in people with combined ACL and meniscal injuries (Øiestad et al.,
2009). 50% of those with serious knee injury and > 25% of acetabular fractures of the hip
progress to PTOA. A comparison of the prevalence of PTOA among patients after ACL
reconstruction with those who were ACL deficient found greater rates of OA development in
the reconstruction group (44% versus 37%). The prevalence was further influenced by time
since injury (Luc et al., 2014). No ACL reconstruction resulted in 34% greater PTOA
prevalence than the reconstruction group by the 3rd decade after injury. All the factors
following ACL and meniscal injury which cause PTOA are not known but can be influenced
by BMI. In fact, 68% of patients classified as morbidly obese with acetabular fractures
developed PTOA (Lawyer et al., 2014). Direct tissue trauma causing ligament injuries may be
sufficient to cause PTOA which is supported by 90% of ACL injuries being accompanied by
osteochondral lesions, suggesting concomitant cartilage trauma (Thomas et al., 2017).
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1.2.1.5 Genetics
The genetic component to OA is estimated to be between 40-80% in twin studies. OA is
typically considered a disease of the elderly, but there is a rare early-onset form typically
occurring in families where a single mutation has a large effect on the function of
gene/protein networks. For example, the gain of function mutation in TNFRSF11B encoding
osteoprotegerin discovered through whole exome sequencing is causative of familial earlyonset OA in multiple joints (Ramos et al., 2015). The risk of developing an age-related OA
phenotype correlates with specific DNA variants located at multiple different loci, reflecting
the complex polygenic nature of OA. These DNA variants have modest effect size on the
phenotype. Therefore, accrual of risk DNA variants in an individual’s genome confers greater
susceptibility to developing OA. DNA polymorphisms such as single nucleotide
polymorphisms (SNPs) are the most common type of genetic variant and are defined once
frequency across one percent of the population has been reached, distinguishing them from
mutations which are far rarer. Many DNA polymorphisms are not located in the coding
regions of genes but in intronic and other non-coding features like enhancers and insulators
and so principally regulate gene expression. The mechanisms through which SNPs function
include altering transcription factor binding impacting gene transcription (Figure 1.7), amino
acid substitutions akin to missense mutation, and mRNA stability changes either repressing or
enhancing microRNA (miRNA) activity (Bush and Moore, 2012).
Over the last decade our understanding of the OA risk SNPs and loci has vastly improved due
to data generated from genome-wide association studies (GWAS) comparing allele
frequencies for SNPs in OA patients versus healthy controls. Up until April 2017, only 19
OA-risk loci had been identified but now there are over 90 OA-risk loci with genome-wide
significance p≤5x10-8. Many of these new loci have been validated in replication cohorts and
this rapid increase in loci identification can in part be explained by the publication of several
large scale, well powered OA GWAS (Reynard, 2019).
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Figure 1.7 – Example mechanism of a single nucleotide polymorphism impacting on gene expression.
One of the principal mechanisms through which DNA polymorphisms influence gene expression is through increased
transcription factor binding. Increased transcription factor (TF) binding (increasing green colour saturation) in individuals
possessing the risk G compared to TFs binding at the same site with the A non-risk allele. The consequence of this increased
TF binding is greater gene expression illustrated by more mRNA copies produced from individuals with the G-allele. This
example is representative but not exhaustive of the potential mechanisms of SNPs conferring altered gene expression states.

The current challenge for translating GWAS results to clinical benefit is locating the causal
SNP(s) from the association signal and discovering the mechanism through which the SNP
regulates gene expression. Knowledge of the mechanism through which the SNP increases the
disease risk provides a rationale for using genome editing to replace the risk allele with the nonrisk allele, though this comes with obvious ethical considerations for editing the germ line.
Initially it is important to determine if gene expression changes with the sentinel SNP genotype
detected on the GWAS, also known as expression quantitative trait loci (eQTL). SNPs are
commonly found in areas of high linkage disequilibrium (LD), so it is difficult to pinpoint the
causal SNP at this stage. A state of LD is achieved when the allele of one SNP is inherited or
correlates with an allele of another SNP within a population. When two SNPs on a contiguous
stretch of DNA are inherited over generations and are not immediately segregated after meiotic
recombination between homologous chromosomes, the two alleles of each SNP are dependent
on each other. Assuming a fixed population size, random mating, and random recombination
events, LD tends towards zero and the SNPs eventually enter linkage equilibrium or are
independently associated (Bush and Moore, 2012). An alternative approach to unmask the risk
SNP is to analyse the heterozygote population for allelic expression imbalance of a transcript
SNP (coding variant) in LD with the sentinel SNP, and normalise the data to the individual’s
DNA before other SNPs within the risk locus are investigated (Pastinen, 2010). These
approaches will help identify SNPs in the association locus which correlate with eQTLs,
however both allelic forms of the SNPs need to be tested for influencing gene expression
through one of the aforementioned mechanisms (Bush and Moore, 2012).
1.2.1.6 Therapeutics
Therapeutics for OA are largely dependent on the stage of the disease upon diagnosis. If the
condition is detected early, which is more likely to be the case in individuals with a prior joint
injury, then light exercise forms the core treatment. In individuals who also present with
obesity, lifestyle changes in the form of diet and exercise to reduce impact forces on the joint
are recommended and pain is managed pharmaceutically with non-steroidal antiinflammatories or corticosteroid injections. For patients with more severe disease, joint
arthroplasty is conducted. This effectively eliminates pain and restores joint mobility
(Arthritis Research UK, 2013) and there are currently no disease-modifying anti-rheumatic
drugs for OA.
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1.2.2 Role of MMPs and ADAM-TSs in osteoarthritis cartilage destruction
Loss of cartilage homeostasis occurs when members of the metalloproteinases are not just
turning over ECM but begin to degrade it pathologically without regulation (Rose and
Kooyman, 2016). Four (MMP1, 2, 13 and 14) of the 24 MMPs and principally ADAM-TS4
and ADAM-TS5 are associated with OA (Verma and Dalal, 2011; Rose and Kooyman, 2016).
The mechanisms by which the metalloproteinases target their respective components of the
ECM were outlined in 1.1.3.2. In these subsections I hope to outline which proteinases are
specifically associated with OA from genetically engineered mouse models (GEMM) and
what the consequence of ECM fragments production is for immune system-associated
receptor activation.
1.2.2.1 Evidence from animal models
GEMM assess the effects of global gene knockout, tissue-specific gene knockout and even
knock-in mutations in both surgical models and spontaneous models of OA (Miller et al.,
2013). For example, global gene knockout of Mmp3 (Glasson, 2007), Mmp12 (Glasson, 2007)
or Mmp17 (Clements et al., 2011) and surgical destabilisation of the medial meniscus (DMM)
did not influence OA progression assessed at 8 weeks post-surgery compared to shamoperated mice. In the Mmp13 mouse global knockout there were no observed cartilage lesions
on the tibial plateau but focal aggrecan loss on the femoral surface at 8 weeks and osteophytes
observed as early as 4 weeks post-surgery (Little et al., 2009). A decreased rate of cartilage
degeneration was observed in a chondrocyte-specific Mmp13 knockout mouse line receiving
surgery (transection of the medial collateral ligament and partial medial meniscus removal)
compared to sham-operated mice (Wang et al., 2013). Mmp14 global gene knockout has been
assessed in mouse lines to study spontaneous OA in mice aged up to 40 days and these
animals developed OA at an increased rate (Holmbeck et al., 1999).
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Catalytic domain exchange of ADAM-TS4 and ADAM-TS5 in chimeric protein and
subsequent aggrecanolysis assessment resulted in a four-fold increase in ADAM-TS5
catalytic domain activity in the IGD over ADAM-TS4 and 2.5-fold in the chondroitin
sulphate-2 region of aggrecan (Fushimi et al., 2008). This set a precedent to explore the roles
of ADAM-TS catalytic domains in vivo using a GEMM. ADAM-TS5 was proven to be the
major aggrecanase in murine cartilage through Cre-loxp deletion of the catalytic domain in
vivo resulting in protection from aggrecanolysis in an OA inflammatory model. Briefly, the
mice were primed with intradermal injection of methylated bovine serum albumin (mBSA) on
day zero, then at day seven, mice received intraarticular injection with another mBSA dose
and tibiofemoral joints were collected three days later. There was no significant difference
between the control strain (heterozygous loxp (exon3)) or the homozygous catalytic domainexcised strain in the severity of synovitis, joint space exudate, pannus-mediated erosion, or
bone destruction. There was greater loss of aggrecan in the control mice compared to the
homozygous catalytic domain-excised strain (Stanton et al., 2005). A similar result with
another transgenic mouse through Cre-loxp excision of Adam-ts5 catalytic domain was
achieved by Glasson et al., who did not detect aggrecan neoepitopes in this strain by
immunostaining compared to wild-type or Adam-ts4 homozygous catalytic domain excision
strain (Glasson et al., 2005). Knock-in mutations in the IGD of the Acan gene have been
carried out, preventing MMP or ADAM-TS-mediated aggrecan cleavage of the Asn341-Phe342
(Little et al., 2005) and Glu373-Ala374 (Little et al., 2007) sites respectively. This created the
Chloe and Jaffa mice lines respectively. Cartilage degeneration of Chloe mice after DMM
surgery was comparable to wild-type sham-operated mice, but Jaffa mice were protected from
cartilage erosion comparable to the Adam-ts5 knockout mouse (Glasson et al., 2005).
Comparison of the cartilage of Adam-ts4 exon 4 catalytic domain deleted mutant mice with
wild-type mice receiving DMM or sham-surgery at four or eight weeks after surgery revealed
no difference in histological score (Glasson et al., 2004).
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1.2.2.2 Matrix fragments provide positive feedback pro-inflammatory chondrocyte
responses
The breakdown of structural protein components of the ECM by metalloproteinases in OA
creates fragmented proteoglycans which act as damage-associated molecular patterns
(DAMPs) to further exacerbate pro-catabolic responses in chondrocytes via pattern
recognition receptors (PRRs) (Sokolove and Lepus, 2013). PRRs are composed of several
families of cell surface, endosomal and cytosolic receptors and are principally involved in
identifying foreign pathogens or pathogen-associated molecular patterns (PAMPs). For
example, the toll-like receptors two and four are PRRs which recognise multiple ECM
fragment components including fibronectin and hyaluronic acid (Sokolove and Lepus, 2013).
Fibronectin fragments injected into the knee joints of rabbits resulted in cartilage damage
through loss of up to 70% of proteoglycan (Homandberg et al., 1993). The fibronectin
injection was later shown to upregulate pro-inflammatory cytokines such as TNFα and IL-1β
as well as MMP1 and 13 (Homandberg and Hui, 1996).
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1.3 Molecular drivers of cartilage destruction in osteoarthritis
Molecular studies and clinical observations have indicated that OA is a heterogenous and
multifactorial disease, with different pathophysiological pathways leading to the same end
phenotype of cartilage destruction, synovial inflammation, bone changes and accompanying
symptoms of pain and loss of joint function. The aetiology of OA is poorly understood, with
little being known about the early molecular processes that mark the development and early
progression of OA prior to the presence of radiographically detected joint damage. There are
currently no disease-modifying drugs for OA, with the only treatment options being analgesia,
physical therapy and joint replacement. To identify new therapeutic targets, discover
biomarkers of disease and improve existing joint tissue regeneration approaches for OA
treatment, understanding of the biological processes underlying OA development and
progression needs to be improved. Several molecular pathways have been suggested to act as
key drivers that disrupt the balance between cartilage synthesis and turnover, such that there is
increased MMP and ADAMTS-mediated cartilage destruction, eventually leading to complete
cartilage loss. These molecular drivers include unresolved inflammation and disrupted zinc
homeostasis, which are discussed below or in 1.4.2.
1.3.1 Inflammation and IL-1 in osteoarthritis pathogenesis
1.3.1.1 The IL-1 signalling pathway
Interleukins (ILs) are a class of signalling molecule known as cytokines, enabling intercellular
communication. The interleukin 1 family consists of 11 individual members, each with
distinct biological functions despite the structural homology (Schett et al., 2016). The IL-1
members’ roles include resolution from sterile injury and infection by promoting downstream
pro-inflammatory pathway activation, though IL-36Ra and IL-37 are anti-inflammatory IL-1
members. I will provide insight for three ligands which signal via the IL-1 receptor type 1 (IL1R1) which are IL-1α, IL-1β and IL-1 receptor antagonist (IL-1Ra).
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IL-1α can bind to IL-1R1 with 10-fold greater receptor affinity than IL-1β (Chin et al., 1988)
and is released following cell necrosis, acting as an alarmin to neighboring cells that sterile
injury has occurred. In apoptosis, IL-1α is directed to the nucleus through a nuclear
localisation sequence in the IL-1α precursor preventing its activity and propagating
inflammation as the cell dies. Unlike IL-1α, IL-1β requires activation from a 31kDa proprotein form to a 17kDa active form. This can occur through inflammasome-dependent or
independent pathways requiring neutrophil-derived serine proteases (Schett et al., 2016).
Neutrophil infiltration into the joint capsule is not common in OA (de Lange-Brokaar et al.,
2012) but does occur in some individuals and therefore activation of IL-1β through such
proteases as cathepsin G or neutrophil elastase cannot be ruled out. IL-1Ra competes with IL1α and IL-1β for the IL-1R1 and does not lead to downstream intracellular signalling,
effectively blocking the other two ligands (Schett et al., 2016).
Following receptor activation, IL-1 receptor accessory protein interacts with multiple
intracellular signalling molecules including myeloid differentiating factor 88 (MyD88), IL-1
receptor-associated kinase 4 (IRAK4) and tumour necrosis factor receptor-associated factor 6
(TNF6). Signalling through these pathways results in activation of nuclear factor kappa-lightchain-enhancer of activated B cells (NFκB), p38, ERK and MAPKs (Schett et al., 2016).
Activation of these networks leads to recruitment of transcription factors to the nucleus which
promote pro-inflammatory gene expression.
1.3.1.2 IL-1 and other inflammatory mediators can stimulate cartilage destruction in vitro
The first experimental evidence identifying IL-1β (or catabolin as it was known at the time) in
cartilage degradation was from in vitro porcine cartilage explants co-cultured with synovium
(Fell and Jubb, 1977). This co-culture resulted in IL-1β-mediated cartilage degradation
through loss of aggrecan (Tyler, 1985) and suppressed new proteoglycan synthesis. The
importance of IL-1β in the discovery of the metalloproteinases responsible for cartilage
degradation cannot be understated. Prior to the discovery of the aggrecanases, IL-1 had
already been described as a key cytokine inducing MMP gene expression (Gadher et al.,
1988; Lefebvre et al., 1990), and medium from IL-1β stimulated bovine nasal cartilage
explants identified the first aggrecanase, ADAM-TS4 (Tortorella et al., 1999). ADAM-TS4
mRNA is also inducible to other pro-catabolic agents such as TNFα (Moulharat et al., 2004),
whereas ADAM-TS5 expression is both constitutive and inducible in human chondrocytes.
ADAM-TS5 has been shown to be inducible dependent on the species, cell type, culture format
or treatment (Fosang et al., 2008).
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Another cytokine, OSM, was used in combination with IL-1 or TNFα in the study of ECM
breakdown in in vitro human nasal cartilage (HNC) explants compared to bovine nasal and
human articular cartilage explants (Morgan et al., 2006). Collagenase production and ECM
breakdown responses were similar in HNC explants treated with the IL-1 and OSM
combination as the IL-1 and TNFα stimulus. The authors found that HNC explants’ baseline
proteoglycan release (a proxy measurement for aggrecanolysis) was 1/3 lower than human
articular cartilage (12.5% versus 39%) but had similar proteoglycan release (69.2% versus
79.5%) following IL-1 and OSM treatment of HNC explants and human articular cartilage for
14 and 21 days respectively. The proteoglycan release experiments were conducted in three
HNC and 43 OA human articular cartilage explants. Collagen release (a proxy measurement
for collagenolysis) from the cartilage in HNC explants treated with IL-1 and OSM was
comparable to bovine nasal cartilage after 14 days of stimulation but was greater than human
articular cartilage after 21 days (59.6% versus 7%), the latter comparison using two donor
HNC and 55 human articular cartilage explants. Human articular cartilage does not typically
respond strongly to IL-1 and OSM stimulation, with 50% of donors responding with <15%
collagenolysis (Cawston et al., 1998). In this study (Morgan et al., 2006), 30 of 55 (55%)
human articular cartilage donors belonged to this group and it is thought that the reason for
the differences between HNC and human articular cartilage explants is due to multiple factors
including age, health and tissue permeability. For example, aged OA cartilage at the time of
elective surgery is already structurally compromised because of chronic ECM degradation, so
the tissue responsiveness to pro-inflammatory cytokines is reduced in vitro, which is
compounded by the presence of advanced glycation end products and reduced tissue
permeability, preventing metalloproteinase-mediated matrix release. HNC explants provide a
model to study cartilage breakdown from healthy individuals using pro-inflammatory
cytokines that overcomes the issues described with human articular cartilage. Both primary
chondrocytes, SW1353 and T/C-28a4 chondrocyte cell lines treated with IL-1α alone or IL-1α
and OSM also show metalloproteinase gene upregulation (Koshy et al., 2002; Young et al.,
2005), indicating cells as well as tissue explants are responsive to pro-inflammatory stimuli in
vitro.
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1.3.1.3 In vivo evidence of inflammatory component to OA from genome-wide association
studies and transcriptomics
In recent years two of the largest OA analyses were published, collectively identifying 56 loci
and 12 replicated genome-wide associations (Styrkarsdottir et al., 2018; Tachmazidou et al.,
2019). Both studies performed a meta-analysis of the UK biobank data (UKBB) in addition to
either the Icelandic deCODE genetics or UK arcOGEN datasets respectively. The deCODEUKBB study (Styrkarsdottir et al., 2018) included over 650000 British and Icelandic
individuals and 11.6 million SNPS were analysed with separate meta-analyses for hip and
knee OA (Reynard, 2019). The same OA definition was used for both cohorts and individuals
with known causes of secondary OA were excluded, yielding 17151 OA hip cases, 23877
knee cases and up to 619289 controls. They identified 23 independent associations at 22 loci
using an additive model (where possession of a risk allele increases OA risk in a linear
fashion) with odds ratios 1.06-2.84 and two loci using a recessive model (homozygous risk
allele genotype compared against compound heterozygotes and homozygous non-risk
individuals) with odds ratios 1.95-5.89. This included 12 hip and four knee novel loci. The
arcOGEN-UKBB study (Tachmazidou et al., 2019) analysed up to 17.5 million SNPs in over
455000 UK individuals and 369983 controls, reporting 65 genome-wide significant SNPs
mapping to 64 loci (Reynard, 2019). Separate meta-analyses were performed for four OA
phenotypes; OA hip, OA knee, hip and/or knee OA, and OA at any site, although different
OA definitions were used in the two cohorts.
Among the 12 signals that were replicated, the low-frequency (2.08%) missense variant
rs4252548 in IL-11 was associated with risk of hip OA ((p=2.1x10-11 (Styrkarsdottir et al.,
2018), p=1.96x10-12 (Tachmazidou et al., 2019)) and the same SNP is associated with
decreased adult height (p=5.32x10-81) (Marouli et al., 2017). IL-11 was elevated in hip and
knee damaged OA cartilage compared to non-damaged OA cartilage regions from the same
joint (Tachmazidou et al., 2019). IL-11 is a potent stimulator of bone formation and is
required for osteoclast differentiation. Increased IL-11 signalling in OA joints is not well
understood and the amino acid substitution p.Arg112His, caused by the missense SNP,
renders IL-11 thermally unstable, failing to support osteoclast progenitor cell survival (Lokau
et al., 2018). Overall, well-powered GWAS that include low frequency and common variants
provide the best opportunity to detect marginal to moderate effect sizes of SNPs associated
with inflammatory genes, but the evidence so far is that inflammation related genes are not
relevant to the disease.
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Microarray and RNA-Seq experiments assessing the transcriptome provides more compelling
evidence for immune gene involvement in OA. These experiments assess gene expression in
case-controls but also in terms of disease stage and in the study of healthy and diseased
regions of the same tissue (Rogers et al., 2015). The synovium is one of the most overtly
inflamed tissues in the OA joint, though not to the same extent as in RA, but is often used as a
negative control by RA researchers. Microarray analysis of OA synovium compared to nonOA synovium revealed upregulation of complement effector genes, downregulation of
complement inhibitors and increased IL-1β activity (Wang et al., 2011). IL-1β-mediated gene
expression in knee-derived OA chondrocytes led to differential expression of 909 out of 3459
genes compared to untreated chondrocytes including numerous chemokines and inflammatory
mediators such as IL-11 and CCL5 (Saas et al., 2006). When whole tissue comparisons of
lesioned OA cartilage against intact non-OA cartilage samples were made, an increase in
CXCL8 and leukaemia inhibitory factor was observed (Karlsson et al., 2010). In terms of
inflammatory gene signature overlap between joint sites (hip and knee) the genes involved in
the TREM1 signalling pathway were upregulated (Xu et al., 2012). Not only has there been
evidence of inflammatory gene expression in a tissue-specific manner but there is evidence of
systemic inflammation in the peripheral blood leukocytes (PBLs) of OA. One hundred and
seventy-three genes were found differentially expressed in OA PBLs compared to non-OA
PBLs and among them were many notable inflammatory mediators (Attur et al., 2011). The
identification of a subgroup within the OA blood characterised by 2-fold greater IL-1β
expression than non-OA PBLs was correlated with higher knee pain scores and risk of
radiographic OA progression.
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The differential gene expression patterns in early OA are of particular interest as this precedes
structural joint damage and may provide an option for effective therapeutic intervention
(Rogers et al., 2015). However, only synovium tissue or fluid is taken for early OA
assessment from individuals who have had meniscal tears and later require arthroscopic
menisectomy or arthrocentesis, as the Multicentre Osteoarthritis Study identified that these
people are at risk from later developing OA (Englund et al., 2009). Microarray analysis of a
menisectomy group of patients identified 266 genes differentially expressed in inflamed
synovium compared against synovium from individuals without inflammation. Chemokines
and chemokine receptors were among those genes most enriched among the 266 genes
(Scanzello et al., 2011) and CCL-5 can induce IL-6 in a concentration-dependent manner in
synovial fibroblasts. IL-6 was produced in OA human knee synovial fibroblasts (n=11 donors)
in response to CCL-5 treatment compared to untreated OA synovial fibroblasts from the same
donors in a concentration and time-dependent manner (Tang et al., 2010). The early
upregulation of chemokines in synovium may suggest pivotal roles in cytokine expression
which propagates further inflammation exacerbating OA pathogenesis. A pilot study was
conducted in menisectomy patients who had synovial fluid collected at differing times since
injury (injury duration defined as self-reported time of injury until date of partial
menisectomy procedure) and gene expression of cell pellets and supernatant was assessed by
microarray and RNA-sequencing (Vance et al., 2014). The researchers found that
inflammatory gene expression patterns were greatest in the individuals whose injury duration
was greater than two months compared to those who resolved their injury under two months.
However, this pilot study was only conducted in eight individuals so care interpreting the
results is needed. Finally, a study measuring gene expression in synovial membrane and fluid
from early OA patients compared to end-stage OA patients found that levels of TNF-α, IL-1β
and IL-6 were comparable (Scanzello et al., 2009), lending support to the hypothesis that
downstream effects on joint tissues mediated by inflammatory genes take effect early in the
disease process.
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Twenty two overlapping differentially expressed genes were identified in RNA-Seq (Dunn et
al., 2016) and microarray datasets (Ramos et al., 2014; Snelling et al., 2014) comparing
damaged OA cartilage with intact OA cartilage from the same joint with a fold change >1.5
and adjusted p value ≤0.1. Of these, only four were associated with roles in inflammation
including CD55, CRLF1, PTGES and TNFAIP6 and the remaining pathways identified
through gene ontological pathway analysis are related to cell adhesion, ECM proteins and
other previously validated OA gene networks. In the RNA-Seq study the expression of the
soluble mediators IL-1β, OSM and TNF-α were undetected in damaged OA cartilage yet there
was some evidence of a chondrocyte inflammatory response for the aforementioned genes
PTGES and TNFAIP6. Inducible nitric oxide synthase (iNOS) was also upregulated as part of
the oxidative stress pathway. The authors proposed that the inflammatory gene signature was
generated through increased IL-11 and protease activity, rather than IL-1β, OSM or TNF-α, in
turn generating damage associated molecular patterns (DAMPs) from fibronectin fragments
(Dunn et al., 2016).
In conclusion, evidence from in vivo transcriptomics analyses suggests inflammation does not
play a pivotal role in OA pathogenesis, whereas the expression profiles observed are
consistent with abnormal mechanical loading, and Wnt signalling (Soul et al., 2018a). This is
despite support for the role of pro-inflammatory cytokines in cartilage degradation in vitro
albeit the pro-inflammatory gene changes in chondrocytes historically were observed with
supraphysiologic cytokine concentrations.
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1.4 Disrupted chondrocyte zinc homeostasis as a potential driver of osteoarthritis
1.4.1 Cellular zinc homeostasis
1.4.1.1 Zinc as an essential nutrient
The earliest description for the role of zinc in supporting organismal growth was in 1869
when Jules Raulin noticed improved Aspergillus niger growth using zinc in chemically
defined medium (Raulin, 1869). More than half a century later in the 1930s and later still in
the 1960s the importance of zinc in rats and humans was realised (Todd et al., 1933;
PRASAD et al., 1961). Deficiencies in this essential nutrient was associated with
hypogonadism, dwarfism and delayed sexual maturation, and these phenotypes are improved
after zinc supplementation (PRASAD et al., 1961). Three complementary bioinformatics
approaches utilising a protein structure database (PDB, RCSB.org), gene annotation and a
domain-based database (pfam.xfam.org) confirmed that zinc is bound by 10% of proteins in
the human proteome (3207 proteins), and is required for enzyme catalysis, gene transcription
via zinc-finger transcription factors, and other structural roles in proteins (Andreini et al.,
2006). For example, the catalytic domains of both ADAM-TS5 and MMPs require zinc to
cleave their substrates. Furthermore, the zinc sensing transcription factor metal-sensing
transcription factor 1 (MTF1) has six zinc-finger domains and binding of zinc to these
domains enables cytoplasmic to nuclear translocation of MTF1 and transcription of MTF1
target genes (Hara et al., 2017). Thus, available intracellular free zinc ions can trigger
downstream signalling cascades.
The human body contains ~ 2-3 grams of zinc which is absorbed from whole grains, red
meats and dairy products through the small intestine. Zinc is stored in the skeletal muscle
(60%), bone (30%), and other organs (brain, kidney, liver, spleen, pancreas totalling 10%).
Zinc is essential for the immune system and as a neuromodulator in synaptic transmission
(Hara et al., 2017). Assessments on total intracellular zinc concentration range from 10100µM but this range accounts for both protein-bound and free-zinc levels (Hara et al., 2017).
The actual concentration of free zinc ions in the cytoplasm is buffered in the picomolar to low
nanomolar range through the activities of zinc transporters and zinc sequestering proteins
needed to maintain homeostasis and avoid zinc cytotoxicity.
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1.4.1.2 Zinc transporters
Zinc homeostasis in mammals is coordinated by 24 zinc transporters embedded in either the
plasma membrane or within intracellular vesicles as illustrated in the schematic in Figure 1.8.
Zinc can be transported from the extracellular space or intracellular organelles into the cytosol
by the 14 Zrt/Irt-like proteins (ZIPs/SLC39A1-14 gene family), raising the intracellular zinc
concentration. The 10 Zn2+ transporters (ZnT/SLC30A1-10) family members transport zinc
from the cytosol into the organelles or outside the cell lowering zinc concentration. ZnT9,
although predicted to possess six transmembrane domains, actually associates with nuclear
and cytoplasmic fractions and not membranes (Sim and Chow, 1999) and is not well studied,
accounting for its lack of coverage in zinc homeostasis reports (Kimura and Kambe, 2016;
Hara et al., 2017) . In addition to these transporters’ unique positioning within cells the zinc
transporters have a tissue specific pattern of expression. For example, ZnT8 is expressed in
the pancreatic β cells and is involved in insulin secretion whereas ZnT1 is ubiquitously
expressed in the plasma membranes (Kimura and Kambe, 2016).

Figure 1.8 – Intracellular localisation of Zrt/Irt-like (ZIP) and Zn2+ transporter (ZnT)
proteins with the plasma membrane or organelles of the cell.
The diagram shows the localisation of ZnT (green) and ZIP (yellow) proteins, and the direction
of Zn2+ transport (black arrows) for each organelle and plasma membrane. In terms of Zn2+
homeostasis, ZnT and ZIP maintain the influx and efflux of Zn2+ ions between the cell and
extracellular spaces, or between the cytosol and the organelle compartments, thereby
maintaining appropriate Zn2+ concentrations in the cell. ZnT9 does not associate with
membranes. This figure is from (Hara et al., 2017) and is free to use under Creative Commons
License.
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Loss of function missense, nonsense, insertion, deletions and splice-site mutations in the zinc
importer gene SLC39A4 underlie the condition acrodermatitis enteropathica which is inherited
in an autosomal recessive manner (Schmitt et al., 2009). This condition is recognisable in
infants by the presence of symmetrical dermatosis and skin lesions and is caused by a
decrease in zinc absorption through the duodenum and jejunum where the ZIP4 transporter is
located, causing zinc deficiency. A different missense mutation in the zinc exporter ZnT2 is
also associated with zinc deficiency in breast milk due to failed secretion, and this can cause
zinc deficiency in newborns fed exclusively on breast milk (Chowanadisai et al., 2006). A
nine base pair loss-of-function deletion in the zinc importer SLC39A13 gene causes a
connective tissue disorder called spondylocheiro dysplastic Ehlers-Danlos syndrome (Giunta
et al., 2008). There are 13 types of Ehlers-Danlos syndrome with varying symptoms but
common features are joint hypermobility and skin fragility, but the SLC39A13 version of the
disease is additionally associated with hand abnormalities. These include thenar hypotrophy,
syndactyly and finger tapering (Giunta et al., 2008). Knockout of the zinc importer
SLC39A14 by removing exons 5-8 and the two exon 4 splice variants was associated with
stunted growth in mice and was a consequence of abnormal chondrocyte differentiation in the
growth plate (Hojyo et al., 2011). Autosomal recessively inherited loss of function mutations
found in human SLC39A14 cause childhood-onset Parkinsonism-dystonia by affecting
homeostasis of the divalent metal cation manganese, transported by both ZIP14 and ZIP8
importers. These mutations can impair transporter function through nonsense-mediated decay,
protein truncation or impairment of transporter activity leading to accumulation of manganese
in the brain causing neurodegeneration (Tuschl et al., 2016). A phylogenetic tree comparing
ZIP protein domains curated from the National Center for Biotechnology Information (NCBI)
website (http://www.ncbi.nlm.nih.gov) and built using ClustalW
(http://www.ebi.ac.uk/clustalw/index.html) for multiple alignment of mice and human
sequences revealed that ZIP8 and 14 are more closely related to each other than the other 12
members of this family (Girijashanker et al., 2008).
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1.4.1.3 Metallothioneins
Another key group of proteins involved in zinc homeostasis through the sequestration of
intracellular zinc and free radical scavenging are the metallothioneins (MTs). These are small
(7kDa) cysteine-rich proteins which primarily bind zinc and chaperone this metal ion to
metalloproteinases or transcription factors. MT is able to bind a range of trace metals other
than zinc including copper and cadmium (Miles et al., 2000) and thus is important in the
homeostasis of copper and defense against cadmium toxicity, topics that are beyond the scope
and relevance to this thesis. There are four classes of MT (1-4) in mammals, MT1 and MT2
are expressed ubiquitously whereas MT3 is restricted to the brain and MT4 is present in
epithelial tissues (Kimura and Kambe, 2016). MT1B among the MT1 genes is not however
ubiquitously expressed in a range of human tissues according to the genotype tissue
expression (GTEx) website (gtexportal.org/home/). There are 11 human MT genes in a cluster
on chromosome 16 ((MT1A, 1B, 1E, 1F, 1G, 1H, 1M, 1X, MT2A, MT3 and MT4) and five
MT1 pseudogenes (MT1C, 1D, 1I, 1J and 1L) (Kimura and Kambe, 2016). In mice there are
four Mt genes clustered on chromosome eight (Mt1-4) (Kimura and Kambe, 2016) and more
Mt genes in humans than mice due to gene duplication (Moleirinho et al., 2011). MTs have
alpha and beta domains housing four or three sulfur atoms respectively for divalent metal ion
binding. MTs are regulated by heavy metals, oxidative stress and cytokines and protect cells
against these stressors to maintain cell viability. The promoter regions of MTs contain DNA
regulatory elements associated with distinct types of stress stimuli. For example, there are
response element sequences for glucocorticoids, metals (MREs), and antioxidants (AREs),
which, after binding of the appropriate transcription factor(s), elicit gene expression.
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As a general principle MTs exist in three forms intracellularly, but the relative abundance of
each is dependent on the oxidation state of the cell. These are the fully oxidised thionins with
a lower metal affinity, the reduced thioneins (apoprotein) and the zinc-bound MT (Ziller and
Fraissinet-Tachet, 2018). Reduced glutathione (GSH) is an antioxidant required to recycle
thionin into apoprotein and MT is stabilized at high GSH concentrations. In the presence of
free radicals, GSH oxidises through the removal of an electron from a thiol group of a
cysteine residue to neutralise a pro-oxidant molecule and reacts with another reactive GSH to
form glutathione disulfide (GSSG) (Zhu et al., 2020). GSSH is converted back to GSH by
glutathione reductase which utilises nicotinamide adenine dinucleotide phosphate (NADPH)
as an electron donor. Chondrocytes from the elderly are associated with a reduced
GSH:GSSG ratio and a concomitant decrease of SIRT3, encoding a mitochondrial deacetylase
(Carlo and Loeser, 2003). The reduced GSH:GSSG ratio may be partly explained by increases
in mitochondrial protein acetylation (in part a consequence of decreased SIRT3 activity) of
superoxide dismutase 2 and isocitrate dehydrogenase 2 as examples, the latter of which once
acetylated is unable to synthesize NADPH for GSSG reduction (Zhu et al., 2020). Thus, an
oxidised environment does not support recycling of the thionin back to apoprotein enabling
zinc sequestration, MT anti-oxidative activity and heavy metal sequestration to occur.
Decreased levels of GSH have also been detected in human OA synovial fluid compared to
synovial fluid taken from patients in chronic pain, with meniscal tears or ACL injury (Regan
et al., 2008), suggesting that oxidation is a feature of OA and occures in tissues other than
cartilage in contact with joint capsule. However, an experimental rat model for studying GSH
in oxidative stress addressing GSH and GSSG as regulators of oxidation, did not extend to the
infrapatellar fat pad and meniscus compared to cartilage because absolute levels of these
antioxidants in these tissues was greatly reduced (Zhu et al., 2020). An attempt at illustrating
the relationship between the three forms of MT and glutathione antioxidant activity in which a
decreased GSH:GSSG ratio is a feature of aged chondrocytes and OA is depicted in Figure
1.9. Altered oxidative resistance in aged chondrocytes may impact the relative quantities of
thionin, apoprotein and MT such that zinc homeostasis is disrupted and zinc intracellular
concentration increases (Ruttkay-Nedecky et al., 2013).
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Figure 1.9 – Relationship between metallothionein protein states, oxidative status, and the
reduced glutathione:glutathione disulfide ratio in chondrocytes.
Metallothioneins (MTs) are integral to cell survival in stress situations namely the presence of
heavy metals and in free-radical scavenging. MT bound to zinc ions is stable at high levels of
reduced glutathione and low oxidation state of the cell which is reversed in increased oxidative
environments. Concomitant with increased oxidation is a decrease in SIRT3-mediated
deacetylase activity in OA chondrocytes, an example target being isocitrate dehydrogenase 2
which synthesizes NADPH, a required electron donor for glutathione reductase conversion of
GSSG back to GSH and enabling more apoprotein and zinc ion interaction. This figure has been
created using information from Ziller and Fraissinet-Tachet 2018.
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1.4.1.4 Metal-sensing transcription factor 1
MTF1 is an important regulator of heavy metal stress, hypoxia, oxidative stress and is also
essential for embryonic liver development as evidenced by Mtf1 knockout in mice which are
non-viable because of liver degeneration (Günes et al., 1998). The protein contains six
Cys2His2 zinc fingers with varying zinc binding affinities (within 10-50 fold of each other) in
the nanomolar to sub micromolar range (Kimura and Kambe, 2016). Three transcriptional
activation domains were discovered after cloning of the murine Mtf1 cDNA and fusing of
DNA segments to GAL4 DNA binding domain (Radtke et al., 1995). These are acidic,
proline-rich and serine-threonine-rich domains in the C-terminal region of the protein. Under
physiologic conditions MTF1 shuttles between the cytoplasm and nucleus but accumulates in
the nucleus upon diverse stresses, including heat shock, heavy metal overload and oxidative
stress (Gunther et al., 2012). This nuclear-cytoplasmic shuttling is possible through MTF1
possession of a nuclear export and nuclear localisation sequence located in the acidic
transcriptional domain and in zinc finger one respectively. Pharmacological inhibition of the
nuclear export receptor CRM1 with leptomycin B or mutation of the linker sequence between
zinc fingers one and two of MTF1 in mice resulted in nuclear MTF1 retention but not DNA
binding or transcriptional activity. However, when the same mutation in the linker sequence
was made in human MTF1 it was still zinc-responsive and transcriptionally active, suggesting
that metal inducibility of human MTF1 is more robust than mouse MTF1 (Gunther et al.,
2012). Additionally, the inducibility of MTF1 target genes is magnitudes greater than murine
MTF1. Murine MTF1 can be ‘humanised’ by substituting three amino acids for the human
equivalent of the nuclear export sequence in the acidic transcriptional domain which raises
MTF1 activity comparable to the human counterpart.
MTs are a primary gene target of MTF1 via MTF1 interaction with one or more MREs in the
promoter regions, enabling effective response to heavy metal intracellular changes or freeradical scavenging. Not all MTF1-MRE interactions are associated with increased
transcriptional activity and this is despite the fact the consensus sequence of the MRE is
conserved TGCRCNC where R is either adenine or guanine and N is any nucleotide. For
example, cadmium-induced MTF1 binding to the MRE 17 base pairs downstream of the
transcription start site in Slc39a10 is associated with gene repression in mice (Wimmer et al.,
2005). Furthermore, MTF1 can repress redox sensing by inhibiting selenoprotein H and
thioredoxin reductase two (Stoytcheva et al., 2010).
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1.4.2 Does disrupted zinc homeostasis contribute to osteoarthritis pathogenesis?
1.4.2.1 The zinc-ZIP8-MTF1 signalling axis in osteoarthritis
Serum zinc concentration was elevated in OA patients compared to synovial fluid (Krachler et
al., 2000; Ovesen et al., 2009), though this was not an uncommon observation. However,
these studies compared OA sera against knee effusions from the same OA individual
(Krachler et al., 2000), or against serum from osteoporotic patients (Ovesen et al., 2009),
rather than comparing age-matched healthy controls. One study in which plasma from OA
patients was compared to non-OA and RA plasma controls found no difference in plasma zinc
concentration (Yazar et al., 2005). Zinc was shown to accumulate in the tidemark region of
articular cartilage (Roschger et al., 2013) and is broadly appreciated for matrix
metalloproteinase catalysis, but whether zinc contributes to the progression of OA by altering
the chondrocyte gene expression pattern towards catabolism was not addressed until 2014
(Kim et al., 2014).
In this study, the authors (Kim et al., 2014) investigated the role of zinc in different models of
cartilage destruction using in vitro IL-1-treated mouse chondrocytes, transgenic mouse
models and intra-articular injection of adenoviral constructs into mouse joints. Kim et al.,
began by treating knee articular chondrocytes from mice with 1ng/ml IL-1β for 24 hours and
measured the expression of genes encoding the 24 zinc transporters. Of these, Slc39a8 was
the most upregulated with no significant difference in Slc39a14 gene expression and ZIP8
protein was produced by IL-1β in a concentration dependent manner. ZIP8 overexpression
using an adenovirus (Ad-ZIP8) transduced for 24 hours increased chondrocyte zinc levels 2fold. ZIP8 cartilage levels were significantly increased (10-fold, p<0.001) as were zinc levels
(2.5-fold, n≥8, p<0.05) following surgical DMM of mice compared to sham-operated
controls. Ad-ZIP8 transduction and ZIP8 overexpression (~200-fold) of mice chondrocytes
for 24 hours resulted in increased transcription of cartilage degrading genes including Mmp3,
9, 12, 13 and Adam-ts5 relative to mice receiving the control adenovirus. This Ad-ZIP8mediated metalloproteinase gene overexpression effect was translated to MMP3, 9 and
ADAM-TS5 protein, detected by western blot and equivalent or greater metalloproteinase was
produced with ZnCl2 or IL-1β respectively. Furthermore, the dominant metal ion responsible
for the metalloproteinase expression response in murine chondrocytes was ZnCl2 and to a
lesser extent iron ions. The metalloproteinase expression response was reduced with metal ion
chelators that chelate zinc.
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Through a series of in vitro and in vivo experiments using techniques already described, the
authors were able to demonstrate that the transcription factor MTF1 was responsible for
mediating the effects on matrix degrading gene expression after ZIP8-mediated zinc entry.
Briefly, Ad-ZIP8 transduction in murine chondrocytes resulted in increased Mtf1 activity (no
change in gene or protein levels) relative to the control adenovirus, suggesting the cartilage
matrix-degrading expression response from zinc was mediated via the zinc-sensitive
transcription factor MTF1. The question as to whether MTF1 acted before or after zincmediated transport via ZIP8 was addressed using chondrocyte-specific Slc39a8 or Mtf1
knockout followed by DMM. Ad-ZIP8-mediated DMM damage is attenuated in mice with
deletion of Mtf1 whereas deletion of Slc39a8 in cartilage of mice with Ad-MTF1
overexpression had no effect on DMM damage. This indicated MTF1 was acting downstream
of ZIP8 but that other transcription factors were involved as damage was only attenuated and
not prevented in cartilage lacking Mtf1 and exposed to Ad-ZIP8 and DMM surgery.
Interestingly, the transcription factor SP1, discovered among 37 other transcription factors in
early screening after Ad-ZIP8 transduction, was also responsible for matrix-degrading gene
expression as mithramycin A treatment attenuated these genes’ expression. However, Kim et
al., 2014 decided to focus solely on MTF1 because of its defined role in responding to cellular
heavy metal stress, though it does allow the possibility that SP1 is a potential but lesserknown target in the zinc-ZIP8-MTF1 signalling axis.
Three weeks post-injection, Ad-ZIP8 or Ad-MTF1-transduced mice had increased levels of
cartilage destruction, indicated by loss of safranin O staining and increased Osteoarthritis
Research Society International (OARSI) grade. Chondrocyte-specific expression of ZIP8 also
showed enhanced cartilage damage after DMM surgery and spontaneous cartilage destruction
after 12 months compared to age matched wild type mice. This suggested that cartilage
overexpression of ZIP8 or MTF1 was sufficient to cause OA pathogenesis in mice. This was
confirmed in mice with cartilage specific deletion of Slc39a8 or Mtf1. Chondrocyte-specific
knockouts were generated with the Cre/loxp system to address Slc39a8 and Mtf1 deletion.
Chondrocyte-specific knockout resulted in increased safranin O staining compared to the
floxed Slc39a8 or Mtf1 cre recombinase negative control strain after DMM surgery (n=10 and
n≥14 respectively) and reduced zinc, MMP3 and MMP13 levels further implicating Slc39a8
and Mtf1 in OA pathogenesis.
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Together this data indicates that the zinc-ZIP8-MTF1 axis acts as a catabolic regulator of OA
pathogenesis in mice by upregulating cartilage matrix degrading enzymes. This is summarised
as an adapted figure (Figure 1.10) from Virginia Kraus’ Nature news and views article that
accompanied the Kim et al., 2014 paper. OA is hypothesised to be the result of an unresolved
chronic wound healing response in the joint. The response begins with activation of cell
signalling molecules such as IL-1 in chondrocytes. This stimulates upregulation of ZIP8 and
cytoplasmic zinc influx, triggering nuclear translocation of the MTF1 transcription factor.
MTF1 then enhances the transcription of zinc-dependent matrix degrading enzymes such as
Mmp13, which once translated contributes to cartilage breakdown and release of disease
associated molecular patterns or DAMPs into the joint. DAMPs are then recognised by immune
cell or chondrocyte PRRs, leading to inflammation of the joint lining, which then feeds back to
aggravate the response.

Figure 1.10 – Proposed mode of action of the zinc-ZIP8-MTF1 axis in chondrocytes.
OA cartilage is an avascular tissue and in the normal pattern of wound healing in response to
injury cannot proceed beyond the initial inflammatory response, resulting in prolonged
exposure to inflammatory mediators such as IL-1. This leads to increases in Slc39a8 gene and
protein expression, and ZIP8-mediated zinc import which is sensed by the transcription factor
MTF1. MTF1 targets and upregulates Mmp expression which degrades cartilage, releasing
damage-associated molecular patterns (DAMPs) further exacerbating the disease in a cyclical
manner via immune cell involvement in the synovium. This figure is adapted from (Kraus,
2014).
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1.4.3 The role of MTs in osteoarthritis
A few studies investigating the roles of MT1 and MT2 in mice models of PTOA have been
conducted. Both Mt1 and Mt2 were upregulated in murine chondrocytes after Ad-ZIP8 or AdMTF1 transduction and after 100µM zinc treatment compared to the control adenovirus or
cells cultured in medium alone (n≥6). In vivo investigation using double Mt1/2 knockout mice
exacerbated DMM-mediated cartilage degradation as evidenced with reduced safranin O
staining (n=13) (Kim et al., 2014; Won et al., 2016). This mechanism was investigated further
by the same group in a later publication (Won et al., 2016). Double knockout increased
apoptosis in the articular chondrocytes compared to the wild type sham-operated mice,
without affecting the levels of cartilage matrix-degrading or anabolic matrix proteins.
Chondrocyte apoptosis, measured by terminal deoxynucleotidyl transferase dUTP nick-end
labelling (TUNEL), was confined to the superficial/middle zones of cartilage and did not
extend to the calcified region. Similarly, IL-1β treatment of either wild type or Mt1/2
knockout chondrocytes had indistinguishable catabolic (Mmp3, 13 and Adam-ts5) and
anabolic (Sox9, Col2a1 and Acan) gene expression markers. The chondroprotective effect
mediated by MT1 and MT2 proteins correlated with their capacity to regulate ROS, as AdMT2 and to a lesser extent Ad-MT1 transduction resulted in reduced oxidant levels in
chondrocytes. Furthermore, basal ROS levels were greater before and after tert-butyl
hydroperoxide treatment of Mt1/2 double knockout chondrocytes compared to wild type
chondrocytes receiving the same treatment. These data suggest that the cartilage degradation
observed in the double Mt1/2 knockout phenotype is a consequence of increased apoptosis
and reduced anti-oxidative capacity.
However, MTs were shown to have pleiotropic roles as overexpression of MT2 but not MT1
resulted in matrix-degrading gene expression independently of the zinc-ZIP8-MTF1 axis
(Won et al., 2016), thus MT2 is chondroprotective via ROS scavenging up to a limit.
Intraarticular injection of Ad-MT1 (n=14) or Ad-MT2 (n=12) compared to mice injected with
a control adenovirus resulted in increased OARSI score and reduced safranin O staining in
Ad-MT2 only. Chondrocyte-specific Slc39a8 or Mtf1 knockout in mice followed by
intraarticular injection with Ad-MT2 and DMM resulted in comparable OA cartilage and
synovitis progression as observed as Ad-MT2 and DMM in wild type mice. Conversely, AdZIP8 or Ad-MTF1 overexpression in Mt1/2 double knockout mutants and DMM surgery did
not impact on OA progression compared to ZIP8 and MTF1 overexpression and DMM in
wild type mice either, clearly indicating that MT2-mediated cartilage destruction is
independent of the zinc-ZIP8-MTF1 axis.
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A cDNA microarray analysis was performed from Ad-MT2, Ad-MTF1 or Ad-ZIP8transduced murine chondrocytes to identify genes which were specific to MT2-mediated
cartilage destruction, genes overlapping with either MTF1 or ZIP8-mediated cartilage
destruction, and genes shared by all three (Won et al., 2016). Three hundred and eighty-five
genes were upregulated by more than 2-fold and 65 genes were downregulated more than 2fold in response to Mt2 overexpression. Two hundred and thirteen and 38 genes were up and
downregulated respectively by Slc39a8 overexpression and 189 and 18 genes were up and
downregulated respectively by Mtf1overexpression with the same fold-change criteria as Mt2
overexpression. Forty-two and 30 percent of genes were upregulated and downregulated
respectively when the differentially expressed genes for all three adenoviruses carrying
SLC39A8, MTF1 or Mt2 were compared. Forty-eight percent of genes were uniquely
regulated by MT2 independent of the zinc-ZIP8-MTF1 axis. Cell cycle regulation and
catalytic activity were ranked highest after pathway analysis of the MT2 upregulated genes
and cartilage development and hormone binding placed highest among the MT2
downregulated genes. There were no overlapping upregulated or downregulated genes
between Ad-MT1 and Ad-MT2 transduced chondrocytes.
Nine of 45 (20%) transcription factors showed transcriptional activity greater than 2-fold
following Ad-MT2 transduction compared to control adenovirus transduction as well as
mRNA upregulation of Mmps 3,9,12,13 and Adam-ts5. Among these nine transcription
factors, pharmacological inhibition of the NOTCH pathway (RBP-JK transcription factor) nor
siRNA-mediated inhibition of Stat1/2, Atf2 or Irf1 affected MT2-induced expression of
cartilage matrix-degrading or anabolic matrix genes. However, pharmacological inhibition of
NFκB with SC-514 decreased cartilage matrix-degrading genes and reversed anabolic matrix
gene downregulation (observed with NFκB alone) in a concentration dependent manner. AP-1
was another transcription factor among the nine which after inhibition with tanshinone IIA
specifically inhibited Mmp9 and 13 but not Mmp3, 12 or Adam-ts5 gene expression and had
no effect on anabolic matrix gene expression. The differential effects of MT1 and MT2
described by Won et al., may reflect the MTs distinct physiological functions. For example,
MT2 regulates the homeostasis of zinc and copper ions while MT1 has a distinctive
detoxification function via its superior affinity for toxic heavy metals, such as cadmium
(Artells et al., 2013; Won et al., 2016).
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1.4.4 Several human OA loci encompass or are near to zinc transporter genes
Several GWAS have identified and validated SNPs that are correlated to either OA or
minimal joint space width (mjsw) phenotypes (Castano-Betancourt et al., 2016; Styrkarsdottir
et al., 2018; Zengini et al., 2018; Tachmazidou et al., 2019). These five SNPs are in
proximity to the zinc transporters SLC30A5 (rs10471753, p=3.8x10-9), SLC30A10
(rs2820436, p=2.1x10-9; rs2820443, p=6.01x10-11 and rs2785988, p=3.9x10-9) and SLC39A8
(rs13107325, p=8.29x10-19). Although susceptibility to mjsw of the hip is not of itself OA, it
is usually a key radiographic finding on diagnosis of OA and is included as part of my
analysis (section 3.10) of these SNPs (and those in LD r2≥0.8 with the sentinel SNP from each
study) compared to SNPs with eQTLs for SLC30A5, SLC30A10 and SLC39A8 genes in
healthy tissues provided on GTEx. So far, none of these SNPs have been studied in detail
using methods or databases to assess allelic expression imbalance, chromatin interaction,
clustered regularly interspaced short palindromic repeats (CRISPR) to determine if the
genotype at these OA and hip mjsw loci is associated with gene expression of these zinc
transporters.
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1.4.5 Several zinc transporter genes are upregulated in a group of OA hip patients
Epigenetic gene expression regulation, specifically DNA methylation, has emerged as a
powerful diagnostic tool in the identification of differentially methylated loci (DML). In this
study, DML was defined as both greater than10% methylation difference in the average beta
value between groups at a specific locus and an adjusted Benjamini-Hochberg corrected p
value <0.05 which could largely stratify hip OA (n=23) from NOF cartilage (n=21), define
two subclusters within hip OA cartilage (cluster one n=11 and cluster two n=12) and reveal
heterogenous subclustering of knee OA cartilage (cluster one n=39 and cluster two n=34) into
two groups (Rushton et al., 2014). Comparison of the methylated loci between the two
subclustered groups of hip or knee OA cartilage produced 15239 and 5769 DMLs by
unsupervised hierarchical clustering respectively. These were compared to identify the
percentage DML overlap contributing to the clustering of either hip or knee OA cartilage.
Only 23 and 61% of hip and knee DMLs overlapped respectively, suggesting that the cartilage
methylome of hip and knee are different and that other genes/pathways are involved in the
observed stratification of each. Pathway analysis of the cluster two OA cartilage groups from
either joint site revealed genes involved in the immune response and inflammation (Rushton
et al., 2014).
A follow up study was carried out using the previously generated methylation data from the
stratified OA hip cartilage clusters (n=23 total) and NOF samples (n=21) to address promoter
methylation status. Additionally, paired cartilage RNA was collected to assess gene
expression related to pro-inflammatory and zinc-ZIP8-MTF1 signalling axis which was
compared to the methylation status of the promoters (Rushton et al., 2015). Promoter
methylation of inflammatory genes (TNFα, CXCR2, CCL2, IL-6, CCL5 and IL-1α) were all
significantly reduced (apart from a single probe in IL-6) in hip OA cluster two compared to
NOF and hip cluster one. The expression of these genes was measured in six samples from
hip OA cluster two, five from hip OA cluster one and five NOF samples and were all found
significantly upregulated for hip OA cluster two. TNFα and CXCR2 were upregulated in hip
OA cluster one only. IL-1β, responsible for activation of the zinc-ZIP8-MTF1 axis in mice
was significantly upregulated 8-fold in hip OA cluster two and of the zinc transporters
expressed in human cartilage the importers (SLC39A3,4,7,8,11,14) and exporters
(SLC30A1,4,5,7,9) were significantly upregulated in hip OA cluster two compared to NOF.
This trend was observed for MTF1 expression and its target MTs, (MT1A, MT1G and MT1H)
and cartilage matrix-degrading genes (MMP13 and ADAM-TS5).
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1.5 Thesis aims
As discussed in section 1.4, studies in mice have implicated IL-1-mediated disruption of
chondrocyte zinc homeostasis in the pathogenesis of OA. Furthermore, although the role of
zinc homeostasis has not been studied in human OA, recent genetic and transcriptomic
analysis has suggested that disrupted zinc homeostasis may also play a role in human OA
development and/or progression. The aim of this thesis is to explore the role of cellular zinc
homeostasis in human knee OA chondrocytes and relevant chondrocyte cell lines. I will
extend my analysis of the zinc-ZIP8-MTF1 axis more broadly than in its original
characterisation in mice for other zinc transporters, MTs and matrix metalloproteinases to
discern whether the same signalling pathway already identified in mice cartilage and
chondrocytes is comparable, or not, with human chondrocytes.
In the opening results chapter, I will use online bioinformatics tools to assess OA
transcriptomics datasets (human and experimental OA mouse models) where IL-1 was used as
a stimulus for components of the zinc-ZIP8-MTF1 axis and broader gene families involved in
zinc homeostasis. I will also stratify the genotypes of recently identified SNPs in OA GWAS
meta-analyses and associated SNPs in LD with gene expression data to detect eQTLs.
Chapters four to six aim to address IL-1-mediated zinc transporter gene expression changes,
intracellular zinc ion content, MTF1 expression, translocation and activity where possible,
and changes in MTs and metalloproteinases expression in primary articular chondrocytes and
cell line experiments separately.
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Chapter 2. METHODS

2.1 SkeletalVis database
2.1.1 Search term and inclusion/exclusion criteria for selection of human and murine
cartilage and chondrocyte gene expression datasets
In the ‘Explore’ section of SkeletalVis (Soul et al., 2018b) , the experiments were initially
filtered sequentially for human and then murine studies before the search terms “cartilage”,
“chondrocyte” “IL-1” and “osteoarthritis” were used to identify potentially relevant
transcriptomic datasets. A total of 17 human and eight murine datasets were identified based
on these terms. After selecting an experiment, the factor(s) to be compared within the
experiment were selected in the “Choose a Comparison” window and each microarray or
RNA-Seq study was assessed for quality control, which was predominantly determined by
viewing the principal component analysis (PCA) plots. George Dallas (Dallas, 2013)
simplifies the mathematical concept of PCA for non-mathematicians and how PCA can be
used in the analysis of microarray and RNA-Seq platforms is paraphrased using his article as
reference. “PCA is a dimension reduction and visualisation technique that is used to project
the multivariate data vector of each array into a two-dimensional plot, such that the spatial
arrangement of the points in the plot reflects the overall data (dis)similarity between the
arrays. Thus, well-defined clusters of the same biological sample are seen to group closely
together and segregate from other unrelated samples”. Those studies without well-defined
clusters were omitted from subsequent steps so that nine human (Ramos et al., 2014;
Comblain et al., 2016; Dunn et al., 2016; Moazedi-Fuerst et al., 2016; Pearson et al., 2016;
Chan et al., 2017; Fisch et al., 2018; Soul et al., 2018a; Ajekigbe et al., 2019) and four
murine studies remained (Burleigh et al., 2012; Poulet et al., 2012; Bateman et al., 2013;
Chun, 2017).
2.1.2 Extraction of target genes from datasets using R studio
The results of the differential expression analysis were downloaded from SkeletalVis.
R Studio version 1.0.153 was used to extract the genes, shown in Table 2.1, from the
downloaded txt. files. For all the datasets, the log2-fold change and Benjamini-Hochberg
p values calculated in SkeletalVis were used.
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2.1.3 Identifying replicable gene expression patterns between datasets, enabling selection of
normalised read counts or normalised microarray signals for individual samples
The extracted genes, using the gene panel (Table 2.1) were tabulated in Microsoft Excel 2016
with the associated log2fold change and adjusted p value generated by SkeletalVis. Statistical
differential gene expression testing was conducted within the Limma (v3.26.0 for microarray)
or DESeq2 (v1.18.1 for RNA-Seq) as part of the RGalaxy pipeline (Soul et al., 2018b).
Datasets were categorised according to similar study design in the following way; 1.
Comparison of intact human OA and non-OA cartilage (knee and/or hip joints n = four
datasets), 2. Ipsilateral damaged versus intact human OA cartilage (n = two datasets), 3.
Murine DMM for PTOA (n = two datasets) 4. Murine ageing-OA model (n=one dataset) and
5. IL-1 treatment of isolated chondrocytes (human n = four datasets, murine n = one dataset).
This enabled identification of directional gene expression changes which were consistent
between studies or between different time points within a single study. Normalised microarray
signals and read counts for significantly differentially expressed genes between datasets
within the gene panel (Table 2.1) were requested for every sample derived from either the
microarray or RNA-Seq datasets from the Bioinformatician, Dr. Jamie Soul (Newcastle
University, Faculty of Medical Science), the creator of SkeletalVis. This data was graphed as
dot plots.

Table 2.1 - Human and mouse gene names assessed in transcriptomic datasets using the
SkeletalVis data portal.
Human gene names precede mouse gene names and are capitalised, whereas mouse gene names
are lower case after initial upper-case letter.
IL1 target and
cartilage degrading
genes
IL6/Il6
CXCL8/Cxcl8
CCL2/Ccl2
ADAMTS5/Adamts5
MMP13/Mmp13

Zinc importers

Zinc exporters

SLC39A1/Slc39a1
SLC30A1/Slc30a1
SLC39A2/Slc39a2
SLC30A2/Slc30a2
SLC39A3/Slc39a3
SLC30A3/Slc30a3
SLC39A4/Slc39a4
SLC30A4/Slc30a4
SLC39A5/Slc39a5
SLC30A5/Slc30a5
SLC39A6/Slc39a6
SLC30A6/Slc30a6
SLC39A7/Slc39a7
SLC30A7/Slc30a7
SLC39A8/Slc39a8
SLC30A8/Slc30a8
SLC39A9/Slc39a9
SLC30A9/Slc30a9
SLC39A10/Slc39a10 SLC30A10/Slc30a10
SLC39A11/Slc39a11
SLC39A12/Slc39a12
SLC39A13/Slc39a13
SLC39A14/Slc39a14
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Metallothioneins Transcription Factors
MT1A
MT1B
MT1E
MT1F
MT1G
MT1H
MT1M
MT1X
MT2A
MT3
MT4
Mt1
Mt2

SP1/Sp1
MTF1/Mtf1
MTF2/Mtf2

2.2 LDlink and GTEx databases to assess genotype and tissue-specific gene expression
correlations
To identify eQTLs with SNPs located proximal to or within zinc transporters and identified
through GWAS of OA or hip mjsw, the websites gtexportal.org/home/ and ldlink.nci.nih.gov
were used. Four separate GWAS (Castano-Betancourt et al., 2016; Styrkarsdottir et al., 2018;
Zengini et al., 2018; Tachmazidou et al., 2019) have recently identified five SNPs
(rs2820436, rs2785988, rs2820443, rs13107325, rs10471753) at three genomic loci nearby
zinc transporters associated with OA or mjsw (Table 2.2). LDlink was used to identify all
SNPs in LD with each of the five sentinel SNPs from the GWAS studies in all five available
European populations with a r2 threshold of ≥0.8. The nearest genes to each of the SNPs were
either SLC30A5, SLC39A8 and SLC39A10. Using the search box in GTEx each of these genes
were searched to identify expression quantitative trait loci; SNPs that significantly correlate
with gene expression in one or more of up to 54 non-diseased tissue sites in close to 1000
individuals.
The online tool ‘Venny’ (https://bioninfogp.cnb.csic.es/tools/venny/index.html) was used to
overlap lists of each of the five OA and mjsw GWAS SNPs and proxy variants (r2≥0.8) with
corresponding eQTL SNP lists for the nearest zinc transporter to identify SNPs in common
with eQTLs for that zinc transporter (SLC30A5, SLC30A10 and SLC39A8).
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Table 2.2 – SNPs associated with OA susceptibility and reduced hip joint space width in four GWAS at loci nearby zinc transporters.
Allele marked in red is the risk variant for each SNP for the associated trait, which is not always associated with the minor allele as for rs10471753 which
was determined with the GWAS Catalog (www.ebi.ac.uk/gwas/). Distances of the SNP from the promoter of each zinc transporter gene was determined
using University of California and Santa Cruz (UCSC) genome browser. P values recorded are the meta-analysis combined discovery and replication
cohort(s) for each genome-wide association study (GWAS). Ref = reference, Alt= alternative
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2.3 Cell line culture
2.3.1 SW1353 and T/C-28a2 cell culture
SW1353 human chondrosarcoma cells were purchased from American Type Culture
Collection (ATCC) and T/C-28a2 human rib chondrocytes were a gift from Dr Mary
Goldring, Hospital for Special Surgery, New York. SW1353 cells are derived from a 72-yearold female Caucasian with chondrosarcoma, a specific form of bone cancer arising from
chondrocytes (ATCC). T/C-28a2 cells are derived from five-day old primary cultures of
costal cartilage isolated from a 15-year-old female (Goldring et al., 1994a). The simian V40
(SV40) large T antigen inserted in the retroviral neomycin-resistant pZipNeoSV (X) vector
was transfected into the patient cells to generate the immortalised T/C-28a2 cell line
(Goldring et al., 1994a). IL-1α used in this study was a gift from Dr. K. Ray of
GlaxoSmithKline to Professor Andrew Rowan of Newcastle University, Faculty of Medical
Science.
Cells were maintained in Dulbecco’s Modified Eagle’s Medium F12 (DMEM-F12) (Fisher
Scientific, 11320074) supplemented with 2mM L-glutamine (Fisher Scientific, 25030024),
100U/ml penicillin/streptomycin (Fisher Scientific, 15140122), 10% foetal bovine serum
(FBS) (Sigma, F9665) and 50U/ml nystatin (Sigma, N1638). When 90% confluent, cells were
washed in phosphate buffered saline (PBS) (Fisher Scientific, 10010015) before detachment
by incubation with 0.05% trypsin (Fisher Scientific, 25300054) for three minutes at 37°C.
Trypsin was inactivated by adding DMEM-F12 and the cells pelleted by centrifugation at 280
xg for five minutes. Cells were resuspended in media, and the cell number quantified using a
Fuchs Rosenthal haemocytometer. 1x106 or 1x105 cells were seeded per T75cm2 or T25cm2
flask respectively. Storage of SW1353 and T/C-28a2 lines was achieved by centrifugation of
cells at 280 xg for five minutes to make pellets which were resuspended in a 95% FBS and
5% DMSO or 90% FBS and 10% DMSO freezing medium respectively at a density of 1x106
cells/ml. The cellular suspension was added in 1ml volumes to cryovials and these were
stored at -80°C overnight in polystyrene before long-term storage in liquid nitrogen. Cell lines
were resurrected by placing a cryovial in a 37°C water bath for three minutes, removing the
contents to a 50ml falcon tube containing 8ml medium and the cryovial was rinsed with 1ml
medium and topped up with medium to a total of 10ml. This was centrifuged at 280 xg for
five minutes, resuspended in 10ml fresh medium and was added to a T75cm2 flask.
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2.3.2 IL-1α concentration optimisation
1x106 T/C-28a2 cells were seeded into four T75cm2 flasks then incubated at 37°C. After four
hours the media was removed from the flasks and replaced with 10ml of media containing 0,
1.5, 3.73 and 7.46µl of 667ng/ml IL-1α, giving a final concentration of 0, 0.1, 0.25 and
0.5ng/ml IL-1α. The cells were returned to the 37°C incubator and initially cultured for six
days without media change until confluent. At day six, cells were split and the cultures were
maintained for a further three passages, each lasting 72 hours after the first passage. IL-1α
was omitted from the fourth passage for a final 72 hours.
2.3.3 SW1353 and T/C-28a2 IL-1 treatment
Four hours after seeding the cells, the flasks were treated with or without IL-1α by media
replacement at final concentrations of 0.25ng/ml or 0.5ng/ml for T/C-28a2 lines and SW1353
respectively. Cells were exposed to IL-1α for 24 hours, or one (72 hours), two (144 hours) or
three (216 hours) passages, with IL-1α replenished at the beginning of each passage (Figure
2.1). Cells collected after 216 hours were split and passaged for a further 72 hours in the
absence of IL-1α to recover (288 hours) and were then also collected. 10µg/ml IL-1β
(Peprotek IL-1β, Cat: 200-O1Q), a gift from Dr. David Swan of the Inflammation
Immunology and Immunotherapy group, Institute for Cellular Medicine, Newcastle
University was used for one experiment for one passage (72 hours). A final concentration of
2.5ng/ml or 5ng/ml IL-1β was used for T/C-28a2 and SW1353 cells respectively following an
initial four hour incubation at 37°C after seeding, with no replacement of media for the
duration of the passage. Cells were collected from the flasks using 0.05% trypsin (Fisher
Scientific, 25300054) and medium into 50ml falcon tubes. Falcon tubes were centrifuged at
241.5 xg for five minutes and the cells resuspended in fresh medium at 1x106 cells/ml. The
cell suspension was aliquoted into 1.5ml Eppendorf tubes and the tubes were centrifuged at
4293 xg for three minutes on a Heraeus Pico17, the media discarded and the pellets were
stored frozen at -80ºC for subsequent extraction of the nucleic acid.
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6

1x10 T/C-28a2
or SW1353 cells

Figure 2.1 – Serial IL-1α treatment of cell lines for 24 hours, three subsequent passages
(P1-P3) and removal of IL-1α at P4.
1x106 cells were seeded in biological duplicate or triplicate and four hours later treated with or
without IL-1α. Each passage was 72 hours in duration and some experiments were only
passaged to P1 (72 hours). 1x106 cell pellets were collected at the end of each passage for
nucleic acid extraction. P1 was used for qPCR analysis representing the first passage after IL1α treatment. Images were sourced from https://biorender.com.
2.3.4 SW1353 and T/C-28a2 zinc chloride treatment
A 50mM solution of zinc chloride (ZnCl2) (Sigma, 208086-100G) was prepared by dissolving
3.407g ZnCl2 in 500ml of deionised water using a magnetic stirrer. Before use in tissue
culture, 50ml of the solution was filtered with 0.2µM filter (Fisherbrand, 15206869) and a
50ml syringe (BD Plastipak™) into a 50ml falcon tube and this reagent stock was kept
refrigerated until use. In all instances, whether ZnCl2 was added to cells alone or in
combination with IL-1α, the final concentration of ZnCl2 was 100µM. Twenty-four
microlitres of 50mM stock was added to 11.976ml medium for ZnCl2 alone or 24µl ZnCl2
combined with 8.95µl 670ng/ml IL-1α (for 0.5ng/ml + 100µM ZnCl2 –SW1353 cells) or
4.48µl IL-1α (for 0.25ng/ml IL-1α +100µM ZnCl2 T/C-28a2 cells) and the difference made
up to 12ml with medium. 10ml of this solution was added to the relevant cell line in flasks
containing 1x106 cells four hours after seeding, having first removed the media on the cells.
SW1353 and T/C-28a2 cells were incubated for 72 hours in biological duplicate and triplicate
respectively.
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2.4 Human articular chondrocyte isolation from cartilage and IL-1 treatment
2.4.1 Cartilage tissue collection
Informed written consent for the use of joint tissues was obtained from patients who had
undergone knee arthroplasty for OA at the Freeman Hospital and the Royal Victoria
Infirmary, Newcastle-upon-Tyne. Ethical approval was granted by the Newcastle and North
Tyneside Research Ethics Committee (REC reference number 14/NE/1212). Patient ages
ranged from 51-81 years old (mean age 62) and 75% of the cartilage samples were from
females. Following surgery, samples were stored at 4ºC in Hank’s Balanced Salt Solution
supplemented with nystatin, penicillin, and streptomycin and collected by a research
technician and brought to the university laboratory no later than 48 hours after surgery.
2.4.2 Cartilage tissue digestion and extraction of human articular chondrocytes
This protocol was performed by a research technician. Cartilage was removed from joints by
scalpel, washed in pre-warmed PBS (Fisher Scientific 10010015) to 37°C, and cut into small
pieces. Tissue was transferred to a 50ml falcon tube and washed a further two times in PBS.
Hyaluronidase (Sigma Aldrich, H3506) and trypsin (Sigma Aldrich, T7409) were prepared as
1mg/ml and 2.5mg/ml solutions respectively in PBS. Collagenase (Sigma Aldrich, C0130)
was dissolved in pre-warmed DMEM medium containing 10% FBS (Fisher Scientific,
10270106), 100U/ml penicillin, 100µg/ml streptomycin, 2mM L-glutamine (Fisher Scientific,
25030024), and 50U/ml nystatin (Sigma, N1638). Hyaluronidase solution was filtered
through a 0.2µM filter (Fisherbrand, 15206869) using a 50 ml syringe (BD Plastipak™) over
the tissue and then incubated at 37°C for 15 minutes. The supernatant was removed and the
sample washed twice in PBS. This process was repeated for the trypsin solution with an
incubation time of 30 minutes and a wash using pre-warmed medium. Collagenase was
filtered through a 0.2µM filter (Fisherbrand, 15206869) and incubated with the tissue
overnight at 35°C on a roller.
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After tissue digestion the chondrocytes separated passively into the supernatant while the
matrix formed a sediment at the bottom of the tube. The supernatant, containing the cells, was
removed from the falcon tube and passed through a 100µM cell strainer (BD Falcon, 352360)
into a new falcon tube before centrifugation using a Heraeus Labofuge 400R at 241.5 xg for
seven minutes to obtain a cell pellet which was resuspended in PBS. Cells were counted in
equal volumes with trypan blue viability dye with a Fuchs Rosenthal haemocytometer and
1x106 human articular chondrocytes (HACs) were frozen down immediately post extraction
from the cartilage in 4°C freezing medium containing 50% DMEM (Fisher Scientific,
11965092), 40% FBS and 10% DMSO in 1ml cryovials; these cells were considered P0.
HACs were seeded (4-6x106) in T175cm² flasks containing 25ml DMEM (Fisher Scientific,
11965092), 2mM L-glutamine (Fisher Scientific, 25030024), 100U/ml penicillin/streptomycin
(Fisher Scientific, 15140122), 10% FBS (Fisher Scientific, 10270106) and 50U/ml nystatin
(Sigma, N1638). Cells were incubated at 37°C for 7-20 days until confluency was reached
before further use in experimental procedures.
2.4.3 HAC IL-1 treatment
Following the 7-20 day culture, HACs were passaged, and 1x106 cells seeded into new
T75cm2 flasks, with the remaining cells collected for nucleic acid extraction (termed passage
one cells). Cells adhered for 24 hours, before replacing the media with media ± IL-1α at
0.1ng/ml. The concentration of IL-1α had been previously determined within the group. For
six of the 16 HAC lines examined, HACs were stimulated with IL-1α for two passages until
flask confluency was reached (P2 10-13 days and P3 12-15 days dependent on donor). The
IL-1α was removed for the fourth and final passage (Figure 2.2). The medium was changed
every four to five days and fresh 0.1ng/ml IL-1α added to treated flasks. For one experiment
in two HAC donors, cells were exposed to either 1ng/ml of IL-1β (Peprotek IL-1β, Cat: 200O1Q) or 0.1ng/ml IL-1α for 10 or 12 days respectively. This was introduced to the cells in
fresh media following an overnight incubation at 37°C. At least 1x106 HACs were frozen
(section 2.4.2) in 1.5ml Eppendorf tubes at -80°C for extraction of RNA at each passage end
(P0-P4).
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Figure 2.2 - Time course of HAC treatment with or without IL-1α between passages two
and three and its removal for a final passage.
HACs were seeded at high density and cultured in monolayer for 7-20 days (P1-P2). Thereafter,
1x106 cells were split into two flasks and incubated 24 hours before treating one flask in the
series with 0.1ng/ml IL-1α. Flasks were cultured until confluent and treated with IL-1α for one
further passage before its removal at P4. 1x106 cell pellets were collected into separate 1.5ml
Eppendorf tubes at the end of each passage for extraction of nucleic acids using different
methods. P2 was used for qPCR analysis representing the first passage after IL-1α treatment.
Graphics were sourced from https://biorender.com.

2.5 Nucleic acid extraction and cDNA synthesis
2.5.1 Nucleic acid from cell lines
Nucleic acid was extracted from frozen SW1353 and T/C-28a2 pellets using the omega BIOTEK E.Z.N.A DNA/RNA Isolation Kit (R6731-01) according to the manufacturer’s protocol.
To increase the RNA yield from the columns, the RNA was either eluted in 70°C
diethylpyrocarbonate (DEPC) water in two 25µl volumes allowing the column to stand for
five minutes between elutions, or in 50µl DEPC water with the same volume passed down the
column twice. The tube was pulse centrifuged to pool the RNA at the bottom of the
Eppendorf tube and allowed to cool down before the RNA was quantified. The concentration,
where possible, was adjusted to 250ng/µl in a separate tube and adjusted concentration
confirmed by Nanodrop™. 1.5µl of RNA was checked for integrity on a 1% tris-acetate
ethylenediaminetetraacetic acid (TAE) agarose gel and stored at -80ºC.
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2.5.2 RNA extraction for HACs
Thawed pellets in 1.5ml Eppendorf tubes were resuspended in 500µl of TRIzol Reagent
(Fisher Scientific, 15596026) before vigorous mixing with 100µl chloroform until both phases
were combined. The solution was then incubated at room temperature for 10 minutes before
centrifugation using a Heraeus Pico17 at 4°C for 15mins at 16249 xg. The upper aqueous
phase was transferred to a new 1.5ml Eppendorf tube and 1.5µl GlycoBlue (Fisher Scientific,
AM9516) added and mixed. Two hundred and fifty microlitres of isopropanol was added and
the tube inverted 5-6 times followed by incubation at room temperature for 10 minutes. The
tube was then centrifuged again at 16249 xg at 4°C but for 10 minutes and the supernatant
discarded. 500µl of 75% ethanol (diluted in DEPC water) was added to the pellet and mixed
up and down by pipette. The sample was then centrifuged at 9615 xg for five minutes at 4°C
and the supernatant removed. The tube was briefly spun to remove further supernatant and the
pellet allowed to dry for five minutes on ice. The pellet was dissolved in 15µl DEPC water
and the sample incubated at 60°C for 10 minutes. The tube was pulse centrifuged to pool the
RNA at the bottom of the tube and allowed to cool on ice before the RNA was quantified
using a Nanodrop™ spectrophotometer. The concentration, where possible, was adjusted to
250ng/µl in a separate tube and adjusted concentration confirmed by Nanodrop™. 1.5µl of
RNA was checked for integrity on a 1% TAE agarose gel and stored at -80ºC.
2.5.3 Quantification of nucleic acid
RNA was quantified with a single or eight sample pedestal Nanodrop™ spectrophotometer
2000 or 8000 respectively (Fisher Scientific). All samples were measured twice, and the mean
concentration taken. The 260/280 and 260/230 ratios were recorded in each instance to
identify potential phenol or guanidine chemical carryover from TRIzol Reagent and column
extraction methods respectively.
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Several RNA samples were quantified with the Qubit® (Fisher Scientific) using the broadrange (BR) assay kit (Fisher Scientific, Q10210). This kit utilises a fluorescent dye tagging
approach which has increased sensitivity than spectrophotometric approaches. Thin-wall clear
0.5ml tubes (Fisher Scientific, Q32856) were used to measure each sample and the Qubit®
working solution was prepared by diluting the Qubit® RNA BR fluorescent reagent 200-fold
in Qubit® RNA BR buffer. Each standard or sample tube contained 200µl reagent (190µl
working solution and 10µl standards or 1-20µl sample and 199-180µl working solution). Each
tube was briefly pulse centrifuged and checked for absence of bubbles before incubating at
room temperature for two minutes. Once the machine was calibrated using the standards, the
samples were measured. Both Nanodrop™ and Qubit® readings were used in the synthesis of
cDNA.
2.5.4 Gel electrophoresis
Molecular biology grade agarose (Sever Biotech Ltd, 30-10-50), was dissolved in 100ml of a
1x TAE buffer preparation (diluted in DEPC water) of a 50x stock (2M Tris, 1M acetic acid
and 50mM EDTA). All RNA samples were observed on a 1% gel. The agarose-TAE solution
was heated in the microwave until fully dissolved, the glass conical flask cooled, and 1% (v/v)
ethidium bromide or SafeView (NBS Biologicals, NBS-SV1) added. The solution was mixed
and poured into the casts with the appropriate well insert until set. Samples were mixed with
bromophenol blue loading dye and DEPC water to a volume of 10µl and loaded on the gel
alongside 5µl of a 2-log DNA ladder from New England Biolabs (NEB, N3200S). The gels
were run in 1x TAE buffer at 70-80V for nucleic acid or 100V for digested products. Gels
were visualised using a G Box Syngene imager or AzureC600 (Azure Biosystems) under UV
light. RNA was visualised to check the integrity after extraction and suitability for cDNA
synthesis.
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2.5.5 cDNA synthesis
Four microlitres of 250ng/µl RNA was reverse transcribed per sample. In instances where the
RNA sample was less than 250ng/µl, the RNA was concentrated using a speedvac or by
ethanol precipitation. If RNA from an experiment was still less than 250ng/µl, 4µl of this was
used and became the standard amount of RNA reverse transcribed for every sample of the
same experiment. Prior to cDNA synthesis, RNA was DNaseI treated to remove any DNA
contamination. 1µl of a 1:1 Turbo DNase & DNase buffer (Fisher Scientific, AM2238) was
added to 4µl RNA in a 0.2ml tube (VWR, 732-4836) and incubated at 37ºC for 30 minutes.
The DNaseI enzyme was inactivated by addition of 0.9µl of 0.1M EDTA (Fisher Scientific,
AM9260G) and incubation at 75°C for 10 minutes, before being transferred to ice. RNA was
reverse transcribed using the SuperScript II reverse transcriptase enzyme (Fisher Scientific,
18064014) according to the manufacturer’s instructions. Briefly, 1µl of random hexamers
(ThermoFisher Scientific, 48190011), 1µl of 10mM dNTPs (ThermoFisher Scientific, 18427013) and 0.5µl of DEPC water were added. The RNA was incubated at 65°C for five minutes
using the G storm thermal cycler (Agilegene Technologies) to allow the random hexamers to
bind to the RNA. After incubating the RNA on ice for one minute, 11µl of master mix
containing the following was added to each sample; 4µl of 5x reverse transcriptase buffer
(Fisher Scientific, 18064014), 4µl 25mM MgCl2 (ThermoFisher Scientific, N8080241), 2µl
0.1M DTT (Fisher Scientific, 18064014) and 1µl RNaseOUT (Fisher Scientific, 10777019).
Samples were mixed by pipetting up and down then incubated at 25°C for one minute. 1µl of
superscript II diluted three-fold in DEPC water was added to the mix and the whole mixture
was pipetted up and down several times. The final reverse transcription cycling conditions
were 25°C 10 minutes, 42°C 50 minutes and 70°C for 10 minutes. 20-fold dilutions of the
cDNA in DEPC water were made for subsequent qPCR analysis and stored at -20°C.
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2.6 Gene expression quantification by qPCR
2.6.1 Primer assay design for cDNA & plate set-up
Intron-spanning oligonucleotide primers were designed using the Roche ProbeLibrary Assay
Design Software (Roche, Applied Science) using genomic DNA sequences from the
University of California and Santa Cruz Genome Browser (UCSC, https://genome.ucsc.edu/)
and ordered from Sigma or Integrated DNA Technologies (IDT). To normalise the different
amounts of mRNA between the samples, qPCR assays for 18S ribosomal RNA, HPRT1
(Hs.PT.58v.45621572, RefSeqNM_000194) and GAPDH (Hs.PT58.40035104,
RefSeqNM_002046) were used as reference housekeeping genes. Table 2.3 lists all qPCR
assays used, including primer sequences, probe IDs or premade assay catalogue numbers. For
Roche ProbeLibrary designed assays, master mixes were prepared with 5µl 2x Taqman fast
universal PCR master mix (Fisher Scientific, 4444558), 0.2µl 10µM of each primer (200nM
final concentration), 0.1µl 100nM probe, and 2µl DEPC water. For all assays, 7.5µl of master
mix was added first to each well of a MicroAmp® Fast Optical 96-well Reaction Plate (Fisher
Scientific, 4346906) followed by 2.5µl of 20-fold diluted cDNA for a total volume of 10µl.
Primer concentrations for 18S gene expression were 30µM. ADAM-TS5 (Hs.PT58.20378240),
MMP13 (Hs.PT.58.4612796.g), HPRT1 and GAPDH assays were all ordered from IDT as x10
assays and master mixes prepared with 1µl x10 IDT assay, 5µl 2x Taqman fast universal PCR
master mix (4444558) and 1.5µl DEPC water. The plates were sealed with a MicroAmp
Optical Adhesive Film (Fisher Scientific, 4311971) and centrifuged at 4.5 xg on a Thermo
IEC Centra CL3 centrifuge for 20 seconds to ensure cDNA and master mix was at the bottom
of the well. The plates were loaded into an ABI 7900HT Fast Real-time PCR system or the
Quantstudio 3 Real-time PCR machine and were subjected to denaturation at 95°C for 20
seconds followed by 40 cycles of 95°C for one second and 60°C for 20 seconds.
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2.6.2 Primer validation
The efficiency of each Roche ProbeLibrary designed qPCR assay was evaluated across a
range of cDNA dilutions and were validated prior to using them on valuable patient samples.
IL-6, CXCL8, MMP13 and ADAM-TS5 assays had previously been validated by other
laboratory members. Serial dilutions of 1:20, 1:80, 1:320 and 1:1280 SW1353 or T/C-28a2
cDNA were made by diluting cDNA in DEPC water. These dilutions were used as a template
for a standard curve. Theoretically, each dilution should lead to a Ct increase of two and it is
against this standard that the efficiency of the primer curve was assessed. Efficiency was
calculated as 10^(-1/gradient)-1 and expressed as a percentage. Dr. Louise Reynard,
Newcastle University, Faculty of Medical Science optimised the SLC30A and SLC39A
primers and determined the primer efficiency using the same protocol.
2.6.3 qPCR analysis
Each cDNA sample was measured in technical triplicate generating a Ct value, defined as the
number of cycles required for fluorescent signal to exceed background level, and the mean C t
for every sample for a specific gene calculated. If any Ct from a technical triplicate deviated by
more than 0.5 cycles from each other, it was excluded from the mean and if all three Cts were
not replicable then the qPCR was repeated or the sample was not used. The method of data
normalisation was to first calculate the mean of housekeepers (18S, GAPDH, HPRT1) for each
sample, then calculate 2-(sample Ct- sample housekeeper 𝑥̅ ) , where 𝑥̅ is the sample housekeeper mean.
This was calculated for every technical repeat for a sample, seeded in biological duplicate or
triplicate per condition and the mean taken. For interpretation of gene expression fold change,
the normalised data for treatments was divided by the normalised mean of the untreated controls
at the same passage in the experiment. The heatmaps were created in Prism version 8.1.1 and
the data is presented in the form of fold change or log2-fold change. Comparisons of means
after one passage of treatment with IL-1α in both cell lines (P1) and in HACs (P2) was either a
paired or Wilcoxon t-test dependent on the outcome of normality assessment by either Shapiro
Wilk (n<8 means) or D’Agostino-Pearson omnibus k2 (n≥8 means) on a gene by gene basis. If
the normalised gene expression data did not satisfy a normal distribution at first, a single attempt
at data transformation by taking logarithm base two and repeating the same normality test was
performed, the outcome of which dictated either a paired or Wilcoxon t-test. All analyses of
the data were performed in Prism version 8.1.1.
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Table 2.3 –TaqMan and IDT qPCR assays.
IDT = Integrated DNA Technologies UPL = Universal Probe Library. BLD = below limit of
detection.
GENE

PRIMER SEQUENCE (5′ to 3′)

18S

CGAATGGCTCATTAAATCAGTTATGG
TATTAGCTCTAGAATTACCACAGTTATCC
TGCTGAGGATTTGGAAAGGG
ACAGAGGGCTACAATGTGATG
ACATCGCTCAGACACCATG
TGTAGTTGAGGTCAATGAAGGG
AGTCTCTGCCGCCCTTCTG
GTGACTGGGGCATTGATTGC
CAGGAGCCCAGCTATGAACT
GAAGGCAGCAGGCAACAC
AGACAGCAGAGCACACAAGC
AGGAGGCTGCCAAGAGAG
CACGTTCGTACACATACTGGTG
TGCTGAATGTTTTCTCACAGC
TCCTGCAAATGCAAAGAGTG
GCACATTGGCACAGCTCAT
TGCTTGTTCGTCTCACTGGT
GCATTTGCACTCTTTGCACT
CCACTGCTTCTTCGCTTCTC
GCAGGTGCAGGAGACACC
CTAGTCTCGCCTCGGGTTG
GCATTTGCACTCTTTGCACT
TGGAACTCCAGTCTCACCTC
TGCATTTGCACTTTTTGCAC
CTTCTCCTTGCCTCGAAATG
ACAGGCACAGGAGCCAAC
AACCTGTCCCGACTCTAGCC
GCAGGTGCAGGAGTCACC
TCACCACTTCTGGGGTTTTC
CGACCAGGAGGAGACCAAC
GGGATGGAGGAGAAATACGG
AAGTCCCACAGCCTTCAAAA
TGGAAGATACTGCTCTTTGGTG
TGGTCAGGTAAGTATAGGCAGTTAAA
AATGATGCTTTCTCCTATGGGTA
AGATCAAAAATAGGCCATTGACA
GCTCCAGAACAGCATCAGTG
AATTTAAAGAAGCAGTTTAATCCATTG
TGACTACCTGGCTGCCATAGA
ACTCTTGCAGTGGGAACTGG
GTTTCTGGCCACGTGCTT
AGGCTCAGGACCTTCTGGA
TCTACGTAGCACTCTGCGACA
CGTACAGGGACAGCAGCAGC
ACTGGCCGTTGGGACTTT
ATGGTGGTGACTTGCATGAG
GTCGGAGACTTTGCCATCTT
CAGTAGTTGCAGACGCATCG
TTTTGGTGGGCAACAATTTC
CAGCATATCATTCATCTCTGGAAAC
GATGTTACGTGGCCGGAAT
CCCAAAACAGTCACCAGCTT
TGTAGCCTTGGTGGATATGCT
CCACAGGACAAAAGCCATGT
GATGGAAGTCTTGGCTTTGC
CAACAGCCACAGGGAAGAA
GGCCAACACCATCGATAACT
TTGTCAGGAGCCCGATCTT
TCTCTGCCAACTGGATTTTTG
CCTCATTCATCTCAGGGAAC
GAGGTGTGCAGAAAATCCAAA
CTGTCCCTATGACTTCTGGTTCT
AAATTATGGAGGAGATGCCCATT
TCCTTGGAGTGGTCAAGACCTAA
CAAGTGCGGAGTATGTGGAG
GTCTTTGGCTTTGAACTGTCG
CAGTGAAGAAGACAGCAGCAA
AGCTGGATCCCTTTTAGTTCCT
ACATCTGAACTACGAAAGCATCC
GGCTTAACAATGGTACATCCCTTA
CACCTCACCTGCTCTGCTG
GAGGCACAAGGGTACAAGACA
CAGCACAAGCTGTATCAGCAG
TTACCGTGTCCCATTCTGGT
GCCAGAGACAGGAGTCGAAA
ACAGCAAGGCCTTCACAGAT

HPRT1
GAPDH
CCL2
IL-6
CXCL8
MTF1
MT1A
MT1E
MT1F
MT1G
MT1H
MT1X
MT2A
SLC30A1
SLC30A5
SLC30A6
SLC30A7
SLC30A9
SLC39A1
SLC39A3
SLC39A4
SLC39A6
SLC39A7
SLC39A8
SLC39A9
SLC39A10
SLC39A11
SLC39A13
SLC39A14
MKI67
MMP13
ADAM-TS5
TOP2A
TPX2
CDKN1A
CAMK2G
PARP2

UPL PROBE NO. OR IDT PROBE
SEQUENCE

EFFICENCY
(%)

TCCTTTGGTCGCTCGCTCCTCTCCC

primers already
validated
primers already
validated
primers already
validated

FAM/AGGACTGAACGTCTTGCTCGAGATG/ZEN/IBFQ
FAM/AAGGTCGGAGTCAACGGATTTGGTC/ZEN/IBFQ
40
45
72
29
68
67
68
68
68
15
68
49
70
4
20
9
81
74
3
9
71
67
6
9
3
5
78
30
FAM/CTACAACTTGTTTCTTGTTGCTGCGCATGA/ZEN/IBF
Q
FAM/TTTATGTGGGTTGCCCCTTCAGGA/ZEN/IBFQ
43
51
6
19
5
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82
primers already
validated
primers already
validated
100
BLD
80
BLD
BLD
BLD
99
BLD
107
94
105
108
85
83
100
98
101
98
106
102
106
86
98
111
95
primers already
validated
primers already
validated
93
85
89
71
99

2.7 Zinc quantification assay
A spectrophotometry assay suitable for the determination of zinc in serum and other
biological samples was purchased from Sigma (MAK032). The kit was used to assess the
abundance of zinc in spent medium and cell pellets from T/C-28a2, SW1353 and HACs
treated ± IL-1α for one passage in monolayer. 1.3x106 cell pellets and 300µl spent medium
were collected for use with the kit. Briefly, the assay works by chelating zinc (zinc reagent A)
and other interfering metal ions (Cu2+ and Fe2+) and by subsequent zinc demasking with
chloral hydrate. This free Zn2+ is then able to bind to the pyridylazo ligand 2-(5-bromo-2pyridylazo)-5-(N-n-propyl-N-3-sulfopropyl-amino)phenol (zinc reagent B) creating a
coloured complex which absorbs light at 560nm (Homsher and Zak, 1985). Other interfering
metal ions such as Ca2+ and Mg2+, are not appropriately chelated thus their interference is
controlled by maintaining the pH between 7.4-7.8.
Protein was not removed at the time of collection of the spent medium, thus 7%
trichloroacetic acid (TCA) was added 1:1 to samples and centrifuged in an Eppendorf
minispin bench-top centrifuge at 12045 xg for five minutes to precipitate and pellet the
protein. The MAK032 kit protocol did not mandate the addition of TCA to standards, so
initial experiments were done with or without TCA, and then from the preliminary results
TCA was included in both the standards and samples. 1.3x106 frozen cell pellets were lysed in
55µl deionised water and treated with 55µl 7% TCA and centrifuged as previous. For spent
medium samples, 55µl of medium was mixed with 55µl of 7% TCA. Fifty microlitres of
TCA-diluted sample and ZnCl2 standard was transferred to separate wells of a flat-bottom 96well plate (Greiner Bio-One, 655101) before addition of 200µl zinc reagent (four parts zinc
reagent A: one part zinc reagent B). The 50mM ZnCl2 standard provided was diluted 100-fold
for a 0.5mM working standard solution and aliquots made and frozen at -20ºC. This was used
to form six-point standard curves of ranges 0, 4, 8, 12, 16 and 20µM or in later experiments 0,
2, 4, 6, 8 and 10µM. For experiments completed in November and December 2017, the
calculated concentration of different samples was consistently in the range of 0-4µM which is
why the range of the standard curve was reduced in samples quantified in 2018. Cover seals
were placed on plates then gently agitated, avoiding inclusion of bubbles, and incubated for
10 minutes at room temperature in the dark. The cover seal was removed, and the plates were
read on a Varioskan Lux plate reader at 560nm.
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The background (0 nanomoles/well standard) absorbance was removed from samples and
standards before dividing the corrected absorbance by the gradient (m) of the linear regression
equation y=mx of the standard curve to give x, which is equal to nanomoles/250µl when the
standards are expressed in the same units. The concentration in µM was calculated by
multiplying the nanomoles/250µl by four. All standards and samples were assayed in
duplicate, except for the cell-free ZnCl2 ± other metal ions experiment, which was only
performed in singlicate. The data was analysed by paired t-test in Prism version 8.1.1.
2.7.1 Testing kit specificity against biologically relevant metal ions
Five millimolar stock solutions of biologically relevant metal ions were prepared using
deionised water for the following compounds: Fe2SO4.7H2O (Melford Laboratories, F0512),
Cu2SO46H2O (Sigma, MKBF7872V), CaCl2 (Sigma, BCBN5264V) and MgCl2 (Sigma,
BCBR4870V). These, and the 0.5mM ZnCl2 stock were diluted ±t 7% TCA and deionised
water to 40µM. 25µl of ZnCl2 and 25µl of one of the other metal compounds were combined
in the assay plate and diluted 10-fold with 200µl zinc assay reagent for 4µM equimolar metal
ion solutions. The 4µM ZnCl2 standard was used as the zinc alone measurement. Cover seals
were placed on plates then gently agitated, avoiding inclusion of bubbles, and incubated for
10 minutes at room temperature in the dark. The cover seal was removed and the plates were
read on a Varioskan Lux plate reader at 560nm. For this experiment the concentration of zinc
in the assay plate was expressed as micromolar.
2.7.2 Inhibiting Fe2+ influence on absorbance using 2,2ʹ-bipyridine chelator
A metal ion chelator, 2,2ʹ-bipyridine used as an inhibitor of iron ions (Kim et al., 2014), was
purchased from Sigma for attempted attenuation of the increased absorbance in the cell-free
ZnCl2 + Fe2SO4.7H2O condition described in 2.7.1. Deionised water was used for dilution of
metal compounds in all instances. 2,2ʹ-bipyridine, ZnCl2 and Fe2SO4.7H2O were diluted to a
25mM, 80µM and 80µM working stock respectively. 1.82µM zinc alone, 1.82µM iron alone
or zinc and iron alone (both 1.82µM) were assayed in 96 well plates with or without 2,2ʹbipyridine at 45, 227 or 450µM. Cover seals were placed on plates then gently agitated,
avoiding inclusion of bubbles, and incubated for 10 minutes at room temperature in the dark.
The cover seal was removed, and the plates were read on a Varioskan Lux plate reader at
560nm.
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2.8 Cloning
The 6kb pGL4.40[luc2P/MRE/Hygro] plasmid (referred to outside the methods as MRE
pGL4.40 plasmid) was purchased from Promega (E4131) to study MTF1 transcriptional
activity in transiently transfected SW1353 and T/C-28a2 cell lines with or without cytokine
and/or ZnCl2 treatment. This construct contains five MRE copies in the promoter region
required for MTF1 interaction with its target genes, driving the expression of luciferase
protein. The 7.1kb pCMV6-MTF1 c-myc-FLAG-tagged plasmid construct (referred to outside
the methods as MTF1 plasmid) was purchased from Origene (RC204861) for use in studying
MTF1 localisation in SW1353 cells under conditions of IL-1α stimulation and/or ZnCl2
treatment. All restriction enzymes and buffers used for cloning were from NEB. The plasmid
maps are in Appendices A and B.
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2.8.1 Generation of an empty control pGL4.40 plasmid from the
pGL4.40[luc2P/MRE/Hygro] plasmid
Cloning was necessary to generate a pGL4.40 plasmid which after transfection into SW1353
cells would not permit luciferase expression in the absence of the five MRE copies. The
pGL4.40[luc2P/MRE/Hygro] plasmid was digested using XhoI and SacI restriction enzymes
in CutSmart buffer which cut either side of the combined MRE sequences creating a
linearised plasmid with overhangs. The digested products were separated by 1% TAE agarose
gel electrophoresis and the MRE-excised pGL4.40 plasmid extracted and purified by Raul
Fulea (a PhD student within the group) using the QIAquick Gel Extraction Kit (Qiagen,
28704) according to the manufacturer’s instructions. The linearised plasmid was religated
using a synthetic multiple cloning sequence (MCS) with complementary overhangs. The
synthetic MCS was designed by Dr. Louise Reynard (Newcastle University, Faculty of
Medical Science) and was comprised of two oligonucleotides
(5′CACGCGTCATATGGCTAGCCACGTGC3′ and
5′TCGAGCACGTGGCTAGCCATATGACGCGTGAGCT3′) with multiple restriction sites
(MluI, Ndel, NheI and PmII) specific to the MCS. 10µl of each 10µM oligonucleotide,
combined with 10µl 10x annealing buffer (10mM Tris pH7.5, 50mM NaCl and 1mM EDTA)
and 70µl DEPC water, was heated to 95ºC for five minutes and cooled. The annealed MCS
was ligated into the linear MRE-excised pGL4.40 plasmid using the T4 DNA ligase (NEB,
M0202). A 3:1 insert:plasmid ratio based on the DNA concentration and insert and plasmid
size was used, such that 124ng (2µl) of linearised MRE-excised pGL4.40 plasmid was mixed
with or without 2.1ng (1µl) of MCS, 1µl T4 DNA ligase, 2µl 10x T4 DNA ligase buffer and
14µl nuclease-free water, then incubated overnight at room temperature. The T4 DNA ligase
was heat inactivated at 65ºC for 20 minutes. This plasmid is referred to outside the methods as
the empty control pGL4.40 plasmid.
2.8.2 Preparing agar plates
Five hundred millilitres of agar were prepared by dissolving 10.3g luria broth (LB) and 7.5g
agar in deionised water and then autoclaved for 45 minutes. The autoclaved agar was then
cooled in a prewarmed 50ºC water bath before adding ampicillin or kanamycin antibiotics at a
final concentration of 100µg/ml ampicillin and 25µg/ml kanamycin and poured into petri
dishes and left to cool on the bench. Plates were left in 4ºC storage until required.
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2.8.3 Transformation reaction
Agar plates were removed from storage and allowed to reach room temperature before placing
in a 37ºC incubator downturned. All subsequent steps were performed by a bunsen burner.
The plasmids were diluted to 1 or 5ng/µl from a 100ng/µl stock in DEPC water. 50µl vials of
chemically competent One Shot TOP10 E. coli (Fisher Scientific, C404010) were thawed on
ice and then split into 25µl volumes in Eppendorf tubes to receive 1µl plasmid from each
concentration for both pCMV6-MTF1 c-myc-FLAG-tagged and pGL4.40[luc2P/MRE/Hygro]
plasmids. The cells were transformed with either plasmid using 42°C heat shock as described
in the manufacturers’ instructions.
The cells were then streaked out in 25, 50 or 100µl volumes on to the agar plates containing
the relevant antibiotic (ampicillin and kanamycin for pGL4.40[luc2P/MRE/Hygro] and
pCMV6-MTF1 c-myc-FLAG-tagged transformed E. coli respectively) and incubated at 37ºC
overnight to pick single colonies afterwards and to assess transformation efficacy.
2.8.4 Picking bacterial colonies
After 12-16 hours, individual colonies present on the plates were screened for transformants
and absence of transformants on negative control dishes. LB broth medium prepared by
dissolving 10.3g LB in 500ml deionised water and autoclaving, was prepared as a master mix
with ampicillin or kanamycin at the same concentrations as described in 2.8.2. Three millilitre
volumes of the master mix were dispensed into labelled 15ml falcon tubes to receive each
colony and using a sterile 10µl filter tip a single colony was picked from the dish and the tip
added to the tube. The tube was closed and incubated overnight at 37ºC in the shaker at 225
rpm.
2.8.5 Miniprep & glycerol stocks
The overnight bacterial cultures were divided into two 750µl volumes in 1.5ml Eppendorf
tubes. The tubes were then centrifuged using an Eppendorf minispin at 4293 xg for three
minutes to pellet the bacteria and the supernatant discarded to 1% virkon waste. Remaining
solution was pipetted off to remove extra LB broth. The QIAprep Spin Miniprep Kit reagents
(Qiagen, 27104) were used to extract DNA from the cells with modifications to the protocol.
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The cell pellets were resuspended by vortexing in 100µl ice-cold P1 solution. The
resuspended cells were then lysed in 200µl of P2 solution. The tube was inverted several
times to mix without vortexing and left for three minutes. 150µl P3 solution was added to
each tube, inverted several times to mix and tubes were centrifuged at 11337 xg for five
minutes. Following centrifugation, a white precipitate formed on the side of the tube and the
clear supernatant, containing the DNA, was removed and added to a new tube. The
centrifugation was repeated as before for five minutes and the clear supernatant phase
separated from any remaining precipitate into another tube. 1ml of 100% ethanol was added
to the samples, mixed, and the tubes stored at -80ºC for 15 minutes. Centrifugation at 11337
xg for 10 minutes was conducted to pellet the DNA and the ethanol was removed entirely and
the tubes left open to air dry for 10-15 minutes. The DNA was resuspended in 80µl DEPC
water, allowed to dissolve fully for 15 minutes at room temperature to then be quantified by
nanodrop.
The PureYield™ Plasmid Miniprep System (Promega, A1221) is a ‘cleaner’ approach to
DNA extraction with the use of silica membrane columns and was used once for miniprep of
the pGL4.40[luc2P/MRE/Hygro] plasmid. Six hundred microlitres of bacterial culture was
added to a 1.5ml Eppendorf tube and mixed with 100µl cell lysis buffer by inversion six
times. The solution changed from opaque to clear blue, indicating complete lysis after which
350µl of ice-cold neutralisation solution was added and mixed well by inversion. The colour
of the sample turned yellow when neutralisation was complete and after three final inversions
the tube was centrifuged at 12045 xg in an Eppendorf minispin bench-top centrifuge for three
minutes. The supernatant was transferred to a PureYield™ minicolumn. The minicolumn was
inserted into a PureYield™ collection tube and centrifuged at 12045 xg for 15 seconds. The
filtrate was discarded and the minicolumn replaced in the same collection tube. 200µl of
endotoxin removal wash was added to the minicolumn and centrifuged at 12045 xg for 15
seconds. The filtrate was not discarded. 400µl column wash solution was then added to the
minicolumn and centrifuged at 12045 xg for 30 seconds. The minicolumn was transferred to a
clean 1.5ml Eppendorf tube and allowed five minutes to air-dry before eluting the DNA in
30µl elution buffer. The tube was centrifuged at 12045 xg for 15 seconds to collect the DNA
which was quantified by nanodrop and visualised on 1% TAE agarose by electrophoresis.
Glycerol stocks were prepared by combining 300µl glycerol with 300µl of each individual
colony originating from respective antibiotic agar plates transformed with either pCMV6MTF1 c-myc-FLAG-tagged or pGL4.40[luc2P/MRE/Hygro] plasmids. The suspension was
mixed thoroughly before storing at -80ºC in 1.5ml Eppendorf tubes.
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2.8.6 Genotyping of plasmid DNA using restriction digestion
Restriction enzymes which cut the pCMV6-MTF1 c-myc-FLAG-tagged and
pGL4.40[luc2P/MRE/Hygro] plasmids were identified using a publicly available tool (ApE,
http://jorgensen.biology.utah.edu/wayned/ape/). NcoI and a combination of high-fidelity KpnI
and XhoI were identified to digest pGL4.40[luc2P/MRE/Hygro] and pCMV6-MTF1 c-mycFLAG-tagged plasmids respectively into three fragments identifiable after 1% TAE gel
electrophoresis. NcoI cuts pGL4.40[luc2P/MRE/Hygro] plasmid to give predicted products
3689, 2094 and 296bp and the KpnI and XhoI combination cutters cut pCMV6-MTF1 c-mycFLAG-tagged plasmid producing predicted products 4835, 1859 and 446bp. MluI was used to
cut specifically in the MCS of the empty control pGL4.40 plasmid just once and was
compared with full-length unmodified pGL4.40 plasmid to demonstrate specificity of the
enzyme. High-fidelity versions of KpnI and XhoI were required so the same enzymatic buffer
could be used to do a double digest.
2.8.7 Sanger sequencing of miniprepped DNA
Sanger sequencing of the miniprepped DNA was necessary to ensure the E. coli had not
altered the plasmid sequence and the plasmid was sequenced in both directions. Sanger
sequencing was outsourced to Source BioScience (Cambridge) and 500ng of plasmid DNA
and 16pmol primers were sent away. The sequences of the pCMV6-MTF1 c-myc-FLAGtagged plasmid for VP1.5 forward primer and XL39 reverse primer were
5′GGACTTTCCAAAATGTCG3′ and 5′ATTAGGACAAGGCTGGTGGG3′ respectively.
The sequence of the pGL4.40[luc2P/MRE/Hygro] plasmid sequencing primer, RVprimer3
was 5′CTAGCAAAATAGGCTGTCCC3′.
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2.8.8 Midiprep
Glycerol stocks of colonies which had the expected restriction digestion profile and
unmutated plasmid sequence were selected for midipreps and one or two colonies were used
for the initial growth phase. Stocks were thawed on ice and 30µl cells transferred to 5ml LB
broth cultures in labelled 15ml falcon tubes containing either 100µg/ml ampicillin or 25µg/ml
kanamycin and placed in a 37ºC shaker at 225 rpm for six hours. Afterwards, the cultures
were checked for their turbidity as an indicator of growth and then combined into a 500ml
autoclaved Erlenmeyer flask containing 100ml LB broth with 100µg/ml ampicillin or
25µg/ml kanamycin for overnight incubation in a 37ºC shaker at 225 rpm.
The PureYield™ Plasmid Midiprep System (Promega, A2492), containing all the columns
and buffers necessary for the subsequent steps in the midiprep protocol, was utilised. The
Erlenmeyer flask was removed from the 37ºC shaker and divided into 25ml volumes in four
50ml falcon tubes, which were weighed and weight-adjusted with water prior to
centrifugation. Tubes were centrifuged using a Hettich Rotanta 460 R at 5000 xg for 10
minutes and the supernatant discarded to virkon waste. The cells were resuspended in 3ml of
resuspension buffer and the four tubes combined into one. Cells were lysed in 3ml lysis buffer
for three minutes exactly at room temperature. 5ml neutralisation buffer was added and the
tube inverted 5-10 times. The tube was then centrifuged at 15000 xg for 15 minutes.
During this time, the vacuum manifold was assembled, connected to a pump and the
PureYield™ clearing columns (blue) inserted into the PureYield™ binding columns (white)
atop the vacuum manifold. The cleared lysate was pipetted into the blue column and the
vacuum applied until all liquid passed both columns. The vacuum was released and the
clearing column disposed and then 5ml endotoxin removal wash applied to the binding
column and the vacuum turned on. The vacuum was released and 20ml of column wash
solution was added and the vacuum turned on. Once the solution had passed, the vacuum was
left on for another five minutes to remove traces of ethanol. An Eppendorf tube was placed in
the base of the Eluator™ device and the device attached to the vacuum manifold. The binding
column was positioned above the Eppendorf tube in the Eluator™ device and 600µl nucleasefree water was added to the column and eluted by vacuum. The DNA was then quantified by
nanodrop and visualised by 1% TAE gel electrophoresis then stored at -20ºC.
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2.8.9 Restriction digestion pre-transfection
Both linearised and circular forms of each plasmid were transfected into cell lines using
restriction enzymes that cut each of the plasmids once in regions that would not disrupt
transcription of native sequences. NotI cuts at position 5190 in the
pGL4.40[luc2P/MRE/Hygro] plasmid (Appendix A) and AgeI cuts at position 3969 in the
pCMV6-MTF1 c-myc-FLAG-tagged plasmid (Appendix B). 10µl reactions were prepared
and digested at 37ºC overnight with or without AgeI or NotI with a surplus of plasmid DNA.
NotI was digested with NEB 3.1 buffer and AgeI with CutSmart buffer and 1µl of the
overnight digests were visualised on 1% TAE agarose gels.
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2.8.9.1 Qiaquick DNA clean-up
After successful digestion confirmation by gel electrophoresis, the restriction enzymes were
removed with the QIAquick Gel Extraction kit (Qiagen, 28704) prior to transfection. Three
volumes of buffer QG and one volume of isopropanol was added to the digestion reaction and
mixed well. A spin column was inserted into a 2ml collection tube and the solution added to
the spin column. This was centrifuged for one minute at 12045 xg and the filtrate discarded.
The spin column was placed back in the same collection tube and 750µl PE wash buffer
applied and left to stand for five minutes before again centrifuging for one minute at 12045
xg. The filtrate was removed and spun again for one minute at 12045 xg before the column
was transferred to a new labelled Eppendorf tube. The DNA was eluted in 30µl EB buffer,
incubated for four minutes at room temperature and then centrifuged for one minute. The
DNA was quantified by nanodrop.
2.8.9.2 Transient transfection of SW1353 cells with pCMV6-MTF1 plasmid or GFP
SW1353 cells were seeded as 0.5x106 cells in a 10cm dish (VWR, 7342321) for 24 hours and
the next day at approximately 50% confluency were transfected with 5.6µg of pCMV6-MTF1
c-myc-FLAG-tagged plasmid for 48 hours. FuGENE transfection agent (Promega, E2311)
was the lipid chemical used for transfection of SW1353 cells. Three times the volume of
FuGENE was required for every µg of plasmid DNA transfected, thus 16.8µl FuGENE was
used to transfect 5.6µg of pCMV6-MTF1 c-myc-FLAG-tagged plasmid. The mixture was
incubated for 15 minutes at room temperature before adding to the cells. As a positive control
to test that the SW1353 cells could successfully be transfected for 48 hours using FuGENE, a
sample of short hairpin RNA vector containing green fluorescence protein (GFP) (Origene,
TR30007) was kindly provided by Dr. Matt Barter, Newcastle University, Faculty of Medical
Sciences and the GFP was visualised by fluorescence microscopy.
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2.9 Generation of MTF1 and luciferase expressing stable cell lines
2.9.1 Hygromycin B kill curve for pGL4.40[luc2P/MRE/Hygro] plasmid transfection
Hygromycin B antibiotic inhibits protein synthesis by stabilising the tRNA-ribosomal
acceptor site and was used to select SW1353 or T/C-28a2 cells transfected with the pGL4.40
luciferase plasmid. A hygromycin B kill curve had previously been carried out by Raul Fulea
in SW1353 cells who deemed 200µg/ml was the minimum concentration required to kill all
cells acutely with cytotoxicity observed at higher concentrations. Therefore 200µg/ml was
used when creating the SW1353 pGL4.40 luciferase overexpression line. To generate a kill
curve for T/C-28a2, the cells were seeded at 5x103 cells per well into flat-bottom 96 well
plates incubated at 37ºC with hygromycin B at concentrations 0, 10, 20, 30, 40, 50 &
100µg/ml for eight days.
2.9.2 Geneticin (G418) selection of pCMV6-MTF1 plasmid in SW1353 cells
G418 is an aminoglycoside antibiotic that blocks polypeptide synthesis by inhibiting
transcript elongation. The gene which confers G418 resistance is neo which is present in the
pCMV6-MTF1 plasmid sequence as a kanamycin/neo cassette. Yao Hao (Newcastle
University, Faculty of Medical Science) had previously conducted a G418 kill curve in
SW1353 cells and deemed 1mg/ml the optimum concentration to kill cells in a week without
cytotoxicity and was the concentration used for selection of the plasmid in section 2.9.3.
2.9.3 Transfection, selection and expansion of MTF1 or luciferase overexpression cell lines
1.5x105 cells were seeded in 6-well plates (VWR, 7342323) overnight and incubated at 37ºC.
The next day cell lines were transfected with or without 1µg linear or circular plasmid as
prepared in the sections 2.8.9 and 2.8.9.1. 5ul lipofectamine 2000 (Fisher Scientific,
10696343) was used per µg of plasmid transfected into T/C-28a2 cells only as described in
online protocols. The media was supplemented 24 hours after transfection with or without
1mg/ml G418 for MTF1 overexpressing SW1353 cells. Final concentrations of 50µg/ml (T/C28a2 cells) or 200µg/ml (SW1353 cells) hygromycin B were supplemented for pGL4.40
luciferase overexpressing cells. Cell growth was assessed daily and when confluent the linear
and circular transfected and antibiotic-selected wells were trypsinised and seeded into T25cm2
flasks maintaining the antibiotic concentrations. These were expanded until confluent and
were trypsinised once more into T75cm2 flasks maintaining the antibiotic concentrations.
4x105 SW1353 cells were seeded in 6-well plates at in T25cm2 for 24 hours and transfected
24 hours later with 2.7µg pCMV6-MTF1 plasmid and selected as described.
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2.9.4 Storage and propagation of stable cells
As for section 2.3.1, SW1353 cell pellets were frozen for later extraction of RNA to validate
by qPCR which of the lines generated (linear or circular) would be taken forward for future
experiments, dependent on the highest MTF1 expression. SW1353 or T/C-28a2 cells were
frozen down at 1x106 cells per cryovial in FBS containing 5 or 10% DMSO respectively.
Revived antibiotic-selected cells were incubated in media containing half the original
concentration of antibiotic; 100 or 25µg /ml hygromycin B for SW1353 and T/C-28a2 cells
respectively. 500µg/ml G418 was used for linear-transfected MTF1 overexpressing SW1353
cells.
2.9.5 Confirmation that stable cells express the fusion protein
Primers that would amplify transcribed and non-transcribed regions of both plasmids were
designed with defined DNA sequences from the supplier’s sequence map using the Roche
ProbeLibrary Assay Design Software (Roche, Applied Science). The oligonucleotides were
purchased from Integrated DNA Technologies (IDT), resuspended in IDTE solution at
100µM and frozen at -20ºC. These were diluted for use at 10µM with DEPC water. Primer
sequences are listed in Table 2.4 and their locations relative to the plasmids are highlighted
in Appendices A and B.
Each plasmids DNA was diluted with deionised water 50-fold for four serial dilutions from
1ng/µl to 8x10-6 ng/µl (or 0.02ng/µl to 0.16 fg/µl) and was used as a template for each of the
primers presented in Table 2.4. Master mixes for each assay were prepared with 5µl Taqman
Fast Universal PCR Master Mix (Fisher Scientific, 4444558), 0.2µl 10µM primers, 0.1µl
Taqman probe and 2µl DEPC water per reaction. qPCR reaction volume was 10µl (7.5µl
master mix & 2.5µl DNA). The samples were then subject to denaturation at 95°C for 20
seconds followed by 40 cycles of 95°C for 1 second and 60°C for 20 seconds using the
Quantstudio 3 Real-time PCR machine (Applied Biosystems, Fisher Scientific). In each
instance where the relevant overexpressed mRNA from SW1353 or T/C-28a2 was
determined, only the primer assays to transcribed regions (Table 2.4 primers highlighted in
green) were used. Appendix C shows the qPCR validation for all assays in Table 2.4.

74

Table 2.4- Plasmid-specific qPCR primer assays.
Primers were validated against pCMV6-MTF1-c-myc-FLAG-tagged plasmid or
pGL4.40[luc2P/MRE/Hygro] plasmid. Confirmation of luciferase gene overexpression in T/C28a2 cells was confirmed using luciferase ORF assays and either MTF1-c-myc-FLAG or
luciferase overexpression in SW1353 cells confirmed with MTF1 ORF/c-myc-FLAG assays or
luciferase ORF assays respectively. ORF= open reading frame. UPL = universal probe library.
pCMV6-MTF1 C-MYCFLAG-TAGGED PLASMID
MTF1 ORF1 (assay 1)

PRIMER SEQUENCE (5′- 3′)

UPL

TGGAACTGTTTATGATAGGACCAC
15
GTCCGTCGTCATCTTCATCC

MTF1 ORF2 (assay 2)

TGTTGTTGCTGGGGCTTC
59
CTGGCAGGGGCTCAGTAGT

MTF1 c-myc-FLAG

CGCTCGAGCAGAAACTCAT
35
CGTCGTCATCCTTGTAATCCA

SV40 promoter

CGGGACTATGGTTGCTGACTA
3
GCAACCAGGTGTGGAAAGTC

Kanamycin/neo resistance gene

CCACAGTCGATGAATCCAGA
31
ATGCCTGCTTGCCGAATA

pGL4.40[luc2P/MRE/HYGRO]
PLASMID
Min promoter

PRIMER SEQUENCE (5′- 3′)

UPL

GGCCAAGCTTAGACACTAGAGG
11
TTACCAACAGTACCGGATTGC

Luc2 ORF1 (assay 1)

ACGCCGAGTACTTCGAGATG
29
ATTCAGCCCATAGCGCTTC

Luc2 ORF2 (assay 2)

CATGACCGAGAAGGAGATCG
20
CAGCTTCTTGGCGGTTGTA

SV40 early promoter

TGTGTCAGTTAGGGTGTGGAA
29
CACCTGGTTGCTGACTAATTGA

Hygromycin B

AAGACCTCCCCGAAACAGAG
40
GCAATAGCATCCATAGCTTCG

CONTROL ASSAYS

PRIMER SEQUENCE (5′- 3′)

Genomic DNA primers

CCAGGACTCTGTCTGCATCA

(-ve control)

GCGTTTTAAAGGTACCTCCTATTTG

dCas9 assay (-ve control)

AGAAGAGAAAGGTAGACCCAAAGA

UPL

51

35
TTTTTGTATAACTCGATCAAGACAGC
TET1 assay (-ve control)

GAACTGCTGGGTATCACCATTAT
17
CCTTTGGCTTCGAGAAAGTC
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2.10 Protein extraction
2.10.1 Whole protein extraction
Whole protein extractions were prepared from HACs and cell lines using ice-cold x1
radioimmunoprecipitation assay (RIPA) buffer (150mM NaCl, 1% TritonX-100, 12.7mM
C24H39NaO4 (sodium deoxycholate), 3.5mM sodium dodecyl sulphate (SDS), 50mM Tris
pH8). cOmplete™ mini EDTA-free protease inhibitor cocktails (Sigma, 4693159001) were
added to the RIPA buffer (1 tablet per 10ml x10 RIPA buffer). 1x RIPA buffer was diluted
from the x10 stock using deionised water. Cells were briefly washed in PBS and then either
trypsinised and pelleted in Eppendorf tubes before lysis or lysed directly in cell culture dishes.
200-300µl x1 RIPA was added to the cells in each instance and the homogenate passed up and
down an 18-gauge needle (BD Bioscience) to aid complete lysis. Lysate was transferred to a
1.5ml Eppendorf tube and the tube centrifuged in a PrismR Labnet centrifuge for 15 minutes
at 14000 xg at 4°C to pellet the debris. The supernatant was transferred to a new 1.5ml
Eppendorf tube. Bradford assays were carried out the same day as extraction or samples were
stored at -80º C for later quantification.
2.10.2 NE-PER nuclear and cytoplasmic extraction kit
Nuclear and cytoplasmic protein extraction was conducted with the NE-PER™ Nuclear and
Cytoplasmic Extraction Reagents kit (Fisher Scientific, 78833) suitable for 50 pellet
extractions. Adherent SW1353 and T/C-28a2 cells treated with or without IL-1α for 24 or 72
hours were washed in PBS and then dislodged with either a cell scraper or 0.05% trypsin
(Fisher Scientific, 25300054) and collected into 1.5ml Eppendorf tubes. The amount of lysis
reagent to add per sample was determined from the packed cell volume (PCV). For example,
the volume ratio of cytoplasmic extraction reagent I: cytoplasmic extraction reagent II:
nuclear extraction reagent (CERI:CERII:NER) was maintained 200:11:100µl for 20µl
(~2x106 cells) PCV. The CERI and NER reagents were supplemented with EDTA-free Halt
protease inhibitor cocktail (Thermofisher Scientific, 78425) at x1 concentration (100-fold
dilution). The CERII reagent did not require supplementation with Halt protease inhibitor
cocktail. All steps, including centrifugation in a PrismR Labnet centrifuge, were carried out
on ice or at 4°C.
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After addition of ice-cold CERI, the sample was vortexed vigorously on the highest setting for
15 seconds to fully resuspend the cell pellet, followed by incubation on ice for 10 minutes.
11µl ice-cold CERII was added and the sample vortexed for five seconds on the highest
setting followed by another incubation on ice for one minute. Another five second vortex was
performed followed by a five minute centrifugation at 15981 xg. The cytoplasmic protein
fraction was transferred to a pre-chilled Eppendorf tube. The nuclear pellet was washed with
PBS to remove excess cytoplasmic proteins and prevent carryover of cytoplasmic protein into
the nuclear fraction before the nuclei were resuspended in 100µl ice-cold NER reagent. The
sample was vortexed for 15 seconds, placed on ice and then vortexed for 15 seconds every 10
minutes for a total of 40 minutes. The tube was centrifuged at 15981 xg for 10 minutes and
the supernatant containing nuclear extract transferred to a pre-chilled Eppendorf tube.
Extracts were stored at -80°C until quantification by Bradford assay (section 2.10.3).
2.10.3 Protein quantification by Bradford assay
All protein samples were thawed on ice and then diluted five-fold with either RIPA buffer,
CERI or NER dependent on whether the sample was a whole protein lysate or a cellular
fraction. Bovine serum albumin (BSA) standard (Thermofisher Scientific, 23209) ampules
were used for generation of 10-point standard curve (0, 0.04, 0.08, 0.12, 0.16, 0.2, 0.24, 0.28,
0.32, 0.36 and 0.4µg/µl. A negative control of lysis buffer diluted five-fold with water was
also incorporated. 10µl of diluted protein or standards were added to flat-bottom 96 well
plates (Greiner Bio-One, 655101) and 150µl Bradford Ultra reagent (Expedeon, BFU05L)
added to each well in duplicate, and the plate developed for five minutes in the dark before
quantification of proteins at 595nm with a Varioskan Lux plate reader. For later experiments
the Bradford assay was modified to improve the linearity of the line of best fit of the standard
curve by additionally measuring absorbance at 450nm. The ratio of absorbance between 595
and 450nm was plotted against the dilution series and the concentration of the samples
calculated from the line of best fit equation. The samples were diluted in 2x laemmli buffer
(Sigma, S3401) and deionised water so that the same volume and hence same amount of total
protein was loaded for a particular western blot experiment and the sample was again frozen
at -80ºC for use later.
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2.11 Western blot
MTF1 overexpression lysate was purchased from Origene (LC401804) and used as a positive
control. Lysates from the GFP-transfected cells (section 2.8.9.2) were used as negative
controls in western blots to test specificity of the c-myc and FLAG (CST 2368) antibodies. A
spare unprobed western blot containing Cas9-FLAG tag overexpressing SW1353 cells
transfected with different pairs of guides targeting exon one of SOX9 was provided by Dr.
Matt Barter, Newcastle University. This was used to test some commercially available antiFLAG antibodies for the detection of FLAG in the samples.
2.11.1 SDS polyacrylamide gel electrophoresis
10 or 12% SDS polyacrylamide gels were made with 3ml or 3.6ml 40%
acrylamide/bisacrylamide solution (Sigma, 01709), 3ml of 4x lower gel buffer (final
concentration: 375mM Tris and 0.1% SDS) and the difference made up to 12ml with
deionised water. Gels were polymerised by the addition of 60µl 20% ammonium persulfate
(APS) (Sigma, A3678) and 20µl N,N,N’,N’-Tetramethylethylenediamine (Sigma, T9281) and
quickly cast between glass plates of BioRad Mini-Protean tetra-cell apparatus. A thin layer of
isopropanol was pipetted on top of the gel to exclude oxygen and remove air bubbles. The
isopropanol was washed away after complete polymerisation and the gels washed with
deionised water. 6ml of pre-made stacking gel (acrylamide 4.5%, 4x upper gel buffer; Tris
500mM SDS 0.4%) was polymerised with 30µl 20% APS and 10µl TEMED and ~3ml was
added on top of the set lower gels. The combs were inserted until the gels had completely
polymerised.
After protein extraction (section 2.10), the samples were passed through a 2ml syringe (BD
Plastipak™) 25mmx25 gauge needle (Scientific Laboratory Supplies, HSWNH251-100EA) to
shear DNA and denatured at 100°C for five minutes. The BioRad apparatus containing the gel
was put in an electrophoresis tank. The inner chamber was first filled with x1 running buffer
(25mM Tris, 192mM glycine and 0.1% SDS) and the rest of the tank for 1.5L total. 3-20µg
protein was loaded for different experiments, with the same amount of protein loaded per well
per experiment. The PageRuler™ prestained protein ladder (Thermofisher Scientific, 26616)
was loaded to determine the size of target proteins. Electrophoresis was carried out at 100V
until the protein resolved through the stacking gel and later at 160V until the loading dye ran
to the end of the gel.
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2.11.2 Blotting and probing
The gel was transferred to a polyvinylidene difluoride (PVDF) membrane by wet transfer
using x1 Towbin’s buffer (25mM Tris, 192mM glycine and 15% methanol) in a transfer tank
at 80mA/gel for 90-120 minutes. For some experiments semi-dry transfer was employed as it
gave improved transfer results over transfers from wet transfer. The PVDF membranes were
stained with neat ponceau S solution (Santa Cruz, 301558) for five minutes followed by
counter-stain in deionised water to visualise protein transfer. The membrane was then blocked
in 25ml of x1 TBS-Tween (10mM Tris, 154mM NaCl and 1% Tween 20) containing 5% milk
powder (Marvel Original, Waitrose) for one hour at room temperature on a rocker.
After blocking, the membrane was washed three times in x1 TBS-Tween for five minutes
each. Primary antibodies were diluted accordingly (Table 2.5) for western blot in 5ml 1x
TBS-Tween with 5% BSA and 0.02% sodium azide before addition to the membrane for
incubation at 4°C overnight or for one hour on a rocker in the case of GAPDH. The primary
antibodies were recovered for subsequent usage, in some but not all western blots, and the
blot was again washed three times as before. Horseradish peroxidase (HRP)-conjugated
polyclonal goat anti-rabbit (Agilent Dako, P0448) or anti-mouse (Agilent Dako, P0447)
secondary antibodies were diluted 2000-fold in 10ml of TBS-Tween with 5% milk and
incubated with the blots for one hour at room temperature. The secondary antibody was
discarded and the blot washed three times again for five minutes each.
The substrate for the HRP-conjugated secondary antibody was either enhanced
chemiluminescent substrate (ECL) normal (Sigma, GERPN2106), mid-sensitivity substrate
(Millipore, WBKLS0500) or ECL select high sensitivity substrate (Sigma, GERPN2235) with
each reagent from the kit mixed 1:1. The normal and mid-sensitivity substrates were added to
the blot for 3-4 minutes or one minute using the high sensitivity substrate, and kept in the dark
whilst the Azure C600 chemiluminescent imager was prepared. All images captured had a
calculated auto exposure time, often with cumulative images taken to select best image
avoiding saturation. PageRuler™ prestained ladder was imaged separately and then the ladder
was copied and pasted on to the rest of the blot with the region of interest tool, generating the
composite image.

79

Table 2.5 – Primary and secondary antibodies.
Antibodies in blue are primary and in orange are secondary. WB = western blot and
ICC = Immunocytochemistry.
Antibody
Name
MTF1
N-terminal
MTF1 (H-6)
C-terminal

Species &
Clonality
Rabbit
polyclonal
Mouse
monoclonal

Clone OTI4C5,
Anti-DDK
(FLAG)
DDK (FLAG)

Mouse
monoclonal
Mouse
monoclonal
Rabbit
polyclonal

DYKDDDDK
Tag

Manufacturer

Catalogue
Number
HPA028689

Application

Dilution

WB

0.4µg/ml

SC-365090

WB/ICC

2µg/ml
(WB)
1µg/ml
(ICC)

Origene

TA50011100

WB

0.5µg/ml

Origene

TA180144

WB

0.5µg/ml

Cell Signalling
Technology
(CST)

2368

WB/ICC

42ng/ml
(WB)
840ng/ml
(ICC)

Human Protein
Atlas
Santa Cruz

c-myc

Mouse
monoclonal

Roche

11667149001

WB/ICC

1µg/ml
(WB)
4µg/ml
(ICC)

Calnexin

Rabbit
polyclonal
Mouse
monoclonal
Mouse
monoclonal
Rabbit
polyclonal

Enzo

WB

50ng/ml

Santa Cruz

ADI-SPA860
SC-56

WB

1µg/ml

Santa Cruz

SC-7292

WB

1µg/ml

Cell Signalling
Technology
(CST)
Millipore

2572

WB

2000-fold

MAB374

WB

0.025µg/ml

Mouse
monoclonal
Goat
polyclonal
Goat
polyclonal

ProteinTech

60008-1-IG

ICC

3.3µg/ml

Agilent,
DAKO
Agilent,
DAKO

P0448

WB

2000-fold

P0447

WB

2000-fold

Goat
polyclonal
Goat
polyclonal

Fisher
Scientific
Fisher
Scientific

A11029

ICC

A11037

ICC

10µg/ml or
4µg/ml
10µg/ml or
4µg/ml

PCNA
Lamin A/C
Histone 2A

Antiglyceraldehyde3-phosphate
dehydrogenase
clone 6C5
Beta-actin
Goat anti-rabbit
HRP
Goat antimouse
HRP
Goat antimouse af488
Goat anti-rabbit
af594

Mouse
monoclonal
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2.11.3 Densitometry analysis of western blot data
Densitometry analysis using the publicly available software ImageJ (Schneider et al., 2012)
permitted semi-quantitative analysis of the western blot data . No plug-ins were required for
the analysis and only the built-in draw rectangles and area measurement tools were required.
For each observed protein band, whether protein of interest (FLAG antibody, CST 2368) or
loading control protein, a rectangle of fixed size was drawn around each band per lane
(sample) and the area measurements, equivalent to the pixel density was taken. Then the
background measurements calculated with rectangles of fixed size from the same lane was
subtracted from each sample on the blot.
The western blots for which this analysis was performed contained nuclear and cytoplasmic
lysates extracted at 24 or 72 hours after treatments with 0.5ng/ml IL-1α, 100µM ZnCl2 or
0.5ng/ml IL-1α + 100µM ZnCl2. There was a total of three experiments conducted in technical
duplicate for a total of six biological samples per time point or 12 western blots. There was
much greater variation across treatments between the nuclear and cytoplasmic lysates after
plotting the pixel measurements corrected for background. For example, the 24 hour
experiments had greater variation in the cytoplasmic samples and at 72 hours greater variation
was observed in the nuclear samples compared to cytoplasmic lysates. Therefore, the samples
were divided by either the control cytoplasmic pixel density measurement for the FLAG
protein band for the 24 hour experiments or by the control nuclear pixel density measurement
for the FLAG protein band for the 72 hour experiments. Finally, the pixel intensity
measurements for the FLAG antibody for the nuclear or cytoplasmic samples were divided by
the measurements calculated for their respective loading control e.g. lamin AC for nuclear
samples and GAPDH for cytoplasmic samples. The resulting densitometry data was analysed
by Wilcoxon t-test comparing controls against treatment within the same protein fraction
across both 24 and 72 hour time points.
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2.12 Immunocytochemistry (ICC)
2.12.1 ICC detection of c-myc-FLAG-tagged MTF1 protein in cells transiently transfected
with the pCMV6-MTF1 c-myc-FLAG plasmid
Eleven thousand two hundred and fifty SW1353 cells were seeded into each well of a 4-well
permanox-coated chamber slide (Fisher Scientific) in 400µl DMEM/F12 medium and
incubated at 37°C overnight. The next day two wells were transfected with 1µg of MTF1
expression plasmid using FuGENE HD™ Transfection Reagent (Promega, E2311). Chamber
slides were incubated at 37ºC incubator for 48 hours before the medium was removed and the
cells washed in PBS. Cells were fixed in 250µl 10% neutral buffered formalin solution
containing 4% formaldehyde (Sigma, HT501128) for 10 minutes on the bench. The fixative
was removed and the wells gently washed in PBS twice, with no incubation period or plate
rocker between washes. The cells were then permeabilised in 250µl 0.2% Triton X-100
detergent (diluted with PBS) for five minutes and washed another three times in PBS. The
cells were blocked with 250µl 10% goat serum (Vector Laboratories, S-1000) to prevent nonspecific binding of the primary antibodies for one hour at room temperature. The block was
removed, 4µg/ml mouse monoclonal anti-c-myc antibody (Roche, 11667149001) or 1µg/ml
monoclonal mouse anti-MTF1 antibody (Santa Cruz, 365090) added to the chambers, and
incubated at room temperature for an hour. Untransfected cells were incubated at room
temperature for an hour with a 10% goat serum and PBS solution (absent primary antibody)
to later stain with 10µg/ml goat anti-mouse IgG af488 (Fisher Scientific, A11029) or 4µg/ml
mouse monoclonal anti-c-myc antibody to determine if this antibody is specific. The chamber
slide was washed three times with PBS before addition of 10µg/ml goat anti-mouse IgG af488
(Fisher Scientific, A11029) diluted in 10% goat serum/PBS solution to all wells and incubated
again at room temperature for 60 minutes. Unbound secondary antibody was discarded and
after a final PBS wash the chamber was removed from the slide which was mounted in
aqueous VECTASHIELD™ Antifade Mounting Medium with DAPI (H-1200). The slides
were covered with a glass coverslip (VWR, 631-1574) and images captured with a Zeiss
Axioplan fluorescent microscope. The percentage of localised nuclear protein was calculated
as the sum of the nuclear only counts for a target protein divided by cytoplasmic and nuclear
stained target protein multiplied by 100 from a total of three fields of view per well per
condition.
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2.12.2 Detection of c-myc-FLAG-tagged MTF1protein in stable MTF1 overexpressing
SW1353 cells
The stably selected MTF1 overexpressing SW1353 cells generated previously (section 2.9.3)
were assessed for production of the encoded MTF1-MYC-FLAG tagged protein by ICC. As a
positive control for the transfection, HEK293 cells were also transfected with the pCMV6MTF1 c-myc-FLAG plasmid in these experiments. HEK293 cells were cultured in 10cm
dishes containing DMEM (Fisher Scientific, 11965092) with 2mM L-glutamine, 10% FBS
(Sigma, F9665), 100U/ml penicillin/streptomycin and 50U/ml nystatin prior to seeding into
chamber slides. Four wells of an eight-well chamber slide (Fisher Scientific, 154534) were
seeded with 7.5x103 SW1353 cells and the remaining four wells seeded in duplicate with
either AgeI-digested MTF1 overexpressing SW1353 or HEK293 cells and incubated at 37°C
for 24 hours. AgeI-digested MTF1 overexpressing SW1353 cells were supplemented with
500µg/ml G418 in the medium to maintain the selection pressure. One microgram MTF1
plasmid was transfected into two wells containing SW1353 or HEK293 cells were incubated
at 37°C for 48 hours before immunostaining. Untransfected SW1353 wells had 100µl medium
replaced instead of transfection. Cells were fixed, permeabilised, blocked and stained as
described previously and the correct concentration of 0.5% TritonX-100 detergent for
permeabilisation was used. The primary antibodies used in the detection of MTF1 were
1µg/ml monoclonal mouse anti-MTF1 antibody (Santa Cruz, 365090) or 840ng/ml polyclonal
rabbit anti-FLAG antibody (CST, 2368) incubated at room temperature for one hour for four
wells each per cell line.10µg/ml of goat anti-mouse IgG af488 or goat anti-rabbit IgG af594
diluted in 10% goat serum/PBS solution was added to the appropriate wells for one hour at
room temperature. The same experiment was repeated but substituting the AgeI-digested
linear MTF1 overexpressing SW1353 cells with the circular MTF1 overexpression SW1353
line (Appendix D).
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2.12.3 Determining MTF1 cellular localisation following IL-1α and/or ZnCl2 treatment of
linear MTF1 overexpressing SW1353 cell line for 24 or 72 hours
Two eight-well chamber slides were seeded with 7.5x103 linear MTF1 overexpressing
SW1353 cells per well for four hours. The media from one chamber slide was removed and
replaced with medium alone or medium containing 0.25ng/ml IL-1α, 100µM ZnCl2 or both
0.25ng/ml IL-1α + 100µM ZnCl2 and incubated for 72 hours at 37ºC. Forty eight hours after
treatment, the second chamber slide was also stimulated with 0.25ng/ml IL-1α, 100µM ZnCl2
or both 0.25ng/ml IL-1α and 100µM ZnCl2 for 24 hours, after which both chamber slides
were fixed for 10 minutes in 10% neutral buffered formalin solution containing 4%
formaldehyde on the bench followed by cell permeabilisation (0.5% Triton X-100) for five
minutes. The primary antibody concentration for the anti-FLAG (CST, 2368) was 280ng/ml
and cells were stained alone or in combination with 3.3µg/ml beta-actin antibody
(ProteinTech, 60008-1-IG) as a cytoplasmic protein reference. The secondary antibodies were
used at 4µg/ml rather than the 10µg/ml used previously which is still in the manufacturer’s
tested range for goat anti-mouse IgG af488 but the goat anti-rabbit IgG af594 specifically
states 4µg/ml which was overlooked. The rest of the staining protocol was the same as in
2.12.1 except I increased the primary antibody incubation to overnight at 4°C and the
secondary antibody incubation to two hours.
2.12.4 Zeiss Axioplan fluorescence microscope calibration
The GFP band pass filter was used to detect MTF1 in chamber slides stained either solely
with green fluorochrome af488 IgG antibody or in combination with red fluorochrome af594
IgG antibody. However, in the first ICC experiment, the GFP long pass filter for wells stained
with goat anti-mouse IgG af488 only was used. The af594 filter for any cells stained with the
af594 IgG antibody was always used. Setting the exposure time for each channel across all
samples of an experiment was dependent on whether HEK293 cells were used as a positive
control. If HEK293 cells were used the exposure time in that well was reduced until the signal
was undetected and that exposure time applied to all other samples. Alternatively, secondary
antibody only controls were used where signal generated in the channel should not be
observed and if detectable the exposure time decreased again until not visible and this time
applied to all samples. Three or four images were captured per well after camera calibration
and the cells were counted manually with help from Raul Fulea. Attempts were made to
automate the counting procedure akin to methods for counting chondrocytes in the growth
plate using ImageJ, however I found that the software would too easily amalgamate groups of
cells which led to inaccurate measurements.
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2.13 Luciferase assays
2.13.1 SW1353 & T/C-28a2 luciferase assays
SW1353 and T/C-28a2 cells were seeded into 96 well plates (Greiner Bio-One, 655101) at
5x103 cells/well in 100µl DMEM/F12 medium (Fisher Scientific, 11320074) supplemented
with 2mM L-glutamine (Fisher Scientific, 25030024), 10% FBS (Sigma, F9665), 100U/ml
penicillin-streptomycin (Fisher Scientific, 15140122) and 50U/ml nystatin (Sigma, N1638)
and incubated at 37°C. Twenty four hours later, cells were transfected with either 100ng/well
of the pGL4.40[luc2P/MRE/Hygro] (Promega, E4131) or the empty control pGL4.40
luciferase plasmids. Six nanograms per well of Renilla luciferase TK control reporter vector
(Promega, E2241) was used in all wells to normalise the data and control for the transfection
efficiencies between wells.
Twenty-four hours after transfection the medium was removed from all wells and the cells
were treated with medium alone, IL-1α (0.5ng/ml-SW1353, 0.25ng/ml- T/C-28a2), IL-1β
(5ng/ml-SW1353, 2.5ng/ml-T/C-28a2), 100µM ZnCl2 or both IL-1α (0.5ng/ml-SW1353,
0.25ng/ml- T/C-28a2) and 100µM ZnCl2. After a final 24 hours incubation the medium was
removed and the cells rinsed once in PBS. The cells were lysed in fresh Passive Lysis Buffer
(Promega, E1941) and the luciferase activity was determined using the Dual-Luciferase®
Reporter Assay System (Promega, E1910) on a GloMax-Multi Detection System (Promega).
The firefly luciferase activity was normalised against the activity of the renilla luciferase, and
further normalised against the empty control pGL4.40 luciferase plasmid for the same
treatment group. This was executed in case the treatments unexpectedly influenced the
luciferase expression in cells transfected with the empty control pGL4.40 luciferase plasmid.
Four biological and six technical repeats were performed for each cell line.
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2.13.2 Luciferase activity comparing MTF1 overexpression and endogenous MTF1 activity
in SW1353 cells
The linear MTF1 overexpression SW1353 cell line generated in section 2.9.3 and
untransfected SW1353 cells were seeded into 96 well plates (Greiner Bio-One, 655101) at
5x103 cells/well in 100µl DMEM/F12 medium (Fisher Scientific, 11320074) supplemented
with 2mM L-glutamine (Fisher Scientific, 25030024), 10% FBS (Sigma, F9665) , 100U/ml
penicillin-streptomycin (Fisher Scientific, 15140122) and 50U/ml nystatin (Sigma, N1638).
24 hours later cells were transfected with either 100ng/well of the
pGL4.40[luc2P/MRE/Hygro] plasmid (Promega, E4131) or the empty control pGL4.40
luciferase plasmid. Six nanograms per well of Renilla luciferase reporter plasmid (Promega)
was used in all wells to normalise the data and control for the transfection efficiencies
between wells.
Twenty-four hours after transfection the medium was removed from all wells and the cells were
treated with medium alone, 0.5ng/ml IL-1α, 100µM ZnCl2 or both 0.5ng/ml IL-1α and 100µM
ZnCl2. After a final 24 hours incubation the medium was removed, and the cells rinsed once in
PBS. The cells were lysed in fresh Passive Lysis Buffer (Promega) and the luciferase activity
was determined using the Dual-Luciferase® Reporter Assay System (Promega, E1910) on a
GloMax-Multi Detection System (Promega). The firefly luciferase activity was normalised
against the activity of the renilla luciferase, and further normalised against the empty control
pGL4.40 luciferase plasmid for the same treatment group. Four biological and six technical
repeats were performed for each cell line. The luciferase data was first screened for normality
by D’Agostino-Pearson omnibus k2 test (n≥8 means) and control vs treatment pairings that
passed were analysed by unpaired t-test with Welch’s correction which does not assume equal
variance of the groups, otherwise data was analysed by non-parametric Mann-Whitney test.
Outliers in the raw firefly:renilla luciferase ratios were determined by addition or subtraction
of 1.5 times the interquartile range of the 75th or 25th percentile respectively
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Chapter 3: IN SILICO ANALYSIS OF GENES INVOLVED IN THE
CELLULAR HOMEOSTASIS OF ZINC
3.1 Introduction
As described in detail in section 1.4.2, the zinc-ZIP8-MTF1 axis was identified as a catabolic
regulator of matrix metalloproteinase activity, contributing to OA pathogenesis (Kim et al.,
2014). In vitro and in vivo experiments together with transgenic mice models identified a key
role for zinc homeostasis in OA pathogenesis. The zinc importer Slc39a8 was upregulated in
response to IL-1 treatment, leading to increased cytoplasmic levels of zinc which in turn
triggered nuclear translocation of the MTF1 metal sensing transcription factor. MTF1 then
upregulated the expression of several genes including MTs, Mmp13 and Adam-ts5.
It is unknown if zinc homeostasis plays a role in human cartilage homeostasis and OA.
Extrapolating these interesting mechanistic findings from mouse to human in relation to zinc
homeostasis is challenging, not least because of the increase in Mt gene complexity from two
in mice to 16 in humans, of which at least 11 are functional (Kimura and Kambe, 2016).
However, the advent of SkeletalVis (http://phenome.manchester.ac.uk/), a new bioinformatics
tool to analyse transcriptomic datasets from different species (including human and mouse) in
different experimental contexts or diseases, allows one to perceive which genes are commonly
associated with zinc homeostasis between different OA datasets. It also permits identification
of overlapping transcriptomic signatures between species for an evolutionary appreciation of
potentially common homeostatic mechanisms.
SkeletalVis is a publicly available repository of musculoskeletal transcriptomic datasets from
microarrays and RNA-Seq platforms conducted across multiple tissues and species (Soul et
al., 2018b). This resource was created for two main purposes. Firstly, to increase the utility of
published transcriptomics data using the entire dataset to identify previously over-looked
features and secondly to standardise the analysis and integration of the data, enabling clear
interpretation and to inform new promising avenues of research. The database can be mined
for gene expression profiles and filtered by species, tissue, PubMed ID, expression platform
and more. My approach was focussed to OA-relevant studies (Table 3.1) of both human and
mice cartilage and chondrocytes, using the filtering tools in SkeletalVis (section 2.1.1).
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3.2 Chapter aims
The aim of this chapter is to use in silico tools and existing datasets to examine if
dysregulated zinc homeostasis may contribute to human OA pathogenesis.
Using SkeletalVis, the following questions were addressed:
•
•
•
•

Are zinc homeostasis genes dysregulated in a human OA cartilage setting compared to
non-OA controls?
Are zinc homeostasis genes dysregulated in damaged versus intact human OA cartilage
of the same joint?
Do inflammatory mediators, namely IL-1α or IL-1β, affect zinc homeostasis genes in
human chondrocytes cultured in vitro?
Do murine models of OA and cultured murine chondrocytes share any directionally
dysregulated zinc gene signatures in common with human studies?
Using LDlink and GTEx databases:

•

Identify and present SNP eQTL associations by plotting venn-diagrams of separate SNP
lists for each of the five OA-susceptibility or mjsw width GWAS SNPs against the
respective eQTL SNP lists for the corresponding genomic locus.

3.3 Transcriptomic datasets
Using the SkeletalVis ‘Explore’ tool, the 300 transcriptomic datasets were searched to
identify relevant key words “osteoarthritis”, “cartilage”, “chondrocyte” and “IL-1”. A total of
17 human and eight murine datasets were identified based on these terms. After selecting an
experiment, the factor(s) to be compared within the experiment were selected in the “Choose
a Comparison” window and each microarray or RNA-Seq study was assessed for quality
control, which was determined by viewing the principal component analysis (PCA) plots.
Thus, a total of 13 datasets were chosen for further analysis. Data for all 24 zinc transporters,
MTF1, MTF2, SP1 and 11 MTs were extracted for each study. Additional genes of interest for
chondrocyte studies were the pro-inflammatory genes IL-6, CXCL8 (encoding IL-8), CCL2,
the matrix metalloproteinases MMP3, MMP9, MMP12, MMP13, and the aggrecanase ADAMTS5. Expression data relating to Cxcl8 was unavailable for the murine chondrocyte
microarrays. Differentially expressed genes between experiments of similar design, or
different time points within the same experiment, were identified and recorded (Tables 3.23.7). The normalised microarray signals or read counts of the significantly and differentially
expressed genes were obtained for every sample in each of the studies with assistance from
Dr. Jamie Soul.
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Table 3.1 – Human (1-9) and murine (10-13) OA transcriptomics datasets identified
through SkeletalVis.
dOA = damaged OA cartilage, iOA = intact OA cartilage, DMM = destabilisation of the medial
meniscus, OSM = oncostatin M, OA = osteoarthritis.
Study

Reference

Tissue

Type

Comparison

Sample Size (N)

1

(Fisch et al.,
2018)

knee
cartilage

RNA-Seq

iOA vs non OA

20 iOA vs 18 non OA

2

(Soul et al.,
2018a)

knee
cartilage

RNA-Seq

iOA vs non OA

60 iOA vs 10 non OA

3

(Dunn et al.,
2016)

knee
cartilage

RNA-Seq

dOA vs iOA

8 dOA vs 8 iOA

4

(Xu et al.,
2012)

hip cartilage

microarray

iOA vs non OA

12 iOA vs 13 non OA

(Ramos et al.,
2014)

hip and knee
cartilage

dOA vs iOA

33 dOA vs 33 iOA

5

microarray
iOA vs non OA

33 iOA vs 7 non OA

(Pearson et al.,
hip
2016)
chondrocytes

RNA-Seq

1ng/ml IL-1β vs
control

3 donors
(hip OA)

6

7

(MoazediFuerst et al.,
2016)

knee
microarray
chondrocytes

10ng/ml IL-1β vs
control

4 donors
(knee OA)

8

(Comblain et
al., 2016)

knee
microarray
chondrocytes

10pM IL-1β vs
control

12 donors
(knee OA)

9

(Chan et al.,
2017)

knee
microarray
chondrocytes

0.05ng/ml IL-1α
and 10µg/ml
OSM vs control

3 donors
(knee OA)

Study

Reference

Tissue

Comparison

Sample Size (N)

DMM vs sham

21

(Burleigh et
al., 2012)

Whole-joint
(excluding
skin and
skeletal
muscle)

(independent
mice knee joints)

3 mice/group/time
point

10

11

(Bateman et
al., 2013)

12

(Poulet et al.,
2012)

13

GSE104793
(unpublished)

cartilage

Type

microarray

microarray

DMM vs sham
(contralateral
knee)

12
4 mice/group/time
point
24

microarray

ageing OA model
vs CBA mice

chondrocytes microarray

IL-1β vs control

cartilage

4 mice/group/time
point
6
3 mice/group
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3.4 Several zinc transporters are differentially expressed in OA cartilage compared to
non-OA cartilage
To investigate if genes involved in zinc homeostasis are dysregulated in undamaged intact OA
cartilage, datasets that compared intact OA cartilage to cartilage from patients without OA
were analysed. The experimental groups for the microarray and RNA-Seq comparing human
cartilage with control knee cartilage (referred to as non-OA subsequently) can be classified as
knee (Fisch et al., 2018; Soul et al., 2018a), hip (Xu et al., 2012), or combined hip and knee
(Ramos et al., 2014) cartilage. The controls between each study are not all uniform and are
worth defining herein. Firstly, Fisch et al., 2018 used full-thickness intact OA knee cartilage
(iOA) from patients undergoing joint replacement and sourced non-OA cartilage from
cadavers 48 hours after death with no history of OA or joint trauma. Soul et al., 2018 also
used iOA knee cartilage sourced at time of surgery and used control articular cartilage of
above knee amputees who had vascular disease but no history of OA (referred to as non-OA
in figures). Xu et al., 2012 compared iOA hip cartilage with cartilage from patients who had
NOF fractures (also referred to as non-OA subsequently). Dunn et al., 2016 performed
ipsilateral analyses of damaged OA cartilage (dOA) against iOA regions of knee cartilage.
Ramos et al., 2014 compared hip and knee dOA or iOA against non-OA ‘healthy’ controls but
there is no further description of these controls beyond this in the paper or supplementary
data. Furthermore, the dOA versus non-OA comparison from Ramos et al., 2014 was not
assessed because this was a stand-alone cartilage study and the other groups had all used iOA
cartilage.
The results of the OA vs non-OA gene expression analyses for each of the four studies are
summarised for the genes of interest in Table 3.2. The log2-fold changes, fold changes and
adjusted p-values generated by SkeletalVis are illustrated; for some genes, there were several
probes on the microarray and the data for each is given. A gene was said to be differentially
expressed in OA cartilage if it was significantly and differentially expressed (FDR p<0.05) in
the same direction in at least three of the datasets. Using these criteria, the zinc exporter gene
SLC30A2 and the zinc importer genes SLC39A3, SLC39A7 and SLC39A14 were identified as
differentially expressed (Figure 3.1). SLC30A2 and SLC39A14 were downregulated and
SLC39A3 and SLC39A7 were upregulated. SP1, MTF1 or MTF2, proposed to mediate zinc
signalling, were not significantly altered. A number of class I MTs were down-regulated
significantly in both iOA knee cartilage RNA-Seq datasets (Table 3.2) but only MT1A and
MT1X were significantly down-regulated in three of four iOA knee or hip cartilage datasets
compared to their respective non-OA controls (Figure 3.2).
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Table 3.2 - SkeletalVis data from four human preserved OA cartilage versus non-OA cartilage datasets for genes involved in zinc homeostasis.
The log2-fold change (log2FC), fold change (FC) and adjusted p-value (padj) is recorded for each gene entry and fold change is relative to the fold
change has been formatted across all genes and datasets using a three colour scheme indicating differential gene downregulation in OA (blue), no change
(white) and upregulation in OA (red). Expression data in bold are significantly and differentially expressed in OA for one or more datasets. Gene names
in bold are significantly and differentially expressed unidirectionally in OA for 75% of datasets. Where there were fewer than four probes for a particular
gene on the microarray NA was used to indicate this. If NA is confined to padj only column, then the p value was not calculated because of insufficient
replicates.
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Legend: ▼ Fisch et al., 2018 ● Soul et al., 2018a ♦ Xu et al., 2012 ▲ Ramos et al., 2014
Green = non-OA knee cartilage, Orange = iOA knee cartilage, Blue = non-OA hip cartilage,
Purple = iOA hip cartilage, Cyan = non-OA knee and hip cartilage,
Pink = iOA knee and hip cartilage

Figure 3.1 – SLC30A2, SLC39A3, SLC39A7 and SLC39A14 zinc transporters are
significantly and differentially regulated in intact knee, hip or knee and hip OA cartilage
versus non-OA cartilage.
Normalised data for SLC30A2, SLC39A3, SLC39A7 or SLC39A14 are expressed as read counts
or (A, C, E and G) microarray signals (B, D, F and H) dependent on the platform used and were
generated by Dr Jamie Soul upon request and are not provided by the SkeletalVis tool. The
horizontal lines are the means of the samples with the standard deviation plotted. P values for
significantly and differentially expressed genes were calculated in SkeletalVis (Soul et al.,
2018b). * p<0.05 **p<0.01 ***p<0.001.
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Legend: ▼ Fisch et al., 2018 ● Soul et al., 2018a ♦ Xu et al., 2012 ▲ Ramos et al., 2014
Green = non-OA knee cartilage, Orange = iOA knee cartilage, Blue = non-OA hip cartilage,
Purple = iOA hip cartilage, Cyan = non-OA knee and hip cartilage,
Pink = iOA knee and hip cartilage

Figure 3.2 – MT1A and MT1X are significantly and differentially expressed in iOA
cartilage versus non-OA cartilage.
Normalised data for MT1A and MT1X are expressed as read counts (A and C) or microarray
signals B and D) dependent on the platform used by the research group specified in the legend
and were generated by Dr Jamie Soul upon request and are not provided by the SkeletalVis
tool. The horizontal lines are the means of the samples with the standard deviation plotted. P
values for significantly and differentially expressed genes were calculated in SkeletalVis (Soul
et al., 2018b). * p<0.05 *** p<0.001.
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3.5 SLC39A14, MT1F, MT1G and MT1M are upregulated in damaged OA cartilage.
As several genes involved in zinc homeostasis are dysregulated in human OA cartilage, I
examined whether these genes had altered expression in lesioned dOA cartilage compared to
undamaged iOA cartilage from the same joint. Two transcriptomic datasets were available on
SkeletalVis for analysis. These were the Dunn et al., 2016 RNA-Seq dataset and the Ramos et
al., 2014 microarray dataset. The former performed ipsilateral analyses of dOA cartilage against
iOA regions of knee cartilage, and the latter performed a similar analysis of OA knee and OA
hip cartilage combined. A gene was said to be significantly and differentially expressed in dOA
cartilage compared to iOA cartilage if the p-value generated in SkeletalVis was below the FDR
p<0.05 threshold in the same direction in both Dunn et al., 2016 and Ramos et al., 2014 datasets.
Fewer zinc homeostasis genes were significantly and differentially altered when the comparison
being made was from a damaged region of an OA joint compared to an intact region (Table
3.3). For example, no zinc exporter genes were significantly and differentially expressed in both
datasets, though SLC30A1 almost reached significance (p=0.058) for the Ramos et al., 2014
comparison and was already significant (p=0.000) for Dunn et al., 2016. Among the zinc
importers only SLC39A14 (Figure 3.3) was altered in both datasets (Dunn et al., 2016 p=0.003;
Ramos et al., 2014 p=0.001). The transcription factors SP1, MTF1 and MTF2 were not
significantly and differentially expressed. MT1F, MT1G and MT1M (Figure 3.4) were
significantly and differentially expressed among the MT genes (Table 3.3). Compared to iOA
cartilage versus non-OA cartilage datasets, SLC39A14 and the MTs were differentially
upregulated suggesting these genes may be more pertinent to OA progression in the
establishment of tissue damage or after the event.
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Table 3.3 – SkeletalVis data from two human ipsilateral damaged OA versus intact OA
cartilage datasets for genes involved in zinc homeostasis.
The log2-fold change (log2FC), fold change (FC) and adjusted p-value (padj) is recorded for
each gene entry and the fold change has been formatted across all genes and datasets using a
three colour scheme indicating differential gene downregulation in dOA cartilage (blue), no
change (white) and upregulation in dOA cartilage (red). Data in bold are significantly and
differentially expressed in dOA for at least one dataset. Gene names in bold are significantly
and differentially expressed unidirectionally in dOA for both datasets. Where there were fewer
than four probes for a particular gene on the microarray NA was used to indicate this. If NA is
confined to padj only column, then the p value was not calculated because of insufficient
replicates.
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Legend: ■ Dunn et al., 2016 ▲ Ramos et al., 2014
Orange = iOA knee cartilage, Red = dOA knee cartilage,
Pink = iOA knee and hip cartilage, Black = dOA knee and hip cartilage

Figure 3.3 – SLC39A14 is significantly and differentially expressed in dOA versus iOA
knee cartilage of the same knee joint by RNA-Seq (Dunn et al., 2016) and in matched knee
or hip OA joints by microarray (Ramos et al., 2014).
The Ramos et al., 2014 study collected samples of both damaged and intact cartilage from either
patient with either knee or hip OA and analysed the gene expression in these groups
independent of joint site. Normalised data for SLC39A14 is expressed as read counts A) or
microarray signals B) dependent on the platform used by the research group specified in the
legend and were generated by Dr Jamie Soul upon request and are not provided by the
SkeletalVis tool. The horizontal lines are the means of the samples with the standard deviation
plotted. P values for significantly and differentially expressed genes were calculated in
SkeletalVis (Soul et al., 2018b). ** p<0.01 *** p<0.001.
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Legend: ■ Dunn et al., 2016 ▲ Ramos et al., 2014
Orange = iOA knee cartilage, Red = dOA knee cartilage,
Pink = iOA knee and hip cartilage, Black = dOA knee and hip cartilage

Figure 3.4 – Metallothioneins significantly and differentially expressed in dOA versus iOA
knee cartilage in RNA-Seq (Dunn et al., 2016) and dOA knee and hip joints (Ramos et
al.,2014) from different patients.
The Ramos et al., 2014 study collected samples of both damaged and intact cartilage from either
patient with either knee or hip OA and analysed the gene expression in these groups
independent of joint site. Normalised data for MT1F, MT1G and MT1M are expressed as read
counts (A, C and E) or microarray signals (B, D and F) dependent on the platform used by the
research group specified in the legend and were generated by Dr Jamie Soul upon request and
are not provided by the SkeletalVis tool. The horizontal lines are the means of the samples with
the standard deviation plotted. P values for significantly and differentially expressed genes were
calculated in SkeletalVis (Soul et al., 2018b). * p<0.05, ** p<0.01 *** p<0.001.
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3.6 Influence of IL-1 signalling pathway on zinc homeostasis genes in human and murine
chondrocytes
3.6.1 Human chondrocytes treatment with different IL-1 receptor ligands up to four hours
In the previous sections, broadly speaking, a dichotomy was observed between upregulated
zinc importers and downregulated MTs in iOA cartilage versus non-OA cartilage compared to
downregulated zinc importers and upregulated MTs in dOA cartilage versus iOA cartilage.
Together these analyses demonstrate that zinc homeostasis genes are differentially expressed
in OA, although only SLC39A14 was found to change between non-OA and iOA cartilage,
and iOA and dOA cartilage, although in different directions. I next wanted to investigate if
IL-1 also influenced gene expression of genes involved in zinc homeostasis. Furthermore, the
genes IL-6, CXCL8 and CCL2 were assessed as genes known to be positively regulated by IL1 cytokines.
I identified a total of three studies where HACs had been exposed to short term 0.05ng/ml IL1α and 10ng/ml OSM treatment for one hour and 1.25 hours (Chan et al., 2017) or four hours
of IL-1β (Pearson et al., 2016, 1ng/ml; Moazedi-Fuerst et al.,2016, 10ng/ml). Because the IL1 receptor ligands differed between datasets or the concentration of IL-1β used differed,
significantly and differentially expressed genes were determined between the four hour IL-1β
datasets (Pearson et al., 2016, 1ng/ml; Moazedi-Fuerst et al.,2016, 10ng/ml) and within the
one and 1.25 hour time points of Chan et al., 2017. The gene was considered significantly and
differentially expressed if the p value was lower than the FDR p<0.05 in the same direction
for these comparisons. OSM is not an IL-1 receptor ligand but has been used in combination
with an IL-1α transgene in an in vivo mouse model and in cultured HACs stimulated with IL1α and OSM (Rowan et al., 2003) as a strong inducer of MMP activity and resulting collagen
degradation.
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More zinc homeostasis genes were differentially expressed after four hours of IL-1 ligand
exposure versus untreated cells than IL-1 ligand exposure after one or 1.25 hours versus
untreated cells (Table 3.4). There were differences among positive control gene fold change
responses for IL-6, CXCL8 or CCL2 between HACs exposed to 1ng/ml IL-1β and those
exposed to 10ng/ml IL-1β after four hours (Figure 3.5). Furthermore, SLC39A14 was the only
zinc importer differentially upregulated (Figure 3.6) 4.2 and 3.6-fold (Table 3.4) after four
hours of IL-1β treatment in Pearson et al., 2016 and Moazedi-Fuerst et al.,2016 respectively.
Significant (p=0.000 and p=0.011 respectively) ~2-fold differential expression was observed
for MTF1 (Table 3.4, Figure 3.7) in both four hour studies. Among the MT genes, MT1E,
MT1X and MT2A were significantly (p=0.000) upregulated (Figure 3.8) and parallels with the
ipsilateral dOA versus iOA cartilage study could be drawn. There were detectable and
significant increased fold changes in MMP3, MMP12 and MMP13 (Table 3.4) which was
present in both Pearson et al., 2016 and Moazedi-Fuerst et al., 2016 four hour IL-1β datasets
(Figure 3.9).
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Table 3.4 - SkeletalVis data from three human IL-1-treated chondrocyte datasets treated acutely (1, 1.25 or 4 hours) with IL-1 receptor
ligands for genes involved in zinc homeostasis.
The log2-fold change (log2FC), fold change (FC) and adjusted p-value (padj) is recorded for each gene entry and the fold change has been formatted
across all genes and datasets using a three-colour scheme indicating differential gene downregulation with IL-1 treatment (blue), no change (white),
and upregulation with IL-1 treatment (red). Expression data in bold is significantly and differentially expressed with IL-1 for that gene in one dataset.
Gene names in bold are significantly and differentially expressed unidirectionally with IL-1α and OSM for either 1 or 1.25 hours within Chan et al.,
2017 or between the four hour IL-1β treatments of Pearson et al., 2016 or Moazedi-Fuerst et al., 2016 studies. Where there were fewer than four
probes for a gene on the microarray, NA was used to indicate this. If NA is confined to padj only column, then the p value was not calculated because
of insufficient replicates.

102

IL6
IL6

B)

C)

CXCL8
CXCL8

9
7
5

4

1

4 hours

hours

CCL2
16

✱✱

normalised
microarray signal

14
12
10
8

✱✱✱

14
12
10

1

1.25
hours

10ng/ml IL1

IL1+ OSM

Control

IL1+ OSM

1ng/ml IL1

Control

4 hours

Control

8

6

4

4

CCL2
✱✱✱

16

✱✱✱

16

1.25
hours

F)

CCL2

✱✱✱

18

normalised read counts

E)

normalised read counts

CXCL8
CXCL8

Control

D)

Control

3

Control

Control

1.25

7
5

10ng/ml IL1

Control

IL1+ OSM

Control

1

IL1+ OSM

6

9

11

10ng/ml IL1

8

11

14
12
10
8

1ng/ml IL1

10

13

✱✱✱

13

Control

12

15

✱✱✱

IL1+ OSM

✱✱✱

14

15

✱✱✱

✱✱✱

Control

✱✱✱

normalised
microarray signal

✱✱✱

1ng/ml IL1

normalised
microarray signal

16

normalised read counts

17

IL1+ OSM

IL6

Control

IL6

A)

4 hours

Legend: ▼Chan et al., 2017 (1 and 1.25 hours) ▲ Moazedi-Fuerst et al., 2016 (4 hours)
● Pearson et al., 2016 (4 hours). Black = untreated control, Red = IL-1α and OSM or IL-1β

Figure 3.5 - IL-6, CXCL8 and CCL2 are differentially expressed in human chondrocytes
treated with or without IL-1 for one, 1.25 or four hours in RNA-Seq (Pearson et al., 2016)
and microarray (Chan et al., 2017; Moazedi-Fuerst et al., 2016) datasets.
Normalised data for IL-6, CXCL8 and CCL2 are expressed as read counts (B, D and F) or
microarray signals (A, C and E) dependent on the platform used by the research group specified
in the legend and were generated by Dr Jamie Soul upon request and are not provided by the
SkeletalVis tool. The horizontal lines are the means of the samples with the standard deviation
plotted. P values for significantly and differentially expressed genes were calculated in
SkeletalVis (Soul et al., 2018b). ** p<0.01, *** p<0.001, oncostatin M = OSM.
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Figure 3.6 – SLC39A14 is significantly and differentially expressed in human
chondrocytes after four hours IL-1β in microarray (Moazedi-Fuerst et al., 2016) and
RNA-Seq (Pearson et al., 2016) datasets.
Normalised data for SLC39A14 is expressed as microarray signal A) or read count B) dependent
on the platform used by the research group specified in the legend and were generated by Dr
Jamie Soul upon request and are not provided by the SkeletalVis tool. The horizontal lines are
the means of the samples with the standard deviation plotted. P values for significantly and
differentially expressed genes were calculated in SkeletalVis (Soul et al., 2018b). ns = not
significant, *** p<0.001, OSM = oncostatin M.
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Figure 3.7 – MTF1 is significantly and differentially expressed in human chondrocytes
after four hours IL-1β in microarray (Moazedi-Fuerst et al., 2016) and RNA-Seq (Pearson
et al., 2016) datasets.
Normalised data for MTF1 is expressed as read counts A) or microarray signals B) dependent
on the platform used by the research group specified in the legend and were generated by Dr
Jamie Soul upon request and are not provided by the SkeletalVis tool. The horizontal lines are
the means of the samples with the standard deviation plotted. P values for significantly and
differentially expressed genes were calculated in SkeletalVis (Soul et al., 2018b). ns = not
significant, * p<0.05, *** p<0.001, OSM = oncostatin M.
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Legend: ▼Chan et al., 2017 (1 and 1.25 hours) ▲ Moazedi-Fuerst et al., 2016 (4 hours)
● Pearson et al., 2016 (4 hours). Black = untreated control, Red = IL-1α and OSM or IL-1β

Figure 3.8 – MT1E, MT1X, and MT2A are significantly and differentially expressed in
human chondrocytes after four hours IL-1β in microarray (Moazedi-Fuerst et al.,2016)
and RNA-Seq (Pearson et al., 2016) datasets.
Normalised data for MT1E, MT1X and MT2A are expressed as read counts (B, D and F) or
microarray signals (A, C and E) dependent on the platform used by the research group specified
in the legend and were generated by Dr Jamie Soul upon request and are not provided by the
SkeletalVis tool. The horizontal lines are the means of the samples with the standard deviation
plotted. P values for significantly and differentially expressed genes were calculated in
SkeletalVis (Soul et al., 2018b). ns = not significant, *** p<0.001, OSM = oncostatin M.
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Legend: ▼Chan et al., 2017 (1 and 1.25 hours) ▲ Moazedi-Fuerst et al., 2016 (4 hours)
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Figure 3.9 – MMP3, MMP12 and MMP13 are differentially expressed in human
chondrocytes after four hours IL-1β in microarray (Moazedi-Fuerst et al.,2016) and RNASeq (Pearson et al.,2016) datasets.
Normalised data for MMP3, MMP12 and MMP13 are expressed as read counts (B, D and F) or
microarray signals (A, C and E) dependent on the platform used by the research group specified
in the legend and were generated by Dr Jamie Soul upon request and are not provided by the
SkeletalVis tool. The horizontal lines are the means of the samples with the standard deviation
plotted. P values for significantly and differentially expressed genes were calculated in
SkeletalVis (Soul et al., 2018b). not significant = ns, * p<0.05, *** p<0.001, oncostatin M =
OSM.
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3.6.2 Treatment of human and mouse chondrocytes with different IL-1 receptor ligands for
24 hours
Next, studies investigating IL-1 treatment of human and mouse chondrocytes for 24 hours
were examined (Table 3.5) specifically for zinc homeostasis genes and the IL-1-responsive
genes as for section 3.6.1. Genes were only considered significantly and differentially
expressed at the FDR p<0.05 at this time point if significant fold changes were achieved in all
studies in the same direction. This analysis comprised three datasets, two human (Comblain et
al., 2016, 10pM IL-1β; Chan et al., 2017, 0.05ng/ml IL-1α and 10ng/ml OSM) and one
murine (unpublished, GSE104793). For clarity, the 24 hour 0.05ng/ml IL-1α and 10ng/ml
OSM treated chondrocytes from Chan et al., 2017 were part of the same experiment using the
same stimuli for one and 1.25 hours in section 3.6.1. The human and murine gene names for
each gene are indicated in Table 3.5 and an additional column describing fold changes for the
murine Mt genes (Mt1 and Mt2) is indicated. All the positive control IL-1 responsive genes
were significantly and differentially upregulated in all three datasets (Figure 3.10 and Table
3.5). Among the zinc importers, SLC39A8/Slc39a8 and SLC39A14/Slc39a14 were
upregulated after IL-1 treatment and in the same direction in both species (Figure 3.11).
Except for the brain tissue-specific MT3, the ubiquitously and squamous cell epithelial
localised MT4, and MT2A, all the other MT genes investigated were significantly and
differentially upregulated in both human studies (Figure 3.12). Mouse Mt genes Mt1 and Mt2
were also significantly upregulated 1.9 and 1.7-fold (p<0.000 and p<0.001 respectively) and
the normalised microarray signals presented in Figure 3.13. MMP9/Mmp9, MMP12/Mmp12,
and MMP13/Mmp13 were significantly and differentially upregulated in all three datasets
(Figure 3.14), only Mmp3 was specifically upregulated in the mouse (Table 3.5).
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Table 3.5 - SkeletalVis data from two human chondrocyte datasets IL-1-treated 24 hour and one murine IL-1-treated 24 hour chondrocyte
dataset for genes involved in zinc homeostasis.
The log2-fold change (log2FC), fold change (FC) and adjusted p-value (padj) is recorded for each gene entry and the fold change has been formatted
across all genes and datasets using a three colour scheme indicating differential gene downregulation with IL-1 treatment (blue), no change (white), and
upregulation with IL-1 treatment (red). Data in bold is significantly and differentially expressed for that gene in at least one dataset and bold gene name
indicates differential gene expression in all datasets. Gene names in bold are significantly and differentially expressed unidirectionally with either 10pM
IL-1β (Comblain et al., 2016) or IL-1α and OSM for 24 hours (Chan et al., 2017) or 1ng/ml IL-1β (GSE104793). Human metallothionein genes (MT1AMT2A) and mouse metallothionein genes (Mt1 and Mt2) were considered separately in terms of differential gene expression assessment. Where there
were fewer than four probes for a particular gene on the microarray NA was used to indicate this. If NA is confined to padj only column, then the p value
was not calculated because of insufficient replicates.
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Figure 3.10 – IL-1 positive control genes (IL-6/Il-6, CXCL8 and CCL2/Ccl2) differential
expression in human and murine chondrocytes treated ± IL-1 for 24 hours.
Normalised data for IL-6/Il-6 A), CXCL8 B) and CCL2/Ccl2 C) are expressed as microarray
signals and were generated by Dr Jamie Soul upon request and are not provided by the
SkeletalVis tool. The horizontal lines are the means of the samples with the standard deviation
plotted. Cxcl8 was not included on the Affymetrix array used to assay the mouse chondrocyte
transcriptome. P values for significantly and differentially expressed genes were calculated in
SkeletalVis (Soul et al., 2018b). *** p<0.001, OSM = oncostatin M.
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Figure 3.11 – SLC39A8/Slc39a8 and SLC39A14/Slc39a14 are significantly and
differentially upregulated in human and murine chondrocytes treated ± IL-1 for 24 hours.
Normalised data for SLC39A8/Slc39a8 A) and SLC39A14/Slc39a14 B) are expressed as
microarray signals and were generated by Dr Jamie Soul upon request and are not provided by
the SkeletalVis tool. The horizontal lines are the means of the samples with the standard
deviation plotted. P values for significantly and differentially expressed genes were calculated
in SkeletalVis (Soul et al., 2018b). *** p<0.001, OSM = oncostatin M.
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Figure 3.12 – MT1A, MT1E, MT1F, MT1G, MT1H and MT1X in human chondrocytes
treated ± IL-1 for 24 hours are significantly and differentially upregulated.
Normalised data for MT1A A), MT1E B), MT1F C), MT1G D), MT1H E) and MT1X F) are
expressed as microarray signals and were generated by Dr Jamie Soul upon request and are not
provided by the SkeletalVis tool. The horizontal lines are the means of the samples with the
standard deviation plotted. P values for significantly and differentially expressed genes were
calculated in SkeletalVis (Soul et al., 2018b). * p<0.05, ** p<0.01, *** p <0.001, OSM =
oncostatin M.
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Figure 3.13 – Mt1 and Mt2 are differentially upregulated in murine chondrocytes treated
± IL-1β for 24 hours.
Normalised data for Mt1 A) and Mt2 B) is expressed as microarray signals and were generated
by Dr Jamie Soul upon request and are not provided by the SkeletalVis tool. The horizontal
lines are the means of the samples with the standard deviation plotted. P values for significantly
and differentially expressed genes were calculated in SkeletalVis (Soul et al., 2018b). ***
p<0.001.
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Figure 3.14 – MMP9/Mmp9, MMP12/Mmp12 and MMP13/Mmp13 are differentially
upregulated in human and murine chondrocytes treated ± IL-1 for 24 hours.
Normalised data for MMP9/Mmp9 A), MMP12/Mmp12 B) and MMP13/Mmp13 C) are
expressed as microarray signals and were generated by Dr Jamie Soul upon request and are not
provided by the SkeletalVis tool. The horizontal lines are the means of the samples with the
standard deviation plotted. P values for significantly and differentially expressed genes were
calculated in SkeletalVis (Soul et al., 2018b). * p<0.05, ** p<0.01, *** p<0.001,
OSM=oncostatin M.
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3.7 Trauma-induced DMM model of OA induction in mice
The zinc-ZIP8-MTF1 axis was characterised in mice (Kim et al., 2014) using a surgicallyinduced model. I thus explored expression of zinc homeostasis genes in the DMM mouse
model of trauma-induced OA in other studies. DMM is a surgically-induced model of OA in
mice (Glasson et al., 2007) which involves cutting the medial meniscotibial ligament,
subsequently destabilising the medial meniscus, producing OA-lesions three to four weeks
later. The control groups normally consist of either unoperated mice or mice in which the
ligaments are exposed but not cut, also known as sham surgery. Sometimes research groups
perform the sham surgery on the contralateral joint receiving DMM because it reduces total
animal number requirements. Herein, two DMM studies were identified (Table 3.6) which
focussed on acute (six hours, three and seven days) to more advanced time points (seven, 14
and 42 days) post-surgery. The only zinc transporter that was differentially expressed in
DMM-operated whole-joint or cartilage for five out of six time points was Slc39a14 (Table
3.6 and Figure 3.15).
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Table 3.6 – SkeletalVis data from
two murine destabilisation of the
medial meniscus (DMM) OA
datasets for genes involved in zinc
homeostasis.
The log2-fold change (log2FC),
fold change (FC) and adjusted pvalue (padj) is recorded for each
gene entry and the fold change has
been colour-coded across all genes
and datasets using a three-colour
scheme indicating differential gene
downregulation after DMM (blue),
no change (white), and upregulation
after DMM (red). Data in bold is
significantly and differentially
expressed for that gene in a specific
dataset and time point and gene
name with asterisk indicates
differential gene expression at more
than one time point in both DMM
studies. Where NA is confined to
padj only column, then the p value
was not calculated because of
insufficient replicates.
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Figure 3.15 – Slc39a14 is significantly and differentially overexpressed in cartilage of mice
following DMM surgery acutely and up to two weeks.
Normalised data is expressed as microarray signals and were generated by Dr Jamie Soul upon
request and are not provided by the SkeletalVis tool. The horizontal lines are the means of the
samples with the standard deviation plotted. P values for significantly and differentially
expressed genes were calculated in SkeletalVis (Soul et al., 2018b). n s= non-significant *
p<0.05, ** p<0.01, *** p <0.001, DMM = Destabilisation of the medial meniscus via
transection of the medial meniscotibial ligament. Sham = medial meniscotibial ligament
exposed but not transected.

117

3.8 Ageing model of OA in mice
Given that SLC39A14 was upregulated in the DMM mouse model of post-trauma OA, I next
examined whether this gene was also dysregulated in the STR/ort mouse, a model for
spontaneous OA. This mouse strain is directly derived from a STR/1N mouse strain which
was originally created by Strong (Strong, 1944) for the purpose of identifying cancer
resistance traits at the site of injection following the administration of carcinogens (Staines et
al., 2017). After a period of outbreeding the STR/1N strain was renamed to STR/ort. The
STR/ort strain develops OA in several joints including knee, ankle, elbow and
temporomandibular joints and is the leading model which mimics the phenotype observed in
primary human OA, despite an apparent sexual dimorphism between human and mouse; that
male mice develop spontaneous OA more frequently than females. These mice spontaneously
develop OA at 18 weeks of age, concomitant with obesity and have elevated levels of IL-1β
in articular cartilage in all ages compared to CBA mice (Goldring and Goldring, 2010) and in
serum (Chambers et al., 1997). Additionally, a microarray analysis of articular cartilage
identified NF-κB as the main modified pathway in STR/ort mice (Poulet et al., 2012). CBA
mice are the most appropriate age-matched mouse control, not only because these mice do not
develop OA, but because these were one of four parental strains used in the derivation of the
STR/ort mouse strain (Staines et al., 2017).
Only one transcriptomic study of the STR/ort mice was present in SkeletalVis at the time of
consultation of the database. Gene expression in cartilage was assessed pre-OA onset (eight
weeks), at onset of OA (18 weeks) and advanced OA (40 weeks). Several genes were
dysregulated at time points when OA had developed but there were no differences between
the two mouse strains at eight weeks (Table 3.7). Slc30a9 and Slc30a10 of the zinc exporters
were downregulated and Slc39a14 of the zinc importers was upregulated. Interestingly,
Slc39a8 was the most significantly (p=0.012) downregulated zinc importer at 18 weeks and
although significance threshold was just missed (p=0.053 and p=0.06) this trend was observed
as early as 8 weeks and at the latest time point of 40 weeks (Table 3.7).
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Table 3.7 – SkeletalVis data from a single study of a spontaneous OA ageing mouse model
using STR/ort mice.
The log2-fold change (log2FC), fold change (FC) and adjusted p-value (padj) is recorded for
each gene entry and the fold change has been colour-coded across all genes and datasets using
a three colour scheme indicating differential gene downregulation in STR/Ort strain (blue), no
change (white), and upregulation in STR/Ort strain (red). Data in bold is significantly and
differentially expressed for that gene at a time point and bold gene name indicates differential
gene expression at 18 and 40 weeks. Where NA is confined to padj only column, then the p
value was not calculated because of insufficient replicates.
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3.9 Summary of SkeletalVis analysis on zinc homeostasis genes
In summary, the most consistently and significantly altered zinc importer between cartilage
and chondrocytes was SLC39A14. Except for the intact OA cartilage versus non-OA control
cartilage comparison, SLC39A14 was upregulated in damaged OA cartilage, in STR/ort
murine cartilage, and in human and murine chondrocytes treated with IL-1 receptor ligands
for four and 24 hours. SLC39A8 was not differentially expressed in human cartilage but was
upregulated in chondrocytes by IL-1 receptor ligands at 24 hours. SLC39A8 was
downregulated in the Str/Ort mouse cartilage at 18 weeks when OA manifests spontaneously
in this OA model. Though no two mouse models for OA are comparable, this result
contradicts the spontaneous OA at 12 months in mice constitutively expressing Slc39a8 in a
cartilage-specific manner which at 10-12 weeks old also develop worse cartilage fibrillation
six weeks after DMM (Kim et al., 2014). Potentially SLC39A14 and not SLC39A8 facilitates
zinc entry from the extracellular space in human cartilage. MTF1 was not significantly altered
in cartilage but only in chondrocytes treated with IL-1 for four hours. MMp9/Mmp9,
MMP12/Mmp12 and MMP13/ Mmp13 were upregulated after four and 24 hours of IL-1treatment in human and murine chondrocytes, but also Mmp3 only at four hours in IL-1treated murine chondrocytes. ADAM-TS5/Adam-ts5 was not significantly altered in IL-1treated human or murine chondrocytes. MT1A and MT1X were suppressed in intact OA
cartilage when compared to non-OA cartilage but other MT members MT1F, MT1G and
MT1M (Table 3.8) were upregulated in damaged OA cartilage compared to preserved OA
cartilage. These same MT genes and other family members were also upregulated in IL-1
treated human chondrocytes treated for four or 24 hours.
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Table 3.8 – Summary of zinc homeostasis genes significantly and differentially expressed
in iOA or dOA cartilage, IL-1-treated chondrocytes, DMM or STR/ort mice.
The table highlights only those genes which were significantly expressed (green cells) while
the coloured arrows relate the direction of the change. N/A indicates a mouse gene not
expressed in humans.
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3.10 Do human genetic studies implicate zinc homeostasis in OA pathogenesis?
GWAS of OA cartilage or a surrogate measure of decreased cartilage thickness, mjsw, have
enabled the identification of single nucleotide polymorphisms (SNPs) some of which map
near zinc transporters (Castano-Betancourt et al., 2016; Styrkarsdottir et al., 2018; Zengini et
al., 2018; Tachmazidou et al., 2019). These five OA or mjsw risk SNPs map nearby or within
the SLC30A10, SLC30A5 or SLC39A8 genes and summary information for the five SNPs is
shown in Table 2.2.
The SNPs identified through GWAS studies are not necessarily the functional SNP associated
with the phenotype. This is because the genotyping platforms are designed for costeffectiveness and exploit LD to minimise the total number of SNPs that need to be genotyped
per individual, whilst maintaining SNP coverage in the population under investigation. LD
describes the degree to which an allele of one SNP is inherited/correlates with an allele of
another SNP within a population (Bush and Moore, 2012). These LD blocks occur on the
same chromosome and are sites of limited recombination and genotyping marker risk alleles
of SNPs can reliably predict alleles of other SNPs from the same LD block. Therefore, the
presence of LD creates two possible outcomes from GWAS: either the genotyped SNP is the
functional variant and occurs significantly more frequently in case control GWAS, or more
likely, the genotyped SNP is just a significantly associated sentinel SNP. Only functional
genetic experiments can elucidate the functional SNP within an LD block.
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Usually, risk alleles for common complex disease such as OA act by subtly altering the
expression of nearby genes. However, the target genes of these risk variants are currently
unknown. When there is a correlation between gene expression and a SNP stratified by
genotype this is known as an expression quantitative trait locus (eQTL). The online database
GTEx (gtexportal.org/home/) has matched genotype gene expression data in nearly 1000
individuals from 54 non-diseased tissue sites (release version eight), the most relevant tissue
to OA in this dataset being skeletal muscle. To determine SNPs in LD with the five SNPs in
Table 2.2 the website LDlink (https://ldlink.nci.nih.gov), a repository of genotype data for the
1000 Genomes Project, was used to investigate each SNP in LD using the r2 correlation cutoff 0.8 in samples from five European populations. These were northern and western
Europeans residing in Utah, Italian Tuscans, Finns, British (from England and Scotland) and
Iberian people of Spain. I was interested in comparing the SNP lists mapping to the three zinc
transporters identified with LDlink with the eQTLs in GTEx to identify overlapping SNPs
with eQTLs for these zinc transporters. These are illustrated in Figures 3.16 and 3.17 as Venn
diagrams or violin plots.
There were 21 SNPs in LD (r2≥0.8) with the sentinel SNP rs2785988 and 20 SNPs in LD
(r2≥0.8) with the sentinel SNP rs2820443. For the OA hip risk variant rs2785988, mapping to
near SLC30A10, 11 of 21 SNPs in LD (r2 0.81-0.97) overlapped with SLC30A10 eQTLs in
UV-exposed skin (Figure 3.16A). Nine of these eleven SNPs shared an eQTL for SLC30A10
and were also in LD (r2≥0.83-0.96) with the OA hip and/or knee risk variant rs2820443. In
every instance, possession of the minor allele resulted in reduced SLC30A10 gene expression
compared to major allele possession (Figure 3.16B and C). There were 48 SNPs in LD
(r2≥0.8) with the hospital diagnosed OA associated SNP rs2820436 that also maps to the
SLC30A10 locus, but none of these overlapped with the 479 SNPs that formed an eQTL with
SLC30A10 in GTEx. For the hip mjsw associated SNP rs10471753, which maps near to
SLC30A5 there were 32 SNPs in LD (r2≥0.8), but none of these overlapped with the 263 SNPs
that formed an eQTL with SLC30A5 in various tissues (Figure 3.17A). The rare OA
associated SNP rs13107325 maps to exon eight of SLC39A8 and is predicted to change the
amino acid sequence. There were three SNPs in LD with this SNP (r2≥0.8), but none of these
overlapped with the 370 SLC39A8 eQTL SNPs in GTEx (Figure 3.17B).
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Figure 3.16 – Eleven SNPs associated with OA susceptibility
nearby SLC30A10 overlap with SLC30A10 eQTLs in UV-exposed
skin of the lower leg.
Venn-diagram of three OA risk SNPs and proxy variants A) proximal
to SLC30A10 overlapping with SLC30A10 eQTLs. rs1337101 and
rs3001032 B) form eQTLs specific to the rs2785988 list of SNPs,
whereas nine SNPs C) have eQTLs for SLC30A10 overlapping
rs2785988 and rs2820443 SNP lists. Venn-diagrams were produced
using Venny 2.1 (Oliveros, J.C. (2007-2015) Venny. An interactive
tool
for
comparing
lists
with
Venn’s
diagrams.
https://bioinfogp.cnb.csic.es/tools/venny/index.html and violin plots
for each SNP are from GTEx (gtexportal.org/home/). Ref = reference
genotype, het = heterozygous, SNP = single nucleotide
polymorphism, eQTL = expression quantitative trait locus.

A)

B)
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Figure 3.17 - SNPs in LD with rs10471753 do not overlap with eQTLs for SLC30A5 A) and SNPs in LD with rs13107325 do not
overlap with eQTLs for SLC39A8 in GTEx B).
Venn-diagrams were produced using Venny 2.1 (Oliveros, J.C. (2007-2015) Venny. An interactive tool for comparing lists with Venn’s
diagrams. https://bioinfogp.cnb.csic.es/tools/venny/index.html. SNP = single nucleotide polymorphism.

3.11 Utilising existing RNA-Seq hip and knee OA cartilage data to identify zinc
homeostasis genes for laboratory-based analyses
Transcripts per million (TPM) RNA-Seq data from the knee OA ipsilateral cartilage (Dunn et
al., 2016) and hip cartilage (Ajekigbe et al., 2019) studies were provided by Dr. Kathleen
Cheung, Newcastle University, Faculty of Medical Sciences. Genes with TPM values >4 were
considered expressed in cartilage and with this understanding I proceeded to design qPCR
assays for each of the genes in Table 3.9. SLC30A2 and SLC30A3 zinc transporter qPCR
assays expressed solely in hip based on the RNA-Seq data (Table 3.9) were measured in
laboratory experiments with HACs derived from knee cartilage to confirm absence of gene
expression. Every gene in this panel was initially investigated in SW1353 chondrosarcoma
and T/C-28a2 rib chondrocytes and the list was later condensed if a gene was consistently not
detectable in these cell lines.
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Table 3.9– List of zinc homeostasis and inflammation-associated genes investigated for
appreciable cartilage tissue expression (TPM) in two RNA-Seq datasets of hip and knee
respectively.
Genes with TPM values of ≥ four (bold) in hip or knee cartilage were chosen for analysis, with
qPCR assays designed with the Roche Probe Library assay design tool
https://lifescience.roche.com/en_gb/brands/universal-probe-library.htmlassay-design-center.
CXCL8 was investigated regardless of these TPM values. NOF = Neck of femur.
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3.12 Chapter summary
In this chapter I have utilised the transcriptomics database SkeletalVis to identify
differentially expressed genes pertinent to zinc homeostasis in different human and murine
cartilage and chondrocyte datasets. In iOA cartilage, SLC39A8 was not dysregulated but the
zinc importers SLC39A3 and SLC39A7 were upregulated and the zinc exporter SLC30A2 and
importer SLC39A14 downregulated, suggesting zinc homeostasis may be disrupted. SLC39A8
was differentially upregulated in human and mouse chondrocytes treated with different
concentrations of IL-1 receptor ligands and despite the STR/ort mice having elevated IL-1β in
articular cartilage, Slc39a8 was downregulated at OA-onset (18 weeks). Except for iOA
cartilage, where it was downregulated, SLC39A14 was consistently differentially upregulated
in every other cartilage or chondrocyte dataset. The zinc-sensing transcription factor MTF1
was upregulated in human chondrocytes after 4 hours and 24 hours of IL-1 treatment but not
after 24 hours in murine chondrocytes. MT1A and MT1X were significantly downregulated in
the iOA cartilage compared to non-OA. When dOA was compared against iOA cartilage
MT1F, MT1G and MT1M were upregulated in damaged cartilage. Several MT genes were also
upregulated after IL-1 treatment, with a greater number upregulated after 24 hours than for
four hours, possibly reflecting the protective response to greater oxidative stress. This analysis
strongly suggests, in addition to the IL-1-mediated differential upregulation of SLC39A8, that
SLC39A14 is relevant for dysregulated zinc homeostasis in chondrocytes.
To determine if the zinc homeostasis was associated with genetic risk for OA, I correlated the
genotype at OA or minimal joint space risk variants at three loci with expression of the nearby
SLC30A10, SLC30A5 and SLC39A8 genes using the GTEx project eQTL data. The SNP
eQTL correlation analysis identified a total of 11 SNP SLC30A10 eQTL correlations among
the 69 SNPs in LD with the marker SNPs rs2820436, rs2785988 and rs2820443. The
observed eQTL was always present in the same tissue; UV-exposed skin of the lower leg.
Unfortunately, GTEx only has expression data for skeletal muscle and not other
musculoskeletal tissues such as cartilage and bone so it is not possible to determine if these
OA SNPs also drive eQTLs of these genes in tissues relevant to OA. However, a recent
preprint (Steinberg et al., 2019) identified 1891 cis-eQTLs (defined as occurring one
megabase either direction of the transcription start site of target gene) genome wide from an
imputed 10.25 million autosomal SNPs between low-grade and high-grade osteoarthritic
cartilage of up to 115 patients. It will be interesting, once the data has been peer reviewed and
this list of eQTL SNPs for cartilage become available to compare the results with the 11 SNPs
identified.
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Chapter 4: ESTABLISHING ACTIVITY OF THE ZINC-ZIP8-MTF1
AXIS IN HACS
4.1 Introduction
Having confirmed zinc homeostasis genes were upregulated in human cartilage and
chondrocytes treated with IL-1 ligands from published transcriptomic datasets, I investigated
zinc homeostasis genes in knee OA human articular chondrocytes (HACs) cultured in vitro
for one (16 donors) or two passages (six of 16 donors) with or without IL-1α. Of the six HAC
donors cultured beyond one passage with IL-1α, only two of these donors were used for gene
expression assessment in later passages because of issues with nucleic acid extraction or a
problem with the cDNA synthesis. The HACs were cultured for one passage (7-20 days)
immediately post extraction, then split and treated for the first (10-13 days) and second
passages (12-15 days) with 0.1ng/ml IL-1α after which the cells were passaged a final time
without IL-1α (11-14 days). Cells were collected for gene expression, intracellular zinc
quantification or medium for extracellular zinc quantification.

4.2 Aims
The aims of this chapter are to address each result in the proposed order of zinc-ZIP8-MTF1
activation in HACs. These include:
•

Initially determine whether IL-1α is as capable as IL-1β in the activation of IL-1 positive
control genes (IL-6, CXCL8 and CCL2), SLC39A8 and SLC39A14.

•

Determine the effect of IL-1 stimulation of HACs over multiple passages on cell
numbers, positive control, SLC39A8 and SLC39A14 gene expression.

•

Examine gene expression of proliferation markers MKI67, TOP2A and TPX2 or senescent
markers PARP2, CAMK2G and CDKN1A by qPCR in HAC culture time course.

•

Investigate if IL-1 treatment for one passage activates the zinc-ZIP8-MTF1 axis
described in mouse chondrocytes specifically examining:

-

Zinc transporters’ expression
Intracellular and extracellular zinc levels
MTF1 gene expression and localisation
MT gene expression
Cartilage matrix-degrading gene expression
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4.3.1 Do IL-1α and IL-1β stimulate the same gene expression changes in human OA
chondrocytes for a defined gene panel?
Kim et al., 2014 demonstrated that after 24 hours of IL-1β exposure, healthy murine knee
chondrocytes upregulate genes associated with the zinc-ZIP8-MTF1 axis. I wanted to
investigate if this signalling pathway is also activated by IL-1 in human OA knee
chondrocytes. IL-1α was readily available to our research group and so I chose to use this for
in vitro experiments after firstly determining if IL-1α and IL-1β could elicit similar gene
expression responses in chondrocytes. IL-1α binds the same IL-1 receptor as IL-1β with
greater affinity (0.1-0.3nM for IL-1α versus 0.5-1nM for IL-1β) (Dinarello, 2003). HACs
extracted from intact OA knee cartilage from two donors undergoing total joint replacement
surgery were treated ± 0.1ng/ml IL-1α or 1ng/ml IL-1β for 10 or 12 days respectively. The
expression levels of the IL-1 responsive positive control genes IL-6, CXCL8 and CCL2 were
measured by qPCR analysis (Figure 4.1), as were SLC39A8 and SLC39A14. Statistical
analysis of this data was not possible to conduct with just two donors, but IL-1α treatment did
induce similar fold change differential gene expression responses within the same individual
across IL-1α or IL-1β treatments. However, the magnitude of the response differed between
donors because of a difference in baseline expression in control samples. This result indicated,
other than the requirement of an additional HAC donor, that IL-1α was as capable of
activation of the IL-1 signalling pathway as IL-1β in HACs and so IL-1α was used for all
subsequent experiments described in this chapter.
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Figure 4.1 – Comparison of IL-1α or IL-1β-inducible positive control genes after one
passage in two HAC donors.
HACs from two donors (squares, donor 18 and circles, donor 19) were treated with or without
0.1ng/ml IL-1α or 1ng/ml IL-1β for 12 and 10 days respectively. Gene expression for IL-6 A),
CXCL8 B), CCL2 C), SLC39A8 D) and SLC39A14 E) was measured. Data is normalised to
housekeeper genes 18S, GAPDH and HPRT1. Dots represent the mean gene expression in
technical triplicate.

4.3.2 IL-1α-mediated HAC qPCR expression responses
4.3.2.1 IL-1α reduces HAC cell number for one or more passages with consequences for
cellular proliferation but not senescence marker gene expression
There was a significant reduction (p<0.0001) in the total number of HACs counted at passage
end P2 in IL-1α treated flasks compared to control flasks and when IL-1α was removed at the
beginning of P4 (p=0.0387) after a paired t test (Figure 4.2). This demonstrates that IL-1α
inhibitory effect on cell number persisted many days after which the stimulus was removed.
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Figure 4.2 – Dot plots of matched HAC donor cell counts in IL-1α-treated or untreated
control flasks treated consecutively for two passages and a final passage without IL-1α.
HACs from 19 donors were cultured for one passage (10-13 days) with or without 0.1ng/ml IL1α. Six of these 19 HACs were cultured ± IL-1α for passage three (12-15 days) and without IL1α for passage four (11-14 days) respectively. Sixteen of 19 HAC donors passaged once in the
presence of IL-1α and two of these 16 donors were used for qPCR analysis at passages three
(P3) and four (P4). Each colour is a different HAC donor, matched across IL-1α treatment over
time. Analysis used was paired t-test, *p<0.05, *** p<0.001. ns = non-significant.
Having determined that total cell numbers were reduced after a single passage with IL-1α, I
next investigated the relationship between proliferation and senescence gene expression in these
samples. I ordered validated proliferation marker qPCR primers assays for MKI67, TOP2A, and
TPX2, having identified these genes as prognostic markers for mantle cell lymphoma patient
stratification in clinical trials (Brizova et al., 2010), but also as reliable markers generally. Ki67, the protein derived from the MKI67 gene, has been used in prognostic studies in cancer
research for decades and can only be detected in active phases of the cell cycle (interphase and
mitosis), emphasising its use in clinical testing and for monitoring responses to
chemotherapeutic agents (Scholzen and Gerdes, 2000). One role of Ki-67 is to maintain
chromosome positioning to the nucleolus pre mitosis at G2 checkpoint in interphase (Booth et
al., 2014; Sobecki et al., 2016; Matheson and Kaufman, 2017). This is mediated through Ki-67
interaction with the perichromosomal layer, a proteinaceous sheath coating individual
chromosomes, which if disturbed is associated with asymmetric distribution in daughter cells
and aggregation of mitotic chromosomes (Sun and Kaufman, 2018). TOP2A encodes DNA
topoisomerase 2-alpha which can create and repair DNA double strand breaks as a relief from
torsional stress in the process of chromosome condensing (Cuvier and Hirano, 2003) and has a
role in sister chromatid separation in meiosis. TPX2 encodes TPX2, a microtubule-associated
protein that is required for mitotic spindle assembly (Wadsworth, 2015).
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To identify senescence markers, I used data from Jennifer Scott’s Thesis, a former PhD
student of Professor David Young, Newcastle University, Faculty of Medical Science. She
compared gene expression of senescence-associated genes in two pairs of groups, senescent
fibroblasts against mitotically active fibroblasts and OA cartilage against non-OA NOF
cartilage. The genes initially selected based on a significant p value of 0.003 from MannWhitney U t-testing of the fibroblast data were CDKN2A, CAMK2G and PARP2. However,
CDKN1A (p value=0.0003) a related cyclin dependent kinase was investigated instead of
CDKN2A in my HAC samples because the CDKN2A primers did not validate.
The proliferation markers were all found significantly (MKI67 p<0.0001, TOP2A p=0.0054
and TPX2 p=0.0072) reduced by paired t-testing after one passage with IL-1α in 14 of the 16
HAC donors in which these genes were measured (Figure 4.3A-C). The Ct values for MKI67
in control and IL-1α-treated samples from HAC donor three were not detected. Senescenceassociated gene expression markers were non-significantly expressed after IL-1α in the eight
HAC donors in which the genes were measured (Figure 4.3D-F).
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Figure 4.3- Proliferation (MKI67, TOP2A and TPX2) and senescence-associated
(CDKN1A, CAMK2G, and PARP2) gene expression after one passage of IL-1α.
HACs from 16 donors were treated with or without 0.1ng/ml IL-1α for one passage (10 to 13
days) before proliferation (A-C) and senescence-associated genes (D-F) were measured in 14
and eight HAC donors respectively. Dots are the mean gene expression from a single flask in
technical triplicate. Connecting lines are matched HAC donor normalised gene expression
responses to IL-1α treatment and data is normalised to housekeeper genes 18S, GAPDH, and
HPRT1. Data was analysed with a paired t-test. ns = non-significant, ** p<0.01, *** p<0.001.
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4.3.2.2 Positive control genes IL-6, CXCL8 and CCL2
OA knee HACs from a total of 16 donors were treated with or without 0.1ng/ml IL-1α for one
passage (10-13 days) and gene expression measured by qPCR. To confirm all HACs
responded to IL-1α the expression of the IL-1 responsive genes IL-6 (Figure 4.4A), CXCL8
(Figure 4.4B) and CCL2 (Figure 4.4C) were assessed. These genes were significantly
(p<0.001) upregulated (19.6, 32.6 and two-fold respectively) after paired (IL6 and CCL2) or
Wilcoxon t-tests (CXCL8) in IL-1α treated HACs compared to untreated HACs from the same
donor (referred to as control HACs). The CCL2 fold induction compared to control was only
moderate in comparison to IL-6 and CXCL8, yet still significant (Figure 4.4C). This same data
is presented as a log2-fold change heatmap clearly illustrating between donor gene expression
variation and markedly higher expression levels of IL-6 and CXCL8 compared to CCL2 after
IL-1α exposure (Figure 4.4D).

A)

B)

C)

D)

Figure 4.4 – IL-6, CXCL8, and CCL2 are all significantly upregulated by IL-1α in HACs.
HACs were treated with or without 0.1ng/ml IL-1α for 10-13 days and connecting coloured
lines for IL-6 A), CXCL8 B) and CCL2 C) are matched HAC donor normalised gene expression
responses. Data is normalised to housekeeper genes 18S, GAPDH, and HPRT1. Log2-fold
expression data of same data for all 16 HAC donors illustrated as heatmap D). Normalised or
log2 transformed data was analysed with a paired t-test. CXCL8 was analysed by Wilcoxon ttest, *** p<0.001.
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To summarise, IL-1α treatment of HACs for one passage led to decreased cell counts and
gene expression reduction of all proliferation-associated gene markers. There was no
evidence that HACs were senescent after IL-1α treatment for one passage. An explanation for
the reduction in cell number and proliferation markers might be a consequence of arrested cell
cycle but was not investigated further.
4.3.2.3 SLC39A8 and SLC39A14 are upregulated in response to IL-1α in human OA knee
chondrocytes
I next determined if zinc transporter genes are dysregulated by IL-1α for one passage by
analysing mRNA expression of genes encoding five zinc exporters and 11 zinc importers,
including SLC39A8 and SLC39A14 (Figure 4.5A and B). Of the zinc transporters only
SLC39A8 and SLC39A14 were significantly upregulated (5.5 and 2.9-fold, p<0.0001) in all
sixteen HAC donors and SLC30A7 was downregulated (0.7-fold, p = 0.0085) in HACs from
donors 1, 3, 5-10 (Figure 4.5C). None of the other zinc transporter genes assayed showed
consistent responses to IL-1α across the first eight donors (Figure 4.5D) which partly explains
why the zinc transporters, except for SLC39A8 and SLC39A14, were not explored in donors
11-19, time and expense being a secondary factor.
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Figure 4.5 – Zinc transporters that are significantly and differentially expressed after IL-1α treatment of HACs for one passage.
HACs from 16 donors were treated with or without 0.1ng/ml IL-1α for one passage and connecting coloured lines for SLC39A8 A), SLC39A14
B) and SLC30A7 C) are matched HAC donor normalised gene expression responses. Data is normalised to housekeeper genes 18S, GAPDH, and
HPRT1. Log2-fold change expression data for all 16 HAC donors illustrated as heatmap D). Red, white and blue boxes represent genes
upregulated, unchanged or downregulated by IL-1α respectively. A cross indicates the gene was not measured in a sample. HAC donor 16 was
omitted from the qPCR analysis because Ct replicate values of housekeepers deviated >1. Data satisfying a D’Agostino-Pearson omnibus k2
normality test prior to or after log2 transformation was analysed with a paired t-test, otherwise a Wilcoxon t-test was used. ** p<0.01, *** p<0.001.
ns = non-significant.

Next, I explored the effects of continued IL-1α exposure on SLC39A8 and SLC39A14 gene
expression specifically for another passage before its removal at passage four in two HAC
donors which is displayed in Figure 4.6 as a heatmap. The log 2-fold change expression of
SLC39A8 and SLC39A14 was lower after the second passage with IL-1α (P3) than the first
passage (P2) but was still approximately four-fold higher than control flasks at P3. IL-1α
removal at P4 led to a 50% and 30% reduction in SLC39A8 fold change expression and a 57%
and 68% reduction in SLC39A14 fold change expression when compared to IL-1α-treated
flasks at P3 for donor five and six respectively (Figure 4.6). These measurements were not
statistically validated given that the required minimum of at least three HAC donors samples
treated with IL-1α beyond one passage was not obtained.
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Figure 4.6 – Heatmap of SLC39A8 and SLC39A14 log2-fold change gene expression after
IL-1α treatment (P2 and P3) and without IL-1α (P4) in two HAC donors.
HAC donors five and six were treated with 0.1ng/ml IL-1α for 12 days for P2 and 14 and 12
days respectively for P3. IL-1α was removed at the beginning of the fourth passage, the cells
collected after 14 and 11 days respectively and SLC39A8 and SLC39A14 measured by qPCR.
Data is normalised to housekeeper genes 18S, GAPDH, and HPRT1 and expressed as log2-fold
changes relative to control flasks at the same passage. Red and white boxes represent a spectrum
of upregulated to unchanged genes after IL-1α respectively. P2-4 = passages two, three and
four.
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4.3.3 Do intracellular zinc levels in OA knee HACs change after IL-1α treatment?
4.3.3.1 Non-specificity of zinc spectrophotometry kit in a cell-free experiment testing
biologically relevant metal ions
As observed in murine chondrocytes, SLC39A8 and SLC39A14 are upregulated after exposure
to IL-1α in human chondrocytes (section 3.6.2). The next step in evaluating the zinc-ZIP8MTF1 axis in chondrocytes was to determine whether IL-1α would alter cytoplasmic zinc
concentrations following one passage of IL-1α treatment. Although a change in intracellular
zinc concentration would not determine which specific zinc transporters proteins mediate any
change, it would provide indirect evidence of zinc transporter activity.
The gold-standard methodologies for zinc concentration assessment from biological samples
include flame atomic absorption spectroscopy (Hare et al., 2015) and fluorescently labelled
probes which work according to the principal of förster resonance energy transfer. The
instrumentation for these methods were not available and not pursued to conduct this
research. Thus, a spectrophotometric assay from Sigma was alternatively used. A full
description explaining the chemistry in the kit was not available from the manufacturer (for
intellectual property reasons) but what was discerned was that the chemistry was modified
from a paper published by Homsher and Zak (Homsher and Zak, 1985) in which zinc was
measured from serum but has since been adapted to measure zinc in a range of biological
samples.
To test whether the kit was specific to zinc ions or could detect other metal ions by
influencing the absorbance measured, a cell-free experiment with metal solutions was
prepared. 4µM zinc ± 4µM iron sulphate heptahydrate (Fe2SO4.7H2O), 4µM copper sulphate
hexahydrate (Cu2SO46H2O), 4µM calcium chloride (CaCl2) or 4µM magnesium chloride
(MgCl2) were tested. For biological samples, it is recommended to use trichloroacetic acid
(TCA) as a protein precipitant removing protein-bound zinc which does not represent the zinc
pool available for signalling. It is important to note the zinc concentrations described in the
cell-based experiments may represent a fraction of the total free zinc pool available to the cell
as the precipitated negatively charged proteins may leach zinc ions from the solution because
of electrostatic forces of attraction.
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As TCA addition to the biological samples was necessary, these metal ion preparations were
thus made ± TCA in singlicate, and the zinc standard was prepared in the same way. The
absorbances should be similar whether TCA is included or not, as there was no source of
protein in the cell-free metal salt solutions. TCA was included in these experiments as a
protein precipitant removing protein-bound zinc which does not represent the zinc pool
available for signalling.
As can be observed in Figure 4.7, TCA did not influence the line of best fit of the standard
curves (Figure 4.7A) and thus the zinc quantified in the metal ion solutions was close to the
predicted 4µM metal ion input (Figure 4.7B). However, there was a 1.5-fold increase in zinc
concentration when Fe2SO4.7H2O and zinc were combined compared to zinc alone irrespective
of TCA inclusion or not. No other metal ion in the experiment influenced the zinc concentration
to the same extent. This result may suggest that the chemistry of the kit fails to mask iron ions
from the pyridyl azo ligand contributing to this increase, but the result may also be random as
samples and standards were only measured in singlicate and the experiment was unrepeated so
statistical analysis was impossible. TCA was subsequently always included in the standard
curves of future test plates.
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Figure 4.7 – Cell-free zinc assay measurements ± TCA inclusion using MAK032 zinc assay
kit.
Zinc standard curves with (orange) and without TCA (blue) from which the sample
concentration was calculated A). The resulting molar concentrations calculated from 4µM
preparations of ZnCl2 only or in combination with 4µM other metal salts B). Zinc standards
and samples for this experiment were singlicate measurements.
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4.3.3.2 Attempted correction for irons influence on metal ion absorbance using 2,2ʹbipyridine
Given that iron ions interfere with the absorbance measurement, and the subsequently derived
zinc concentration, the iron-specific inhibitor 2,2ʹ-bipyridine was tested. Fritz Blau discovered
2,2ʹ-bipyridine in 1888 in the dry distillation of copper (II) pyridine-2-carboxylate (Blau, 1888).
It is an organic uncharged compound that chelates iron in a 3:1 stoichiometry (Constable and
Housecroft, 2019). Final 1.82µM solutions of ZnCl2, Fe2SO4.7H2O or both ZnCl2 and
Fe2SO4.7H2O were prepared in water with or without 2,2ʹ-bipyridine at 45, 227, and 450µM
concentrations. Figures 4.8A and B show the unadjusted and adjusted metal ion concentrations,
having further subtracted the average absorbance of the iron only solutions from the raw
absorbances for Fe2SO4.7H2O only and ZnCl2 and Fe2SO4.7H2O combined (Figure 4.8B). As
shown in Figure 4.8A, this experiment confirmed that the zinc ion concentration calculated was
equivalent to the defined input concentration. 1.82µM ZnCl2 and Fe2SO4.7H2O gave
consistently greater µM concentrations compared to ZnCl2 only, suggesting that this kit is not
as specific as was originally marketed. Furthermore, 2,2ʹ-bipyridine was not behaving as an
iron inhibitor and though statistics was not possible, there was a dose-dependent trend in
increasing absorbance and subsequent concentration calculated with increasing amounts of 2,2ʹbipyridine added. Having accounted for the iron contribution (Figure 4.8B) in the analysis, the
combined ZnCl2 and Fe2SO4.7H2O solution did not completely return to 1.82µM in the absence
or presence of inhibitor, suggesting the signals generated from each metal component are not
simply additive.
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Figure 4.8 – Attempted iron chelation in cell-free metal salt solutions using the iron
chelator 2,2ʹ-bipyridine.
The zinc micromolar concentrations were calculated as before for each mean absorbance
generated from each cell-free metal salt (ZnCl2 or Fe2SO4.7H2O) or combination of metal salts.
The iron ion absorbance influence A) was subtracted from the average absorbance from wells
containing both metal salts to give the results in B). The bars represent the mean micromolar
concentration and the dots are the technical duplicate measurements.
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4.3.3.3 Zinc is specifically upregulated in IL-1α-treated HACs but not downregulated in
matched IL-1α spent cultured HAC medium
Despite the non-specificity of the MAK032 kit for zinc ions, and the inability to remove iron
ions from the solution and the final measurement, I proceeded to measure metal ion content
using the MAK032 kit in matched HAC supernatant and lysed cells passaged once with or
without IL-1α.
Initially, IL-1α-treated spent medium alone was tested from a single HAC donor (Figure 4.9)
with or without 7% TCA and the experiment conducted as described in chapter 2.7. The effect
of TCA inclusion in the sample reduced the total metal ion content by approximately 50%
compared to TCA absent preparations, which was consistent with TCAs role as a protein
precipitant. Thus, with the possibility of free zinc leaching, in addition to the interference of
iron ions, the measure of free zinc with this kit may only represent a small fraction of the
total.

Figure 4.9 – TCA use in untreated or IL1-α-treated HAC medium led to ~ two-fold total
metal ion concentration reduction.
Medium of one cultured HAC donor was mixed ± TCA and the metal ion content of the sample
determined with the MAK032 kit. The connecting lines are samples matched by TCA inclusion
or not, and the dots are means of samples measured in technical duplicate.
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Next, the levels of zinc and/or iron in paired IL-1α treated HAC cell lysate and spent cultured
medium for seven HAC donors (donors 11-17) was quantified. A significant upregulation
(2.26-fold p=0.0004) of intracellular metal ions in cells treated with IL-1α for one passage
(10-11 days) was observed (Figure 4.10A). There was no change in metal ion concentration
with IL-1α in the seven matched spent medium samples (Figure 4.10B) and metal ion content
in media controls gave similar absorbance values to spent medium samples (not shown). An
additional six HAC donor spent medium samples (Figure 4.10C) confirmed IL-1α did not
alter zinc concentration in the spent medium.

A)

B)

C)

Figure 4.10 – Metal ion content is significantly upregulated in matched HAC lysates but
not HAC spent medium ± IL-1α treatment for one passage.
In the same experiment, cell lysate A) and spent media samples B) from HAC donors 11-17
were treated with TCA and metal ion content determined. Each HAC donor is colour-coded
and connecting lines illustrate the change in metal ion micromolar concentration after IL-1α
treatment for one passage. Additional unmatched HAC spent medium samples from a separate
experiment were combined to highlight all HAC samples in which zinc was quantified C). The
dots are means of samples measured in technical duplicate and there are no error bars for clarity.
The data was analysed with a paired t-test. ***<0.001, ns = non-significant.
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Taken together, these data suggest intracellular metal ion concentration increases in HACs
derived from donor OA knee cartilage in response to IL-1α. The concentrations measured
here reflect at lease a combination of endogenous zinc and iron ions that may be present in the
samples and so I cannot determine if this IL-1α-stimulated increased ion content is due to
increased intracellular zinc, iron or a combination of both. The fact that there were no
significant changes in the spent medium of IL-1α cultured HACs may reflect the reduced
assay sensitivity in resolving metal ion exchange between the cell and its extracellular
environment where metal ions are already in excess.

4.3.4 MTF1 mRNA expression levels are unchanged following IL-1α treatment in HACs
As there was evidence of increased intracellular levels of metal ions after IL-1α in HACs, I
investigated if transcriptomic levels of MTF1 also changed following IL-1α treatment. MTF1
is primarily upregulated following heavy metal exposure but is also known to alter its activity
in response to oxidative stress and hypoxia (Kim et al., 2014). To test whether there was a
transcriptomic response to the elevated zinc concentrations determined in 4.3.3.3, MTF1 gene
expression was assessed in HACs treated with 0.1ng/ml IL-1α for one passage in eight HAC
donors (donors 1, 3, 5-10). As can be observed in Figure 4.11 MTF1 expression was not
significantly altered following IL-1α treatment in HACs. No change in MTF1 transcript was
also reported by Kim et al.,2014 in murine chondrocytes treated with or without Ad-ZIP8 but
was also associated with increased intracellular zinc as observed in HACs here (4.3.3.3).
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Figure 4.11 – MTF1 transcript is not significantly and differentially altered after IL-1α
treatment of HACs for one passage.
HACs from eight donors were treated ± 0.1ng/ml IL-1α for one passage and connecting
coloured lines highlight directional changes in gene expression for each HAC donor A). Data
is normalised to housekeeper genes 18S, GAPDH, and HPRT1. Log2-fold change MTF1
expression data is plotted as a heatmap B). Red, white and blue boxes represent MTF1
upregulation, no change or downregulation with IL-1α respectively. Data was analysed with a
paired t-test. ns = non-significant.
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4.3.5 Does IL-1α trigger nuclear translocation of MTF1 in OA knee HACs?
4.3.5.1 Screening HAC nuclear, cytoplasmic and whole protein lysates with N-terminal
targeting MTF1 antibody
To determine if MTF1 undergoes nuclear translocation in response to IL-1 treatment in HACs
as has been reported in mouse chondrocytes, western blot analysis was performed on nuclear,
cytoplasmic and whole protein fractions from two HAC donors. These lysates (Figures 4.12
and 4.13) were extracted by Dr. Adrian Falconer, Newcastle University, Faculty of Medical
Sciences and the nuclear and cytoplasmic proteins were extracted using the same methods
described in 2.10.1 and 2.10.2 without the additional PBS washes before nuclei lysis. The first
donor’s chondrocytes are untreated lysates (Figure 4.12) and the second donor’s chondrocytes
were treated with 0.05ng/ml IL-1α and 10ng/ml oncostatin M (OSM) for six hours (Figure
4.13).
MTF1 has a predicted molecular weight of 81kDa according to the Human Protein Atlas
(HPA, https://www.proteinatlas.org/ENSG00000188786-MTF1/antibody), from which the Nterminal MTF1 antibody was first trialled. This antibody targets an epitope region of 69
amino acids (N6970-138C615) in the N-terminal region. Surprisingly, most manufacturers of
MTF1 antibodies only trial their antibodies on recombinant protein derived from
overexpressed MTF1 in cell lines like HEK293 cells, so with this in mind I proceeded. This
antibody was selected based on its reactivity to human MTF1, whereas the MTF1 antibody
used by Kim et al., 2014 (NBP1-86380) was only tested in murine chondrocytes and has dual
reactivity with human MTF1. NBP1-86380 MTF1 antibody was on back order for six months
so it was necessary to conduct preliminary western blots with HPA MTF1 polyclonal
antibody.
In this first experiment (Figure 4.12) using untreated nuclear and cytoplasmic HAC protein, a
band was observed at 35kDa and potentially a second band at 40kDa in both fractions probed
with N- terminal MTF1 antibody. As these lysates had been prepared and handled by another
researcher in the group, I could not attribute these bands as potential cleavage products due to
protease activity or whether the antibody was just non-specific. The purity of the lysate
fractions was investigated by GAPDH and Histone 2A probing. This was necessary for any
further use of the lysates in MTF1 translocation assessment. There was evidence of
contamination of the nuclear lysate with cytoplasmic protein lysate because a 37kDa band for
GAPDH was present (Figure 4.12). Any reciprocal contamination of nuclear protein in the
cytoplasmic lysate was undetermined using Histone 2A as a marker (not shown).
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Figure 4.12 – N-terminal MTF1 antibody detects multiple bands in 10µg untreated HAC
nuclear and cytoplasmic lysates and GAPDH cytoplasmic protein marker found in both
fractions.
Consecutively, from left to right, lanes contain PageRuler prestained ladder, untreated HAC
nuclear and cytoplasmic (cyto) lysate. Blot was probed with either N-terminal MTF1 antibody
overnight or GAPDH antibody for one hour.

4.3.5.2 Comparison of N and C-terminal targeting MTF1 antibodies in HAC lysates
stimulated for six hours with or without IL-1α and OSM
Next, the same N-terminal MTF1 antibody and an additional C-terminal MTF1 antibody
(Santa Cruz, 365090) was tested in the IL-1α and OSM six hour treated HAC lysates. As a
positive control for the antibodies, the MTF1 overexpression lysate (Origene, LC401804) was
loaded alongside the HAC lysates. This was in order to clarify the discrepancy between
expected and observed protein size of MTF1. The C-terminal MTF1 antibody binds a 299
amino acid sequence in position N453-C753.
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Having stained the PVDF membrane with ponceau red, the transferred proteins could be
observed, albeit weakly, and there were two major protein bands in the overexpressed MTF1
lysate lane (Figure 4.13A). Both antibodies detected two bands of ~55kDa and ~25kDa in the
lane containing the overexpressed MTF1 lysate, although this was smaller than the predicted
size of MTF1. Despite using two separate antibodies, one raised towards the N terminal and
the other against the C-terminal end of MTF1, neither antibody detected protein bands of the
same size as that observed in the overexpressed MTF1 lysate lane in the HAC protein lysates.
The C-terminal MTF1 antibody detected no bands in any of the nuclear, cytoplasmic or whole
protein HAC lysates (Figure 4.13B) whereas N-terminal MTF1 antibody detected ~30kDa
band of equal intensity in each sample (Figure 4.13C). It should be noted that the same Nterminal MTF1 antibody used in Figure 4.12 gave a band of 35kDa in these samples. As the
55kDa and 25kDa bands observed in the overexpressed MTF1 lysate lane total the 81kDa
predicted size of MTF1, these bands may represent MTF1 cleavage products.

A)

B)

C)

Figure 4.13 – Western blots using C and N-terminal MTF1 antibodies in six-hour IL-1α
and oncostatin M-treated HAC nuclear, cytoplasmic and whole protein lysates and
overexpressed MTF1 lysate.
Consecutively, from left to right, lanes contain PageRuler prestained ladder, 10µg IL-1α and
OSM six hour-treated HAC nuclear and cytoplasmic lysate and MTF1 overexpression lysate
(Origene, LC401804). Ponceau red staining of the proteins after wet transfer A) then the blot
was probed with the C-terminal MTF1 antibody B) before the same blot was re-probed
overnight with N-terminal MTF1 antibody C). WP= whole protein kDa = kilodaltons.
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The possibility of MTF1 protein cleavage was explored by analysing potential proteasemediated cleavage sites using the database PROSPER (prosper.erc.monash.edu.au). This
database provided potential cleavage sites targeted by aspartic, cysteine, serine, and
metalloproteinases or more than one of these families (Figure 4.14A). The amino acid sequence
provided

to

PROSPER

was

the

MTF1

sequence

with

the

c-myc-FLAG

tag

(EQKLISEEDLAANDILDYKDDDDKV) at the end. In Figure 4.14B that same sequence
shows the binding sites for the N-terminal (blue) and C-terminal (green) MTF1 antibodies.
Using these sequences as input for a multiple sequence alignment using the basic local
alignment search tool (blast.ncbi.nlm.nih.gov/Blast.cgi) returned a 50% alignment for a 10
amino acid sequence with the comparable amino acids highlighted in yellow in each sequence
(Figure 4.14B).
Using the PeptideCutter tool in ExPASy (web.expasy.org/peptide_cutter) and cross
referencing the potential cleavage sites identified with PROSPER in MTF1 (Figure 4.14A), I
determined the cleavage site which gave protein fragments approximating that which was
observed in the western blot positive control lanes. Cleavage of the alanine at position 511
(highlighted in bold in Figure 4.14B) gave peptide sequences of size 55.8kDa and 25.2kDa.
This cleavage by a member of the metalloproteinase family may explain the results observed
with the MTF1 overexpressed lysate, but is somewhat complicated by the fact that EDTA, a
known inhibitor of metalloproteinases, was used in the extraction of the MTF1
overexpression lysate by the manufacturer.
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Cleaved by Aspartic protease after this residue (P1 position)
Cleaved by Cysteine protease after this residue (P1 position)
Cleaved by Metalloproteinase after this residue (P1 position)
Cleaved by Serine protease after this position (P1 position)
Cleaved by different multiple protease superfamilies after this position (P1 position)

B)

Figure 4.14 – Predicted cleavage sites of multiple protease families for the human protein
MTF1 using the database PROSPER.
The amino acid sequence of human MTF1 with the c-myc-FLAG residue
(EQKLISEEDLAANDILDYKDDDDKV) was passed to PROSPER and potential cleavage
sites for different protease families calculated A). The amino acids corresponding to the
epitopes of the N-terminal MTF1 antibody (blue) and C-terminal MTF1 antibody (green) were
analysed using BLAST for alignment and these amino acids are highlighted in yellow B). The
c-myc-FLAG tag is highlighted at the end of the sequence in orange. The alanine amino acid
highlighted in bold is a predicted cleavage site for metalloproteinases, the resulting fragments
of which generate approximately 55 and 25kDa sized bands.
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As both antibodies bind at opposite ends of the protein with insufficient amino acid sequence
overlap for antibody binding outside its normal epitopic region, it is probable that after
reprobing the blot with the N-terminal MTF1 antibody the smaller and fainter ~25kDa band
was the result of residual binding of the primary C-terminal antibody. This theory is consistent
with the fact that if cleavage were to occur at position 511 (Figure 4.14B, alanine in bold), then
the C-terminal MTF1 antibody could bind both fragments, whereas the N-terminal MTF1
antibody will only bind the ~55kDa fragment.
Based on this western blot analysis, I concluded that both the N and C-terminal targeting antiMTF1 antibodies were unable to detect MTF1 endogenously in HACs. As HACs are not easily
transfected, I could not overexpress a tagged version of the protein in these cells to investigate
MTF1 at the protein level further. I thus chose to examine genes reported in mice chondrocytes
to be downstream and dependent on MTF1 activity in the zinc-ZIP8-MTF1 pathway.
4.3.6 Metallothioneins are upregulated following IL-1α stimulation for one passage in
HACs
Despite not detecting transcriptional changes to MTF1 levels after IL-1α exposure and unable
to assess MTF1 protein levels and subcellular localisation due to antibody issues, the
expression of the MTF1-regulated MT genes was assessed. Of the eight MT genes examined
in IL-1α treated HACs, MT1A, MT1F, MT1G, MT1H and MT2A were significantly
upregulated (Figure 4.15A-E). For MT1A and MT1G, this upregulation was observed in the
majority of HAC donors, except for HAC donor three which broadly inhibited MT expression
after one passage of IL-1α. MT1G was increased more than 16-fold in 25% of donors. MT1F,
MT1H and MT2A were significantly upregulated (p=0.027, p=0.0078 and p=0.0257
respectively), in all eight HAC samples in which the gene was measured. MT1E and MT1X
gene expression was not significantly different after IL-1α treatment. A heatmap of log2-fold
change differential gene expression of all the MTs measured by qPCR after one passage with
IL-1α is shown in Figure 4.15F.
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Figure 4.15 – Metallothioneins including MT1A, MT1F, MT1G, MT1H and MT2A are all significantly and differentially upregulated after
IL-1α treatment in HAC donors.
HACs from 16 donors were treated ± 0.1ng/ml IL-1α for one passage and connecting coloured lines for MT1A A), MT1F B), MT1G C), MT1H D),
MT2A E) and are matched HAC donor normalised gene expression responses. Data is normalised to housekeeper genes 18S, GAPDH, and HPRT1.
Log2-fold change expression data for all 16 HAC donors illustrated as heatmap F). Red, white and blue boxes represent genes upregulated,
unchanged or downregulated with IL-1α respectively. A cross indicates the gene was not measured in the sample. Normalised data was analysed
with a paired t-test, only MT1H was analysed with Wilcoxon t-test. *p<0.05, **p<0.01 and *** p<0.001 ns = non-significant.
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4.3.7 Cartilage matrix-degrading gene expression
To understand if IL-1α treatment for one passage in HACs impacted on cartilage matrixdegrading enzymes, ADAM-TS5 and MMP13 expression were measured. ADAM-TS5 was
selected because it binds and cleaves at the OA-associated aggrecan cleavage site (Glu
373/Ala 374). It was also shown that in mice lacking the catalytic domain (exon three) of
ADAM-TS5 and had undergone DMM surgery, TEGE373 fragments were absent from
articular cartilage (Glasson et al., 2005). This highlights ADAM-TS5s role as a critical
protease contributing to aggrecan loss with consequential type II collagen breakdown
mediated by MMPs at later stages. MMP13 rather than MMP1 was prioritised for gene
expression assessment because the former MMP is associated with type II collagen
degradation derived from OA chondrocytes, whereas the latter enzyme derives from synovial
fibroblasts and MMP1 collagenolytic activity is more strongly associated in RA than OA
(Chan et al., 2017) . ADAM-TS5 (Figure 4.16A) was significantly upregulated (1.3-fold,
p=0.0222) but MMP13 (Figure 4.16B) was not significantly and differentially expressed after
IL-1α treatment for one passage. HAC donor five had the largest fold upregulation (2.4 and
2.8-fold) for ADAM-TS5 and MMP13 respectively and HAC donor three MMP13 differential
gene expression was inhibited by 61% after IL-1α treatment (Figure 4.16C).
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Figure 4.16 – ADAM-TS5 and MMP13 are not significantly and differentially expressed
after IL-1α treatment.
HACs from 16 donors were treated with or without 0.1ng/ml IL-1α for one passage and
connecting coloured lines for ADAM-TS5 A) and MMP13 B) are matched HAC donor
normalised gene expression responses. Data is normalised to housekeeper genes 18S, GAPDH,
and HPRT1. Fold change expression data for all 16 HAC donors illustrated as heatmap C). Red,
white and blue boxes represent genes upregulated, unchanged or downregulated with IL-1α
respectively. Data satisfying a D’Agostino-Pearson omnibus k2 normality test prior to or after
log2 transformation was analysed with a paired t-test, * p<0.05 ns = non-significant.
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4.4 Chapter summary
The data presented provides compelling and reproducible evidence for SLC39A8 and
SLC39A14 upregulation in IL-1α-treated HACs. This cohort of 16 HAC donors recapitulated
the SLC39A8 and SLC39A14 expression patterns identified in published HAC transcriptomic
datasets in SkeletalVis. The pro-inflammatory gene expression response in HACs after IL-1α
mimicked a previous cell culture study using IL-1β in SW1353 cells and HACs, whereby
bioinformatics analysis revealed the transcription factor, NFκB, as one of the main
transcription factors mediating downstream action of IL-1 (Gebauer et al., 2005). As NFκB is
involved in regulating pro-inflammatory gene expression, it follows that the pro-inflammatory
genes IL-6, CXCL8 and CCL2 were upregulated in HACs. Gebauer et al., 2005 also stated the
most common gene signature overlap between the SW1353 cell line and HACs was the
expression of catabolic matrix genes, with very little overlap elsewhere. ADAM-TS5 but not
MMP13 was upregulated by IL-1α in this instance which only partially reflected the
observations of Gebauer et al., 2005 in their HAC samples. This may be because of the time
the cells were in culture before treatment, treatment duration itself, or because serum
starvation was not performed.
Several MTs were differentially upregulated following IL-1α stimulation. However, it is
unclear whether these and matrix-degrading gene expression changes are dependent on NFκB,
MTF1 or both. As there were no observed MTF1 transcriptional changes, there is still the
possibility that MTF1 protein activity is changing in chondrocytes exposed to IL-1α. A
summary schematic for the zinc-ZIP8-MTF1 axis activity in HACs is presented in Figure
4.17. A new strategy to detect tagged overexpressed MTF1 protein in chondrocyte cell lines
was adopted and is described in chapters five and six.
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Figure 4.17 – Summary of zinc-ZIP8-MTF1 axis exploration in HACs.

Chapter 5: INVESTIGATING THE ZINC-ZIP8-MTF1 AXIS IN T/C-28A2
RIB CHONDROCYTES
5.1 Introduction
Having explored zinc homeostasis genes in HACs from OA knee cartilage, the investigation
of MTF1 activity and localisation following IL-1α stimulation could no longer be advanced
using HACs alone. Chondrocyte cell lines, such as T/C-28a2 cells, were established to
overcome the limitations of culturing HACs; primarily that once extracted from the cartilage,
HACs are slow to proliferate, and dedifferentiate over time losing the characteristic
chondrocyte gene expression profile (Goldring et al., 1994a) e.g. loss of COL2A1 and SOX9.
This chapter explores the zinc-ZIP8-MTF1 axis in TC/-28a2 cells. The T/C-28a2 cell line was
derived from discarded rib cartilage of a 15-year-old human female undergoing pectus
excavatum surgery through transfection of the chondrocytes with the SV40 large T antigen
inserted in the retroviral neomycin-resistant pZipNeoSV (X) vector. This vector contains the
neomycin-resistance gene and was selected for over many months with G418 antibiotic. The
cells were further expanded in suspension culture on agarose-coated plates, which resulted in
the morphological stability of the ‘polygonal cobblestone’ chondrocyte appearance originally
observed with transfection. The C-28/I2 line was created as one of over 40 clonal lines
following clonal expansion of the T/C-28a2 cell line. T/C-28a4 cells were derived from
transfection of a five-year-old’s costal chondrocytes with the origin-defective SV40 plasmid
using the polybrene/DMSO method. T/C-28a2 and T/C-28a4 cells express collagen types II,
IX and XI and proteoglycans aggrecan, link protein, biglycan and decorin optimally in a
serum-free defined medium containing 1% Nutridoma SP (Finger et al., 2003). 5pM IL-1
treatment of these cells with or without 10µg/ml cycloheximide promoted COL2A1 and
MMP1 expression from 1-6 hours in both lines but inhibited COL2A1 at 24 hours specifically
in T/C-28a2 cells. IL-1 + cycloheximide more notably reduced MMP1 in T/C-28a4 than in
T/C-28a2 but this was because MMP1 was constitutively higher in T/C-28a2 cells following a
medium change at time zero, 24 hours after serum-free medium culture. Cycloheximide
partially recovered COL2A1 expression when stimulated with IL-1 compared to IL-1 alone at
24 hours in T/C-28a2 cells (Goldring et al., 1994a). This collagen gene expression recovery
was consistent with previous results in non-immortalised human chondrocytes where the IL1-mediated COL2A1 gene downregulation was not a consequence of decreased α1 (II)
procollagen mRNA stability but was suggested that cycloheximide blocks an IL-1-induced
repressor factor for α1 (II) procollagen gene transcription (Goldring et al., 1994b).
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Interestingly, when the medium was not changed prior to stimulation and after a 24 hour
period of serum-free medium culture, the constitutive levels of MMP1 in T/C2-8a2 were
lower, such that the inhibitory effect of cycloheximide on MMP1 expression was more
dramatic. At 24 hours there was no recovery of COL2A1 by cycloheximide in the presence of
IL-1α and COL2A1 levels were lower than IL-1 alone (Goldring et al., 1994a). The C-28/I2
line expressed the greatest levels of catabolic matrix genes compared to the T/C-28a2 and
T/C-28a4 lines, yet all had comparable SOX9 expression (Finger et al., 2003). At first glance
the C-28/I2 cells might be prioritised for use in this research project to understand how IL-1
correlates with changes in zinc homeostasis genes and ultimately cartilage matrix-degrading
genes. However, the TC28/I2 line proliferates at a reduced rate compared to T/C-28a2 cells
and thus in the interests of conducting in vitro experiments in a timely manner T/C-28a2 cells
were used. T/C-28a2 cells can be cultured to confluency in a shorter duration and are also
amenable to transfection. In the next sections, IL-1 and/or ZnCl2 were used as stimuli on T/C28a2 cells or stably luciferase expressing T/C-28a2 cells and addressing the activation of each
component of the zinc-ZIP8-MTF1 axis will be discussed.
5.2 Aims
This chapter aims to address the consequence of IL-1α stimulation on the expression of zinc
homeostasis genes and subsequent impact on cartilage matrix-degrading gene expression in
T/C-28a2 cells. This was achieved with the following experimental objectives:
•

Establish an IL-1α concentration for use in T/C-28a2 cells that obviates toxicity and
elicits an IL-1 positive gene expression (IL-6 and CXCL8) response.

•

Determine if IL-1α and IL-1β elicit the same response in T/C-28a2 cells as they do in HACs
by quantifying the expression of IL-1 positive control genes (IL-6, CXCL8 and CCL2) and
selected zinc transporters.

•

Investigate if IL-1 and/or ZnCl2 treatment for one or more passages activates the zinc-ZIP8MTF1 axis described in mouse chondrocytes, specifically examining:

-

Zinc transporters’ gene expression
Intracellular and extracellular zinc levels
MTF1 gene expression, localisation and activity
MT expression
Cartilage matrix-degrading gene expression
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5.3.1 IL-1α concentration evaluation for T/C-28a2 cells
The optimal IL-1α concentration to use with T/C-28a2 cells had not been determined in the
lab and this cytokine is less frequently used in the literature compared to IL-1β. IL-1α was
evaluated at three concentrations (0.1, 0.25 and 0.5ng/ml) in T/C-28a2 cells based on the
concentrations previously optimised in HACs (0.1ng/ml) and SW1353 chondrosarcoma cells
(0.5ng/ml). These concentrations were 1111 and 5555-fold more than the 5pM IL-1β used in
the original characterisation of the T/C-28a2 line derived by Goldring et al., 1994. The aim
was to determine which concentration would induce IL-6 or CXCL8 positive control genes
successfully and whether changes to the genes were observed after IL-1α removal. The cells
were treated with IL-1α for three consecutive passages (each lasting 72 hours) with cells
collected at the end of each passage. IL-1α was removed at day 12 and cultured for a further
passage with the cells collected on day 15. Only one biological was set up per concentration
per time point so statistics was not possible and only a description of the trends in the data are
provided (Figure 5.1A and B). There was an apparent effect of IL-1α on IL-6 and CXCL8
gene expression with more apparent concentration dependent effects of IL-1α on CXCL8 at
day six and nine. Both genes showed concentration-dependent gene expression reduction after
IL-1α removal at the beginning of the fourth passage. The IL-1α concentration selected for all
future experiments was 0.25ng/ml because the cells appeared viable at this concentration and
removal of 0.5ng/ml IL-1α at day 12 did not result in reduced gene expression measured at
day 15, unlike 0.25ng/ml. For all IL-1α T/C-28a2 experiments the genes IL-6, CXCL8 and
CCL2 were assessed to confirm the cells were responsive to IL-1α.
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Figure 5.1 – IL-6 and CXCL8 gene expression in T/C-28a2 cells treated ± IL-1α for three
passages and its removal for the fourth passage.
Three concentrations of IL-1α were tested to address IL-6 A) and CXCL8 B) normalised gene
expression by qPCR. Data is normalised to housekeepers 18S, GAPDH and HPRT1. The bars
represent the mean of three qPCR technical replicates for each of the three flasks per condition.
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5.3.2 Do T/C-28a2 cells respond in the same manner to IL-1α as IL-1β?
IL-1α and IL-1β signal through the same receptor with IL-1α having ~10-fold higher affinity
for IL-1R1(Chin et al., 1988). Both cytokines trigger similar gene expression responses in
HACs as observed in section 4.3.1. I thus investigated whether T/C-28a2 cells also respond in
an identical manner to both IL-1α and IL-1β. One experiment was conducted comparing T/C28a2 cells treated for 72 hours with 0.25ng/ml IL-1α or 2.5ng/ml IL-1β and the genes IL-6,
CXCL8, CCL2 were quantified by qPCR (Figure 5.2A-C). All three genes were significantly
upregulated by IL-1α (8-fold p=0.019, 23-fold p=0.0041, and 15-fold p=0.0027 compared to
control respectively). All three genes were also upregulated significantly by IL-1β (10-fold
p=0.0012, 43-fold p=0.0007 and 17-fold p=0.0098 compared to control respectively). This
result indicated that IL-1α and IL-1β responses were indistinguishable with the exception of
CXCL8 (p=0.0121). Furthermore, IL-1α is more potent than IL-1β as it induces similar gene
expression changes as IL-1β but at 10-fold lower concentration.
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Figure 5.2 – Normalised IL-6, CXCL8 and CCL2 gene expression responses in T/C-28a2
cells treated ± IL-1α or IL-1β.
Four hours after seeding, T/C-28a2 cells were treated with or without 0.25ng/ml IL-1α or
2.5ng/ml IL-1β for one passage (72 hours) and the genes IL-6 A), CXCL8 B) and CCL2 C)
quantified by qPCR. Data is normalised to housekeepers 18S, GAPDH and HPRT1. Data
satisfying a Shapiro Wilk normality test prior to or after log2 transformation was analysed with
a paired t-test comparing treatments against control or IL-1α against IL-1β. Symbols represent
the mean of three qPCR technical replicates for each of the three flasks per condition and error
bars are the standard deviation. Horizontal lines are the group mean. ns = non-significant
p>0.05.
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5.3.3 SLC39A14 but not SLC39A8 is upregulated after one passage with IL-1α
Next, the zinc transporter genes’ expression was assessed in T/C-28a2 cells treated for one
passage lasting 72 hours with 0.25ng/ml IL-1α. A total of six experiments and cDNA from up
to 16 flasks per condition (untreated or IL-1α-treated) for a 72 hour passage was analysed.
Using RNA-Seq data from Table 3.9 (Chapter 3) the human zinc transporters expressed in
cartilage were determined using a TPM threshold >4. Transporters absent from the
subsequent figures were not expressed in OA cartilage. After 72 hours of IL-1α exposure,
SLC39A13 and SLC39A14 were significantly upregulated 1.2-fold (p=0.0028) and 2.2-fold
(p=0.0001) respectively, with SLC39A8 not showing a significant change in expression in any
experiment (Figure 5.3 A-C). Slc39a8 is upregulated in mouse chondrocytes after IL-1β
exposure, and so I next investigated if IL-1β treatment led to Slc39a8 upregulation in the T/C28a2 human chondrocytes. SLC39A8 showed no change in expression in chondrocytes treated
with either cytokine compared to untreated cells (Figure 5.3D), whereas SLC39A14 was
upregulated 2.4-fold (p=0.0006) and 2.5-fold (p=0.004) after 72 hours of IL-1α and IL-1β
treatment respectively (Figure 5.3E). Differences between IL-1 ligands for either SLC39A8 or
SLC39A14 gene expression were negligible.
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Two experiments totalling 3-5 biological replicates in which all zinc transporters were
assessed after IL-1α exposure for 24, 72 (P1), 144 (P2) and 216 (P3) hours and its removal
from T/C-28a2 cells for a final 72 hour passage (288 hour, P4) was conducted. No significant
difference between IL-1α and control treatments for SLC39A8 expression was observed
(Figure 5.4A). SLC39A13 was significantly upregulated (1.2-fold, p=0.0028) at P1.
SLC39A14 expression remained non-significantly elevated after 144 (1.9-fold, Figure 5.4B)
and 216 hours (P3, 1.7-fold, Figure 5.4B) and although zinc transporter gene downregulation
following IL-1α removal was not evident when compared to untreated cells from the same
passage, the effect of downregulation was evident when compared to P1 (Figure 5.4B and C).
Among zinc exporters, SLC30A3 was significantly downregulated (0.8-fold, p=0.0197) at 24
hours and although not significant SLC30A5 was also among the most prominently
downregulated zinc transporters compared to control at each passage as summarised in a fold
change heatmap (Figure 5.4C).
Next, the effect of zinc ± IL-1α on SLC39A8 and SLC39A14 expression was examined. This
was a single experiment performed in biological triplicate and the concentration of ZnCl2 used
(100µM) in this experiment was selected from Kim et al.,2014. None of the treatments
induced a SLC39A8 expression profile in T/C-28a2 cells that was different to control after 72
hours (Figure 5.4D). SLC39A14 was significantly upregulated (2-fold, p=0.0046) following
IL-1α treatment for 72 hours and was also significantly upregulated (2.2-fold, p=0.0028) in
the combined IL-1α + ZnCl2 treatment, though this appears to be driven by the IL-1α and not
the ZnCl2. No conclusion about the effect of ZnCl2 on SLC39A8 or SLC39A14 gene
expression (Figure 5.4D and E) was possible because one of the triplicate ZnCl2-treated flasks
became infected. The fold changes of all genes measured in flasks treated with 0.25ng/ml IL1α for 72 hours is presented in Appendix E and the equivalent relative gene expression graphs
for all zinc transporters measured at either 72 hours or in the context of the complete time
course are in Figures 5.5-5.8.
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Figure 5.3– SLC39A14, not SLC39A8 is significantly upregulated by IL-1α in T/C-28a2
cells after 72 hours in six experiments and is also significantly different from control after
IL-1β treatment.
Relative gene expression of SLC39A8 A) and SLC39A14 B) genes normalised to housekeeper
genes 18S, GAPDH and HPRT1. Heatmap summarising IL-1α-mediated zinc transporter gene
expression fold changes relative to controls after one passage lasting 72 hours C). Red indicates
differential fold change upregulation with IL-1α, and blue represents differentially
downregulated fold change with IL-1α. Genes marked with a cross were not measured in these
samples. Relative gene expression of SLC39A8 D) and SLC39A14 E) of IL-1α or IL-1β-treated
T/C-28a2 cells treated in biological triplicate for 72 hours. Symbols represent mean of three
qPCR technical replicates for each flask per condition from every biological replicate across
one (D and E) or six (A, B and C) experiments. Horizontal lines are the group mean and error
bars are standard deviation. Data satisfying either a D’Agostino-Pearson omnibus k2 (SLC39A8
and SLC39A14) or a Shapiro Wilk normality test prior to or after log2 transformation was
analysed with a paired t-test. ** p<0.01, *** p<0.001 ns = non-significant p >0.05.
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p >0.05.
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Figure 5.5– Zinc exporter gene expression in T/C-28a2 cells treated ± IL-1α for 72 hours.
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72 hours (P4).
P1 data presented here is the same as Figure 5.5 but with the added context of the remaining passages of the time course for the two experiments. The
experiment was repeated with three biological replicates per condition per passage totalling 60 samples. However, due to RNA degradation during
extraction only three to five biological replicates (42 samples) were available for analysis by either paired or Wilcoxon’s t-test. Normalised data satisfying
a Shapiro Wilk normality test prior to or after log2 transformation was analysed with a paired t-test. Where the data was not normal a Wilcoxon t-test of
the normalised data was conducted (P2 -SLC30A3; P3 – SLC30A3 and SLC30A5). Symbols represent mean of three qPCR technical replicates for every
flask from two experiments and the mean relative expression is normalised to housekeepers 18S, GAPDH and HPRT1. Horizontal lines are the group
mean and error bars are the standard deviation. * p<0.05
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Figure 5.8– Zinc importer gene expression in T/C-28a2 cells treated ± IL-1α for consecutive passages up to 216 hours (P3) and cell recovery for
72 hours (P4).
P1 data presented here is the same as Figure 5.6 but with the added context of the remaining passages of the time course for the two experiments. The
experiment was repeated with three biological replicates per condition per passage totalling 60 samples. However, due to RNA degradation during
extraction only three to five biological replicates (42 samples) were available for analysis by paired t-test. Normalised data satisfying a Shapiro Wilk
normality test prior to or after log2 transformation was analysed with a paired t-test. Where the data was not normal a Wilcoxon t-test of the normalised
data was conducted (P2 -SLC39A1, 7, 10 and 13; P3 – as before and additionally SLC39A4 and 6; P4 – SLC39A10). Symbols represent mean of three
qPCR technical replicates for every flask from two experiments and the mean relative expression is normalised to housekeepers 18S, GAPDH and
HPRT1. Horizontal lines are the group mean and error bars are the standard deviation. ** p<0.01

5.3.4 What effect does IL-1α treatment have on T/C-28a2 intracellular and extracellular
zinc levels?
In murine chondrocytes, IL-1 induced upregulation of Slc39a8 which led to an increase in
intracellular zinc levels (Kim et al., 2014). Although SLC39A8 was not upregulated in T/C28a2 cells in response to IL-1α, the related zinc importer gene SLC39A14 was upregulated.
Thus, the MAK032 kit was used to investigate whether the metal ion concentration
intracellularly or in spent medium was influenced by 0.25ng/ml IL-1α exposure to T/C-28a2
cells treated for 72 hours. As shown in Chapter 4, this kit is not specific to zinc and can also
detect Fe2+. Thus, the concentrations measured represent zinc and iron combined. Unlike
HACs (Chapter 4, Figure 4.10), the metal ion concentration in T/C-28a2 cells or in spent
medium was not significantly altered by 0.25ng/ml IL-1α exposure after two experiments
carried out in biological duplicate and triplicate respectfully (Figure 5.9).
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Figure 5.9–Metal ion content determined using a spectrophotometric method in T/C-28a2
cells and spent medium ± IL-1α was not significantly different.
T/C-28a2 cells were treated in biological duplicate or triplicate ± 0.25ng/ml IL-1α for one
passage (72 hours) in monolayer culture for a total of two experiments. The cells A) and
matched spent medium B) were collected and metal ion content measured using the MAK032
spectrophotometric kit. Symbols represent means of duplicate measurements of control (black)
or IL-1α-treated (red) cell pellets or spent medium and horizontal line is the group mean and
the error bars are standard deviation. The data was analysed with a paired t-test. ns = nonsignificant.
169

5.3.5 Is MTF1 gene expression upregulated in response to IL-1α in T/C-28a2 cells?
Although the spectrophotometric experiment indicated the intracellular zinc levels were
unchanged in T/C-28a2 cells after 72 hours of IL-1α treatment, I next investigated if
expression of the zinc sensing transcription factor MTF1 was upregulated in these cells. As
the metal ion concentration was unchanged by IL-1α, after 72 hours it was perhaps
unsurprising to find the MTF1 transcript was also not significantly different at 72 hours or at
any time point tested (Figure 5.10).
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Figure 5.10–MTF1 relative expression and fold change in T/C-28a2 cells treated ± IL-1α.
MTF1 expression A) was assessed in cDNA from preliminary T/C-28a2 cell experiments where
IL-1α exposure was maintained for 24, 72 (P1), 144 (P2), and 216 (P3) hours and its removal
for cell recovery for a further 72 hours totalling 288 (P4) hours of culture. Summary heatmap
of MTF1 expression fold change relative to untreated control B). Red indicates differential fold
change upregulation with IL-1α, and blue represents differentially downregulated fold change
with IL-1α. Symbols represent mean of three qPCR technical replicates for every flask from
two experiments and the mean relative expression normalised to housekeepers 18S, GAPDH,
HPRT1. Horizontal lines are the group mean and error bars are the standard deviation.
Normalised data was assessed for normality by Shapiro Wilk test and a paired t-test carried out
at each time point p>0.05.
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5.3.6 How do C and N-terminal MTF1 antibodies perform in western blots using untreated
T/C-28a2 nuclear and whole protein lysates?
T/C-28a2 nuclear and whole protein lysates, provided by a colleague whose experiments did
not make use of cytoplasmic lysate, were used in these experiments rather than all three
fractions. The efficacy of the C and N-terminal MTF1 antibodies in lysates prepared from
untreated T/C-28a2 cells was assessed. Neither MTF1 antibodies detected a protein of 81kDa
(the expected weight of MTF1 full length protein) in the T/C-28a2 lysates (Figure 5.11).
Instead, multiple bands were observed on the same blot probed sequentially with the different
MTF1 antibodies. The same bands for the overexpressed MTF1 lysate control were observed
with both the C and N terminal MTF1 antibodies as observed in HACs (section 4.3.5.2),
because these T/C-28a2 samples were loaded as part of a larger gel containing HACs, T/C28a2 and SW1353 lysates but Figure 5.11 has been cropped to address each cell type
separately. The full blot is available in appendix G. MTF1could not be detected in T/C-28a2
cells by western blot with either antibodies that detect different parts of the protein, let alone
could be used to address translocation in the T/C-28a2 cell line.

A)

B)

Figure 5.11– Western blot comparing C and N-terminal MTF1 antibody consecutively on
untreated T/C-28a2 nuclear and cytoplasmic lysates.The blot was probed with the Cterminal MTF1 antibody A) and after visualisation, the same blot was reprobed with N-terminal
MTF1 antibody B). Overexpressed MTF1 lysate was purchased from Origene (LC401804). WP
= whole protein, kDa = kilodaltons.
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5.3.7 What are the effects of IL-1α and/or ZnCl2 treatment on MTF1 activity?
MTF1 activity could not be measured in HACs, but as T/C-28a2 cells are easily transfected,
MTF1 activity can be studied using reporter assays in this cell line. To test whether MTF1
activity changed after exposure to 0.25ng/ml IL-1α or 2.5ng/ml IL-1β for 24 hours, a
luciferase reporter assay for MTF1 was carried out. As a positive control, cells were treated
with ZnCl2 alone or ± IL-1α to increase intracellular zinc levels and stimulate the zinc
homeostatic response. The reporter plasmid, pGL4.40 luciferase, encodes the firefly luciferase
protein under the control of a minimal promoter and contains five copies of a 5ʹ MRE
immediately upstream of a minimal promoter (Appendix A). The MRE is a sequence
(TGCNCRC) specifically recognised and bound by MTF1 that is found in the promoter of
MTF1 target genes (Giedroc et al., 2001). The MRE pGL4.40 plasmid or cloned empty
control pGL4.40 plasmid were co-transfected separately with renilla luciferase into T/C-28a2
cells for 24 hours, media removed and then replaced with media containing different IL-1
cytokines and/or ZnCl2 for a further 24 hours. Cells were then lysed and luciferase and renilla
activity measured. After normalisation of the raw luciferase signal against the renilla
luciferase signal the amount of light production is proportional to MTF1 binding at the MRE,
a readout of MTF1 transcription factor activity.
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Initial examination of the normalised firefly:renilla data from T/C-28a2 cells transfected with
the empty control pGL4.40 plasmid demonstrated that the different stimuli had a significant
effect on firefly:renilla luciferase ratios. This indicates that the treatments affect the activity of
the minimal promoter in T/C-28a2 cells transfected with the empty control pGL4.40 plasmid
(Figure 5.12A). MRE to control luciferase ratios above one thus indicates increased MTF1
activity (Figure 5.12B) and those below one indicates repressed activity. The normalised
luciferase activity of the MRE plasmid was further normalised to the empty control pGL4.40
plasmid data for each respective stimulus to account for the effect stimulation had on basal
luciferase activity in Figure 5.12A. The experiment was completed a total of four times with
six sextuplicate wells per condition.
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Figure 5.12 – Raw firefly:renilla ratios from T/C-28a2 cells transiently transfected with
empty control pGL4.40 and renilla luciferase or MRE pGL4.40 plasmid and renilla
luciferase.
T/C-28a2 cells transiently transfected with the empty control pGL4.40 plasmid and renilla
luciferase A) and T/C-28a2 cells transiently transfected with the MRE pGL4.40 plasmid and
renilla luciferase B). Cells were transfected for 24 hours followed by a further 24 hour exposure
to medium only or 0.25ng/ml IL-1α, 2.5ng/ml IL-1β, 100µM ZnCl2 or 0.25ng/ml IL-1α +
100µM ZnCl2 before luciferase activity was measured. Each coloured symbol is a different
treatment with all six technical replicates from four experiments totalling 24 replicate values.
The firefly luciferase data has been normalised to the renilla luciferase to account for any
variation in transfection efficiency. The firefly:renilla ratios were analysed for normality by
D’Agostino-Pearson omnibus k2 test (n>8) and either an unpaired t-test with Welch’s
correction or Mann-Whitney t-test (IL-1α + ZnCl2 vs control) was conducted. Outliers in the
dataset are highlighted in pink and were determined by addition or subtraction of 1.5 times the
interquartile range of the 75th or 25th percentile respectively. *** p<0.001 ns = non-significant.
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In the cells transfected with the pGL4.40 plasmid, 0.25ng/ml IL-1α or 2.5ngml IL-1β
treatment for 24 hours resulted in non-significant changes in luciferase activity. This indicates
that MTF1 activity in T/C-28a2 chondrocytes is not altered after 24 hours exposure to either
IL-1α or IL-1β. However, the positive control 100µM ZnCl2 and 0.25ng/ml IL-1α + 100µM
ZnCl2 stimulus significantly increased luciferase activity, confirming that the reporter assay
was able to detect increased MTF1 activity in response to increased cellular levels of zinc.
ZnCl2 treated cells had higher activity than ZnCl2 + IL-1α, although the difference in
luciferase activity between these two stimuli were not significant from one another (Figure
5.13, 2.4 and 1.8-fold respectively). This analysis indicated that ZnCl2 was indeed increasing
MTF1 activity as measured using the MRE luciferase reporter plasmid. There was evident
variation of the 24 measurements within groups, often whole plates grouping separately from
other plates with the same treatment.
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Figure 5.13- Luciferase reporter
assay measuring MTF1 activity in
T/C-28a2 cells treated ± IL-1α, IL1β, ZnCl2 or IL-1α + ZnCl2 for 24
hours.
T/C-28a2 cells seeded and incubated
for 24 hours were transfected for an
additional 24 hours with either empty
control or MRE pGL4.40 plasmid then
treated in technical sextuplicate ±
0.25ng/ml IL-1α (red), 2.5ng/ml IL-1β
(purple), 100µM ZnCl2 (yellow) or
0.25ng/ml IL-1α + 100µM ZnCl2 (blue)
for a further 24 hours. The experiment
was repeated a further three times.
Symbols represent each of 23-24
measurements (after outlier removal)
for each treatment across four
experiments. Horizontal bars show the
mean of each condition and the error
bars are standard deviation. Statistical
analysis is Mann-Whitney t-test ***
p<0.001, ns = non-significant.

Due to the difficulties in detecting MTF1 protein in T/C-28a2 cells by western blot I had
planned to conduct further MTF1 western blots by assessing the effect of IL-1α and/or ZnCl2
treatment in these cells having overexpressed MTF1 via transfection of the MTF1 plasmid
and selected with the antibiotic G418. However, this approach was not possible because the
MTF1 plasmid could not be selected in T/C-28a2 cells, as the SV40 large T antigen construct
used in the derivation of the T/C-28a2 cell line were already resistant to G418 (Goldring et
al., 1994a). Thus, the pGL4.40 luciferase T/C-28a2 overexpressing line was created (chapter
2, section 2.9) in which the cells could be reliably transiently transfected with MTF1 plasmid
before treatment for 72 hours and genes of interest measured.
Before the transfected cell line could be used for additional transient transfections with the
MTF1 plasmid, overexpression of stably expressed luciferase in the T/C-28a2 cells needed to
be addressed. This was achieved by qPCR using two distinct luciferase assays located in the
open reading frame of the plasmid (LUC2_ORF1 and LUC2_ORF2) and through
normalisation against GAPDH only (Appendix A). This was to determine whether the NotIdigested linear or circular pGL4.40 plasmid transfections and hygromycin B selection had
been successful and which cell line (linear or circular) would be used for transient MTF1
overexpression experiments. Luciferase mRNA levels were detected at 1000-fold higher in
the NotI-digested linear pGL4.40 luciferase T/C-28a2 line (Figure 5.14A) compared to
untransfected T/C-28a2 cells that do not contain the pGL4.40 plasmid and have a background
Ct average of 36.5. Luciferase mRNA was observed for the circular pGL4.40 luciferase T/C28a2 line 500 times higher than the untransfected line but ~2-fold lower than the linear line.
Furthermore, luciferase detection with assay two gave a 24-fold and 8-fold increase in NotIdigested linear and circularly transfected lines respectively (Figure 5.14B) compared to
untransfected T/C-28a2 cells (Ct average 30.4). The discrepancy in fold changes between
these two assays, despite being designed to the same plasmid may be explained by greater
variation in the qPCR technical triplicate of assay one which contributed to a 64-fold higher
baseline measurement of the untransfected T/C-28a2 cells with assay two compared to assay
one. The NotI-digested linear pGL4.40 luciferase T/C-28a2 line and the assay one primers
were selected for further experimentation for future qPCR detection of luciferase.
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Figure 5.14– Assessment of luciferase gene expression in stably selected NotI-digested
linear or circular transfected pGL4.40 luciferase overexpressing T/C-28a2 cell line.
Two qPCR luciferase assays (A and B) were utilised to measure luciferase gene expression.
T/C-28a2 cells were transfected or not with either NotI-digested linear plasmid or native
pGL4.40 plasmid for 24 hours. Cells were cultured and expanded progressively from 6 well
plates to T25 to T75cm2 flasks and the transfected cells selected with 50µg/ml hygromycin B
until cells were collected after 13 days. Bars represent means of the technical triplicate from
the qPCR. Lin = NotI-digested linear plasmid, circ= circular native pGL4.40 plasmid.
Luciferase expressing T/C-28a2 cells were transiently transfected with MTF1 plasmid and
after 24 hours, the media replaced ± 0.25ng/ml IL-1α, 100µM ZnCl2 or 0.25ng/ml IL-1α +
100µM ZnCl2 for 72 hours. MTF1 transient overexpression was confirmed using the same
qPCR primers for MTF1 as used for expression analysis in HACs (section 4.3.4). These
primers amplify both endogenous MTF1 and that transcribed from the MTF1 plasmid. In this
instance statistics were not possible as only eight flasks rather than 24 were manageable at
any one time. This experiment was conducted once towards the end of my PhD. Therefore,
the data in Figure 5.15 represents the mean of the technical measurements from the qPCR
from a single flask and no statistics could be performed. In pGL4.40 luciferase expressing
T/C-28a2 cells, unstimulated MTF1 levels were increased 1.63-fold in non-stimulated MTF1
transiently overexpressing cells compared to the unstimulated mock-transfected
(lipofectamine2000 only) cells (Figure 5.15, columns one and five). The results suggest that
MTF1 gene expression was inhibited in pGL4.40 luciferase expressing T/C-28a2 cells mocktransfected with lipofectamine2000 and treated with IL-1α (0.64-fold) or IL-1α + ZnCl2 (0.79fold) treatment compared to lipofectamine2000 control cells (Figure 5.15). However,
transient overexpression of MTF1 in this cell line after treatment rescued the MTF1 gene
expression, though treatment differences (of any kind) were negligible from control.
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ZnCl2 (yellow) or both IL-1α +
ZnCl2 (blue). Data is normalised to
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HPRT1. Each bar represents the
average normalised expression of the
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As the T/C-28a2 luciferase assay data represents the effect of stimuli exposure for 24 hours
rather than the 72 hours at which target genes were measured by qPCR, an experiment to test
MTF1 activity was devised using the pGL4.40 luciferase T/C-28a2 cell line. These cells were
subject to the same stimuli for 72 hours, 24 hours after transient transfection with MTF1
plasmid and the gene expression of luciferase measured as an indicator of MTF1 activity. As
this experiment required mock transfections with lipofectamine 2000 with or without MTF1
plasmid of multiple flasks, the experiment was conducted just once. Therefore, the data in
Figure 5.15 represents the mean of the technical measurements from the qPCR from a single
flask and no statistics could be performed. As had previously been observed upon transient
transfection of cells with the luciferase construct (Figure 5.13), stimulation with ZnCl2 alone
or in combination with IL-1α increased basal MTF1 activity compared to unstimulated and
IL-1α treated luciferase stable cells (Figure 5.16). Stimulation with ZnCl2 also increased
MTF1 activity in cells that transiently overexpressed MTF1 compared to unstimulated MTF1
overexpressing cells. Although transient transfection of MTF1 plasmid into luciferase
overexpressing T/C-28a2 cells, increased overall MTF1 transcript levels independently of
stimulation (Figure 5.15), this was not accompanied by changes in MTF1 activity across any
of the treatments (Figure 5.16) in this single experiment.
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5.3.8 Does IL-1α upregulate metallothionein gene expression in T/C-28a2 cells?
MT1A and MT1G were next studied to investigate if IL-1α induced MT expression which
would be indirect evidence for increased MTF1 activity and is a potential mechanism to
buffer against potential alterations to intracellular zinc ion concentrations. The selection of
MT1A and MT1G from the eight MT genes qPCR assays that had been designed against was
based on Rushton et al., 2015 work identifying these genes alongside inflammatory genes as
highly expressed in a subcluster of OA hip cartilage patients with differential patterns in DNA
methylation. This decision was representative for the MT expression change elicited by IL-1α
in HACs (4.3.6). These two genes were also measured in SW1353 cells in the next chapter.
0.25ng/ml IL-1α treatment of T/C-28a2 cells for 72 hours resulted in MT1A (3.9-fold,
p<0.0001) but not MT1G upregulation (1.7-fold, p=0.0076) in Figures 5.17A and B. Each
symbol in the dot plots is an individual biological replicate for control or IL-1α-treated flasks
for six experiments. A summary heatmap for the fold changes averaged over the biological
replicates from each of six experiments is presented in Figure 5.17C.
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Figure 5.17 – MT1A and MT1G are significantly upregulated by IL-1α in T/C-28a2 cells
after a 72 hour passage.
The relative gene expression changes for MT1A A) and MT1G B) are normalised to housekeeper
genes 18S, GAPDH and HPRT1 after 72 hours of treatment with 0.25ng/ml IL-1α. Heatmap
summarising IL-1α-mediated MT gene expression fold changes relative to controls after 72
hours C). Red indicates differential fold change upregulation by IL-1α, and white represents no
change with IL-1α. Symbols represent the mean of three qPCR technical replicates for each
flask from every biological replicate for six experiments. Horizontal lines are the group mean
and error bars are the standard deviation. MT1A and MT1G were analysed by Wilcoxon and
paired t-tests respectively ** p<0.01, *** p <0.0001.
The T/C-28a2 time course with IL-1α was carried out in two experiments and cDNA was made
from 3-5 biological replicates per condition per time point. Only MT1A was significantly
upregulated (2.5-fold p<0.0001) after 96 hours of IL-1α treatment but no difference between
control and treatment was observed for MT1G (Figure 5.18A and B). The fold changes of IL1α compared to control summarised for both experiments at each passage is presented in the
heatmap in Figure 5.18C. Next, an experiment was conducted to compare ZnCl2 with IL-1αmediated MT responses as a positive control for MT induction. While there was an observed
upregulation with ZnCl2, statistical comparison for this treatment could not be performed
because one biological replicate in the triplicate condition became infected. IL-1α treatment
with or without ZnCl2 resulted in significant MT1A upregulation at 72 hours (6.1-fold p=0.0474,
3.7-fold p=0.015 respectively) but only MT1G was significant (16.7-fold p=0.012) after
combined treatment, suggesting ZnCl2 drives this MTs gene expression specifically (Figure
5.18D and E).
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Figure 5.18 – MT1A was significantly upregulated by IL-1α at multiple timepoints or not
at all for MT1G and effects of ZnCl2 treatment alone were undetermined.
Relative gene expression of MT1A A) and MT1G B) genes normalised to housekeeper genes
18S, GAPDH and HPRT1. Heatmap summarising IL-1α-mediated MT gene expression fold
changes relative to controls after three passages with IL-1α present and one passage without
IL-1α C). Red indicates differential fold change upregulation with IL-1α, and white represents
no change with IL-1α. Relative gene expression of MT1A D) and MT1G E) genes following ILα, ZnCl2 or both IL-1α + ZnCl2 treatments of T/C-28a2 cells in biological triplicate for 72 hours.
Symbols represent mean of three qPCR technical replicates for each flask from every biological
replicate across one (D and E) or two experiments (A, B and C). Horizontal lines are the group
mean and error bars are standard deviation. Normalised data satisfying a Shapiro Wilk
normality test prior to or after log2 transformation was analysed with a paired t-test, otherwise
a Wilcoxon t-test was used. Normalised data in D) and E) was analysed by paired t-test ns =
non-significant * p <0.05.

180

5.3.9 Does cartilage matrix-degrading gene expression change in response to IL-1α and/or
ZnCl2 stimulation in T/C-28a2 cells?
The effect of IL-1α on cartilage matrix-degrading gene expression in T/C-28a2 cells was
assessed next and in a later experiment ZnCl2 was used alongside IL-1α as a positive control
testing activation of the zinc-ZIP8-MTF1 axis. ADAM-TS5 and MMP13 were both
significantly upregulated 1.8 (p=0.0002) and 2.5-fold (p<0.0001) respectively after IL-1α
treatment for 72 hours (Figure 5.19A and B). Figure 5.19C is a heatmap highlighting the
interexperimental differences in ADAM-TS5 and MMP13 fold change after IL-1α. Only
ADAM-TS5 expression was maintained at 1.8-fold beyond 72 hours until 96 hours (Figure
5.20A-C). The effect of ZnCl2 treatment could not be properly ascertained (Figure5.20D and
E).
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Figure 5.19 – ADAM-TS5 and MMP13 are significantly upregulated by IL-1α in T/C-28a2
cells after a 72 hour passage.
The relative gene expression changes for ADAM-TS5 A) and MMP13 B) normalised to
housekeeper genes 18S, GAPDH and HPRT1 after 72 hours of treatment with 0.25ng/ml IL-1α.
Heatmap summarising IL-1α-mediated matrix-degrading enzymes gene expression fold
changes relative to controls after 72 hours C). Red indicates differential fold change
upregulation with IL-1α, and white represents no change with IL-1α. Symbols represent the
mean of three qPCR technical replicates for each flask from every biological replicate for six
experiments. Horizontal lines are the group mean and error bars are the standard deviation.
Normalised data satisfying a D’Agostino-Pearson omnibus k2 normality test prior to or after
log2 transformation was analysed with a paired t-test, *** p <0.0001.
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Figure 5.20 – ADAM-TS5 was significantly upregulated by IL-1α at multiple timepoints
of a time course experiment or not at all for MMP13. Effects of ZnCl2 treatment alone
were undetermined.
Relative gene expression of ADAM-TS5 A) and MMP13 B) normalised to housekeeper genes
18S, GAPDH and HPRT1. Heatmap summarising IL-1α-mediated MT gene expression fold
changes relative to controls after three passages with IL-1α present and one passage without
IL-1α C). Red indicates differential fold change upregulation with IL-1α, white represents no
change and blue is downregulation with IL-1α. Relative gene expression of ADAM-TS5 D) and
MMP13 E) genes from IL-α, ZnCl2 or both IL-1α + ZnCl2 treatments of T/C-28a2 cells in
biological triplicate for 72 hours. Symbols represent mean of three qPCR technical replicates
for each flask from every biological replicate across one (D and E) or two experiments (A, B
and C). Horizontal lines are the group mean and error bars are standard deviation. Normalised
data satisfying a Shapiro Wilk normality test prior to or after log2 transformation was analysed
with a paired t-test, otherwise a Wilcoxon t-test was used, * p<0.05 ** p<0.01. ns = nonsignificant.
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5.4 Chapter summary
There is no evidence that the zinc-ZIP8-MTF1 axis is active in T/C-28a2 cells. IL-1α stimulates
cartilage matrix-degrading gene expression in T/C-28a2 cells, which can occur independently
of proteins associated with the zinc-ZIP8-MTF1 axis and although statistical comparison
between ZnCl2 and control was not possible due to the loss of a biological sample due to
contamination, ZnCl2 was clearly not as effective as IL-1α in upregulating matrix-degrading
genes. A summary schematic for the zinc-ZIP8-MTF1 axis activity in T/C-28a2 cells is
presented in Figure 5.21. As no direct assessment of MTF1 dependence on the IL-1-mediated
expression of cartilage matrix-degrading genes was performed, the relationship between them
remains undetermined. The dependency of MTF1 in IL-1α-stimulated cartilage matrixdegrading gene expression needed to be addressed using siRNA against MTF1 or against
SLC39A14 to definitively implicate zinc-ZIP8-MTF1 axis involvement.
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Figure 5.21- Summary of zinc-ZIP8-MTF1 axis exploration in T/C-28a2 cells.

Chapter 6: INVESTIGATING THE ZINC-ZIP8-MTF1 AXIS IN SW1353
CHONDROCYTES
6.1 Introduction
Despite a role for IL-1α-mediated ADAM-TS5 and MMP13 gene upregulation in T/C-28a2
cells and selective upregulation of SLC39A14 (and not SLC39A8), there was no evidence of
intracellular zinc accumulation by any mechanism nor changes to MTF1 gene expression in
T/C-28a2 cells. In addition, MTF1 went undetected by western blot, meaning any association
of MTF1 (and hence zinc-ZIP8-MTF1 axis) to the observed upregulation of genes encoding
cartilage matrix-degrading enzymes (ADAM-TS5 and MMP13) in T/C-28a2 cells was
unattributable. Therefore, the SW1353 cell line was acquired to address the same questions
pertaining to IL-1α-mediated zinc-ZIP8-MTF1 activation that was not entirely achieved in the
T/C-28a2 cell investigation.
SW1353 cells are a chondrosarcoma cancer derived from a 72-year-old primary bone cancer
of the humerus. The SW1353 cell line has historically been used in conjunction with primary
HACs not only for their preferential proliferative capacity but because of metalloproteinase
(MMP1, MMP3 and MMP13) transcriptomic overlap with HACs after IL-1 treatment
(Gebauer et al., 2005). Furthermore, SW1353 cells were used to address MTF1
overexpression which was not possible in either HACs or T/C-28a2 cells and the
overexpression lines generated were characterised for MTF1 activity and localisation. On this
basis, and from complementary evidence from murine chondrocytes and cartilage that the
zinc-ZIP8-MTF1 axis induces cartilage matrix-degrading enzyme activity, the following
chapter aims were addressed.
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6.2 Aims
This chapter aims to address the consequence of IL-1α stimulation on the expression of zinc
homeostasis genes and subsequent impact on cartilage matrix-degrading gene expression in
SW1353 cells. This was achieved with the following experimental objectives:
•

Determine if IL-1α and IL-1β elicit the same response as T/C-28a2 cells and HACs by
quantifying the expression of IL-1 positive control genes (IL-6, CXCL8 and CCL2) and
selected zinc transporters.

•

Investigate if IL-1 and/or ZnCl2 treatment for one or more passages activates the zinc-ZIP8MTF1 axis described in mouse chondrocytes, specifically examining:

-

Zinc transporters’ gene expression
Intracellular and extracellular zinc levels
MTF1 gene expression, localisation and activity
MTs expression
Cartilage matrix-degrading gene expression
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6.3.1 Do IL-1α and IL-1β stimulate the same gene expression changes in SW1353 cells?
The first investigation conducted with the SW1353 cells was akin to the comparisons made in
HACs (4.3.1) and T/C-28a2 cells (5.3.2), whereby IL-1α and IL-1β were considered in
parallel for gene expression responses. One experiment was conducted comparing SW1353
cells treated for 72 hours with 0.5ng/ml IL-1α or 5ng/ml IL-1β and the genes IL-6, CXCL8
and CCL2, were quantified by qPCR (Figure 6.1A-C), the concentration differences reflecting
the differences in IL-1R1 affinity for each ligand. All three genes were upregulated by IL-1α,
92, 127 and 89-fold compared to control respectively. All three genes were also upregulated
by IL-1β, by 261, 269 and 128-fold compared to control respectively. The mean housekeeper
expression for one of the untreated biological controls differed by greater than one unit from
the other two biologicals, so no statistics comparing untreated control with IL-1 cytokines
could be performed. Comparison of the IL-1α and IL-1β responses by paired t-test
highlighted differences in inflammation-associated gene expression response (Figure 6.1).
However, IL-1α was selected as the cytokine to test zinc homeostasis in the wider family of
zinc transporters and MTs, consistent with investigations in previous chapters.
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Figure 6.1 – Normalised IL-6, CXCL8, CCL2 gene expression responses in SW1353 cells
treated ± IL-1α or IL-1β.
Four hours after seeding, SW1353 cells were treated with or without 0.5ng/ml IL-1α or 5ng/ml
IL-1β for one passage (72 hours) and the genes IL-6 A), CXCL8 B) and CCL2 C) quantified by
qPCR. Data is normalised to housekeepers 18S, GAPDH and HPRT1. Statistic is paired t-test
comparing IL-1α treatment against IL-1β. Symbols represent the mean of three qPCR technical
replicates for each of the three flasks per condition and error bars are the standard deviation.
Horizontal lines are the group mean. * p<0.05 ** p<0.01
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6.3.2 Are zinc homeostasis genes upregulated in SW1353 cells after stimulation with or
without IL-1α and/or ZnCl2 treatment?
To understand how zinc transporter gene expression was regulated by IL-1α long-term,
SW1353 cells were exposed to IL-1α for between 24 and 216 hours. The experiments in
which SW1353 cells were treated with or without IL-1α for one passage (72 hours) were
repeated three times in total by myself. In addition, four additional cDNA samples per
condition were also available for analysis for the 72 hour time point from a time course
experiment performed in duplicate by Dr Louise Reynard. In this time course experiment,
SW1353 cells were exposed to IL-1α for 216 hours across three consecutive 72 hour passages
before its removal for the final fourth 72 hour passage. In a single experiment the SW1353
cells were treated in biological duplicate with or without 0.5ng/ml IL-1α, 100µM ZnCl2 or
both 0.5ng/ml IL-1α + 100µM ZnCl2 for 72 hours.
6.3.2.1 SLC39A8 and SLC39A14 are upregulated after one passage with IL-1α
After confirming that IL-1α responsive positive control genes are upregulated in SW1353
cells after IL-1α treatment, the zinc transporters were assessed in SW1353 cells treated for
one passage lasting 72 hours with 0.5ng/ml IL-1α. A total of five experiments and cDNA
from 12 flasks per condition (untreated and IL-1α-treated) for a 72 hour passage was analysed
and cDNA synthesised by Dr. Louise Reynard in the dot plots have solid borders. Using
RNA-Seq data from Table 3.9 (Chapter three) the human zinc transporters expressed in
cartilage were determined using a TPM threshold >4. Transporters absent from Figure 6.2C
were not expressed in OA cartilage. The genes that were most significantly upregulated after
72 hours were SLC39A8 (2-fold, p<0.0001) and SLC39A14 (3.1-fold, p<0.0001) respectively
(Figure 6.2A and B) with SLC39A6 (1.2-fold , p = 0.0268), 7 (1.2-fold, p = 0.0152), 10 (0.8fold, p = 0.0202) and SLC30A7 (1.2-fold, p = 0.075) also significantly different after IL-1α
treatment (Appendix F). Only SLC39A8 and SLC39A14 were investigated beyond
experiments one and two because they were the only prominently upregulated genes after 72
hours (Figure 6.2C). In the experiment comparing cytokine treatments against untreated
control on SW1353 for 72 hours, IL-1α and IL-1β upregulated SLC39A8 1.8 and 2.8-fold
respectively (Figure 6.2D). SLC39A14 was upregulated by IL-1α and IL-1β 3.2 and 4.7-fold
respectively (Figure 6.2E) and neither SLC39A8 nor SLC39A14 was signficantly different
from each other for either IL-1 ligand.
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Figure 6.2 – SLC39A8 and SLC39A14 are among the most significantly upregulated zinc
transporters after IL-1α in SW1353 cells after 72 hours in five experiments.
Relative gene expression of SLC39A8 A) and SLC39A14 B) is normalised to housekeeper genes
18S, GAPDH and HPRT1. Heatmap summarising IL-1α-mediated zinc transporter gene
expression fold changes relative to controls after one passage lasting 72 hours C). Red indicates
differential fold change upregulation with IL-1α, and blue represents differentially
downregulated fold change with IL-1α. Genes marked with a cross were not measured in these
samples. Relative gene expression of SLC39A8 D) and SLC39A14 E) of IL-1α or IL-1β-treated
SW1353 cells treated in biological triplicate for 72 hours. Symbols represent mean of three
qPCR technical replicates for each flask from every biological replicate across one (D and E)
or five (A, B and C) experiments. Unfilled circular dots and solid-bordered square symbols (A
and B) are Dr Reynard’s cDNA samples. Horizontal lines are the group mean and error bars are
standard deviation. Data satisfying either a D’Agostino-Pearson omnibus k2 (SLC39A8 and
SLC39A14) or a Shapiro Wilk normality test prior to or after log2 transformation was analysed
with a paired t-test. * p<0.05 *** p<0.001, ns = non-significant p >0.05.
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Two experiments totalling four biological replicates per treatment per time point in which all
zinc transporters were assessed after IL-1α exposure for 24, 72 (P1), 144 (P2) and 216 (P3)
hours and its removal from SW1353 cells for a final 72 hour passage (288 hour, P4) were
conducted. SLC39A8 and SLC39A14 gene expression was elevated after IL-1α treatment after
72 hours (2.3-fold, p = 0.0494; 3.1-fold, p = 0.0017 respectively). Additionally, SLC39A8 was
significantly upregulated after 216 hours (1.9-fold, p = 0.0453) (Figure 6.3A-C). ZnCl2
treatment alone or in the presence of IL-1α did not influence SLC39A8 or SLC39A14 gene
expression after 72 hours and the regulation of these genes in the combined treatment was
driven solely by IL-1α (Figure 6.3D and E). This was logical given that ZnCl2 has not
previously been described by Kim and colleagues as a positive feedback regulator of zinc
importer gene expression. The fold changes of all genes measured in flasks treated with
0.5ng/ml IL-1α for 72 hours is presented in appendix F and the equivalent relative gene
expression graphs for all transporters are in Figures 6.4-6.7.
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Figure 6.3 – SLC39A8, not SLC39A14 expression was not sustained beyond P1 by IL-1α
in SW1353 time course and ZnCl2 does not influence SLC39A8 or SLC39A14 expression.
Relative gene expression of SLC39A8 A) and SLC39A14 B) is normalised to housekeeper genes
18S, GAPDH and HPRT1. Heatmap summarising IL-1α-mediated zinc transporter gene
expression fold changes relative to controls after three passages with IL-1α present and one
passage without IL-1α C). Red indicates differential fold change upregulation with IL-1α, and
blue represents differentially downregulated fold change with IL-1α. and are Relative gene
expression of SLC39A8 D) and SLC39A14 E) from IL-α, ZnCl2 or both treatments of SW1353
cells treated in biological duplicate for 72 hours. Symbols represent mean of three qPCR
technical replicates for each flask per condition from every biological replicate across one (D
and E) or two experiments (A, B and C). Horizontal lines are the group mean and error bars are
standard deviation. Normalised data satisfying a Shapiro Wilk normality test prior to or after
log2 transformation was analysed with a paired t-test, otherwise a Wilcoxon t-test was used
(highlighted squares in C), * p<0.05 ** p<0.01 ns = non-significant p >0.05.
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Wilk normality test prior to or after log2
transformation was analysed with a paired t-test.
Symbols represent the mean of three qPCR technical
replicates for every flask per condition from two
experiments and the mean relative expression
normalised to housekeepers 18S, GAPDH, HPRT1.
Horizontal lines are the group mean and the error bars
are the standard deviation. * p<0.05
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Figure 6.6 - Zinc exporter gene expression in SW1353 cells treated ± IL-1α for consecutive passages up to 216 hours (P3) and cell recovery
for 72 hours (P4).
P1 data presented here is the same as Figure 6.4 but with the added context of the remaining passages of the time course for the two experiments. The
experiment was repeated with two biological replicates per condition per passage, except for 24 hours, totalling 38 samples. Normalised data satisfying
a Shapiro Wilk normality test prior to or after log2 transformation was analysed with a paired t-test. Where the data was not normal a Wilcoxon t-test
of the normalised data was conducted (24hr – SLC30A3, P2 – SLC30A5). Symbols represent mean of three qPCR technical replicates for every flask
from two experiments and the mean relative expression normalised to housekeepers 18S, GAPDH and HPRT1. Horizontal lines are the group mean
and error bars are the standard deviation. * p<0.05
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Figure 6.7 - Zinc importer gene expression in SW1353 cells treated ± IL-1α for consecutive passages up to 216 hours (P3) and cell recovery for
72 hours (P4).
P1 data presented here is the same as Figure 6.5 but with the added context of the remaining passages of the time course for the two experiments. The
experiment was repeated with two biological replicates per condition per passage, except for 24 hours, totalling 38 samples. Normalised data satisfying
a Shapiro Wilk normality test prior to or after log2 transformation was analysed with a paired t-test. Where the data was not normal a Wilcoxon t-test of
the normalised data was conducted (P4 – SLC39A6 and SLC39A11). Symbols represent mean of three qPCR technical replicates for every flask from
two experiments and the mean relative expression normalised to housekeepers 18S, GAPDH and HPRT1. The zinc exporters’ gene expression for samples
from IL-1α-treated flasks were not significantly different from control at any passage in the time course p>0.05. Horizontal lines are the group mean and
error bars are the standard deviation. * p<0.05

6.3.3 What effect does IL-1α treatment have on SW1353 intracellular and extracellular zinc
levels?
As mRNA expression of SLC39A8 and SLC30A14, encoding the zinc importer proteins ZIP8
and ZIP14 respectively, were upregulated after 72 hours exposure to IL-1α in SW1353 cells, I
next wanted to see if this was accompanied by changes in intracellular zinc levels. The
MAK032 kit was used to measure the metal ion concentration intracellularly or in spent
medium of the SW1353 cells treated with or without 0.5ng/ml IL-1α for 72 hours. As
demonstrated in 4.3.3.1, this kit detects both zinc and iron ions and so any changes seen in
levels after IL-1α treatment may be due to zinc and/or iron. The zinc and iron metal ion
concentration in cells or spent medium was not significantly altered by 72 hours of 0.5ng/ml
IL-1α exposure (Figure 6.8). The standard deviation within groups (control and IL-1α) was
greater in the cell pellets than the spent medium. The concentrations measured in spent
medium samples reflected the zinc sulfate concentration (1.5µM) supplemented in DMEM F12 medium (Fischer Scientific, 11320074).
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Figure 6.8 – Metal ion content determined using a spectrophotometric method in SW1353
cells and spent medium treated ± IL-1α was not significantly different.
SW1353 cells were treated in biological triplicate ±0.5ng/ml IL-1α for one passage (72 hours)
in monolayer culture. The cells A) and matched spent medium B) were collected, and metal ion
content measured using the MAK032 spectrophotometric kit. Symbols represent means of
duplicate measurements of control (black) or IL-1α-treated (red) cell pellets or spent medium
biological samples from a single experiment and horizontal line is the group mean and the error
bars are the standard deviation. Data was analysed with a paired t-test ns = non-significant.
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6.3.4 Is MTF1 gene expression upregulated in response to IL-1α in SW1353 cells?
In mouse chondrocytes, IL-1β stimulation is accompanied by increased intracellular zinc
levels after 24 hours. This in turn triggers nuclear translocation and increased activity of the
zinc sensing transcription factor MTF1. This then upregulates the expression of target genes,
including the MTs, resulting in a negative feedback loop that restores zinc levels to normal.
Although intracellular zinc levels are not upregulated after one passage of IL-1α stimulation
in SW1353 human chondrosarcoma cells, this may be because the negative feedback loop
mediated by MT has already returned zinc levels to normal by a 72 hour time point.
The MTF1 transcript was next assessed after SW1353 cells had been stimulated with IL-1α
for 24 to 216 hours to determine a relationship between intracellular zinc status of the
SW1353 cell and a positive feedback on MTF1 transcript dependency. As the metal ion
concentration was unchanged by IL-1α, it was surprising to find the MTF1 transcript was
significantly different (1.3-fold p=0.0464) between control and stimulated cells at P1 (Figure
6.9). This effect was not sustained at later passages with IL-1α present.
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Figure 6.9 –MTF1 expression significantly elevated at P1 in SW1353 cells treated ± IL-1α.
MTF1 expression was assessed in SW1353 cDNA from Dr. Reynard’s two experiments where
0.5ng/ml IL-1α exposure was maintained for 24, 72 (P1), 144 (P2), and 216 (P3) hours and its
removal for cell recovery for a further 72 hours totalling 288 (P4) hours of culture A).
Normalised data satisfying a Shapiro Wilk normality test prior to or after log2 transformation
was analysed with a paired t-test, otherwise Wilcoxon t-test (P4) was used. Symbols represent
the mean of three qPCR technical replicates for every flask from two experiments and the mean
relative expression normalized to housekeepers 18S, GAPDH and HPRT1. Horizontal lines are
the group mean and error bars are the standard deviation. Summary heatmap of MTF1
expression fold change relative to untreated control B).Red indicates differential fold change
upregulation with IL-1α, and blue represents differentially downregulated fold change of a gene
with IL-1α. * p<0.05 ns = non-significant.
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6.3.5 Does IL-1α stimulation trigger MTF1 nuclear translocation in SW1353 cells?
6.3.5.1 Optimising the nuclear and cytoplasmic fraction extractions for western blot
analysis
Having determined that MTF1 gene expression was unchanged by IL-1α, the next assessment
was if MTF1 protein location changed between cytoplasmic and nuclear fractions after IL-1α
treatment, indicating a potential response for MTF1-driven target gene expression responses.
In previous western blots (4.3.5.1) there was cytoplasmic GAPDH protein carryover in the
nuclear HAC fraction in the samples extracted by Dr. Adrian Falconer, so an additional PBS
wash was added after the extraction of the cytoplasmic fraction prior to nuclear lysis in order
to address this. Two different cytoplasmic proteins (calnexin and GAPDH) were detected and
contrasted with the nuclear protein lamin A/C (Figure 6.10) highlighting that the resulting
additional wash step in the methodology led to improved, though not total elimination of the
cytoplasmic protein carryover into the nuclear fraction. The untreated 24 and 72 hour
SW1353 nuclear protein lysates were pure and the extraction protocol remained the same with
the additional PBS wash step for all future western blots comparing MTF1 protein
localisation between cytosolic and nuclear fractions.
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6.3.5.2 Detection of MTF1 protein in untreated SW1353 lysates using N and C-terminal
targeting antibodies
Next, having improved the extraction methodology for protein fractions, I assessed the
subcellular location of MTF1 using the N-terminal and C-terminal MTF1 antibodies in the 72
hour SW1353 lysate preparations from 6.3.5.1. As a positive control whole cell protein lysate
from HEK293 cells in which MTF1 was overexpressed was used. The MTF1 protein is
predicted to be 81kDa, however, the C-terminal antibody recognises two bands of 55 and
25kDa in the HEK293 MTF1 overexpression lysate and no proteins of the expected size in
either the nuclear or cytoplasmic fraction from SW1353 cells (Figure 6.11A) Bands detected
with the C-terminal MTF1 antibody in Figure 6.11A do not resemble the banding patterns on
the product datasheet from Santa Cruz, though this manufacturer’s datasheet only shows
overexpressed MTF1 from HEK293 cells and not endogenous protein from other human cells.
There was a band observed in the 72 hour nuclear lysate greater than 70kDa, though this did
not correspond to the bands observed in the overexpressed MTF1 lysate lane so could not be
MTF1 (Figure 6.11A). The N-terminal MTF1 antibody also detects two bands in the HEK293
overexpression lysate (Figure 6.11B), and these bands are the same as those recognised by the
C-terminal antibody in Figure 6.11A. The N-terminal MTF1 antibody recognises proteins of
the same size as those detected in HACs (4.3.5.2), T/C-28a2 cells (5.3.6) and in SW1353
nuclear and cytoplasmic lysates. However, the protein bands recognised in SW1353 lysates
were completely different sizes compared to the overexpressed MTF1 lysate, again suggesting
this antibody did not recognise MTF1.
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Figure 6.10 – Optimisation of untreated SW1353 nuclear and cytoplasmic proteins
extracted 24 and 72 hours after plating with the NE-PER kit with an additional PBS wash.
Five micrograms of nuclear or cytoplasmic (cyto) protein was loaded in each well and the
proteins separated by gel electrophoresis. The blot was probed with 50ng/ml anti-Calnexin,
1µg/ml anti-lamin AC or 0.025µg/ml of anti-GAPDH antibodies. Overexpressed MTF1 lysate
was purchased from Origene (LC401804). kDa = kilodaltons.

A)

B)

Figure 6.11 – Western blot comparing C and N-terminal MTF1 antibody consecutively on
untreated SW1353 nuclear and cytoplasmic lysates collected 72 hours after seeding.
Three micrograms of SW1353 nuclear and cytoplasmic protein and 10µg overexpressed MTF1
lysate on blot. The blot was first probed with 2µg/ml C-terminal MTF1 antibody A) and after
visualising the blot, the same blot was reprobed with 0.4µg/ml N-terminal MTF1 antibody B).
Overexpressed MTF1 lysate was purchased from Origene (LC401804). kDa = kilodaltons.
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A final attempt at detecting endogenous MTF1 by western blot analysis with the N and Cterminal antibodies in SW1353 cells was undertaken in a new experiment in which SW1353
cells were treated with or without 0.5ng/ml IL-1α, 100µM ZnCl2 or 0.5ng/ml IL-1α + 100µM
ZnCl2 for 24 or 72 hours. At this point, I ran out of the HEK293 MTF1 overexpression lysate
positive control, and so I made my own by transiently transfecting SW1353 cells for 24 hours
with the MTF1 plasmid and the extracted lysate from these cells used as a positive control.
The nuclear and cytoplasmic lysates prepared from these cells were electrophoresed and
blotted separately from each other and then probed for MTF1 with either the N or C-terminal
MTF1 antibodies and the GAPDH loading control. As can be seen in Figures 6.12A and
6.12B the transfection of the cells with the MTF1 plasmid was unsuccessful as no MTF1
protein was detected with either antibody. Despite knowing that the additional PBS wash did
not entirely eliminate cytoplasmic protein carryover in the subsequent nuclear protein
extraction (Figure 6.10) the GAPDH antibody showed there was uniform loading in the
nuclear lysate blot (Figure 6.12A). However, the residual GAPDH detected in the 24 hour
untreated control nuclear lysate was the lowest among the other nuclear lysate samples
(Figure 6.12A, lane 1) and GAPDH was not detected in the corresponding cytoplasmic lysate
from the same sample (Figure 6.12B, lane 1). There was no distinguishing difference in the
bands observed with N-terminal MTF1 antibody between nuclear or cytoplasmic lysates with
or without treatments. Although a protein of the expected size of MTF1 was not detected with
either antibody in SW1353 cells it was an interesting observation nonetheless that probing the
nuclear lysate blot (Figure 6.12A) with the C-terminal MTF1 antibody gave a single band in
untreated and IL-1α-treated lysates but none of the lysates treated with ZnCl2. This
experiment was only performed once so would need repeating to confirm that this band is not
present in ZnCl2 treated cells. No band was detected with C-terminal MTF1 antibody in
Figure 6.12B.
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A)

B)
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Figure 6.12 – Twenty-four and 72 hour-treated SW1353 nuclear or cytoplasmic lysates probed consecutively on separate blots with C and
N-terminal MTF1 antibody.
Twenty micrograms of nuclear A) or cytoplasmic lysates B) from 24 or 72 hour untreated (control), 0.5ng/ml IL-1α, 100µM ZnCl2 or 0.5ng/ml
IL-1α + 100µM ZnCl2 SW1353 cells were analysed on separate blots using C and N-terminal MTF1 antibodies respectively. A positive control of
whole-protein lysate from SW1353 cells transiently transfected with MTF1 expression plasmid was included. The loading control was GAPDH
antibody. kDa = kilodaltons.

6.3.5.3 Overexpression of c-myc-FLAG-tagged MTF1 in SW1353 cells
Due to previous unsuccessful attempts to detect MTF1 in HACs, T/C-28a2 and now SW1353
cells using commercially available C and N-terminal anti-MTF1 antibodies, a new approach
was adopted. SW1353 cells were transfected with a plasmid containing the MTF1 open
reading frame together with a c-myc and FLAG tag. This plasmid thus encodes the MTF1
protein fused to both a c-myc and FLAG tag and should result in overexpression of a protein
that can be detected by both anti-c-myc and anti-FLAG antibodies. The transfection of
SW1353 cells with short hairpin RNA plasmid containing GFP was detectable 24 hours
following transfection (Figure 6.13) and thus using FuGENE reagent and plasmids incorrectly
was likely the cause of the failed transfection used as a positive control in Figure 6.12.

Figure 6.13 – SW1353 cells expressing GFP 24 hours after transfection with short hairpin
RNA encoding GFP.
SW1353 cells were seeded at 0.5x106 cells in a 10cm dish for 24 hours. The next day at
approximately 50% confluency the cells were transfected with 5.6µg of a short hairpin RNA
vector which expresses GFP in 16.8µl of FuGENE transfection reagent and the cells cultured
at 37°C for 48 hours in DMEM without serum. The image was taken 24 hours after transfection
with an Axiovert fluorescence microscope using the x4 objective. Scale bar is 100µm.
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SW1353 cells were transfected with the MTF1 plasmid and protein collected after 48 hours
(Figure 6.14 A and B, left well). As a negative control for both the c-myc and FLAG
antibodies, protein was also collected from SW1353 cells transfected with a GFP plasmid for
48 hours (Figure 6.14 A and B, middle well). Dr Matt Barter (Newcastle University) provided
protein lysate from SW1353 cells transduced with a Cas9-FLAG plasmid to use as a positive
control for the anti-FLAG antibody (Figure 6.14 A and B, right well). These lysates were
subject to western blot analysis and the blot was probed with the FLAG antibody (CST, 2368,
Figure 6.14A) or the anti-c-myc antibody (Figure 6.14B). The anti-FLAG antibody detected
the FLAG-tagged Cas9 at the predicted molecular weight of 160kDa but multiple bands were
detected in the SW1353 transiently transfected with MTF1 plasmid for 48 hours (Figure
6.14A), none of which were the same size as the predicted 84kDa c-myc-FLAG-tagged MTF1
protein. However, a band of ~130kDa was detected with the FLAG antibody in cells
transfected with the MTF1 plasmid, and this band was not present in either of the two control
samples. Two protein bands were observed at ~35kDa in all the samples with the anti-FLAG
antibody (Figure 6.14A), including the middle lane containing lysate from cells transfected
with the GFP expression plasmid, indicating that these bands were non-specific (Figure
6.14A). For the blot that was probed with c-myc antibody (Figure6.14B) the same banding
pattern was present in every sample. Furthermore, no protein was detected at the predicted
size of the c-myc-FLAG-tagged MTF1 protein. Together this indicates that the anti-c-myc
antibody could not discriminate between positive or negative controls and so was unsuitable
for use in reliable MTF1 overexpression detection.
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B)

A)

Figure 6.14 – Western blots for MTF1 detection in transiently MTF1 overexpressing
SW1353 cell lysates using FLAG or c-myc antibodies respectively.
SW1353 cells were transfected with either MTF1 or GFP expression plasmids for 48 hours
before extraction of whole protein lysates. Cas9 FLAG-tagged lysate was provided by Dr. Matt
Barter. The first blot contains 20µg of protein and was probed with 42ng/ml FLAG antibody
A) and the second blot contains 20µg protein and was probed with 1µg/ml c-myc antibody B).
kDa = kilodaltons.

Although the FLAG antibody detected both the Cas9-FLAG protein and a 130kDa protein
specifically in the c-myc-FLAG-tagged MTF1 protein lysate, it was unclear if the latter protein
was in fact the tagged MTF1 protein. To investigate this further, two other anti-FLAG
monoclonal antibodies purchased from Origene (TA50011-100 and TA180144) were tested.
Neither of these monoclonal antibodies could detect the 160kDa Cas9-FLAG fusion protein.
As an example, Figure 6.15A highlights the inability of Origene’s TA50011-100 FLAG
antibody to detect 160kDa Cas9-FLAG (Figure 6.15A) in comparison to CST’s FLAG antibody
(Figure 6.15B). The gel electrophoresis and transfer of these Cas9-FLAG samples to PVDF
was conducted by Dr. Matt Barter and the blot was provided as a spare. All lanes of protein
lysate contained different guide RNA combinations targeting exon one of SOX9, but in this
instance only the efficacy of the FLAG antibodies was being assessed and the results were
uniform between the samples (Figure 6.15). The FLAG antibody (CST, 2368) was used for
future SW1353 western blots, despite the disparity between the band(s) observed (Figure 6.14)
and the 84kDa c-myc-FLAG-tagged MTF1 protein.
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A)

B)

Figure 6. 15 – Western blot comparing commercially available anti-FLAG tag antibodies
in SW1353 lysates overexpressing Cas9-FLAG fusion protein.
The blot was probed with 0.5µg/ml FLAG antibody (TA50011-100) A) and then reprobed with
42ng/ml FLAG antibody (CST, 2368) B). The amount of protein on the blot is unknown as the
blot itself was provided unprobed by Dr. Matt Barter and highlights the difference in antibody
quality from different manufacturers. kDa = kilodaltons.
6.3.6 Production of an MTF1 overexpressing SW1353 cell line
To overcome the difficulties in examining the effect of IL-α on detecting endogenous MTF1
localisation using commercially available antibodies, I decided to make SW1353 cells that
stably expressed the MTF1-MYC-FLAG fusion protein. Stable MTF1 overexpression and
selection with G418 antibiotic was achieved through transfection of both AgeI-digested linear
MTF1 expression plasmid and circular forms into the SW1353 cell line. Analysis of the RNA
extracted from these lines in comparison to untransfected SW1353 cells revealed that
overexpression of MTF1 was successful (Figure 6.16). The combined endogenous and
plasmid encoding MTF1 mRNA was quantified using three separate assays to different
regions of the MTF1 open reading frame (Figure 6.16 A-C and Appendix B). A fourth assay
was designed to span the MYC-FLAG encoding sequence and thus only detects fusion
transcripts originating from the MTF1 plasmid (Figure 6.16D). In all assays, the linear form
of the transfected MTF1 plasmid led to between 1.6 and 2.1-fold greater expression over cells
transfected with the circular MTF1 plasmid, with transfected cells having 4-12 times higher
MTF1 expression than untransfected cells.
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Figure 6.16 – MTF1 gene expression in MTF1 overexpressing SW133 cells as fold change
relative to untransfected SW1353 cells.
The primers flanking intron five of MTF1 transcript were identical to MTF1 primers for qPCR
data presented previously A). MTF1 qPCR assays designed to either the open reading frame of
the MTF1 plasmid (B-C; detect endogenous and plasmid encoded transcript) or the region
spanning the MTF1-FLAG sequence D). Bars represent means of the technical triplicate from
the qPCR. Lin = linear-transfected, circ = circular-transfected.
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6.3.6.1 MTF1 overexpression confirmation by western blot
The detection of stable MTF1 protein overexpression in SW1353 cells was determined with
the FLAG antibody from CST (Figure 6.17). The band observed at 130kDa is present in both
cell lines transfected with the AgeI-digested linear and circular MTF1 plasmid but is absent in
the untransfected SW1353 cells. The 130kDa band was also observed with this antibody
previously when the MTF1 plasmid was transiently overexpressed in SW1353 cells (Figure
6.14A). I therefore took this band to represent overexpressed MTF1 fusion protein, despite the
size discrepancy between predicted 84kDa and ~130kDa observed.

Figure 6.17 – MTF1 protein overexpression confirmation in SW1353 cells transfected and
selected with 1mg/ml G418 generating the MTF1 overexpression cell lines.
Ten micrograms of protein were loaded on each lane and the blot was probed with 42ng/ml
FLAG antibody. kDa = kilodaltons. Linear = AgeI-digested linear overexpressing MTF1
SW1353 cells, circular = undigested MTF1 overexpressing SW1353 cells.
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6.3.6.2 Do IL-1α and/or zinc stimulate MTF1 nuclear translocation?
Having generated a stable MTF1 overexpressing SW1353 cell line in which I believed the
protein could reliably be detected using the FLAG antibody, I used this cell line to address
MTF1 subcellular localisation. Cells were treated with or without 0.5ng/ml IL-1α, 100µM
ZnCl2 or 0.5ng/ml IL-1α + 100µM ZnCl2 for either 24 or 72 hours and the nuclear and
cytoplasmic lysates collected at each time point. As a positive control for these western blots I
transfected HEK293 cells with MTF1 plasmid and collected the whole protein lysate.
Experiments were grouped by time point such that cells were seeded in technical duplicate for
each treatment and the experiment was repeated three times for a total of six western blots per
time point. Figures 6.18 and 6.19 illustrate two of six representative western blots per time
point where each blot are biological replicates from the same experiment. The remaining
western blots are in Appendices H and I. The 130kDa putative MTF1-MYC-FLAG fusion
protein was detected by the anti-FLAG antibody in all blots, with a protein of the same size
also detected in the HEK293 lysate positive control made in-house. Furthermore, the nuclear
and cytoplasmic loading controls for each fraction confirmed the purity of these fractions.
Also of note in Figures 6.18 and 6.19 is that MTF1 is located predominantly in the cytoplasm
after 24 hours irrespective of treatment and that it migrates to the nucleus by 72 hours,
reflecting the translocation behaviour of MTF1. All six western blots per timepoint were
subject to densitometry analysis, with the intensity of the MTF1-MYC-FLAG fusion protein
plotted relative to the respective GAPDH cytoplasmic or lamin A/C nuclear control (Figure
6.20). The additional 55kDa band observed in the 72 hour lamin A/C blots to greater or lesser
extents was an artefact and because this was non-specific, was not included in the
densitometric analysis.
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Figure 6.18 – Western blots highlighting biological replicates from one of three representative experiments for AgeI-digested linear MTF1
overexpressing SW1353 cells in nuclear and cytoplasmic lysates ± treatment for 24 hours.
SW1353 cells overexpressing MTF1 were treated with or without 0.5ng/ml IL-1α, 100µM ZnCl2 or 0.5ng/ml IL-1α + 100µM ZnCl2 for 24 hours in
duplicate for a total of three experiments and the nuclear and cytoplasmic lysates from each replicate condition collected. Western analysis was performed
for all six repeats, with A) and B) being two representative western blots. 10µg of protein was probed with FLAG (CST, 2368), Lamin AC or GAPDH
antibodies with the respective cut sections of the blot according to the expected molecular weight of MTF1 or loading control proteins. The positive
control was also 10µg of MTF1 overexpression lysate derived from HEK293 cells transfected with MTF1 expression plasmid in-house. kDa =
kilodaltons.

A)

B)
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Figure 6.19 – Western blots highlighting biological replicate from one of three representative experiments for AgeI-digested linear MTF1
overexpressing SW1353 cells in nuclear and cytoplasmic lysates ± treatment for 72 hours.
SW1353 cells overexpressing MTF1 were treated with or without 0.5ng/ml IL-1α, 100µM ZnCl2 or 0.5ng/ml IL-1α + 100µM ZnCl2 for 72 hours in
duplicate for a total of three experiments and the nuclear and cytoplasmic lysates from each replicate condition collected. Western analysis was performed
for all six repeats, with A) and B) being two representative western blots. 10µg of protein was probed with FLAG (CST, 2368), Lamin AC or GAPDH
antibodies with the respective cut sections of the blot according to the expected molecular weight of MTF1 or loading control proteins. The positive
control was also 10µg of MTF1 overexpression lysate derived from HEK293 cells transfected with MTF1 expression plasmid in-house. kDa =
kilodaltons.

The densitometry data has been colour coded for the experiments grouping the biological
replicates with similar colour schemes. The analysis of the 24 hour western blots confirms
that the MTF1 protein was present at greater levels in the cytoplasm compared to the nucleus
and that IL-1α treatment alone or in the presence of ZnCl2 was associated with significantly
higher cytoplasmic levels (p=0.0313) compared to the control (Figure 6.20A, appendix H).
ZnCl2 alone led to comparable cytoplasmic MTF1 levels as the control. The MTF1-MYCFLAG fusion protein was only detected in the nuclear fraction at 72 hours (Figure 6.20B,
appendix I) and semi-quantitative densitometry confirmed MTF1 levels are higher in the
nucleus than cytoplasm at this time point when MTF1 was normalised to the relevant control
protein. There was a large amount of variation in MTF1:lamin AC densitometry values for the
nuclear fraction at the 72 hour time point, and no clear differences between the control or
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Figure 6.20 - Densitometry
analysis
of
western
blots
determining MTF1 translocation
between cytoplasmic and nuclear
compartments 24 A) or 72 hours
B) after treatment.
SW1353 cells overexpressing the
MTF1 c-myc-FLAG tagged protein
were treated ± 0.5ng/ml IL-1α,
100µM ZnCl2 or 0.5ng/ml IL-1α +
100µM ZnCl2 for 24 A) or 72 hours
B). Six western blots were
conducted per time point and each
condition per experiment was in
biological duplicate which is colour
coded in pairs. Pixel intensity
measurements for FLAG bands
were normalised to cytoplasmic
control FLAG band at 24 hours or
nuclear control FLAG band at 72
hours. This was then divided by the
respective loading control for
cytoplasmic (GAPDH) or nuclear
(lamin AC) proteins. Background
intensity was accounted for per lane
of sample in every measurement
calculated. Effect of treatments in
relevant protein fraction was
compared to control by Wilcoxon ttest. * p<0.05.

In summary, these western blots demonstrated that MTF1 translocated from the cytoplasm to
the nucleus between 24 and 72 hours independently of IL-1α and/or ZnCl2 stimulation.
Furthermore, IL-1α was associated with increased cytoplasmic MTF1 levels at 24 hours
potentially suggesting that at this time point the cell is loading the cytoplasm with excess
MTF1 prior to translocation to later target MTF1-specific genes in response to IL-1α. Given
that the loading controls have been included in the densitometry analysis to account for
uniform loading, the 72 hour blots would suggest that there may have been an issue with
loading as the biological replicate samples, for the nuclear protein at least, are more variable.
It is not as clear in the 72 hour western blots if treatment had an effect on MTF1 levels when
compared against the nuclear control and I cannot compare the same treatment between
compartments in this instance because the MTF1 nuclear control is both variable and at a
higher level than the MTF1 cytoplasmic control.
6.3.6.3 Detecting endogenous and plasmid-encoded MTF1 using immunocytochemistry
qPCR and the western blot analysis of the MTF1-MYC-FLAG SW1353 cell line indicated
that this fusion gene was being transcribed and translated. Although both anti-MTF1
antibodies used for western blot analysis were unable to detect the endogenous MTF1
antibody, nor the MTF1-MYC-FLAG fusion protein by western blot analysis,
immunocytochemistry was conducted with these antibodies in attempts to visualise MTF1
endogenously, after transient transfection or in AgeI-digested linear MTF1 overexpressing
SW1353 cells. The ICC results of the initial experiment from 2.12.1 indicated that SW1353
cells transiently transfected with 1µg of MTF1 plasmid for 48 hours do not express MTF1
with a high efficiency. Nuclear localisation was 15.7 and 17.9% with single stains using cmyc and C-terminal MTF1 antibodies respectively (Figure 6.21), however there were so few
cells after the staining protocol due to a technical fault during PBS washing of the chamber
slides that this is a likely underestimate of the actual transfection efficiency. Another
explanation for the poor transfection efficiency was the ineffective permeabilisation where I
accidentally used 0.2 instead of 0.5% Triton X-100. Therefore, ICC was conducted again for
another chamber slide experiment in which MTF1 detection was attempted in untransfected,
transiently transfected or in G418-selected AgeI-digested linear MTF1 plasmid expressing
SW1353 cells (Figure 6.22). Additionally, as a control for the transfection, I sourced HEK293
cells which are easily transfectable.
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Figure 6.21 – ICC of untransfected or transiently transfected SW1353 cells with MTF1
plasmid and stained ± anti-c-myc or anti-MTF1 antibodies.
Cells were stained ± C-terminal MTF1 or c-myc antibodies and the secondary goat anti-mouse
IgG af488 fluorophore. There was incomplete permeabilisation and fewer cells than expected
after staining in this experiment due to technical errors which partly explains the low nuclear
localisation efficiencies 15.7 and 17.9% for c-myc and C-terminal MTF1 antibodies. Different
staining patterns were observed with the c-myc antibody before and after transient MTF1
plasmid transfection. Images presented are representative for the whole well among 3-4 images
taken per well per field of view. The magnification is x20 and the scale bars are 50µm. GFP LP
= green fluorescent protein long-pass filter. pAB = primary antibody, 2nd Ab = secondary
antibody.
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Figure 6.22A demonstrates that endogenous MTF1 in untransfected SW1353 cells was not
detectable with the C-terminal anti-MTF1 antibody (Santa Cruz, 365090). MTF1 was present
in HEK293 cells transfected with MTF1 plasmid, yet untransfected SW1353 cells and
SW1353 cells stably overexpressing linear MTF1-MYC-FLAG protein were very weakly
staining or absent for MTF1 with the same antibody (Figure 6.22A). During the preparation of
the FuGENE, serum-free medium and MTF1 plasmid mix I unfortunately added excess
FuGENE reagent such that a 4.8:1 ratio rather than 3:1 ratio of FuGENE per µg plasmid was
incorporated. Thus there may have been some cytotoxicity to the cells receiving MTF1
plasmid. Despite this, perhaps the difference in staining between cell lines is a reflection of
the ease with which HEK293 cells can be transfected. For the same experiment in which the
FLAG-tagged region of MTF1 was examined with the FLAG antibody (CST 2368), MTF1
was observed in all the transfected cells in a diffuse cytoplasmic manner (Figure 6.22B).
However, staining was observed in the untransfected SW1353 cells, suggesting that this
antibody binds non-specifically as FLAG is not an endogenous peptide in cells. Linear MTF1
overexpressing SW1353 cells were not stained with the goat anti-rabbit IgG af594 antibody
without a primary antibody to definitively test for non-specificity of the secondary antibody
and the concentration used in all wells was accidentally 2.5 times greater than the
manufacturer’s recommendation (10µg/ml instead of 4µg/ml).
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Figure 6.22 – ICC experiment using two strategies to detect MTF1 protein with C-terminal MTF1 antibody A) or FLAG antibody
B).
MTF1 expression in SW1353 cells was assessed endogenously in untransfected cells, in SW1353 and HEK293 cells transiently
transfected with 1µg of MTF1 plasmid for 48 hours and in stably linear MTF1 overexpressing SW1353 cells. Camera exposure times
were 1637 and 136 milliseconds for the GFP-bandpass (BP) A) and the 594 filter B) respectively. Scale bar is 50µm and images were
taken at x20 magnification.

The last experiment attempted with two chamber slides addressed MTF1 translocation after
0.5ng/ml IL1α, 100µM ZnCl2, or 0.5ng/ml IL1α + 100µM ZnCl2 treatment for 24 or 72 hours
respectively. The cells used were the stable MTF1 overexpressing SW1353 cells that were
also used in the cellular fraction western blot analysis (6.3.6.2). The anti-FLAG antibody was
used to stain the wells of one chamber slide (results not shown), and the other chamber slide
costained with anti-FLAG and anti beta-actin antibodies(Figure 6.23 A and B). The concept
behind costaining in this manner would in theory make counting true MTF1 nuclear staining
easier by excluding cells with a FLAG staining pattern overlapping beta-actin which is strictly
cytoplasmic in location. The beta-actin (GFP BP channel) and cytoplasmic MTF1 (594 filter
channel) staining pattern was overlapping and near identical to the extent that inclusion of an
alternative cytoplasmic protein costain was obsolete (Figure 6.23 A and B). However, the
costaining was particularly effective in differentiating nuclear anti-FLAG MTF1 from
cystoplasmic staining in the IL-1α with or without ZnCl2 conditions (Figure 6.23B, rows two
and four). When the percentage nuclear cells was calculated the variation from the three fields
of view per well per condition was so large that no meaningful conclusion could be made
about the effect of treatment on translocation (Figure 6.24). In this experiment the specificity
of the primary antibodies was tested by omission of the primary anti-FLAG and anti-betaactin antibodies during the ICC staining procedure and no staining was observed in either
channel (not shown).
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A)

B)

Figure 6.23- ICC costaining with anti-MTF1 (GFP BP filter) and anti-FLAG (594 filter) antibodies of linear MTF1 overexpressing SW1353 cells
treated for 24 A) or 72 hours B) ± IL-1α and/or ZnCl2.
Cells were seeded at 7.5x103 cells/well for four hours before half the chamber slide medium was replaced with medium containing 0.5ng/ml IL-1α,
100µM ZnCl2, or 0.5ng/ml IL-1α + 100µM ZnCl2 B). Forty-eight hours afterwards the medium was removed from the other four wells and replaced with
the same treatments for 24 hours A). Images presented are representative for the whole well among 3-4 images taken per well per field of view. Camera
exposure times were 58 and 204 milliseconds for the GFP-band pass (BP) and the 594 filter respectively. The magnification is x10 and the scale bars are
50µm.
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Figure 6.24 - Manual cell counts from an ICC experiment using linear MTF1
overexpressing SW1353 cells treated ± IL-1α and/or ZnCl2 for 24 or 72 hours
testing anti-FLAG and anti-beta-actin antibody costaining.
A) For each of three fields of view per well per condition the percentage nuclear
MTF1 expression was calculated with and without outliers (highlighted in red). B)
The data from A) plotted as a bar chart with the bars representing the data including
outliers (where present) and the error bars is standard deviation.
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6.3.7 What are the effects of IL-1α and/or ZnCl2 treatment on MTF1 activity?
MTF1 activity could not be measured in HACs, but as SW1353 cells are easily transfected,
MTF1 activity can be studied using reporter assays in this cell line. To test whether MTF1
activity changed after the introduction of 0.5ng/ml IL-1α or 5ng/ml IL-1β treatments over a
24 hour incubation period, a luciferase reporter assay for MTF1 was carried out. As a positive
control, cells were treated with ZnCl2 with or without IL-1α to increase intracellular zinc
levels and stimulate the zinc homeostatic response. The reporter plasmid MRE pGL4.40
plasmid encodes the firefly luciferase protein under the control of a minimal promoter and
contains five copies of a 5ʹ MRE immediately upstream of a minimal promoter (Appendix A).
The MRE is a sequence (TGCNCRC) specifically recognised and bound by MTF1 that is
found in the promoter of MTF1 target genes. The MRE pGL4.40 plasmid or cloned empty
control pGL4.40 plasmid were co-transfected separately with renilla luciferase into SW1353
cells for 24 hours, media removed and then replaced with media containing different IL-1
cytokines and/or ZnCl2 for a further 24 hours. Cells were lysed and the luciferase and renilla
levels quantified with the raw firefly luciferase signal normalised against the renilla luciferase
signal. The normalised luciferase activity is proportional to MTF1 activity.
Initial examination of the normalised firefly:renilla data from SW1353 cells transfected with
the empty control pGL4.40 luciferase plasmid demonstrated that the mean luciferase signal
was not significantly different between treatments (Figure 6.25). Despite this, the normalised
firefly:renilla data for the SW1353 cells transfected with the MRE pGL4.40 plasmid were
divided by the normalised firefly:renilla data of the SW1353 cells transfected with the empty
control pGL4.40 plasmid for each respective stimulus (Figure 6.26).
Both IL-1 cytokines significantly reduced luciferase activity (IL-1α p = 0.0114, IL-1β p
<0.0001), by 13 and 25% compared to the control respectively (Figure 6.26). ZnCl2 alone or
in combination with IL-1α was associated with a 38% (p<0.0001) and 21% (p<0.0001) mean
increase in luciferase activity compared to the control (Figure 6.26). The results of this
luciferase reporter assay indicates that ZnCl2 does indeed stimulate increased MTF1 activity.
This result was consistent with the effect that ZnCl2 had on MTF1 activity at the same
concentration tested in mouse chondrocytes (Kim et al., 2014) .
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I next wanted to compare MTF1 activity between normal SW1353 cells and those stably
overexpressing MTF1, and so both cell lines were transiently transfected with either empty
control pGL4.40 or MRE pGL4.40 plasmid in the same 96 well plate format. This would
allow a treatment comparison between cells with endogenous MTF1 or endogenous and
overexpressed MTF1 over a 24 hour period. Unlike results where firefly:renilla ratios in cells
transfected with the empty control pGL4.40 plasmid were unaffected by treatment (Figure
6.25), there was variation observed between plates (Figure 6.27) independent of both the
luciferase plasmid and the cell line used (SW1353 Figure 6.27A and B; linear MTF1
overexpressing SW1353, Figure 6.27C and D). Fortunately, this pattern was roughly
consistent for the same cell line treated with the MRE pGL4.40 plasmid (Figure 6.27B versus
6.27A; 6.27D versus 6.27C) which was justification for the normalisation of the MRE
pGL4.40 firefly:renilla ratio to the empty control pGL4.40 firefly:renilla ratio for each
treatment. The experiment was completed a total of four times with six sextuplicate wells per
condition (Figure 6.28). Although the levels of MTF1 are higher in the MTF1-MYC-FLAG
cells than normal SW1353 cells, comparable levels of luciferase activity were observed in
untreated and IL-1α conditions. The luciferase (and thus MTF1) activity was higher in the
overexpressing cell line compared to normal SW1353 cells after ZnCl2 stimulation alone (1.3fold, p=0.0009) or in combination with IL-1α (2.3-fold, p<0.0001) in Figure 6.28.
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Figure 6.25 - Raw firefly:renilla ratios from SW1353 cells transiently transfected with
empty control pGL4.40 and renilla luciferase or MRE pGL4.40 plasmid and renilla
luciferase.
SW1353 cells transiently transfected with the empty control pGL4.40 plasmid and renilla
luciferase A) and SW1353 cells transiently transfected with the MRE pGL4.40 plasmid and
renilla luciferase B). Cells were transfected for 24 hours followed by a further 24 hour exposure
to medium only or 0.5ng/ml IL-1α, 5ng/ml IL-1β, 100µM ZnCl2 or 0.5ng/ml IL-1α + 100µM
ZnCl2 before luciferase activity was measured. Each coloured symbol is a different treatment
with all six technical replicates from four experiments totalling 24 replicate values. Horizontal
lines and error bars are the mean and standard deviation respectively. The firefly luciferase data
has been normalised to the renilla luciferase to account for any variation in transfection
efficiency. Outliers are highlighted in orange.
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Luciferase assay to study MTF1 activity in SW1353 cells
exposed to different stimuli for 24 hours
* *** *** ***
Relative Luciferase Units
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0.5ng/ml IL1+ 100μM ZnCl2

0
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Figure 6.26 – Luciferase reporter assay measuring MTF1 activity in SW1353 cells treated
± IL-1α, IL-1β, ZnCl2 or IL-1α + ZnCl2 for 24 hours.
SW1353 cells seeded and incubated for 24 hours were transfected for an additional 24 hours
with either empty or MRE pGL4.40 plasmid then treated in technical sextuplicate with or
without IL-1α (red), IL-1β (purple), ZnCl2 (yellow) or IL-1α + ZnCl2 (blue) for a further 24
hours. A total of four experiments were conducted. Symbols represent each of 23-24
measurements (after outlier removal) for each treatment across four experiments. The
firefly:renilla ratios were analysed for normality by D’Agostino-Pearson omnibus k2 test (n>8)
and an unpaired t-test with Welch’s correction was conducted or Mann Whitney t-test (IL-1α
vs control). Horizontal lines and error bars are the mean and standard deviation respectively. *
p<0.05, *** p<0.001.
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Figure 6.27 – Raw firefly:renilla ratios from SW1353 cells or linear MTF1 overexpressing
SW1353 cells transiently transfected with empty control pGL4.40 and renilla luciferase
or pGL4.40 plasmid and renilla luciferase.
Each graph is the firefly:renilla luciferase data for SW1353 (A and B) or linear MTF1
overexpressing SW1353 cells (C and D) transiently transfected ± pGL4.40 plasmid or empty
control pGL4.40 plasmid and renilla luciferase for 24 hours. Cells were treated ± medium
containing IL-1α and/or ZnCl2 for another 24 hours before the luciferase activity was measured.
Each experiment is presented as the plate it was assayed on to determine the variation between
the empty control pGL4.40 and pGL4.40 plasmid-treated cells over time and each coloured
symbol is a different treatment. Symbols coloured pink are outliers for that sextuplicate
measurement determined by addition or subtraction of 1.5 times the interquartile range of the
75th or 25th percentile respectively. Horizontal lines and error bars are the mean and standard
deviation respectively.
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Luciferase reporter assay comparison
between SW1353 cells and MTF1 overexpressing
SW1353 cells

Relative Luciferase Units
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Figure 6.28 – Luciferase reporter assay comparing SW1353 cells against MTF1
overexpressing SW1353 cells ± IL-1α alone and/or ZnCl2 for 24 hours.
SW1353 cells or SW1353 cells overexpressing MTF1 were seeded and incubated for 24 hours
and both lines were transfected for an additional 24 hours with either empty or MRE pGL4.40
plasmid then treated in technical sextuplicate with or without IL-1α (red), ZnCl2 (yellow) or IL1α + ZnCl2 (blue) for a further 24 hours. A total of four experiments were conducted. Symbols
represent each of 23-24 measurements (after outlier removal) for each treatment across four
experiments. Horizontal bars show the mean of each condition and the error bars are standard
deviation. Statistical analysis is unpaired t-test with Welch’s correction for all pairings except
IL-1α which was analysed by Mann-Whitney t test. *** p<0.001, ns = non-significant.
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The nuclear and cytoplasmic western blots in section 6.3.6.2 demonstrated that MTF1
subcellular localisation was different between the 24 and 72 hour time points. The
transcriptional activity of the MTF1 protein may therefore be different between these time
points. It is not possible to stimulate cells transiently transfected with the luciferase plasmids
for 72 hours, and so the stable pGL4.40 luciferase SW1353 cell line was created (section 2.9).
Instead of quantifying luciferase activity using a luminometer, the stable pGL4.40 luciferase
SW1353 line had MTF1 activity assessed through qPCR measurement of luciferase mRNA
levels. This was achieved by qPCR using two distinct luciferase assay regions of the open
reading frame of the plasmid (LUC2_ORF1 and LUC2_ORF2) and through normalisation
against the GAPDH housekeeping gene only. The luciferase mRNA was detected at 7000-fold
higher level in the pGL4.40 transfected cell line compared to untransfected SW1353 cells
(which do not contain the luciferase gene) using luciferase qPCR assay one (Figure 6.29A).
Luciferase qPCR assay two achieved a 165-fold increase in luciferase in pGL4.40 transfected
cells (Figure 6.29B) compared to untransfected SW1353 cells.
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Figure 6.29 – Assessment of luciferase gene expression in stably selected NotI-digested
linear transfected pGL4.40 luciferase-overexpressing SW1353 cell line.
Two qPCR luciferase assays (A and B) were utilised to measure luciferase gene expression.
SW1353 cells were transfected ± NotI-digested linear plasmid or native MRE pGL4.40 plasmid
for 24 hours. Cells were expanded from 6 well plates to T25 to T75cm2 flasks in the presence
of 200µg/ml hygromycin B until linear transfected cells were collected. Circular transfected
cells were disposed of due to an infection. Bars are the mean of the technical replicate from the
qPCR. Lin = AgeI-digested linear MTF1 overexpressing SW1353 cells.
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The stable MRE pGL4.40 luciferase expressing SW1353 cells were transiently transfected for
24 hours with the MTF1 plasmid and then the medium removed and replaced with or without
0.5ng/ml IL-1α, 100µM ZnCl2, or 0.5ng/ml IL-1α + 100µM ZnCl2 for 72 hours. As a negative
control, cells were mock transfected with FuGENE only. This experiment was only conducted
once, with only one T75cm2 flask per condition, and so statistics was not possible. MTF1
expression was quantified by qPCR using the same primers used in HACs and T/C-28a2 cells.
MTF1 expression was similar for all four conditions in the mock transfected SW1353 MRE
pGL4.40 luciferase cell line (Figure 6.30). However, transient transfection of the MTF1
plasmid into the MRE pGL4.40 luciferase expressing SW1353 cells was associated with
higher baseline MTF1 transcript levels by ~500-fold. MTF1 expression was reduced 0.64-fold
in the 0.5ng/ml IL-1α treated flasks transfected with MTF1 plasmid compared to the untreated
transfected control, though this is based on a single flask and so this result should not be
overinterpreted.
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Figure 6.30 – Normalised
MTF1 gene expression in
pGL4.40
luciferase
overexpressing SW1353 cells
transiently transfected ±
MTF1 plasmid for 24 hours
then treated ± IL-1α alone
and/or ZnCl2 for 72 hours.
pGL4.40
luciferase
overexpressing SW1353 cells
were transfected ± MTF1
plasmid for 24 hours before
treatment with IL-1α (red),
ZnCl2 (yellow) or IL-1α +
ZnCl2 (blue) for 72 hours. Data
is normalised to housekeepers
18S, GAPDH and HPRT1.
Each bar represents the
average normalised expression
of the technical qPCR
triplicate.

The previous experiments confirmed that the luciferase cell line expresses the luciferase gene,
and that these cells can be successfully transiently transfected with the MTF1 overexpression
construct. Next, luciferase levels (as a readout of MTF1 activity) were measured in the
luciferase stable cell line after they were subject to the same stimuli for 72 hours, 24 hours
after transient transfection with MTF1 plasmid. Again as this experiment was only performed
once in a single T75cm2 flask per condition, the data in Figure 6.31 represents the mean
expression value from three qPCR technical measurements from the same cDNA sample and
no statistics could be performed. MTF1 transiently overexpressing cells stimulated for 72
hours with ZnCl2 alone or in combination with IL-1α had higher luciferase levels (and thus
MTF1 activity) than unstimulated or IL-1α-only stimulated MTF1 overexpressing cells
(Figure 6.31). However, these are merely observations from a single T75cm2 flask and for
meaningful interpretation this expeirment ideally would have been repeated so that there was
at least three biological replicates for statistical analysis.

Luciferase

relative expression

0.10
0.08
0.06
0.04
0.02

IL1+ ZnCl2

ZnCl2

IL1

Control

IL1+ ZnCl2

ZnCl2

FuGENE

MTF1
plasmid

0.5ng/ml IL1

100M ZnCl2

0.5ng/ml IL1+100M ZnCl2

l2

Control

IL
1

+
Z

nC

l2

IL1

Control

0.00

A14

C

Figure 6.31 – Normalised
luciferase gene expression in
pGL4.40
luciferase
overexpressing SW1353 cells
transiently transfected ± MTF1
plasmid for 24 hours then
treated ± IL-1α alone and/or
ZnCl2 for 72 hours.
pGL4.40
luciferase
overexpressing SW1353 cells
were transfected ± MTF1 plasmid
for 24 hours before treatment with
IL-1α (red), ZnCl2 (yellow) or IL1α + ZnCl2 (blue) for 72 hours.
Data
is
normalised
to
housekeepers 18S, GAPDH and
HPRT1. Each bar represents the
average normalised expression of
the technical qPCR triplicate.
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6.3.8 Does metallothionein gene expression change in response to IL-1α stimulation in
SW1353 cells?
MT1A and MT1G were next studied to investigate if IL-1α induced MT expression which
would be indirect evidence for increased MTF1 activity and is a potential mechanism to
buffer against potential alterations to intracellular zinc ion concentrations. The selection of
MT1A and MT1G from the eight MT genes qPCR assays that had been designed against was
based on Rushton et al., 2015 work identifying these genes alongside inflammatory genes as
highly expressed in a subcluster of OA hip cartilage patients with differential patterns in DNA
methylation. This decision was representative for the MT expression change elicited by IL-1α
in HACs (4.3.6). Treatment of SW1353 cells with 0.5ng/ml IL-1α for 72 hours resulted in
significant upregulation of both MT1A and MT1G (2.5-fold, p=0.0019 and 4.6-fold, p=0.001
respectively) (Figure 6.32A and B). The heatmap in Figure 6.32C summarises the MT1A and
MT1G gene expression fold change from IL-1α-treated flasks compared to control for the
same experiment and compares fold changes across all five experiments. While MT1A fold
change was similar across all experiments, MT1G fold change was highest (8.6 and 6.9-fold
upregulated) in the first two experiments which were the cDNAs provided by Dr. Reynard
(Appendix F).
Two experiments totalling three to four biological replicates per treatment per time point in
which both MT1A and MT1G expression was assessed after IL-1α exposure for 24, 72 (P1),
144 (P2) and 216 (P3) hours and its removal from SW1353 cells for a final 72 hour passage
(288 hour, P4) was conducted. There was no significant difference in MT1A expression
between IL-1α and control in passages containing IL-1α nor when IL-1α was removed for a
final 72 hours (Figure 6.33A). MT1G was significantly upregulated (7.7-fold, p=0.0117) after
72 hours but not at any other time point. The fold changes of IL-1α compared to control
summarised for both experiments at each passage is presented in the heatmap in Figure 6.33C.
Next, an experiment was conducted to compare ZnCl2 with IL-1α-mediated MT responses as a
positive control for MT induction. Though this experiment was only conducted once with two
biological replicates without statistical analysis, IL-1α appeared to promote MT1A
upregulation (Figure6.33D), whereas ZnCl2 might lead to MT1G upregulation (Figure 6.33E).
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Figure 6.32 – MT1A and MT1G gene expression is significantly upregulated by IL-1α
after a 72 hour passage in SW1353 cells.
The relative gene expression changes for MT1A A) and MT1G B) were normalised to
housekeeper genes 18S, GAPDH and HPRT1 after 72 hours of treatment with 0.5ng/ml IL1α. Heatmap summarising IL-1α-mediated MT gene expression fold changes relative to
controls after one passage lasting 72 hours for each of five experiments C). Red indicates
differential fold change upregulation with IL-1α, and white represents no change with IL-1α.
Normalised data satisfying a D’Agostino-Pearson omnibus k2 normality (MT1A) test was
analysed with a paired t-test, and MT1G analysed by Wilcoxon t-test. Symbols represent the
mean of three qPCR technical replicates for each flask from every biological replicate from
five experiments. Unfilled circular dots and solid-bordered square symbols (A and B) are Dr
Reynard’s cDNA samples. Horizontal lines are the group mean and error bars are standard
deviation. ** p<0.01 *** p <0.0001.
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Figure 6.33 - MT1G and not MT1A was upregulated after P1 in IL-1α time course
experiments and effects of ZnCl2 treatment alone or with IL-1α on MT1A and MT1G
expression were undetermined in SW1353 cells.
The relative gene expression of MT1A A) and MT1G B) normalised to housekeeper genes 18S,
GAPDH and HPRT1. Heatmap summarising IL-1α-mediated MT gene expression fold
changes relative to controls after three passages with IL-1α present and one passage without
IL-1α C). Red indicates differential fold change upregulation with IL-1α, and white represents
no change with IL-1α. The relative gene expression of MT1A and MT1G genes following ILα, ZnCl2 or both treatments of SW1353 cells treated in biological duplicate for 72 hours (D
and E respectively). Normalised data satisfying a Shapiro Wilk normality test prior to or after log2
transformation was analysed with a paired t-test. Where the data was not normal a Wilcoxon t-test
of the normalised data was conducted (24 hour – MT1G, P1 – MT1A). Symbols represent
mean of three qPCR technical replicates for each flask from every biological replicate across
one (D and E) or two experiments (A, B and C). Horizontal lines are the group mean and error
bars are standard deviation. * p<0.05 ns = non-significant.
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6.3.9 Does cartilage matrix-degrading gene expression change in response to IL-1α and
ZnCl2 stimulation in SW1353 cells?
The effect of IL-1α on cartilage matrix-degrading gene expression in SW1353 cells was
assessed next and in a later experiment ZnCl2 was used alongside IL-1α as a positive control
testing activation of the zinc-ZIP8-MTF1 axis. MMP13 expression was significantly
upregulated 30.1-fold (p=0.001) after 72 hours following IL-1α treatment (Figure 6.34A),
though this increase was more prominent in cDNAs derived from Dr Reynard’s two
experiments than my own. ADAM-TS5 gene expression on the other hand was extremely low
(average Ct <35) both in my own SW1353 cDNA samples and those from Dr. Reynard’s
experiments, and was low independent of treatment. Thus, for some samples either an entire
technical triplicate failed detection or even loss of one replicate meant an average could not be
calculated and both outcomes meant that reliable data was not generated for this gene across
all experiments (Figure 6.34B). The heatmap in Figure 6.34C illustrates the log2 fold MMP13
and ADAM-TS5 gene expression changes for IL-1α-treated flasks compared to controls for
five experiments.
Two experiments totalling four biological replicates per treatment per time point in which
both MMP13 and ADAM-TS5 expression was assessed after IL-1α exposure for 24, 72 (P1),
144 (P2) and 216 (P3) hours and its removal from SW1353 cells for a final 72 hour passage
(288 hour, P4) was conducted. ADAM-TS5 expression (Figure 6.35A) between IL-1α and
control in P3 was significantly downregulated (0.4-fold, p = 0.013) and MMP13 expression
(Figure 6.36B) was significantly different from control at P4 (1.2-fold p = 0.0405). The log2fold change of MMP13 and ADAM-TS5 gene expression for IL-1α-treated flasks compared to
controls for both experiments at each time point is presented as a heatmap but no significant
differences were observed (Figure 6.35C). Finally, one experiment was conducted with two
flasks per condition in which ZnCl2 was included with or without IL-1α to determine the role
of zinc in cartilage matrix-degrading gene expression regulation. As this experiment was not
repeated, statistics could not be conducted, however it was very clear from the data that ZnCl2
did not influence the expression of either ADAM-TS5 or MMP13 and that IL-1α provided the
stimulus for upregulation in the combined treatment (Figure 6.35D). ADAM-TS5 was not
measured in the experiment with ZnCl2 due to the consistently high Cts measured previously
which had taught me from prior experiments that calculating Ct means was a problem
especially if one or more measurements from the technical triplicate failed to amplify.
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Figure 6.34 – MMP13, but not ADAM-TS5 is significantly upregulated by IL-1α after a 72
hour passage in SW1353 cells.
The relative gene expression changes for MMP13 A) and ADAM-TS5 B) normalised to
housekeeper genes 18S, GAPDH and HPRT1 after 72 hours of treatment with 0.5ng/ml IL-1α.
Heatmap summarising IL-1α-mediated ADAM-TS5 and MMP13 gene expression fold changes
relative to controls after one passage lasting 72 hours for each of five experiments C). Red
indicates differential fold change upregulation with IL-1α, and white represents no change with
IL-1α. Normalised data or log2 transformed data satisfying a D’Agostino-Pearson omnibus k2
normality test was analysed with a paired t-test. Symbols represent the mean of three qPCR
technical replicates for each flask from every biological replicate from five (A) or three (B)
experiments respectively. Horizontal lines are the group mean and error bars are standard
deviation. Unfilled circular dots and solid-bordered square symbols (A and B) are Dr Reynard’s
cDNA samples. *** p =0.001, ns = non-significant.
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Figure 6.35 - MMP13 and ADAM-TS5 were not upregulated in IL-1α time course
experiments and effects of ZnCl2 treatment alone or with IL-1α on matrix-degrading
gene expression were undetermined in SW1353 cells.
A) and B) is relative gene expression of MT1A and MT1G genes normalised to housekeeper
genes 18S, GAPDH and HPRT1. C) Heatmap summarising IL-1α-mediated cartilage matrixdegrading gene expression log2 fold changes relative to controls after three passages with IL1α present and one passage without IL-1α. Red indicates differential fold change upregulation
with IL-1α, and white represents no change with IL-1α. D) is the relative gene expression of
MMP13 following IL-α, ZnCl2 or both treatments of SW1353 cells treated in biological
duplicate for 72 hours. Normalised data satisfying a Shapiro Wilk normality test prior to or
after log2 transformation was analysed with a paired t-test. Where the data was not normal a
Wilcoxon t-test of the normalised data was conducted (P2 – ADAM-TS5 and MMP13).
Symbols represent the mean of three qPCR technical replicates for each flask from every
biological replicate across one (D and E) or two experiments (A, B and C) and bars are the
mean relative expression per group. Horizontal lines are the group mean and error bars are the
standard deviation. * p<0.05, ns = non-significant.
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6.4 Chapter summary
While there was evidence that IL-1α treatment of SW1353 cells activated transcription of
classic pro-inflammatory genes and both SLC39A8 and SLC39A14 zinc transporters, this did
not translate to classical activation of the zinc-ZIP8-MTF1 axis. For example, metal ion
assessment after IL-1α treatment using the MAK032 zinc assay kit resulted in no detectable
change in intracellular ion content. However, there was transcriptional feedback on the MTF1
gene (1.3-fold p=0.0464), but this did not translate to increased MTF1 activity determined by
luciferase reporter assay. In fact, IL-1α was consistently repressing transcription of the
luciferase reporter both when MTF1 was present at endogenous levels and when MTF1 was
overexpressed. I was confident the luciferase reporter assay worked as expected as ZnCl2
positive control resulted in significant luciferase activity. Despite the challenges of MTF1
protein detection in SW1353 cells, use of c-myc-FLAG-tagged MTF1 in MTF1
overexpressing SW1353 cells did provide evidence of MTF1 trafficking between cytoplasmic
and nuclear compartments based on western blot data, though it was not clear that any
treatment further influenced the protein cytoplasmic levels at 72 hours. As MTs are inducible
in response to multiple physiological stimuli and have different response elements in their
promoter sequences controlling transcription (Davis and Cousins, 2000), it is plausible that
IL-1-mediated MT gene transcription occurs through MTF1-independent transcription factor
recruitment. A summary schematic for the zinc-ZIP8-MTF1 axis activity in SW1353 cells is
presented in Figure 6.36.
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Figure 6.36 – Summary of zinc-ZIP8-MTF1 axis exploration in SW1353 cells.

Chapter 7. DISCUSSION
The aim of this research was to determine whether zinc homeostasis is disrupted in human
OA chondrocytes and whether this contributes to disease pathogenesis. Although the role of
zinc homeostasis in OA pathogenesis has not been studied in human chondrocytes, several
lines of evidence suggest that it may play a role in disease. Firstly, the zinc-ZIP8-MTF1
signalling axis, acts as a facilitator of OA pathogenesis following joint trauma. This pathway
was discovered in murine chondrocytes that were exposed to IL-1 in-vitro and confirmed
using several ZIP8 and MTF1 overexpression and deletion mouse models (Kim et al., 2014).
Several genes in this pathway are modified in terms of cartilage DNA methylation and gene
expression in a subgroup of OA hip patients (Rushton et al., 2015). Furthermore, recent
GWAS for OA and related endophenotypes have identified three different risk loci that map
to or encompass zinc transporter genes (Castano-Betancourt et al., 2016; Styrkarsdottir et al.,
2018; Zengini et al., 2018; Tachmazidou et al., 2019). Together, these data suggest that
altered zinc homeostasis may contribute to OA pathogenesis, at least in a subgroup of
patients.
The potential role of zinc in OA was initially investigated in chapter three using existing
human and murine OA cartilage and chondrocyte gene expression datasets available on the
SkeletalVis tool (Soul et al., 2018b). In addition to looking at genes involved in the zincZIP8-MTF1 pathway, I broadened the search criteria to account for the diversity of zinc
transporters and MTs associated with the mammalian genome. The principal discovery from
the transcriptomics analysis was that among the zinc transporters, SLC39A14 was the most
consistently differentially expressed and was upregulated in ipsilateral damaged OA cartilage
and IL-1 treated chondrocytes of human and murine origin. SLC39A14 was downregulated in
intact OA cartilage and SLC39A8 was also downregulated in a transgenic mouse that
spontaneously develops OA at 18 weeks which contradicts the role for ZIP8-mediated zinc
entry and cartilage erosion identified by Kim et al., 2014. These results support the possibility
that SLC39A14 is a principal zinc importer in human chondrocytes exposed to IL-1, but that
SLC39A14 facilitates zinc entry, only once the cartilage becomes damaged. Several MT1
isoforms were also upregulated in the damaged human cartilage and IL-1-treated
chondrocytes, so this may be a response to the damage by protecting chondrocytes from
further apoptosis (Kim et al., 2014; Won et al., 2016) or may just correlate with the damage.
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Chapter three also investigated if the OA and mjsw SNPs impacted on expression of nearby
zinc transporter genes using use the databases LDlink (https://ldlink.nci.nih.gov/?tab=home)
and GTEx (gtexportal.org/home/). Matched expression and genotype data from hundreds of
individuals from 54 different healthy tissue types was available in GTEx. This was used to
determine if SNPs identified through recent OA and mjsw GWAS meta-analyses are
associated with eQTLs of nearby zinc transporters SLC30A5 (rs1041753 mjsw), SLC30A10
(rs2820436, rs2785988, rs2820433 all OA-associated) and SLC39A8 (rs13107425 OAassociated).
Four hundred and seventy-nine unique eQTLs for SLC30A10 were identified in multiple
tissues on GTEx, 11 of which were associated with SNPs at either rs2820443 (nine SNPs) or
rs2785988 (two SNPs) loci. There were no SLC30A10 eQTLs identified for the list of SNPs in
LD with rs2820436, nor were any SNPs identified with eQTLs for SLC30A5 or SLC39A8
using rs1041753 and rs13107425 lists respectively. Thus, the 11 SNPs with SLC30A10
eQTLs in UV-exposed skin of the lower leg cannot be assumed to translate to skeletal tissues
because of the tissue-specific nature of eQTLs.
Additional eQTLs unrelated to the homeostasis of zinc but in LD with the OA or mjswassociated risk SNPs were identified in GTEx (Table 8.1). These were not discussed in the
chapter three results because the relevance of these genes to zinc homeostasis is unknown. For
each SNP and its associated proxy variants, either single or multiple eQTLs in one or more
tissues were identified, often with eQTLs overlapping the OA-GWAS SNPs identified at
chromosome one nearby SLC30A10 (Table 8.1, Figure 8.1A). This was because SNPs
rs2820443 and rs2785988 were in high LD with each other (r2=0.98) but rs2820436 was not
in high LD (r2=0.45) with either of these SNPs. The number of SNPs associated with each
eQTL which overlap with the sentinel SNP and its proxy variants is shown in brackets and if
the sentinel SNP was among the identified eQTLs an asterisk indicates this (Table 8.1).
Furthermore, the eQTL was stratified by the tissue it was identified in from GTEx, for
example 46 of 49 SNPs in LD with the sentinel SNP rs2820436 had an eQTL for RP11392O17.1 of which 18 were found to be operational in the transverse colon. This analysis
does not go further to address the direction of gene expression influenced by the SNPs
associated with the eQTL, but as eQTLs are tissue-specific it would not make sense to do this
until skeletal tissues become available to study. The SNPs and eQTLs for OA (nearby
SLC39A8) or mjsw (SLC30A5)-associated risk are presented as uploaded tracks in the UCSC
browser in Figures 8.1B and 8.2.
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Table 8.1 – eQTLs for recently identified OA or hip mjsw-associated risk in proximity to
zinc transporters.
Of the five OA or hip mjsw-risk variants recently identified, only rs2820443 and rs2785988
had an eQTL with their proximal zinc transporter (in this instance SLC30A10 marked by an
asterisk) in addition to a further 10 and 11 proxy variants in LD (r2≥0.8) with each sentinel SNP
respectively. Otherwise, seven genes had eQTLs for one or more of the five risk SNPs and the
number of proxy variants with eQTLs for that gene and in which tissues are indicated in
brackets.
GWAS SNP +
(no. LD proxy

Reference

variants R 2 = 0.8)

rs2820436 (48)

Zengini, E et al.,
2018

Clinical
endophenotype

Proximal zinc
transporter

eQTL-associated gene(s) on GTEx
(no. LD proxy variants)

OA (across any
joint site)

RIMKLBP2* (19)
UBE2D3* (4)

Artery-Aorta * (4)

RP11-392O17.1* (46)

Tachmazidou, I. et
OA (knee and hip)
al., 2019

RP11-392O17.1* (18)

SLC30A10

RIMKLBP2* (18)
SLC30A10 (11)
ZC3H11B* (19)
LYPLAL1-AS1* (12)
rs2785988 (21)

rs13107325 (3)

Styrkarsdottir, U.
et al., 2018

Tachmazidou, I. et
al., 2019

OA (hip)
RP11-392O17.1* (19)

OA

SLC39A8

CTC-537E7.2* (29)
Castañors10471753 (32) Betancourt, M.C.
et al., 2016

Hip minimal joint
space width

SLC30A5
MARVELD2 (2)
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SNPs in LD (R 2 = 0.8) with SNP in
column 1)
UV-exposed skin lower leg * (46)
no UV exposed suprapubic skin * (46)
kidney cortex * (46)
Adipose subcutaneous * (45)
Adrenal gland * (46)
Transverse colon * (18)
UV-exposed skin lower leg * (10)
Testis * (18)
Artery-Aorta * (12)
UV-exposed skin lower leg * (18)
no UV exposed suprapubic skin * (18)
Adrenal gland (7)
Kidney cortex (6)
Adipose subcutaneous (6)
Adipose-subcutaneous * (18)
UV-exposed skin lower leg * (11)
Testis * (19)
Artery-Aorta * (12)
UV-exposed skin lower leg * (19)
no UV exposed suprapubic skin * (19)
Adrenal gland (8)
Kidney cortex (7)
Adipose subcutaneous (7)
Adipose subcutaneous * (19)

SLC30A10 (10)
ZC3H11B* (18)
LYPLAL1-AS1* (12)
rs2820443 (20)

Tissue(s) associated with eQTL (no.

Testis * (29)
minor salivary gland * (26)
Prostate (21)
oesophagus (3)
Testis (2)
minor salivary gland (2)
prostate (2)
oesophagus (2)

Figure 8.1 – Visualisation of the OA-associated risk SNPs A) rs2820436, rs2820443,
rs22785988
nearby SLC30A10 and B) rs13107325 nearby SLC39A8 using the UCSC
A)
genome browser. Each window shows uploaded tracks for the genomic coordinates of the
sentinel SNPs, proxy variants in LD (r2≥0.8) with each sentinel SNP, and the SNPs for which
the named eQTL was described. The gene sequences for the region shown are in blue and the
highlighted yellow genes, pseudogenes, and long intergenic non-coding RNAs are the eQTLs.

B)
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Figure 8.2 – Visualisation of the hip mjsw-associated risk SNP rs10471753 nearby
SLC30A5 using the UCSC genome browser.
Uploaded tracks for the genomic coordinates of rs10471753, proxy variants in LD (r2≥0.8) with
rs10471753, and the SNPs for which the named eQTL were described are presented. The gene
sequences for the region shown are in blue and the highlighted yellow genes and long intergenic
non-coding RNAs are the eQTLs.
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Next, I decided to use specific datasets in SkeletalVis to explore the expression of these genes
for which eQTLs had been identified in GTEx. The data in Table 8.2 provides information
about the expression of the genes in OA hip and knee cartilage or in IL-1β-treated HACs from
OA hip in relation to the five GWAS SNPs. Data in bold is where a fold change and
significant p value was recorded from SkeletalVis and either TPM, normalised microarray
signals or read counts are shown dependent on the platform (microarray or RNA-Seq) used by
the researchers. The three long non-coding RNAs (lncRNA) RP11-392O17.1, LYPLAL1-AS1,
and CTC-537E7.2 were not identified in any of the knee and hip transcriptomic datasets nor in
the study by Pearson et al., 2016, which was conducted to identify differentially expressed
lncRNA in hip OA chondrocytes. However, RIMKLBP2 was significantly downregulated
(0.32-fold, p=0.001873) in IL-1β-treated HACs compared to untreated controls, though this
was classified as a pseudogene and its role in OA is not known. The most compelling gene
with which an eQTL was associated with SNPs in LD and including rs13107325 was
UBE2D3, which was significantly downregulated in the hip and knee cartilage datasets,
except for the ipsilateral knee OA cartilage analysis by Dunn et al., 2016 (Table 8.2).
UBE2D3 encodes ubiquitin-conjugating enzyme E2 D3 which can interact with E3 ligases
which catalyse the ubiquitination of target protein substrates. I do not know what the protein
targets of UBE2D3 are in cartilage nor if possession of the rs13107325 risk allele confers
further reduced UBE2D3 expression in OA cartilage. What the functional consequence is for
the presumably reduced ubiquitination of UBE2D3 targets in cartilage tissue should be
followed up.
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Table 8.2 – Gene expression information for each eQTL associated with SNPs in proximity to zinc transporters in hip and knee OA cartilage
and hip OA chondrocytes. Details of the samples for each RNA-Seq or microarray are provided in the column headings and either TPM (transcripts
per million), fold changes and p-values, normalised microarray signals or normalised read counts for the data are provided. All data was sourced from
SkeletalVis, apart from the TPM data for the Ajekigbe et al., 2019 study which had already been provided to me by our bioinformatician, Dr. Kathleen
Cheung.

245

The in silico transcriptomic analysis in chapter three indicated that genes involved in zinc
homeostasis are dysregulated in human OA tissue and in cultured HACs after responses to IL1. I therefore investigated this in vitro in chapters four through six, focussing on analysing the
zinc-ZIP8-MTF1 pathway in end-stage knee OA chondrocytes (chapter four) and in the
human chondrogenic T/C-28a2 cell line (chapter five) and SW1353 human chondrosarcoma
cell line (chapter six). The aim of these chapters was to understand if IL-1 ligands (principally
IL-1α but also a few experiments with IL-1β) altered zinc homeostasis gene expression and
what the downstream consequence of this was on expression of cartilage matrix-degrading
genes in human chondrocytes as has been reported in murine chondrocytes (Kim et al., 2014).
The IL-1-responsive positive control genes IL-6, CXCL8 and CCL2 were universally
upregulated by IL-1α across HACs and cell lines and IL-1α elicited a similar gene expression
response profile as IL-1β when used at a concentration ten times lower than IL-1β. These
genes’ upregulation in response to IL-1 is not a novel finding but was an indicator that cells
were responding to the stimulus in a predictable manner. In HACs, IL-1α exposure for one
passage was associated with reduced HAC cell numbers compared to untreated HACs from
the same donor, with reduced expression of the proliferation genes MKI67, TOP2A and TPX2
following IL-1α stimulation. However, based on cell counts, there was no differences in cell
number between SW1353 and T/C-28a2 cells treated with and without IL-1α, indicating that
the inhibitory effect of IL-1α on proliferation was restricted to HACs.
Assessment of zinc transporter gene expression after one passage of IL-1α treatment in HACs
revealed SLC39A8 and SLC39A14 to be the most prominently upregulated of all the zinc
transporters, consistent with the in silico SkeletalVis results. However, SLC39A14 was
specifically upregulated for T/C-28a2 cells whereas SLC39A8 and SLC39A14 was
upregulated in SW1353 cells. SLC39A8 upregulation was similarly observed in hip OA
cartilage (Rushton et al., 2015) but SLC39A14 upregulation reported here is a novel finding.
The differences in zinc transporter expression between primary HACs and cell lines in
response to IL-1 may reflect differing zinc homeostasis requirements dependent on the needs
of the tissue from which the chondrocyte originates. For example, T/C-28a2 rib chondrocytes
and SW1353 chondrosarcoma of the humerus differ from knee-derived HACs which may
have a unique zinc transporter expression profile in response to mechanical stress-induced
IL1α release following chondrocyte cell death.
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Only HACs had elevated intracellular metal ion content after one passage with IL-1α with no
increase observed for T/C-28a2 or SW1353 cells. I am cautious when describing the resulting
metal ion increases for HACs as solely contributable by zinc because I demonstrated the
chemistry and resulting absorbance could be influenced by iron ions in cell-free experiments.
The iron chelator, 2,2ʹ-bipyridine, was unable to reduce this influence in additional cell-free
experiments using the MAK032 zinc assay kit. Overall, there was no consensus that IL-1α
stimulation resulted in measurable changes in intracellular zinc content with the
spectrophotometry kit employed.
In murine chondrocytes, IL-1 stimulated upregulation of Slc39a8 expression and increased
intracellular zinc leads to increased nuclear translocation and activation of MTF1 transcription
factor, although expression of the gene is unchanged (Kim et al., 2014). The expression,
subcellular localisation and activity of MTF1 was thus measured after IL-1α treatment in
human chondrocytes using a combination of qPCR, western blot and luciferase reporter
assays. There was no evidence that MTF1 gene expression was altered in response to IL-1α in
HACs, but MTF1 was significantly upregulated (1.3-fold p=0.0464) in SW1353 cells after IL1α. MTF1 expression was shown to increase after four hours in the IL-1β transcriptomic
datasets (Moazedi-Fuerst et al., 2016; Pearson et al., 2016). Perhaps the disparity between the
cell lines and HACs might be explained by the difference in the time after IL-1 exposure at
which MTF1 expression was measured. In this thesis, MTF1 was measured in HACs after 1013 days of IL-1α and in T/C-28a2 and SW1353 cell lines after 72 hours with IL-1α, so was
not comparable. Furthermore, all HAC samples were cultured to confluency for a variable 720 days (dependent on the donor) prior to the passage with IL-1α, suggesting that in addition
to differing duration of IL-1α exposure, HAC dedifferentiation is likely to have occurred
which could further contribute to this or indeed any gene expression difference. This
observation that MTF1 gene expression was for the most part unchanged after IL-1α was not
entirely unexpected because Kim et al., 2014 also did not see changes in Mtf1 gene or protein
expression when murine chondrocytes were transduced with Ad-ZIP8 for 2 hours and
incubated for 24 hours. Although the mechanism by which SLC39A8 was overexpressed
differs for our approaches (Ad-ZIP8 versus IL-1), the observation that Mtf1 did not change
was consistent, at least in HACs and T/C-28a2 cells.
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In murine chondrocytes, IL-1 induced Slc39a8 overexpression and increased cytoplasmic zinc
levels. IL-1 is associated with increased nuclear localisation of MTF1 transcription factor. I
thus investigated if IL-1 also triggers MTF1 nuclear translocation in human chondrocytes.
Unfortunately, the antibody used by Kim et al.,2014 was no longer available, and so I used
two different commercially available antibodies against MTF1. Despite my concerted best
efforts, I was unable to detect endogenous MTF1 protein by western blot in HACs having
trialled both commercial N and C-terminal antibodies. The size of MTF1 quoted by the
manufacturers did not match with protein bands observed in western blots during their
validation procedure. These antibodies did not detect an endogenous protein of the correct
size in either HACs or the cell lines but were able to detect a band in MTF1 overexpressed
lysate derived from HEK293 cells, albeit one larger than the expected size. The MTF1
overexpression lysate (LC401804) which was used as a positive control consistently presented
with two bands with the C-terminal antibody. I believe a cleavage of the protein had occurred
within the C-terminal epitope where a potential metalloproteinase cleavage of an alanine at
position 511 generated bands of the observed size. Despite the protease inhibitor cocktails and
RIPA buffer prepared for whole protein extraction not containing EDTA (a metalloproteinase
inhibitor) the lysate was prepared from HEK293 with RIPA containing EDTA by the
manufacturer, so I am unable to explain this observation.
Fortunately, the use of the c-myc-FLAG-tagged MTF1 plasmid and the FLAG antibody
enabled detection of overexpressed MTF1 in the SW1353 cell line. Furthermore,
overexpressing c-myc-FLAG-tagged MTF1 in HEK293 in-house resulted in the same band
observed between positive control and samples of AgeI-digested linear MTF1 overexpressing
SW1353 cells. The shuttling of MTF1 was confirmed by western blot as MTF1 was present in
the cytoplasm of MTF1 overexpressing SW1353 cells 24 hours after treatment and in the
nucleus at 72 hours. IL-1α alone or with ZnCl2 increased cytoplasmic MTF1 content but not
ZnCl2 alone. There was no clear effect of treatment on the enrichment of nuclear MTF1
content at 72 hours.
As well as increased nuclear translocation, Kim et al.,2014 saw greater transcriptional activity
of MTF1 after Ad-ZIP8 transduction or metal chloride treatment by luciferase reporter assay.
Therefore, I began an investigation into whether IL-1α might alter MTF1 protein activity
using a pGL4.40 luciferase reporter construct containing five MRE consensus sites assay in
T/C-28a2 and SW1353 cells.
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There was no significant increase in MTF1 transcriptional activity after IL-1α treatment
detected by luciferase reporter assay in T/C-28a2 cells. However, ZnCl2 treatment triggered
increased MTF1 transcriptional activity, presumably via the known mechanism of zincinduced MTF1 recrutiment to MREs of target genes, in this case driving the expression of the
reporter gene luciferase. This indicates that the MRE luciferase assay was working as
expected. The combined treatment of IL-1α + ZnCl2 also produced greater MTF1
transcriptional activity than IL-1α alone or after no treatment but less so than ZnCl2 alone. An
inhibitory effect of IL-1α on MTF1 transcriptional activity was observed in SW1353 cells
treated with IL-1α or IL-1β for 24 hours using the same luciferase assay and this effect
persisted in luciferase assays using SW1353 cells stably overexpressing MTF1. This finding
was unexpected and may suggest MTF1 association at the MRE sites in the pGL4.40
luciferase reporter was altered, though this was not investigated. It was undetermined whether
stable luciferase overexpressing cell lines transiently transfected with MTF1 plasmid and
treated with IL-1α and/or ZnCl2 for 72 hours resulted in increased MTF1 transcriptional
activity by measuring luciferase gene expression. This was because the experiment was
conducted once with each cell line so statistics was not possible.
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MTs are MTF1 target genes and have shown to have pleiotropic effects in cartilage of mice in
vivo. For example, Mt1 and Mt2 is upregulated following Ad-ZIP8 or Ad-MTF1 upregulation
and double Mt knockout results in worse OA cartilage lesions after DMM surgery compared
to wild type DMM operated mice and compared to Mt1/2 double knockout sham-operated
mice. Furthermore, the cartilage lesions were associated with increased chondrocyte apoptosis
but not in increased Mmp gene expression. Thus, MTs are chondroprotective, at least up to a
limit, whereby Mt2 but not Mt1 aberrant overexpression causes worse OA cartilage lesions
independently of the zinc-ZIP8-MTF1 axis (Won et al., 2016). Thus, I wanted to investigate if
IL-1α affected MT expression in HACs and cell lines. MT1 isoforms, MT1A and MT1G, were
upregulated in both HACs and SW1353 cells but MT1A alone was increased in T/C-28a2 cells
consistent with the SkeletalVis findings. The expression of the other MT1 isoforms were not
reliably detected across samples from HACs and cell lines, despite successful primer
validation. MT1A and MT1G were measured consistently between the HACs and cell lines
and were focussed on because these genes were significantly expressed in a subcluster of OA
hip cartilage from patients with differential promoter methylation compared to hip cluster one
and NOF cartilage (Rushton et al., 2015). As alluded to in the chapter five summary, the
degree to which MT1A and MT1G upregulation was dependent on MTF1 was not investigated
by siRNA-mediated knockdown of MTF1 experiments because of time limitations. This
experiment may have provided evidence for crosstalk between the IL-1α and zinc-ZIP8MTF1 signalling pathways and a novel hypothesis may be that knockdown of MTF1would
have had consequences for MT gene expression and subsequent heavy metal detoxification
and oxidative stress management. However, given that MTF1 transcriptional activity was not
increased by IL1 treatment in either cell line where activity could be measured using the MRE
luciferase reporter assay, this suggest that the IL-1-induced upregulation of MT1A is
independent of MTF1.
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In murine chondrocytes, Mmp13 and Adam-ts5 are upregulated when ZIP8 and/or MTF1 is
overexpressed. This upregulation is thought to be responsible for the increased cartilage
degradation observed in Ad-MTF1 and Ad-ZIP8 mice compared to control mice that occurs
after surgical induction of OA. However, it is unclear if these genes contain MRE elements in
the control regions and are thus direct targets of the MTF1 transcription factor, or if MTF1related upregulation is an indirect effect. In human chondrocytes and chondrocyte cell lines,
upregulation of ADAM-TS5 and MMP13 by IL-1α was by no means consistent across the
different cell types investigated. I have already mentioned how treatment duration and
dedifferentiation may have contributed to differences in gene expression, but another
contributing factor could be that HACs or cell lines were not cultured in serum-free medium
prior to stimulation with IL-1 nor throughout the culture period with IL-1α.
Evidence for crosstalk between the IL-1α and zinc-ZIP8-MTF1 signalling pathways has been
illustrated in immune cells where NF-κβ-regulated SLC39A8 gene expression increases labile
intracellular zinc which feeds back negatively on Iκβ kinase complex (IKK) preventing Iκβ
phosphorylation and further activation of the NF-κβ pathway (Liu et al., 2013). This negative
feedback loop, if present in chondrocytes, may be an attempt to offset the pro-inflammatory,
ROS-inducing and cartilage matrix-degrading effects of NF-κβ and for the requirement of
ZIP8-mediated zinc antioxidative action. Huang et al.,2018 demonstrated the antioxidative
properties of zinc in protecting rats from monosodium iodoacetate (MIA)-mediated cartilage
destruction and mimicked the protective effects when co-administered with MIA in SW1353
chondrosarcoma (Huang et al., 2018). For example, serum taken from rats receiving MIA
and zinc had decreased pro-inflammatory and cartilage matrix-degrading gene expression
while simultaneously increasing anti-inflammatory IL-10 and the antioxidant GSH compared
to mice receiving MIA alone.
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In conclusion, the data I have generated does not suggest that IL-1α-mediated activation of
zinc-ZIP8-MTF1 signalling results in cartilage matrix-degrading gene expression in
chondrocytes. As the experiments were designed to address IL-1α-mediated activation of the
pathway, the overlap, or not as may be the case, between NF-κβ or MTF1-driven responses on
cartilage matrix-degrading gene expression was unanswered. IL-1α-mediated SLC39A8 and
SLC39A14 overexpression had functional consequences in terms of elevated intracellular zinc
ions in HACs but further research exploring which response, pro-catabolic or
chondroprotective antioxidative free-radical scavenging and metal sequestration, following
zinc increase is required to define the zinc-ZIP8-MTF1 axis contribution to human OA
pathogenesis. The SkeletalVis transcriptomic analysis indicates that various proteins involved
in zinc homeostasis are dysregulated in OA cartilage, and that more work addressing the
functional impact of the five GWAS OA and hip mjsw risk SNPs on zinc transporter gene
expression, or indeed expression of genes with eQTLs for the five SNPs, is required. There
remain many questions on the role of zinc in OA which should be further explored.
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Chapter 9. APPENDIX

A)

275
pGL4.40[luc2P/MRE/Hygro] plasmid
6079bp

B)

276
MTF1 plasmid
7120bp

Plasmid maps for A) pGL4.40[luc2P/MRE/Hygro] and B) pCMV6-MTF1 plasmids generated in SnapGene Viewer
(https://www.snapgene.com/snapgene-viewer/). Plasmid maps were created initially using A Plasmid Editor Software
(http://jorgensen.biology.utah.edu/wayned/ape/) and the .ape files were loaded into SnapGene Viewer and exported as Tiff images. The
pGL4.4[luc2P/MRE/Hygro] plasmid MRE (light green) is flanked by SacI and XhoI restriction sites which were used to remove the metal response
element (MRE) and was religated with the multiple cloning sequence (MCS). NotI or AgeI restriction enzymes were used for the preparation of
linear pGL4.40[luc2P/MRE/Hygro] and pCM6-MTF1 plasmids respectively. NcoI or a combination of KpnI and XhoI was used to confirm the
uptake of pGL4.40[luc2P/MRE/Hygro] and pCMV6-MTF1 plasmids respectively following bacterial transformation and DNA isolation. MluI
restriction enzyme (not shown) was used to cut the empty control pGL4.40 plasmid after cloning the pGL4.40[luc2P/MRE/Hygro] plasmid. The
antibiotic resistance genes are A) ampicillin (pink) and B) kanamycin/neomycin (light blue) ensuring E. coli survival after transformation. The
hygromycin region in A) provides resistance to hygromycin B in pGL4.40[luc2P/MRE/Hygro] plasmid transfected eukaryotes. Neomycin
(Kana/neo cassette in B) prevents MTF1 plasmid-transfected eukaryotic cells from dying in response to G418 antibiotic. Locations of restriction
enzymes and qPCR primers are detailed and their position in the sequence map highlighted. Primer binding locations are highlighted on the plasmids
in purple.

C)

pGL4.40 luciferase plasmid
Ct ratios
Min promoter vs LUC2 ORF1
Min promoter vs LUC2 ORF2
Min promoter vs SV40 early promoter
Min promoter vs hygro
LUC2 ORF1 vs LUC2 ORF2
LUC2 ORF1 vs SV40 early promoter
LUC2 ORF1 vs hygro
LUC2 ORF2 vs SV40 early promoter
LUC2 ORF2 vs hygro
SV40 early promoter vs hygro

Min promoter

LUC2 ORF1

277
Luc2 ORF2
SV40 early
promoter

hygro

min
max
median
min
max
median
min
max
median
min
max
median
min
max
median

plasmid ng
0.000008
1.026
0.993
1.075
1.030
0.967
1.047
1.003
1.082
1.037
0.958
0.993
1.075
1.028
0.967
1.047
1.015
0.967
1.082
1.015
1.037
1.082
1.061
0.958
1.082
1.042

MTF1 plasmid

0.0004
1.021
0.996
1.062
1.098
0.975
1.041
1.075
1.067
1.102
1.033

0.02

1

1.020
1.006
0.989
0.994
0.986
0.969
0.975
0.983
0.989
1.006

1.050
1.057
1.082
1.022
1.007
1.030
0.973
1.023
0.966
0.944

0.996
1.098
1.042
0.975
1.075
1.031
0.975
1.102
1.031
1.033
1.102
1.065
1.033
1.067
1.069

0.989
1.020
1.000
0.969
1.020
0.980
0.983
1.006
0.987
0.969
0.989
0.986
0.975
1.006
0.989

1.022
1.082
1.054
0.973
1.050
1.019
0.966
1.057
1.015
0.944
1.082
1.027
0.944
1.023
1.026

plasmid ng
Ct ratios
0.00000016
0.000008
MTF1_ORF1 vs MTF1_ORF20.928
0.923
MTF1_ORF1 vs MTF1_Tag 0.976
0.955
MTF1_ORF1 vs SV40
0.929
0.946
MTF1_ORF1 vs kana/neo
0.953
0.953
MTF1_ORF2 vs MTF1_Tag 1.052
1.034
MTF1_ORF2 vs SV40
1.001
1.024
MTF1_ORF2 vs kana/neo
1.028
1.032
MTF1_Tag vs Sv40
0.951
0.991
MTF1_Tag vs kana/neo
0.976
0.998
SV40 vs kana/neo
1.026
1.008
min
max
MTF1_ORF1 median
min
max
MTF1_ORF2 median
min
max
MTF1_Tag median
min
max
SV40
median
min
max
kana/neo median

0.929
0.953
0.941
0.936
1.052
1.014
0.951
1.052
0.964
0.929
1.001
0.964
0.953
1.052
0.965

0.923
0.955
0.949
0.923
1.034
1.028
0.955
1.034
0.994
0.946
1.024
0.994
0.953
1.034
0.976

0.0004

0.02

0.932
0.947
0.941
0.950
1.016
1.010
1.020
0.994
1.003
1.010

0.936
0.951
0.925
0.952
1.015
0.988
1.017
0.973
1.002
1.029

0.932
0.950
0.944
0.932
1.020
1.013
0.947
1.016
0.998
0.941
1.010
0.998
0.950
1.016
0.977

0.925
0.952
0.944
0.936
1.017
1.002
0.951
1.015
0.987
0.925
1.002
0.981
0.952
1.029
0.970

qPCR plasmid primer assay validation for pGL4.40[luc2P/MRE/Hygro] and pCMV6-MTF1 plasmids respectively. One or 0.02ng/µl of
pGL4.40[luc2P/MRE/Hygro] or pCMV6-MTF1 plasmid were diluted 50-fold for four serial dilutions and used in separate qPCR reactions set up in
technical triplicate with each respective primer pair listed in column one of each table. Theoretically, the Ct ratio between the different amplified
sequences from the plasmids should all be identical (approximately one) if the primers are working, because one sequence is not preferentially
transcribed over any other. Thus, the Ct ratios from the experiment were calculated for every possible primer combination from the separate reactions
across the diluted plasmid series. The range (minimum and maximum) and median values were calculated and reported and so justified the use of all
primers, but specifically the primers for the transcribed regions of luciferase and MTF1.

D)

MTF1 antibody + af488 antibody
GFP BP
DAPI
Merged

FLAG antibody + af594 antibody
DAPI

594 filter

Merged

Untransfected
SW1353 cells

\\\\\

Transiently MTF1
overexpressing
SW1353 cells

278

Circular MTF1
plasmid
overexpressing
SW1353 cells
Transiently
MTF1
overexpressing
HEK293 cells
ICC results from eight-well chamber slides containing untransfected, transiently MTF1-transfected, undigested circular MTF1 plasmid
overexpressing SW1353 cells and transiently MTF1-transfected HEK293 cells. Cells were stained with C-terminal MTF1 (Santa Cruz, 365090)
or FLAG (CST, 2368) antibodies and the respective goat anti-mouse IgG 488 or goat anti-rabbit IgG af594 secondary antibodies. Cells were
efficiently permeabilised and greater care taken with PBS washes gave greater cell numbers for counting. However, the FLAG antibody bound
non-specifically in SW1335 cells transiently transfected with MTF1 plasmid. Camera exposure times were 1.344 and 0.656 seconds for the GFP
BP and the 594 filter respectively. Images presented are representative for the whole well among 3-4 images taken per well per field of view. The
magnification is x20 and the scale bars are 50µm.

T/C-28a2 gene expression fold changes relative to control flasks per passage from each experiment. The table shows all fold changes and standard
deviations of pro-inflammatory genes, MTs, MTF1 and zinc transporters from all experiments and every sample derived from flasks from those
experiments. Two experiments were conducted in which T/C-28a2 cells were treated with or without 0.25ng/ml IL-1α for three passages, after which it
was removed and the cells passaged for a further 72 hours. Four additional experiments were carried out for 72 hours only. Each experiment was
conducted in biological triplicate per passage, but the RNA quality was poor during extraction of the second series of flasks (control and IL-1α-treated)
in experiment two and in the first pair of flasks in the series (control and IL-1α-treated) from experiment one. N/A indicates genes that were not measured
because of a problem of the quality of the RNA from a passage one control flask (experiment two sample from flask series three) after extraction, or
where the standard deviation could not be calculated. Unprioritised genes were not measured (nm) in experiments conducted later in the PhD (experiments
three-six). Values highlighted in red are outliers among the biological replicates. Data in bold is significant following either paired t-test of the normalised
or log2 transformed gene expression data or Wilcoxon t-test for non-normal IL-1α and control pairings.
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SW1353 gene expression fold changes relative to control flasks per passage from each experiment. The table shows all fold changes and standard
deviations of pro-inflammatory genes, MTs, MTF1 and zinc transporters from all experiments and every sample derived from flasks from those
experiments. The cell culture, RNA extraction and cDNA synthesis for the first two experiments was carried out by Dr. Louise Reynard in which SW1353
cells were treated with or without 0.5ng/ml IL-1α for three passages, after which it was removed and the cells passaged for a further 72 hours. Three
additional experiments were carried out for 72 hours only. All SW1353 experiments were carried out in either biological duplicate for Dr. Reynard’s
samples and experiment four or in biological triplicate. Unprioritised genes were not measured (nm) in experiments conducted later in the PhD
(experiments three to five). Some genes were below the threshold of detection and thus the fold change was undetermined (ud). Genes highlighted in red
are outliers among the biological replicates. Data in bold is significant following either paired t-test of the normalised or log2 transformed gene expression
data or Wilcoxon t-test for non-normal IL-1α and control pairings.
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G)
Uncropped western blot for MTF1 protein in HAC, SW1353 and T/C-28a2 lysates and overexpressed MTF1 in HEK293 lysate. The blot to the
left was first probed with C-terminal MTF1 antibody before later reprobing with N-terminal MTF1 antibody.
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Remaining nuclear and cytoplasmic western blots from AgeI-digested linear MTF1 overexpressing SW1353 cells treated with
medium alone, IL-1α and/or ZnCl2 for G) 24 or H) 72 hours. Each row of western blots are biological replicates from the same 24 or72
hour experiment. The band observed at 55kDa probed with lamin AC in the 72 hour blots is non-specific and was not included in the
densitometry analysis of the data in Figure 6.19.
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