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Abstract

The term skeletal dysplasia comprises a range of diseases that lead to varying
degrees of skeletal deformities, causing pain and reduction in quality of life. Whilst
each disease is typically rare, together they are estimated to occur in up to 1 of 5000
people. The intracellular retention of secreted proteins has been identified as one
common disease mechanism in several skeletal dysplasias, including
pseudoachondroplasia (PSACH) and multiple epiphyseal dysplasia (MED). Yet, the
specific pathways that are involved may be mutation-, gene- or disease-specific, or

subject to disease modifiers and thus require specific treatments.

Several approaches to study skeletal dysplasia and the resulting endoplasmic
reticulum stress in vitro, including the use of human induced pluripotent stem cells
(hiPSCs), were evaluated. HT1080 fibrosarcoma cells overexpressing wild type and
mutant p.D469del COMP were validated as an in vitro model system for PSACH
before performing RNA sequencing and DNA methylation analysis. Additionally,
several mutant COMP constructs were overexpressed in HT1080 cells to study a
potential common mechanism of COMP-MED and PSACH.

Whilst hiPSCs offer exciting opportunities for the in vitro study of skeletal diseases,
high variation during differentiation protocols rendered them unsuitable for this study.
DNA methylation analysis revealed an unexpectedly large number of differentially
methylated CpG sites, whilst RNA sequencing of D469del COMP cells revealed an
increase in inflammatory signalling, and a marked upregulation of MMP9 and
GALNT18. Elevated MMP9 expression correlated with increased extracellular MMP9
activity. This was also found in cell lines overexpressing other disease-causing
COMP proteins, but not in a cell model of MATN3-MED.

The data presented in this thesis indicates that COMP mutations act via a common
mechanism that is distinct from MED-causing mutations in MATNG. It also provides
evidence that MMP9 could be a marker for COMP-caused stress in vitro and thus

facilitate future drug screenings.
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Chapter 1. Introduction



1.1 Endochondral ossification
The mammalian skeleton consists of two major tissue types: cartilage and bone.
They are supported by ligaments, tendons and muscles and together, they protect

inner organs and enable movement.

In mammals, bones are formed by two distinct mechanisms; intramembranous
ossification forms the craniofacial bones, whilst most other bones are formed via a
process termed endochondral ossification. During intramembranous ossification,
mesenchymal stem cells (MSCs) differentiate directly into bone-depositing cells
called osteoblasts (Reviewed in detail by (Percival and Richtsmeier, 2013)). In
contrast, endochondral ossification is dependent on the formation of a cartilage
template (extensively reviewed, for example (Long and Ornitz, 2013; Mackie et al.,
2011, 2008)). During embryonic development, MSCs condensate and differentiate
into cartilage-forming cells called chondrocytes, which form a cartilaginous
extracellular matrix-rich template of the bone. The outer cell layer of this
condensation forms a dense connective tissue called perichondrium. The major
components of the cartilage specific extracellular matrix (ECM) are proteoglycans,
especially aggrecan, collagens, mainly type Il collagen, and glycoproteins. As
chondrocytes proliferate, they promote longitudinal growth before they differentiate
into hypertrophic chondrocytes. The increase in cell volume during hypertrophy
further contributes to the growing process, whilst the associated changes in gene
expression allow the surrounding ECM to become calcified (Ortega et al., 2004).
Instead of aggrecan and type Il collagen, hypertrophic chondrocytes express mainly
type X collagen. Cells of the perichondrium adjacent to hypertrophic chondrocytes
differentiate into osteoblasts, beginning to form the bone collar. Terminal
hypertrophic chondrocytes secrete factors such as vascular-endothelial growth factor
(VEGF) that attract blood vessels, bone-degrading cells called osteoclasts, and
osteoblast precursors that invade the mid-shaft of the future bone to form the primary
ossification centre (Mackie et al., 2008; Xie et al., 2014). More recently, it has been
revealed that some hypertrophic chondrocytes may transition into osteoblasts in a
process also known as trans-differentiation (G. Yang et al., 2014; L. Yang et al.,
2014; Zhou et al., 2014). Eventually, the calcified cartilage matrix is degraded by
proteases, such as matrix-metalloproteinases (MMPs). Osteoblasts then replace the
degraded cartilage matrix with a bone specific ECM rich in type | collagen (Ortega et
al., 2004).



At the time of birth (in humans) a secondary ossification centre in the epiphysis
develops resulting in the formation of the growth plate. In the growth plate,
chondrocytes form distinct zones (Long and Ornitz, 2013): At the top of the growth
plate, resting chondrocytes with a characteristic round shape function as a cell
reservoir for the growth plate. In the proliferative zone, chondrocytes typically exhibit
a flattened shape and are arranged in columnar structures. Finally, chondrocytes
become hypertrophic, which is marked by an increase in cell volume and type X

collagen expression (Long and Ornitz, 2013; Noonan et al., 1998).

In late puberty, the primary and secondary ossification centres fuse (epiphyseal
closure) thereby preventing further growth at skeletal maturity (Mackie et al., 2008).
In the adult skeleton most cartilage is replaced by bone except for articular cartilage,
which remains to cover the joint surface. Articular cartilage fulfils important roles in
the distribution of joint load and reduction of friction between the joint surfaces
(Decker, 2017).

1.2 Skeletal dysplasia

The processes of endochondral ossification and intramembranous ossification are
tightly regulated and disturbances frequently result in skeletal dysplasia. To date,
more than 400 different types of skeletal dysplasia have been described (Zankl et al.,
2018). Chondro- and osteodysplasia differ in their involvement in the development of
cartilage and bone respectively (Krakow and Rimoin, 2010). Symptoms include short
stature and a varying range of skeletal deformities, such as coxa varalvalga
(deformities of the hip) and genu varus/valgus (deformities of the knee) accompanied
by joint pain and restricted movement. Severe cases of skeletal dysplasia, such as
some types of osteogenesis imperfecta (Ol), also called brittle bone disease, may be
diagnosed in utero, whilst most of the milder skeletal dysplasias are diagnosed in
early childhood and typically when a child begins to walk (Panda et al., 2014).
Disease-causing mutations have been identified in several structural proteins of the
extracellular matrix as well as in growth factors, their receptors and proteins involved
in protein trafficking, all ultimately resulting in impaired endochondral ossification,
intramembranous ossification or both.

In addition to in vitro studies, the generation of mouse models for various skeletal
dysplasia types facilitated the characterisation of common and distinct disease
mechanisms as well as uncovering the role of several proteins in skeletal

development (Briggs et al., 2015).



1.3 Signalling pathways of the developing skeleton

A large number of molecules that participate in the regulation of chondrocyte
proliferation, differentiation and thus endochondral ossification, are secreted
signalling factors, their receptors and their target transcription factors (Karsenty et al.,
2009; Xie et al., 2014). Both gain-of-function as well as loss-of-function mutations in
some components of these signalling pathways have been described to cause

skeletal disorders in humans.

During endochondral ossification, chondrocyte proliferation and differentiation are
controlled by the parathyroid hormone related peptide (PTHrP) — Indian hedgehog
(IHH) signalling loop (Lanske et al., 1996; St-Jacques et al., 1999). Early proliferating
chondrocytes secrete PTHrP, which diffuses throughout the growth plate and induces
cell proliferation in the surrounding chondrocytes. As the PTHrP concentration
decreases towards the end of the proliferative zone, hypertrophy is induced as well
as IHH expression. Secreted IHH in turn stimulates PTHrP production and
chondrocyte proliferation (Kronenberg and Chung, 2001), effectively controlling the
rate of chondrocyte differentiation. The loss of PTHrP in a mouse model as well as in
Blomstrand chondrodysplasia (caused by mutation of the gene encoding the
PTH/PTHrP receptor) causes a premature end of chondrocyte proliferation, resulting
in a shortened proliferative zone (Jobert et al., 1998; Karaplis et al., 1994; Zhang et
al., 1998). Conversely, enhanced PTHrP signalling increased the length of
proliferative columns and thus delayed endochondral ossification (Schipani et al.,
1997; Weir et al., 1996). The deletion of /hh in turn led to a reduction in chondrocyte
proliferation and simultaneous uncontrolled differentiation (St-dacques et al., 1999)
whilst the induction of IHH signalling inhibited chondrocyte hypertrophy (Vortkamp et
al., 1996). These findings demonstrate the importance of the PTHrP/IHH feedback
loop for skeletal development, and of controlled cell proliferation and differentiation

for endochondral ossification.

Another important regulatory element of endochondral ossification is the fibroblast
growth factor (FGF) family which consists of at least 18 growth factors (FGFs) that
interact with four receptor tyrosine kinases (FGFR). Their expression during skeletal
development is highly dependent on location and developmental stage, and the
numerous aspects of their function have been extensively reviewed elsewhere
(Ornitz and Marie, 2019; Xie et al., 2020). In brief, several FGFs are present in the
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developing growth plate, the surrounding perichondrium and endochondral bone,
including FGF2, FGF7. FGF8, FGF9, FGF17 and FGF18 (Finch et al., 1995;
Garofalo et al., 1999; Krejci et al., 2007; Liu et al., 2002; Xu et al., 1999). Of their
receptors, FGFR1 is mostly expressed by hypertrophic chondrocytes, whilst FGFR3
is expressed in proliferating chondrocytes (Deng et al., 1996; Jacob et al., 2006).
FGFRS3 has been demonstrated to negatively control chondrocyte proliferation and
regulate their differentiation. This is particularly relevant as the most common form of
dwarfism in humans, achondroplasia, is caused by heterozygous gain-of-function
mutations of FGFR3 (Rousseau et al., 1994; Shiang et al., 1994). Depending on their
exact location and specific genotype, mutations in FGFR3 cause several disorders,
including hypochondroplasia, that are collectively termed the achondroplasia family
of skeletal disorders. The delicacy of balanced FGF signalling is illustrated by
CATSHL (campodactylyl, tall stature and hearing loss) syndrome which is
characterised by tall stature as well as skeletal deformities, and LADD
(lacrimoauriculodentodigital) syndrome, which involves deformities of the hands and
feet. Both result from heterozygous loss-of-function mutations of FGFR2, FGFR3 and
FGF10 (Makrythanasis et al., 2014; Rohmann et al., 2006; Toydemir et al., 2006),
highlighting that both too much as well as too little FGF signalling has detrimental

consequences during skeletal development.

Similar to the FGF family, the transforming growth factor § superfamily with over 40
members, including TGFB1, GDFs and BMPs, plays a major role in skeletal
development. Their relevance for skeletal development and homeostasis has been
described in detail previously (Rys et al., 2016; Thielen et al., 2019; W. Wang et al.,
2020).

Typically, TGFp ligands interact with their receptors TGFBR type | and Il, which
initiate signalling via SMAD2 and SMAD3 to induce chondrogenesis as well as
osteoblastogenesis, but repress the last step of both chondrocyte hypertrophy and
osteoblast maturation. BMP ligands as well as GDF ligands bind to BMPR type | and
II, initiating signalling via SMAD1, SMADS and SMADS, which stimulate chondrocyte
proliferation and all steps of osteoblastogenesis. It is no surprise that activating
mutations in parts of the TGFp signalling pathway result in Loeys-Dietz syndrome,
characterised by skeletal deformities and overgrowth, Fibrodysplasia Ossificans

Progressiva, which leads to heterotopic endochondral ossification as well as various



other disorders (Loeys et al., 2005; Martinez-Garcia et al., 2016; Shore et al., 2006;
Stange et al., 2015).

Another large family of signalling factors, the Wnt signalling pathways comprise 19
different ligands that act via three distinct signalling pathways — the Wnt/B-catenin
pathway (canonical) and two non-canonical pathways (reviewed in (Huybrechts et al.,
2020; Maeda et al., 2019)). When Wnt ligands bind to a receptor (and, depending on
the pathway, co-receptor) the canonical pathway leads to the translocation of -
catenin into the nucleus, and activation of Wnt target genes. In the absence of Wnt
ligands, pB-catenin is degraded via the proteasome. The non-canonical pathways act
either via small G proteins and Jun kinase (JNK) or via intracellular Ca?* release and
the activation of calcium-sensitive enzymes. In cartilage, the canonical Wnt pathway
inhibits cartilage formation from mesenchymal stem cells, favouring osteogenesis
(Day et al., 2005). It also promotes chondrocyte hypertrophy by inhibiting PTHrP
(Guo et al., 2009).

Mutations in Wnt ligands are associated with various forms of skeletal dysplasia, for
example osteogenesis imperfecta type XV (caused by mutations of WNT7), and
autosomal dominant Robinow syndrome which presents with short-limbed dwarfism
(Lu et al., 2018; Person et al., 2010). Similarly, defects in Wnt receptors, caused by
mutations of their respective genes, lead to a variety of diseases, including
autosomal dominant omodysplasia (facial deformities and shortness of upper
extremities), osteosclerosis (thickening of trabecular bone), osteoporosis (increased
fragility of the bone), autosomal recessive Robinow syndrome and autosomal
dominant brachydactyly type B (malformations of the fingers and toes) (Afzal and
Jeffery, 2003; Korvala et al., 2012; Kwee et al., 2005; Saal et al., 2015).

Notch signalling is also known to inhibit chondrogenesis (Chen et al., 2013).
Furthermore, Notch signalling represses early and late osteoblast differentiation, but
induces the differentiation of osteoprogenitor cells into osteoblast precursors (Engin
et al., 2008; Hilton et al., 2008). In brief, the binding of a ligand (members of the
jagged and delta-like family) to a Notch receptor triggers the cleavage of the receptor
and the release of the Notch Intracellular domain (NICD) which subsequently
becomes part of a protein complex acting as a transcription factor (Siebel and
Lendahl, 2017). Mutations in components of the Notch signalling pathway lead to

Hajdu-Cheney syndrome, characterised among others by short stature and bowing of
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the long bones, as well as the phenotypically related lateral meningocele syndrome
(short stature, facial dysmorphism and vertebral anomalies), Alagille syndrome
(abnormal shape and segmentation of the vertebrae) and spondylocostal dysostosis
(segmentation defects of the vertebrae and malalignment and fusion of the ribs)
(Bulman et al., 2000; Gripp et al., 2015; Isidor et al., 2011; Oda et al., 1997).

Several signalling pathways described here interact and affect each other in
regulating skeletal development (Figure 1.1). Interestingly, they often ultimately act
on one (or both) of two transcription factors, SOX9 and RUNX2, which are frequently

regarded as master regulators of endochondral ossification (Figure 1.2).

The transcription factor SOX9 is essential for commitment to chondrogenesis (Bi et
al., 1999) in MSCs and growth plate chondrocyte differentiation (Dy et al., 2012); and
loss of Sox9 in a mouse model effectively prevented mesenchymal condensation and
subsequent endochondral ossification (Akiyama et al., 2004, 2002). Both Wnt and
Notch signalling pathways suppress chondrogenesis via their control of SOX9
expression (Akiyama et al., 2004; Chen et al., 2013) whilst phosphorylated SMAD3
appears to enhance SOX9 transcriptional activity (Furumatsu et al., 2005). Within the
growth plate, SOX9 is expressed by proliferating chondrocytes and itself controls the
expression of several markers of chondrogenesis, including COL2A1 and ACAN,
whilst inhibiting hypertrophy by direct regulation of RUNX2. Mutations in SOX9, and
resulting haploinsufficiency, cause campomelic dysplasia (Foster et al., 1994;
Wagner et al., 1994), characterised by shortness and bowing of bones formed by

endochondral ossification.

As chondrocytes differentiate towards hypertrophy, the lower concentration of PTHrP
no longer represses RUNX2 expression, which subsequently induces expression of
several hypertrophy markers including collagen type X (Guo et al., 2006). When
Runx2 was inactivated in mice, ossification was blocked and chondrocyte
differentiation severely impaired (Komori et al., 1997). Additionally, the specific
inactivation in chondrocytes not only altered chondrocyte differentiation, but also
affected vascular invasion, osteoclast differentiation and periosteal bone formation
(Stricker et al., 2002). In agreement with these findings, mutations of RUNXZ2 in
humans lead to cleidocranial dysplasia (Mundlos et al., 1997; Zhang et al., 2000)



which includes symptoms such as short stature, open skull sutures, scoliosis and
coxa vara.

In terminal hypertrophic chondrocytes RUNX2 also initiates expression of VEGF
(Zelzer et al., 2001). VEGF expression attracts blood vessels, osteoblasts and
osteoclasts resulting in the removal of terminal hypertrophic chondrocytes (Zelzer et
al., 2004), resorption of the calcified cartilage matrix and deposition of type |
collagen-containing bone ECM (Gerber et al., 1999; Hu and Olsen, 2017).

B-catenin

|

TGFR [~ BMP PTHP

Mesenchymal M

Chondrocyte Chondrocyte
condensation proliferation hypertrophy
[ / I
- FGFR3 —I IHH
B-catenin TGFp
signalling BMP

Figure 1.1 — Simplified representation of selected signalling pathways involved in the regulation of
endochondral ossification. Green arrows indicate positive regulation, blue bars negative
regulation/inhibition.
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Figure 1.2 — By integrating the signals from various pathways, the two transcription factors SOX9
and RUNX2 act as master regulators of endochondral ossification. Green arrows indicate positive

regulation, blue bars negative regulation/inhibition.



1.4 The cartilage extracellular matrix

Endochondral ossification and skeletal development are tightly regulated by
numerous signalling factors, but their effects are often dependent on biological
context. For example, B-catenin is known to inhibit the differentiation of MSCs into
chondrocytes, but stimulates hypertrophy at later stages of development (Day et al.,
2005; Guo et al., 2009).

Cartilage itself contains only a single cell type, namely chondrocytes, and is generally
considered a tissue of low cellularity, but rich in ECM (Krishnan and Grodzinsky,
2018). The ECM comprises a network of proteoglycans, collagenous components
and glycoproteins (Figure 1.3) secreted by chondrocytes (Krishnan and Grodzinsky,
2018). Besides its structural function as a tissue scaffold, the ECM interacts with
various molecules, including secreted growth factors and signalling molecules,
thereby altering their ability to bind to inhibitors as well as their receptors. For
example, TGFp ligands are secreted as inactive forms, associated with their
respective latency-associated pro-peptides (LAPs) and often associated with latent-
TGFpB-binding proteins (LTBPs) (Rys et al., 2016). They illustrate the importance of
the extracellular environment for their signalling action, since their activation is
dependent on interactions with specific components of the ECM, and thus the
composition of the ECM directly influences TGFf bioavailability and activity (Buscemi
et al., 2011; Crawford et al., 1998). In other cases, for example BMP7, the pro-
domain may target the growth factor to components of the ECM, resulting in
sequestration of the growth factor until it is cleaved and released by MMPs (Furlan et
al., 2021; Wohl et al., 2016). These findings emphasise the relevance of the ECM
and its architecture in the regulation of signalling events during development (S.-H.
Kim et al., 2011; Loeser, 2014). Depending on the developmental stage of cartilage,
and the differentiation state of the chondrocyte, different matrix proteins are
expressed and secreted. The ECM might therefore be considered ‘the context’ of
chondrocytes with different ECM compositions being characteristic for distinct
differentiation stages. Chondrocytes detect and also respond to changes in the ECM
by interacting with their surrounding ECM via cell-surface receptors, such as

integrins, and transmembrane proteins (Dieterle et al., 2021; Loeser, 2014).
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Figure 1.3 — Simplified schematic representation of the cartilage ECM. Aggrecan and collagen fibrils
are the two major components of the cartilage ECM. Collagens are extensively decorated with
FACIT collagens and adaptor proteins such as matrilin-3 and COMP. Aggrecan forms larger
aggregates by interacting with hyaluronic acid. Chondrocytes interact with the ECM via cell surface
receptors, for example integrins. The ECM also interacts with various signalling molecules, such as
growth factors, to regulate their bioavailability. Proteases play a role in ECM turnover as well as
remodelling and contribute to growth factor availability by cleaving them or proteins that sequester

them.

11



1.4.1 Proteoglycans

Proteoglycans (PGs) are one of the major structural components of the cartilage
ECM (Knudson and Knudson, 2001). They consist of a central protein core to which
single or multiple glycosaminoglycan (GAG) side chains are attached. These GAG
chains consist of repeating disaccharide units of one amino sugar (N-
acetylglucosamine or N-acetylgalactosamine) and one iduronic sugar (glucuronic
acid or iduronic acid) or galactose, often further modified by sulphation. Depending
on the sugar composition, GAGs are divided into four classes: chondroitin sulphate
(CS), heparan sulphate (HS), keratan sulphate (KS) and hyaluronic acid (Knudson
and Knudson, 2001). Whilst the core protein is synthesised in the endoplasmic
reticulum (ER), the attachment and modification of GAG chains is a multi-step
process that is mediated by enzymes present in the Golgi (Sasarman et al., 2016).
CS and HS are attached to their core protein via O-linked glycosylation, whereas KS
can be attached either via O- or N-linked glycosylation (Caterson and Melrose, 2018;
Couchman and Pataki, 2012; Multhaupt and Couchman, 2012). The mature PG is
then secreted via the secretory pathway. Hyaluronic acid, however, is the only non-
sulphated GAG, consisting exclusively of glucuronic acid and N-acetylglucosamine.
In contrast to other GAGs, hyaluronic acid is not attached to a core protein, but
synthesised directly into the extracellular space by three transmembrane synthases,
explaining the lack of sulphation (Couchman and Pataki, 2012).

Since GAGs carry a strong negative charge, they attract sodium ions into the tissue,
which in turn facilitate the influx of water (Heinegard, 2009). Because cartilage is a
tissue that has to withstand physiological loading and compression, PGs contribute
extensively to its function and their loss or degradation is commonly regarded as an
early sign of cartilage degeneration (Horkay et al., 2017).

Aggrecan is one of the major components of intact cartilage and its most abundant
PG, with side chains of CS and KS (Heinegard, 2009). It interacts with hyaluronic
acid to form large aggregates (Melrose et al., 2016). The importance of aggrecan is
highlighted by several naturally occurring mutations in mice, chicken and cattle, but
also by several diseases that are associated with mutations in ACAN in humans,
including spondyloepimetaphyseal dysplasia (SEMD), spondyloepiphyseal dysplasia
(SED) type Kimberley, osteochondritis dissecans (OCD) and idiopathic short stature
(reviewed in detail by (Gibson and Briggs, 2016)). Interestingly, some mutations in
ACAN are thought to lead to haploinsufficiency whilst others appear to have a

dominant-negative effect. This emphasises the variety and complexity of skeletal
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dysplasia, with multiple disorders arising from mutations in a single gene (i.e. allelic
series) and illustrates the need to study gene function as well as specific effects of

individual mutations in the context of diseases.

Apart from aggrecan, there are several other PGs that constitute part of the cartilage
extracellular matrix (Hwang and Halper, 2021). Small leucine rich repeat
proteoglycans (SLRRPs), such as decorin and biglycan, have important regulatory
roles in collagen fibril assembly. Decorin, for example, controls the diameter of
collagen fibrils, regulates growth factor availability (Knudson and Knudson, 2001;
Melrose et al., 2016) and has recently been revealed to regulate cartilage aggrecan
content by connecting aggrecan molecules with each other, but also with collagen
fibrils (Han et al., 2019).

Remarkably, mutations in DCN have been identified in cases of rare, autosomal
dominant congenital stromal corneal dystrophy (CSCD), a disease that leads to
bilateral corneal clouding, but surprisingly does not cause anomalies of connective
tissues (Mellgren et al., 2015). It has been speculated by others (Hwang and Halper,
2021) that this results from individuals with CSCD carrying point mutations of DCN,
often leading to premature termination codons and a truncated gene product, but not
experiencing complete loss of decorin. Interestingly, in a study that attempted to
address this, cells isolated from human CSCD corneas were found to be able to
secret the truncated decorin, whilst in a mouse model, truncated decorin was found
to be retained intracellularly (Mellgren et al., 2015). This finding highlights the need to
validate diseases models, and — if possible — to compare different types of model

systems.

1.4.2 Collagens

Collagens are a family of large, trimeric proteins that are either secreted or integrated
into the plasma membrane (Gelse et al., 2003). Each collagen is composed of three
a chains that depending on the collagen type may be products of the same (for
example type Il collagen from COL2A1) or different genes (type IX collagen from
COL9A1, COL9A2 and COL9A3). To date 28 collagens have been described
(Ricard-Blum, 2011) and depending on their structural and functional properties they
have been divided into several subgroups such as 1) fibril-forming, 2) fibril-
associated with interrupted triple helices (FACIT) and 3) network-forming (Figure

1.4). However, all collagen o chains contain characteristic Gly-X-Y repeats with
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proline and 4-hydroxyproline frequently occupying the X and Y positions respectively
(Ricard-Blum, 2011).

These repeats are crucial for the formation of the collagen triple helix, which
assembles from the C-terminus in a zipper-like fashion. When formed correctly, the
triple helical structure is highly resistant to strain as well as several proteases (Gelse
et al., 2003). Since glycine is the smallest amino acid, its presence at every third
position is crucial for proper formation of the triple helix. Accordingly, mutations that
result in an amino acid substitution at the position of glycine in the triple helical region
disrupt the formation of a stable triple helix and are thus frequently found to be
disease-causing, for example in osteogenesis imperfecta (Ol) (Forlino and Marini,
2016), vascular Ehlers-Danlos syndrome (EDS) (Omar et al., 2021; Pepin et al.,
2014), Bethlem myopathy and Ulrich congenital muscular dystrophy (UCMD)
(Butterfield et al., 2013).

In cartilage, type II, llI, VI, IX, X, XI, XIl and XIV collagen are present, with type Il
collagen being the most abundant form (Mackie et al., 2011; Ricard-Blum, 2011; C.
Wang et al., 2020). Type Il collagen, together with type Xl collagen, forms fibrillar
structures with their surface decorated with the FACIT collagen type IX collagen.
Type IX collagen consists of three collagenous domains (COL1-3) that are
interrupted by several non-collagenous (NC) domains (Ricard-Blum, 2011). Its most
N-terminal NC domain, NC4, and the following COL3 domain project away from the
collagen fibril surface, facilitating interactions with other, non-collagenous proteins
such as matrilins and cartilage oligomeric matrix protein (COMP), and thus
connecting the collagenous protein network with other components of the ECM
(Ricard-Blum, 2011).

The importance of type Il collagen for cartilage integrity is highlighted by the various
diseases that arise from heterozygosity for different mutations in COL2A1, including
spondyloepiphyseal dysplasia congenita, achondrogenesis type Il, Stickler syndrome
type |, Kniest dysplasia and spondyloepimetaphyseal dysplasia (Kannu et al., 2012;
Mortier et al., 2019). Symptoms include disproportionate short stature, various joint
deformities and sometimes incomplete ossification of parts of the skeleton, but
anomalies are also found in the eyes and ears (Kannu et al., 2012). Although
differing in disease severity, multiple disease-causing mutations appear to result in
substitution of a glycine residue in the Gly-X-Y repeats of the type Il collagen

molecule, preventing successful folding of the triple helix (Kannu et al., 2012).
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Misfolded type Il collagen is subsequently retained in the ER, inducing ER stress,
which may ultimately drive apoptosis and abnormal chondrocyte differentiation
(Chakkalakal et al., 2018; Chung et al., 2009; Liang et al., 2014).

It is noteworthy that mutations in COL2A1 and Ol-causing mutations in COL71A1 as
well as COL1A2 may be mechanistically very similar to each other. As it is the major
type of collagen in bone, skin, tendons and ligaments, type | collagen disorders differ
from type Il collagen diseases in the tissues and cell types that are involved and
accordingly result in distinct phenotypes (Bateman et al., 2009). However, amongst
the various reported mutations of type | collagen, glycine substitutions are relatively
common and have been demonstrated to cause not only misfolding and reduced
collagen secretion, but also ER stress in osteoblasts, ultimately resulting in fragile
bones, which is the most prominent feature of Ol (Besio et al., 2018; Garibaldi et al.,
2021; Marini et al., 2007; Mirigian et al., 2016).

In addition to mutations in COL2A1, mutations in COL9A1, COL9A2 and COL9A3
also cause Stickler syndrome (Baker et al., 2011; Faletra et al., 2014; Nixon et al.,
2019; Van Camp et al., 2006). In contrast to COL2A1 mutations, Stickler syndrome
caused by mutations in the genes encoding for type IX collagen is an autosomal-
recessive disease. The main symptoms of autosomal-recessive Stickler syndrome
include hearing difficulties, myopia and epiphyseal dysplasia. Mutations in all three
genes encoding the three chains of type IX collagen are also associated with
autosomal dominant multiple epiphyseal dysplasia (EDM6, EDM2 and EDM3
respectively) (Czarny-Ratajczak et al., 2001; Muragaki et al., 1996; Paassilta et al.,
1999). These mutations are typically found at splice donor or acceptor sites (Lohiniva
et al., 2000). Conflicting observations have been reported as to whether mutant type
IX collagen is retained intracellularly in these cases (Bobnnemann et al., 2000;
Spayde et al., 2000).

Whilst most collagens, including type Il and type IX, are expressed throughout
cartilage, the network forming type X collagen is expressed exclusively by
hypertrophic chondrocytes (Rosati et al., 1994; Schmid and Linsenmayer, 1983).
Type X collagen is a homotrimer and its a chain is encoded by the COL10A1 gene
(Figure 1.5) which is composed of three exons; exon 1 encodes for the 5’-UTR, exon

2 for a part of the 5’-UTR, the signal peptide and a part of the non-collagenous (NC)
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2 domain and exon 3 contains the rest of the protein sequence as well as the 3’-UTR
(Apte et al., 1991; Bogin et al., 2002; Thomas et al., 1991).

Mutations in type X collagen cause metaphyseal chondrodysplasia type Schmid
(MCDS) marked by widened, irregular growth plates and short stature (Bateman et
al., 2004, 2005; Bogin et al., 2002; Forouhan et al., 2018b; Rajpar et al., 2009).
Interestingly, the vast majority of MCDS-causing mutations in COL710A1 are found in
exon 3 regions encoding the NC1 domain, with only two mutations reported in exon 2

in the coding sequence of the signal peptide (Ikegawa et al., 1997).

The restricted expression of type X collagen to hypertrophic cartilage complicates the
design and interpretation of experiments. In principal, there appear to be two distinct
disease mechanisms: nonsense-mediated RNA decay (NMD) due to premature
termination codons between codon 582 and 673 of COL710A1 appears to cause
haploinsufficiency for type X collagen in patient-derived chondrocytes (Bateman et
al., 2003; Tan et al., 2008), whilst amino acid substitutions impair protein folding and
secretion, resulting in type X collagen retention in the ER as demonstrated in various
in vitro and in vivo models (Forouhan et al., 2018b; Ho et al., 2007; Rajpar et al.,
2009; Wilson et al., 2005). Furthermore, the expression and intracellular retention of
mutant type X collagen was shown to interfere with chondrocyte differentiation in vivo
since hypertrophic chondrocytes appeared to ‘revert’ differentiation and re-express
Col2a1 (Ho et al., 2007; Rajpar et al., 2009). Indeed, the retention of mutant type X
collagen and the induction of ER stress and the unfolded protein response (UPR) has
been identified as a crucial part of the disease mechanism and a potential
therapeutic target (Forouhan et al., 2018b; Ho et al., 2007; Mullan et al., 2017; Rajpar
et al., 2009; Wang et al., 2018). Importantly, the induction of ER stress alone in
hypertrophic chondrocytes is sufficient to induce the MCDS-typical expansion of the
hypertrophic zone, and the delayed recruitment of osteoclasts to the vascular
invasion front (Ho et al., 2007; Kung et al., 2012; Rajpar et al., 2009).

The significance of intracellular mutant type X collagen retention is further highlighted
by the lack of major skeletal defects in mice deficient for type X collagen (Ho et al.,
2007; Rosati et al., 1994) although loss of type X collagen caused coxa vara in the
right femur in one mouse model (Kwan et al., 1997). The very limited phenotype in

knock-out mouse models of type X collagen also calls into question potential
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haploinsufficiency caused by NMD. This apparent discrepancy might be due to
different model systems (mouse models vs patient-derived cells) or the methods
used for analysis. Remarkably, NMD only occurred in patient-derived chondrocytes,
but not osteoblasts or lymphoblasts, both expressing extremely low amounts of
COL10A1 transcript (Bateman et al., 2003). Furthermore, a mutation that has been
demonstrated to cause transcript degradation via NMD in patient-derived
chondrocytes was shown to be expressed in a knock-in mouse model of MCDS
(Forouhan et al., 2018b). These findings demonstrate the need for diverse model
systems to study MCDS in vitro and in vivo, taking into consideration potential

species- and tissue-specific differences.
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Figure 1.4 — Cartilage collagens differ in their protein structure and their resulting macromolecular
assembly. Simplified schematic representation of some major groups: fibrillar, FACIT, network-
forming and transmembrane collagens. By decorating the surface of fibrillar collagens, FACIT
collagens regulate the assembly into larger fibres. Network-forming collagens assemble into various
types of networks, for example the hexagonal-lattice type network that is formed by type X collagen.

Transmembrane collagens are anchored to the cell surface by their transmembrane domain.
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1.4.3 Non-collagenous glycoproteins

In addition to proteoglycans and collagens, the cartilage ECM contains numerous
non-collagenous, often glycosylated proteins, such as the matrilin protein family (Klatt
et al., 2011) and thrombospondins (TSPs) (Adams and Lawler, 2011). These proteins
interact with various members of the collagen family as well as proteoglycans,
thereby serving as adaptor proteins and connecting the two networks together in the
cartilage ECM (Di Cesare et al., 2002; Mann et al., 2004; Otten et al., 2010;
Pihlajamaa et al., 2004; Rosenberg et al., 1998; Wiberg et al., 2003). Besides their
function as adaptor molecules, these proteins also regulate growth factor or protease
activity or facilitate the secretion of other ECM molecules (Haudenschild et al., 2011;
Ishida et al., 2013; Schulz et al., 2016; X. Yang et al., 2014). Matrilin-3 and COMP
(also known as TSP-5) are of particular interest since mutant forms of these proteins
have been identified as causes of multiple epiphyseal dysplasia (MED) and
pseudoachondroplasia (PSACH) (Briggs et al., 1995; Chapman et al., 2001; Jackson
et al., 2004). Whilst PSACH is caused exclusively by mutations in COMP, MED is a
heterogenous disease with mutations identified not only in type IX collagen genes
(see section 1.4.2) but also COMP and MATN3 in autosomal dominant MED
(Jackson et al., 2012; Mortier et al., 2001) and CANT1 as well as DSTD in autosomal
recessive MED (Balasubramanian et al., 2017; Superti-Furga et al., 1999). Both MED
and PSACH result in delayed or irregular ossification of the epiphysis and thus lead
to disproportionate dwarfism, joint pain and restricted movement with phenotypes
ranging from mild (MED) to severe (PSACH) (Jackson et al., 2012). Many patients
require joint replacement of the knee or hips in early adulthood (Chapman et al.,
2001; Makitie et al., 2004; Mortier et al., 2001). On a cellular level the dilation of ER
cisternae in affected chondrocytes is a classical feature of these diseases (Dinser et
al., 2002; Fresquet et al., 2008). Dilation of the ER is caused by the retention of
mutant proteins which presents a common disease mechanism in many types of
skeletal dysplasia (Leighton et al., 2007; Nundlall et al., 2010; Suleman et al., 2012).

1.4.4 Cartilage Oligomeric Matrix Protein (COMP)

The COMP gene is located on human chromosome 19. Its product COMP, a
pentameric glycoprotein, was first described in 1992 (Hedbom et al., 1992), followed
by descriptions of its cDNA (Oldberg et al., 1992) and chromosomal location in 1994
(Newton et al., 1994). Only one year later, in 1995, mutations causing PSACH and
MED were first mapped to COMP (Briggs et al., 1995; Hecht et al., 1995).
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COMP consists of 19 exons, encoding the signal peptide, the N-terminal coiled coil
domain, four EGF-like — or type 2 — repeats, followed by eight so called type 3
repeats and a C-terminal domain (Figure 1.6). Within the cartilage ECM, COMP is
known to interact with several other structural proteins as well as growth factors and
proteases (extensively reviewed in (Acharya et al., 2014)). Remarkably, COMP binds
to the two other proteins known to be involved in autosomal dominant MED, type IX
collagen and matrilin-3. Whilst COMP interacts via its C-terminal domain (CTD) with
the N-terminal NC4 domain of type IX collagen, matrilin-3 appears to bind to the
COL3 domain through its single Von Willebrand Factor A domain (Figure. 1.8).
Together, these proteins play a critical role in establishing and maintaining the
cartilage ECM and cartilage integrity (Blumbach et al., 2008; Budde et al., 2005;
Groma et al., 2012).

Since 1995, numerous mutations that cause either MED or PSACH have been
identified in COMP. PSACH is generally considered to be a more severe form of
skeletal dysplasia than MED, with symptoms including the typical short stature, laxity
of the ligaments, scoliosis as well as early-onset osteoarthritis (Briggs et al., 1995).
The majority of mutations (about 85 %) are found within the type 3 repeats of COMP,
encoded by exons 8-15, with a smaller number of mutations occurring in the C-
terminal domain encoded by exons 16-19 (Figure 1.7). Curiously, about 30 % of
PSACH cases appear to be caused by the p.D469del (or p.D473del) mutation, in
which one of five aspartic acid residues is missing (Jackson et al., 2012). Substitution
of this aspartic acid residue (or indeed, other aspartic acid residues) can also cause
disease. The type 3 repeats of COMP are known to be calcium-binding domains, and
mutations in the type 3 repeats have been demonstrated to modify the number of
bound calcium ions (Thur et al., 2001). This has been proposed to interfere with
protein folding, resulting in intracellular retention. Early in vitro studies using cartilage
and tendon samples of patients showed protein retention within the rough ER,
although no difference in the amount of secreted protein was observed (Délot et al.,
1999, 1998).

Since then, various mouse models of PSACH, several of which express p.D469del
COMP, have been generated (Pirog-Garcia et al., 2007; Posey et al., 2009; Schmitz
et al., 2008; Suleman et al., 2012); however, they differ in the level of protein

expression (transgene vs knock-in) and mimic the human PSACH phenotype to
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varying degrees. The knock-in model of the p.D469del Comp mutation resembles the
human phenotype in that homozygous animals developed short-limbed dwarfism
after birth as well as progressive hip dysplasia (Suleman et al., 2012). The growth
plate was found to be extensively disorganized and displayed regions of
hypocellularity. Furthermore, chondrocyte proliferation was reduced and apoptosis
was both increased and spatially dysregulated (Suleman et al., 2012). In contrast to
individuals with PSACH, however, heterozygous animals exhibited a much milder
phenotype.

Another knock-in model, expressing Comp with the C-terminal p.T583M mutation
(equivalent to human p.T585M), exhibited a reduction in post-natal growth and hip
dysplasia (Pir6g-Garcia et al., 2007). Consistent with individuals carrying the
p.T585M mutation displaying mild PSACH, heterozygous animals showed a less
severe phenotype than homozygous animals. In addition to that, phenotypic severity
was influenced by the genetic background of the p. T583M mouse model, suggesting
that genetic modifiers may contribute to disease severity of PSACH and/or MED
(Pirég et al., 2014). The identity of these modifiers and/or the pathways they are

involved in remain to be investigated.

Expression of rat mutant (p.D469del) COMP in a transgenic mouse model led to
reduced post-natal growth in male, but not female mice. Interestingly, this effect was
aggravated by crossing transgenic animals onto a Comp-deficient background
(Schmitz et al., 2008).

The results of studies employing a mouse model overexpressing human p.D469del
COMP (MT-COMP mice) when induced with doxycycline have indicated that mutant
COMP may interact with other ECM proteins within the ER and form large
aggregates (Posey et al., 2009). Interestingly, the genetic ablation of Comp in mice
did not appear to have major consequences for cartilage development (Svensson et
al., 2002), but COMP has been demonstrated to be required for secretion of type |
collagen in dermal fibroblasts (Schulz et al., 2016). Accordingly, there may also be a
role for COMP in skeletal muscle and tendon, especially since collagen fibrils in
tendon appeared irregular and myopathy was observed in PSACH knock-in mouse
models carrying the p.D469del or the p. T583M mutation (Pirog et al., 2013).

Importantly, the disease mechanism for mutations that occur in the type 3 repeats is

thought to be distinct from the mechanism of mutations within the C-terminal domain
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of COMP. Typically, mutations in the C-terminal domain of COMP do not prevent
protein secretion, but affect collagen fibril formation (Chen et al., 2008; Hansen et al.,
2011; Pirog-Garcia et al., 2007; Schmitz et al., 2006). Because the C-terminal
domain is thought to be responsible for collagen binding as well as the interaction
with other ECM components, impairment of these interactions and disruption to the
ECM architecture has been proposed as the underlying mechanism for MED and

PSACH caused by mutations in the C-terminal domain.

In contrast, the ‘archetypal’ mutation of the type 3 repeats, p.D469del interferes with
COMP secretion, thus driving ER stress that is likely the cause for dysregulated
apoptosis. For other mutations located in the type 3 repeats, only a limited number of
studies have investigated their secretion in vitro, and the observed effects varied
between mutations (i.e. genotype specific) (Chen et al., 2008; Schmitz et al., 2006;
Thur et al., 2001). The disease mechanisms may therefore also vary between
different mutations, even within the type 3 repeats. Milder phenotypes may be
associated with incomplete protein retention, and thus less pronounced ER stress
(Chen et al., 2008). Notably, conflicting observations have been reported as to how
chondrocytes respond to mutant COMP (Posey et al., 2009; Suleman et al., 2012).
Some studies report activation of the PERK branch of the UPR, a signalling cascade
aiming to reduce protein folding load onto the ER by reducing translation and
simultaneously to increase chaperone capacity within the ER to improve protein
folding (see section 1.5/1.5.2).

Others did not detect signs of an active UPR on gene expression or proteomic level
for the same mutation (Bell et al., 2013; Hartley et al., 2013; Suleman et al., 2012).
This discrepancy is likely due to the different types of mouse model used in the
studies. Still, both mouse models exhibited signs of oxidative stress and inflammation
(Posey et al., 2012; Suleman et al., 2012). Notably, although p.T583M COMP was
not retained in growth plate chondrocytes in vivo, a mild and transient activation of
the UPR was observed (Pirog-Garcia et al., 2007).

How exactly the oxidative response to p.D469del COMP is mediated remains
somewhat unclear, although some research using the MT-COMP mouse model has
suggested the involvement of CHOP (Ddit3), tumor necrosis factor (TNF) a and
mammalian target of rapamycin complex 1 (nTORC1) (Posey et al., 2019, 2015).
Considering that the p.D469del knock-in mouse model did not display altered CHOP
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levels, it appears likely that other factors are involved in driving oxidative stress and
inflammation. In fact, previous microarray analysis of the p.D469del knock-in mouse
model has indicated a possible role for nuclear factor kappa b (NFxB) in PSACH
(Suleman et al., 2012). NFxB has been identified as a central regulator of
inflammation via both canonical and non-canonical pathways, following the activation
of TNF receptor, interleukin-1 (IL-1) receptor or Toll-like receptors by ligand binding
(Hayden and Ghosh, 2012; Kracht et al., 2020).

Disease severity
Multiple epiphyseal dysplasia Pseudoachondroplasia

Pseudoachondroplasia

Multiple epiphyseal dysplasia

MED/PSACH
|
- (~15 %)

Pseudoachondroplasia

Multiple epiphyseal dysplasia

Coiled coil domain Type 3 repeat

Type 2/EGF-like repeat - C-terminal domain

Figure 1.6 — Schematic depicting disease severity of COMPopathies and known correlations
between the domain in which a mutation occurs and disease severity. The location of the

particularly common p.D469del mutation is marked with !.
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Figure 1.7 — Location and structure of the COMP gene and corresponding protein domains. Chr: Chromosome. SP: signal peptide. T2 repeats: EGF-like

repeats (T2 repeats 2 and 3 bind Ca?*). T3 repeats: Thrombospondin type 3 repeats. CTD: C-terminal domain. Exons in which disease-causing mutations

have been identified are marked with !.
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Figure 1.8 — Interaction of COMP with type IX collagen and matrilin-3. COMP binds to the N-
terminal non-collagenous domain 4 (NC4) of collagen IX via its C-terminal domain (CTD), and
matrilin-3. The von Willebrand factor A domain (VWFA) of matrilin-3 interacts not with the NC4(1X)
domain, but with the collagenous domain 3 (COL3) of type IX collagen. Mutations in COMP, MATN3

and the three genes encoding type I1X collagen are associated with MED.
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1.4.5 Matrilin-3

Similar to COMP, matrilin-3 is an oligomeric, glycosylated ECM protein. Matrilin-3 is
part of the matrilin protein family, which comprises four members (matrilin-1-4).

All matrilins are present in cartilage; however, matrilin-2 and -4 are also found in
various other tissues, including tendon and ligament, brain, and intestine.
Structurally, all matrilins have at least one Von Willebrand Factor A domain (VWFA)
domain, one or more EGF-like domains and a C-terminal coiled coil domain that
facilitates oligomerisation into trimers or tetramers. By interacting with several
components of the cartilage ECM, including collagens and SLRRPs, matrilins

function as adaptor proteins.

Structurally, MATN3 consists of eight exons, that encode for an N-terminal VWFA
domain, followed by four EGF-like domains, and a C-terminal coiled coil domain
responsible for the assembly of the matrilin-3 tetramer (Figure 1.7). In contrast to all
other matrilin family members which contain 2 VWFA domains, matrilin-3 contains a
single VWFA domain. Matrilin-3 has been demonstrated to interact with COMP and
type I1X collagen, the latter being required for matrilin-3 incorporation into the cartilage
ECM (Budde et al., 2005; Mann et al., 2004; Otten et al., 2010).

Remarkably, the loss of Matn3 (or Matn1 or MatnZ2) did not result in obvious skeletal
defects (Aszddi et al., 1999; Ko et al., 2004; Matés et al., 2004), reduced growth or
osteoarthritis in mice. This prompted the suggestion that some matrilins may be
functionally redundant, and other members of the matrilin family may be able to
compensate for the loss of a matrilin in the ECM. This is at least partially supported
by an apparent increase in matrilin-4 in cartilage from Matn1-deficient mice (Aszddi
et al., 1999) and elevated matrilin-2 levels in Matn4-deficient mice (Li et al., 2020). It
is noteworthy that both Matn4-deficient as well as Matn1-4-deficient mice were
susceptible to severe spontaneous osteoarthritis (Li et al., 2020), indicating that other
matrilins may not completely compensate for the loss of matrilin-4. So far, no
disease-causing mutations of MATN1, MATNZ2 or MATN4 have been identified in

humans.

In contrast, mutations of MATN3 are known to cause MED (Chapman et al., 2001;
Makitie et al., 2004), similar to some mutations of COMP (Briggs et al., 1995;
Jackson et al., 2012). Whilst PSACH is considered to be more severe, MED patients
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usually display milder symptoms, including but not limited to, joint stiffness and pain,
mild short stature and early-onset osteoarthritis (Briggs et al., 1995). Notably,
mutations of MATN3 are typically found in the second exon, encoding the VWFA
domain, which appears responsible for the interaction with type Il and type IX
collagen as well as COMP (Fresquet et al., 2007). Whilst MED is linked to
heterozygous mutations in MATN3, homozygous mutations in exon 2 or 3 result in
the more severe disease spondyloepimetaphyseal dysplasia (SEMD) (Borochowitz et
al., 2004; Das et al., 2020; Shyamasundar et al., 2020).

Together with the generally normal development of matrilin-deficient mice, the
observation that mutant matrilin-3 accumulates within the ER (Cotterill et al., 2005;
Fresquet et al., 2008; Jackson et al., 2004) contributed to the hypothesis that the
disease mechanism of MED may be a dominant-negative effect, rather than the loss
of matrilin-3 as an adaptor protein of the cartilage ECM. Indeed, when a knock-in
mouse model of MED was generated, short-limbed dwarfism after birth was
observed. The growth plates of mutant mice were disorganised, and chondrocytes
exhibited pronounced intracellular retention of matrilin-3 (Leighton et al., 2007).
Further studies revealed that mutations may interfere with accurate disulphide-bridge
formation, driving aggregation of mutant matrilin-3 in the ER as well as formation of
multi-protein complexes containing several chaperones and protein disulphide
isomerases (PDIs) (Cotterill et al., 2005; Hartley et al., 2013).

In contrast to the knock-in mouse model of PSACH, analysis of the MED knock-in
mouse model revealed elevated levels of chaperones, and activation of the UPR
(Bell et al., 2013; Nundlall et al., 2010; Pirdg et al., 2019). Subsequently, several
transgenic mouse models overexpressing misfolding proteins that are not typically
expressed by chondrocytes, and therefore do not play a role in the cartilage
extracellular matrix, were generated (Gualeni et al., 2013; Kung et al., 2015; Rajpar
et al., 2009). Compellingly, despite normal cartilage ECM composition and
organisation, these mouse models exhibited chondrodysplasia-like phenotypes
illustrating the significance of ER stress and the UPR cascade for skeletal

development and the disease mechanisms of skeletal dysplasia.
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Figure 1.9 — Location and structure of the MATN3 gene and corresponding protein domains. Chr: Chromosome. SP: signal peptide. VWFA: von Willebrand

factor A domain. Exons in which disease-causing mutations have been identified are marked with !. Mutations in exon 3 marked with (!) have been
described to predispose to hand osteoarthritis. Homozygous missense mutations in exon 2 (marked with !) and exon 3 (marked with (1)) result in a form of
spondyloepimetaphyseal dysplasia (SEMD).

29



1.5 The Unfolded Protein Response (UPR)

Secreted proteins like matrilin-3 and COMP are inserted into the ER lumen co-
translationally, where they are folded and if necessary modified (Hetz and Papa,
2018). Various proteins and enzymes assist in protein folding: Some bind to
transiently exposed hydrophobic surfaces of the incompletely folded protein to
prevent its aggregation, others bind to incompletely folded proteins to retain them in
the ER lumen for correct folding, and yet others actively participate in the formation of
correct disulphide bonds by facilitating disulphide exchange reactions (Hetz and
Papa, 2018). Misfolded proteins are recognized by various quality control
mechanisms and are cleared by either the ER-associated degradation pathway
(ERAD) or autophagy (Wang and Kaufman, 2012). The accumulation of misfolded
proteins leads to the activation of the UPR, initiating a signal cascade that attenuates
protein translation, but selectively increases expression of chaperone proteins
(Hughes et al., 2017). Whilst in principle aiming to restore the homeostasis of the ER,
continuous activation of the UPR can ultimately lead to the induction of apoptosis
(Morishima et al., 2002; Pirég et al., 2014; Tabas and Ron, 2011). The UPR
comprises three genetic pathways, all of which involve immunoglobulin heavy chain

binding protein (BiP/Grp78), which is a chaperone of the Hsp70 family.

1.5.1 The IRE1 pathway

IRE1 (in humans also known as ERN1) is a transmembrane serine/threonine kinase
that also shows endoribonuclease activity. In the absence of misfolded or unfolded
proteins BiP is bound to the luminal domain of IRE1, thereby inhibiting its activation.
When BIiP dissociates from IRE1 to bind to unfolded proteins, IRE1 dimers form and
are activated by auto-phosphorylation (Lebeaupin et al., 2020). Activated IRE1
triggers unconventional splicing of X-box binding protein 1 (XBP1) mRNA. The
product of unspliced (XBP1u), as well as the spliced mRNA (XBP1s), acts as a
transcription factor; however, whilst XBP1u serves as a transcriptional repressor of
UPR-associated genes, XBP1s upregulates these genes (Hetz and Papa, 2018).
Additionally, IRE1 is able to degrade mRNA during ER stress in a process called
RIDD (regulated IRE1-dependent decay), thereby reducing the protein load on the
ER folding machinery (Hollien et al., 2009).
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The UPR, including IRE1, is particularly important in tissues that experience a high
secretory load, for example the pancreas. It is therefore not surprising that ablation of
Ire1 in a mouse model resulted in reduced body weight, reduced pancreatic mass

and hypoinsulinemia as well as hyperglycaemia (lwawaki et al., 2010).

In cartilage, the ablation of Xbp7 in mice led to a chondrodysplasia phenotype with
dysregulated chondrocyte proliferation and shortening of the hypertrophic zone
(Cameron et al., 2015b), indicating that this branch of the UPR is important during
skeletal development. In Japanese rice fish, also known as medaka or Oryzias
latipes, defects caused by either the absence of XBP1 or IRE1 were fully rescued by
constitutive expression of the spliced form of Xbp1 (Ishikawa et al., 2017). These
results indicate that although IRE1 can act independently of XBP1 (Hollien et al.,
2009; Urano et al., 2000), these pathways might not be relevant to skeletal

development.

It is noteworthy that the involvement of specific branches of the UPR appears to be
modulated by chondrocyte differentiation and thus differ between ER stress-related
disorders. Whilst genetic ablation of Xbp1 did not significantly impact the disease-
severity of a MCDS mouse model expressing mutant type X collagen (Cameron et
al., 2015a), loss of Xbp1 in a mouse model of matrilin-3 MED significantly
exacerbated the phenotype (Pirdg et al., 2019). As the authors of the latter study
suggest, this difference may arise from type X collagen being exclusively expressed
by hypertrophic chondrocytes, whereas matrilin-3 is synthesised by proliferative

chondrocytes.

1.5.2 The PERK pathway

PERK is also a transmembrane protein kinase in the ER membrane. Similar to IRE1,
the dissociation of BiP leads to the activation of PERK by oligomerization and
autophosphorylation (Lebeaupin et al., 2020). Activated PERK phosphorylates elF2a
which participates in the initiation of translation and is inhibited by phosphorylation,
resulting in a reduction of mMRNA translation (Shi et al., 1998; Sood et al., 2000).
Importantly, phosphorylation of elF2a. by PERK, but also other kinases is also at the
centre of the integrated stress response (ISR), a signalling pathway responding to
various stressors, such as ER stress, amino acid starvation and viral infection
(Pakos-Zebrucka et al., 2016).
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Apart from attenuation of general translation, activation of PERK causes an increase
in ATF4 translation (Hetz and Papa, 2018). ATF4 in turn acts as a transcription factor
on C/EBP homologous protein (CHOP) which has pro-apoptotic properties (Marciniak
et al., 2004).

Loss of Atf4 resulted in skeletal defects including delayed ossification and short

stature in mice (Wang et al., 2009). By binding directly to its promoter, ATF4 was
shown to positively regulate /hh expression and, accordingly, the ablation of Atf4
caused a shortened proliferative zone with disorganized columns and a transient

expansion of the hypertrophic zone of the cartilage growth plate (Wang et al., 2009).

Loss-of-function mutations in PERK lead to Wolcott-Rallison syndrome (Delépine et
al., 2000), characterised by diabetes, growth retardation and skeletal dysplasia, all of
which are recapitulated by ablation of Perk in mice (Wei et al., 2008; Zhang et al.,
2002). The absence of PERK appears to predominantly affect cells that have a high
protein synthesis and secretion load, such as pancreatic cells and osteoblasts. This

finding highlights the importance of the UPR under physiological circumstances.

The role of CHOP in the disease mechanisms of PSACH has been studied in more
detail in two different mouse models, firstly the MT-COMP (inducible overexpression
of human p.D469del COMP) and secondly the knock-in p.T583M Comp mouse
model. Loss of Ddit3/CHOP did not affect levels of apoptosis in the proliferative or
hypertrophic zone in p.T583M COMP mice, indicating that another mechanism is
primarily responsible in this case. Additionally, ablation of Ddit3 further impaired long
bone growth, but remarkably ameliorated hip dysplasia in p.T583M COMP (Pir6g et
al., 2014). In the MT-COMP mouse model, COMP retention and chondrocyte
apoptosis at the age of one month was ameliorated by loss of CHOP, but
unfortunately long bone lengths were not analysed (Posey et al., 2012). Whether or
not ablation of Ddit3 provides beneficial effects on skeletal growth in this model

therefore remains unclear.

1.5.3 The ATF6 pathway
Similar to IRE1 and PERK, ATF6 is a transmembrane protein in the ER membrane.
However, binding to BiP retains ATF6 in the ER (Lebeaupin et al., 2020). Upon

dissociation of BiP, ATF6 is transported into the Golgi apparatus where the cytosolic
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part of ATF6 is cleaved by site-1-protease and site-2-protease, which allows the
translocation of the N-terminal, cytosolic part into the nucleus (Hetz and Papa, 2018).
Cleaved ATF6 can dimerise and bind to the ER-stress response element (ERSE),
ERSE-II and the ATF6-binding element in promoter sequences (Yamamoto et al.,
2004). As a heterodimer with XBP1, ATF6 can also bind to unfolded protein response
element (UPRE)-like elements and thereby regulate transcription of various factors,
including BiP and CHOP (Yamamoto et al., 2007, 2004).

ATF6 exists in two isoforms (ATF6a and ATF6[) and studies in medaka and mice
have provided evidence for — to some extent — a redundant function of both isoforms
(Ishikawa et al., 2013; Yamamoto et al., 2007). There is however some evidence that
both isoforms have additional unique roles during ER stress, for example in the
context of diabetes. Ablation of Atf6a combined with a high-fat diet resulted in mild
glucose intolerance and insulin deficiency, suggesting that Atf6 cannot fully

compensate for the loss of Atf6« (Usui et al., 2012).

In cartilage, a reduction in chondrocyte proliferation was observed in ATF6[3-
deficient, but not ATF6a-deficient mice (Forouhan et al., 2018a). The elevated
expression of BiP and Creld2 in a mouse model of MCDS, for example, was
dependent on ATF6a, but not ATF6 (Forouhan et al., 2018a), suggesting at least, to
some extent, distinct roles of both isoforms. Furthermore, loss of ATF6a intensified
PERK- and IRE1-mediated signalling in MCDS mice, illustrated by increased Xbp1
splicing and elevated levels of ATF4. In contrast to this, Atf64 ablation in MCDS mice
not only decreased Xbp1 splicing and ATF4 protein levels, suggestive of a reduction
in ER stress, but also alleviated the characteristic expansion of the hypertrophic
zone. Accordingly, ablation of Atf6 ameliorated the MCDS phenotype, whereas loss
of Atf6« increased disease severity (Forouhan et al., 2018a). The authors of this
study suggest that the ratio of activated ATF6a and activated ATF63 determines the
level of transcriptional activity, with homodimers of ATF6a being most active,

followed by heterodimers and lastly ATF6 homodimers.
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Figure 1.10 — Accumulation of unfolded proteins in the endoplasmic reticulum (ER) triggers the
unfolded protein response (UPR) to reinstate ER homeostasis. The three main branches of the
UPR cascade — Activating Transcription Factor 6 (ATF6), PKR-like endoplasmic reticulum kinase
(PERK) and Inositol-requiring enzyme 1 (IRE1) — are activated by dissociation of binding
immunoglobulin protein (BiP), which binds to unfolded proteins in the ER lumen. Subsequently,
ATF®6 translocation to the Golgi compartment is initiated alongside phosphorylation of eukaryotic
translation initiation factor 2A (eiF2a) by PERK and unconventional splicing of X-box binding
protein 1 (XBP1) by IRE1. In the Golgi, ATF6 is cleaved by Site-1- and Site-2-proteases (S1P,
S2P), releasing the active transcription factor ATF6(N). Phosphorylation of eiF2a drives a reduction
in general protein translation, whereas Activating Transcription Factor 4 (ATF4) selectively escapes
this action. IRE1 also controls mRNA degradation during ER stress (Regulated IRE1-dependent
decay, RIDD) and interacts with the JNK-signalling pathway. Whilst in principal aimed at restoring
ER homeostasis, failure to clear unfolded proteins, and continuous UPR activity eventually triggers

apoptosis.
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1.6 Role of UPR in disease

The significance of ER homeostasis for skeletal development and cartilage integrity
is highlighted by several disease models displaying mutant protein retention in the
ER, and the chondrodysplasia-like phenotype caused by targeted induction of ER
stress in chondrocytes (Table 1.1) (Nundlall et al., 2010; Dinser et al., 2002; Wilson
et al., 2005; Rajpar et al., 2009; Gualeni et al., 2013; Kung et al., 2015; Pirog et al.,
2019). The extent to which the UPR is activated and which branches are involved
appears to differ between individual disorders and may depend on the specific
mutation causing ER stress, the type/differentiation status of the cells suffering from
ER stress, and when during development mutant proteins are expressed and start to
accumulate (Cameron et al., 2015a; Gualeni et al., 2013; Kung et al., 2015, 2012;
Pirog et al., 2019; Suleman et al., 2012).

Apart from skeletal disorders, ER stress and the UPR have also been studied
extensively in other types of disorders, for example neurodegenerative diseases such
as Parkinson’s, Alzheimer’s, and Huntington’s disease (PD, AD and HD,
respectively) as well as amyotrophic lateral sclerosis (ALS) (Bell et al., 2016; Duran-
Aniotz et al., 2017; Hetz et al., 2009; Vidal et al., 2012).

Whilst the accumulation of amyloid- fibrils and the formation of amyloid plaques in
the AD brain typically occurs extracellularly, amyloid-f oligomers can interfere with
cellular calcium homeostasis, resulting in ER stress, the activation of the UPR and
simultaneous inhibition of proteasome activity (Gerakis and Hetz, 2018). In turn, the
UPR and PERK in particular have been reported to promote production of amyloid-3
oligomers creating a vicious cycle (Yoon et al., 2012). A second factor involved in
AD, tau has been shown to block the ERAD pathway, preventing clearance of

misfolded protein and also inducing ER stress (Abisambra et al., 2013).

Obstruction of protein clearance via ERAD and prevention of the degradation of
misfolded proteins, also leads to ER stress and apoptosis in early stages of ALS
(Montibeller and de Belleroche, 2018; Saxena et al., 2009). Ultimately, this results in
loss of motor neurons in the brain and spinal cord (Saxena et al., 2009). Indeed, one
study found that whilst increased ER stress is present in both AD and ALS, the extent
to which individual branches of the UPR are activated appears to be disease-specific

(Montibeller and de Belleroche, 2018), similar to what has been described for skeletal
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disorders. A phase Il clinical trial to target ER stress in ALS by treatment with sodium
phenylbutyrate (4-PBA) and tauroursodeoxycholic acid (TUDCA), both chemical
chaperones, revealed a 6.5 months increase in median survival (Paganoni et al.,

2021) and a phase lll trial is currently ongoing.

In HD, expansion of a glutamine repeat region of the huntingtin protein causes
misfolding, aggregation, and disruption of ERAD, driving ER stress (Duennwald and
Lindquist, 2008).

Promising results have been obtained in a clinical trial for pridopidine (McGarry et al.,
2020), an agonist of the sigma-1 receptor which is involved in the regulation of ER
stress by controlling calcium flux from the ER to mitochondria as well as interacting
with monomeric IRE1 (Hayashi, 2019; Mori et al., 2013). Although the total functional
capacity scores of individuals treated with pridopidine did not differ from individuals
that received placebo after 26 weeks, the scores were improved in individuals
receiving treatment for 52 weeks (McGarry et al., 2020; Reilmann et al., 2019). In
particular in individuals with early-stage HD, the decline of total functional capacity

was diminished.

The accumulation of a-synuclein and other proteins in Lewy’s bodies within a specific
neuron type is a hallmark of PD and also occurs in the ER (Kurtishi et al., 2019). As a
consequence, ERAD function and the transport from the ER towards the Golgi
apparatus are compromised, leading to ER stress but also preventing the activation
of the ATF6 pathway of the UPR (Credle et al., 2015). ATF4 has been found to be
upregulated in patient samples and cell models of PD, and appears to protect

neurons from cell death following ER stress (Bellucci et al., 2011; Sun et al., 2013).

Furthermore, ER stress and the UPR have been implicated in pancreatic -cell death
and diabetes (Dhounchak et al., 2021; Sharma et al., 2021; Thomas et al., 2010; Zhu
et al., 2013). Indeed, treatment with TUDCA improved blood glucose levels and body
weight in a mouse model of diabetes (Dhounchak et al., 2021) and also appeared to
ameliorate insulin sensitivity in muscle and liver, but not adipose tissue of obese
individuals (Kars et al., 2010).
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Model Gene Mutation | Mutant ECM protein | UPR Disease onset | Irregular growth plate | Reference
v Disrupted cellular (Bell et al., 2013;
es
MED Matn3 p.vV194D Yes 2 weeks organisation and Leighton et al., 2007;
Xbp1/ATF6
column formation Nundlall et al., 2010)
_ _ _ (Bell et al., 2013;
Disorganised with
PSACH Comp p.D469del | Yes No 6 weeks . Suleman et al.,
areas of hypocellularity
2012)
Transient Disrupted chondrocyte | (Bell et al., 2013;
PSACH-MED | Comp p.T585M Yes ATF6/p- 9 weeks alignment, expanded Pir6g-Garcia et al.,
eiF2a proliferative zone 2007)
Disorganised with _
Col2-RDW Col2-RDW | p.G2320R | No No birth . (Gualeni et al., 2013)
areas of hypocellularity
Yes
Col2-cog Col2-Cog | p.L2263P | No . 3 weeks No (Kung et al., 2015)
Xbp1/-€eiF2a
_ | (Cameron et al.,
Yes Expanded hypertrophic .
MCDS Col10A1 p.N617K Yes 1 week 2011; Rajpar et al.,
Xbp1/ATF6 zone
2009)
_ | (Cameron et al.,
Yes Expanded hypertrophic .
Col10-cog Col10-Cog | p.L2263P | No 1 week 2011; Rajpar et al.,
Xbp1/ATF6 zone

2009)

Table 1.1 — Comparison of genetically engineered chondrodysplasia mouse models with regards to UPR involvement, disease onset and growth plate architecture.
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1.7 Treatment options for skeletal dysplasia

For some types of skeletal dysplasia, treatment options have already been
developed. For chondrodysplasia arising from gain-of-function mutations in FGFR3,
several clinical trials are currently ongoing (Table 1.2) including approaches to limit
aberrant FGF signalling through a soluble form of FGFRS3 or tyrosine kinase inhibitors
and approaches to restore normal bone growth by treatment with C-natriuretic
peptide (CNP) which inhibits overactive MAPK signalling and thereby restores ECM
synthesis (Garcia et al., 2013; Komla-Ebri et al., 2016; Legeai-Mallet and
Savarirayan, 2020; Yasoda et al., 2004). Additionally, a recent study described
improved growth plate organisation and chondrocyte proliferation alongside
increased cellular volume of hypertrophic chondrocytes in a mouse model of
achondroplasia treated with (-)-epicatechin, a compound probably directly interacting

with downstream components of the FGFR signalling pathway (Martin et al., 2022).

Mutations of the sulphate/chloride importer SLC26A2 can lead to severe phenotypes,
such as achondrogenesis 1 B or to the milder diastrophic dysplasia (DTD) and
recessive multiple epiphyseal dysplasia, depending on the specific mutation and the
residual activity of the transporter (Rossi and Superti-Furga, 2001). In chondrocytes,
the sulphation of proteoglycans (and other proteins) is heavily dependent on the
import of extracellular sulphate. Interestingly, treatment with N-acetylcysteine, a
widely used drug, partially restored proteoglycan sulphation and ameliorated the
phenotype of a mouse model of DTD by acting as an intracellular sulphate donor
(Paganini et al., 2021). A further study found that ablation of S/ic26a2 in mice resulted
in enhanced FGFR3 activity and repurposing a tyrosine kinase inhibitor initially
developed for treating FGFR3-related disorders could ameliorate the phenotype
(Zheng et al., 2019).

Bisphosphonate therapy can be used to treat Ol caused by type | collagen defects.
This therapy aims to prevent fractures by slowing bone turnover and increasing bone
mineral density; however, its effectiveness in reducing fracture incidence is debated
(Dwan et al., 2016). Furthermore, clinical trials are currently ongoing to treat
individuals with Ol with monoclonal sclerostin or TGFf3 antibodies. Sclerostin is
known to prevent bone formation by inhibiting Wnt signalling. Inhibition of sclerostin

by monoclonal antibodies was shown to promote bone formation and reduce bone
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resorption in Ol (Glorieux et al., 2017). Inhibition of TGFf signalling by monoclonal
antibodies has been demonstrated to slow bone turnover and improve biomechanical

properties in several mouse models of Ol (Bi et al., 2017; Greene et al., 2021).

A different approach directly targets protein accumulation, and thus the cause of the
disease rather than consequences of the mutation by RNA interference (RNAI). This
approach has previously been studied in vitro for type VI collagen-related muscular
dystrophy, in which mutations in COL6AS3 interfere with collagen VI assembly (Bolduc
et al., 2014). RNAI has been applied to reduce mutant COMP and Comp expression
in a mouse model of PSACH. In this mouse model, human COMP can be
overexpressed in chondrocytes by treatment with doxycycline. However, using a non-
allele-specific approach the treatment appeared to significantly reduce only
endogenous (wild type) murine Comp, but not the overexpressed human COMP
(Posey et al., 2017). The authors claim that mutant COMP may exhibit a stronger
cytotoxic effect in the presence of endogenous wild type COMP and thus a general
reduction of Comp protein may have beneficial consequences in PSACH. They base
this claim on a reduction in apoptosis when endogenous COMP is reduced, and
conclude that for therapeutic approaches the total protein level should be reduced.
They support this claim with the observed reduction in disease severity after crossing
the inducible transgenic mouse model with a COMP-deficient strain. However, they
ignore earlier studies using a transgenic mouse model carrying the same mutation
which displayed a more severe phenotype after being crossed with a COMP-deficient
strain (Schmitz et al., 2008).

However, developing a treatment for one specific rare disease is time- and resource-
consuming and may be regarded as inefficient. ldentifying common underlying
disease mechanisms of numerous, individually rare diseases is crucial to allow the
development (or repurposing) of drugs that are appropriate for more than one
mutation or gene defect, thereby accelerating drug development and improvement of
quality of life for affected individuals. Furthermore, in skeletal disorders treatment has
to be initiated during childhood, when skeletal growth is still active, but could be
terminated once skeletal maturity is reached. Repurposing drugs that are already
being used for treatment of children or drugs that do not have known adverse effects
in children could accelerate clinical trials, and is therefore especially attractive for

treatment of rare skeletal disorders.
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Substance Name Mechanism Stage ClinicalTrial.gov number Reference
bl TAA Decoy receptor binds to FGF, Ph ] |
Soluble 46 oreventing its interaction with | ¢ | (completed) NCT04543344, NCT04638153, | (Garcia et al.,
FGFR3 (recifercept) Phase 2 (recruiting) NCT05116046 2013)
FGFR3
Kinase BGJ398 Small molecule tyrosine Phase 1 (completed) NCT04035811, NCT04265651 Etuilc.),viom;
(infigratinib) | kinase inhibitor Phase 2 (ongoing) NCT05145010
inhibitors Bosakova et
al., 2019)
Analogue of CNP, inhibits : NCT02055157, NCT03197766
BMN111 Phase 2 (ongoing) ’
MAPK signalling and NCT02724228, NCT03424018 (Lorget et al.,
C-natriuretic (vosoritide) . Phase 3 (ongoing) NCT03583697, NCT03989947 2012;
: improves bone growth NCT04554940 Yasoda et
peptide (CNP) : : L 2009
TransCon CNP conjugated to a carrier Phase 1 (completed) "’2‘(-)104) ,
CNP molecule Phase 2 (ongoing) NCT04085523, NCT05246033
Monoclonal antibody binds . .
. o Efficacy has been reported in (Trudel et al.,
FGFR3- B-701 and interferes with ligand _
. o . bladder cancer models 2006; Yin et
Antibody (vofatamab) | binding ability and
o (FGFR3-dependent tumors) al., 2016)
dimerisation
Preclinical studies in ACH
APT-F2P Nucleic acid molecule that . (Jinetal.,
FGF aptamer . . mouse model using an
(RBM-007) binds and neutralises FGFs . 2016)
aptamer targeting FGF2
Interacts with ERK1/2 and (Martin et al.,
(-)epicatechin | NA Preclinical
p38 MAPK 2022)

Table 1.2 - Current therapeutic approaches for achondroplasia.
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1.7.1 Targeting protein homeostasis in skeletal dysplasia
Having demonstrated the central role of ER stress, and the UPR, for cartilage
pathology in skeletal dysplasia, targeting the UPR and ER homeostasis has emerged

as a potential drug therapy.

Selective inhibition of the Perk branch of the UPR by treatment with ISRIB
(Integrated Stress Response InhiBitor) ameliorated the skeletal phenotype in a
mouse model of MCDS (Wang et al., 2018). Importantly, by preventing enhanced
translation of Atf4, treatment with ISRIB was demonstrated to block the SOX9-
mediated re-expression of Col2a1 and prevent the disruption of chondrocyte
hypertrophy observed in MCDS (Wang et al., 2018).

Furthermore, a clinical trial (mcds-therapy.eu) is currently ongoing for the treatment
of MCDS with carbamazepine (CBZ). CBZ enhances mutant collagen X degradation,
thus relieving cells from ER stress. In human cell lines as well as in two mouse
models, treatment with CBZ enhanced clearance of mutant type X collagen, thereby
mitigating ER stress, improving chondrocyte differentiation and alleviating the
skeletal phenotype (Mullan et al., 2017; Forouhan et al., 2018b). Curiously, CBZ
enhanced protein clearance, although the specific pathway of degradation was

genotype specific, with both ERAD and autophagy implicated (Mullan et al., 2017).

Remarkably, although both MCDS and MED are linked to ER-stress and UPR
activation, CBZ did not appear to ameliorate ER stress in a cell model of MED
(Dennis et al., 2021). As others have suggested previously (Pirég et al., 2019), this
difference may stem from the distinct differentiation stages of type X collagen-

expressing chondrocytes compared to chondrocytes expressing mutant matrilin-3.

It is noteworthy that — in contrast to CBZ — the chemical chaperone 4-PBA was
neither able to attenuate ER stress in a cell model of MCDS (Mullan et al., 2017), nor
improved the skeletal phenotype of a MED mouse model. Although protein levels of
BiP, ERp72 and GRP94 were significantly downregulated at the age of three weeks,
suggesting a reduction in ER stress, the skeletal phenotype, as well as chondrocyte
proliferation and apoptosis remained the same as in untreated animals (Nundlall et
al., 2010).
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In contrast to that, 4-PBA treatment ameliorated the phenotype in a mouse model of
moderate to severe Ol (AgaZ2), as indicated by reduced fracture incidence and
increased body length as well as weight (Duran et al., 2022). In a second mouse
model of Ol (Col1a2%%1°C), treatment with 4-PBA did not improve bone fragility, but
augmented long bone growth (Scheiber et al., 2022). Compellingly, the authors of the
latter study revealed that the effect to 4-PBA was largely mediated by reducing
UPR/BiP-mediated ER stress in hypertrophic chondrocytes, but not the UPR/BiP-
independent ER stress in osteoblasts. Consequently, 4-PBA treatment potentially
improved the trans-differentiation of hypertrophic chondrocytes to osteoblasts,
thereby enhancing bone growth without affecting bone fragility. Together with the
study performed in the Aga2 mouse model, this study highlights how mutations
affecting the same protein may act via distinct mechanisms. In contrast to
osteoblasts from the Col7a2 ¢%'°C mouse model, osteoblasts from the Aga2 mouse
model exhibited an increase in BiP protein levels as well as the phosphorylation of
PERK (Duran et al., 2022), explaining why treatment with 4-PBA reduced the fracture
incidence in this model. These studies also profoundly demonstrate the need for a
detailed understanding of the ER stress response elicited in a disease model, the

different cell types that are involved and their relative contribution to the phenotype.

In an attempt to target the inflammatory and oxidative stress observed in the MT-
COMP mouse model of PSACH, anti-inflammatory drugs (aspirin, ibuprofen) and
antioxidants (notably resveratrol) have been tested (Posey et al., 2015). Resveratrol
improved chondrocyte survival, proliferation and long bone growth in mice via
stimulation of autophagy (Hecht et al., 2021a). Whether these findings will translate
into individuals with PSACH and/or MED is currently unclear since the MT-COMP

mouse model may not be the most physiological relevant mouse model.

The specific reason why p.D469del COMP elicits a distinct type of ER stress,
compared to either mutant matrilin-3 or mutant type X collagen, and also p.T583M
COMP, currently remains unclear. Whether this is also the case for other (missense)

mutations located in type 3 repeats of COMP currently remains unknown.

Furthermore, before potential drugs can be tested in vitro and later in vivo,
biomarkers are required that allow the evaluation of a potential treatment. Whilst

there are many different types of biomarkers - for example predictive, prognostic or
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monitoring biomarkers (Califf, 2018) - for most skeletal dysplasias there are no
relevant biomarkers available. Most importantly, to assess a potential treatment a

pharmacodynamic biomarker is required.

In vitro, as well as in animal models, interventions can be analysed for example by
determining the levels of cell stress, apoptosis and/or the activity of specific signalling
pathways. In individuals, however, cartilage and bone are relatively inaccessible
tissues, because biopsies are invasive and painful and it would be unethical to
surgically interfere with an infant’s growth plate. Analysis of cell stress, apoptosis or a
signalling molecule of interest in patient-derived tissue is therefore not feasible. Due
to restricted expression, more accessible tissues may however not exhibit elevated
levels of cell stress or apoptosis. In the case of skeletal dysplasias, ideal biomarkers
should be secreted either themselves in the affected tissue, or respond to a factor
secreted from the affected tissue, enabling detection of the potential biomarker in
body fluids, such as blood or urine. Furthermore, any biomarker needs to exhibit
specificity as well as sensitivity. These specifications depend on the type of
biomarker and the required application. In order to successfully develop biomarkers
for skeletal dysplasias and their treatment, understanding and being able to

distinguish between different types of disease mechanism is necessary.

Disease/Gene/Mutation Stress Response Potential Treatment
MCDS/Col10a1/multiple (IRE1) PERK/ATF6 CBz
MCDS/Col10a1/FCdel PERK/ATF6 ISRIB

UPR/BiP-dependent

hypertrophic chondrocytes),
Ol/Col1a2/G610C (hyp P ytes) 4-PBA
UPR/BiP-independent

(osteoblasts)

Ol/Col1a1/Aga2 .
PERK-mediated UPR/ISR
(frameshift in the C-terminal pro- 4-PBA
. (osteoblasts)
peptide)

PSACH/COMP/p.D469del (MT-

PERK/oxidative/inflammatory | Resveratrol
COMP mouse model)

MED/Matn3/p.V194D IRE1/ATF6 ?

Table 1.3 — Potential treatment strategies in models of skeletal dysplasia.
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1.8 The UPR and the epigenome/DNA methylation

The relation of the UPR and the epigenome is poorly understood. The epigenome is
defined as heritable changes of the genome, that do not alter the actual nucleotide
sequence of DNA and comprises DNA methylation, histone post-translational
modifications, non-coding RNAs and chromatin structure (van Meurs et al., 2019). All
of those can modify the accessibility of genes, promoters and enhancers and thus

influence gene expression.

During DNA methylation, DNA-methyltransferases (DNMTs) add a methyl group to
cytosine residues followed by a guanine residue (Figure 1.10 A). Generally, high
levels of DNA methylation and transcription-repressive histone marks are associated
with transcriptional repression (Figure 1.10 B) (Morgan and Shilatifard, 2020;
Prakash and Fournier, 2018). Whilst most CpG sites within the genome are
methylated, long stretches containing high levels of CpG sites (CpG islands) typically
remain unmethylated (Dor and Cedar, 2018; Jones, 2012). Increased methylation of
CpG islands within promoter regions has traditionally been linked to a reduction in
gene expression, whilst DNA methylation within gene bodies is typically found in
transcriptionally active genes (Greenberg and Bourc’his, 2019). However, there is
emerging evidence that the role of DNA methylation is more complex (Figure 1.10 C),
and that some transcription factors may also bind methylated motifs or that within a
certain region, the specific motif that a transcription factor binds to may depend on its
methylation status (Zhu et al., 2016). Enhancer regions display highly variable levels
of methylation and the functional consequences of DNA methylation within
enhancers are not entirely understood (Angeloni and Bogdanovic, 2019; Jones,
2012). In contrast to DNMTs, Ten-Eleven-Translocation enzymes (TETs) actively
remove methyl groups. DNMT1 is the main enzyme responsible for maintaining DNA
methylation patterns during cell division, whilst DNMT3a and DNMT3b are de novo
methyltransferases. Cartilage-specific Dnmt3b ablation results in altered chondrocyte
maturation and a reduction in the size of the hypertrophic zone (Xu et al., 2018).
Additionally, DNA methylation changes have been observed in osteoarthritis by
numerous studies (Reynard et al., 2014, 2011; van Meurs et al., 2019; Young et al.,
2022). Although not all changes in DNA methylation may always be functionally
relevant, these data demonstrate the involvement of DNA methylation in chondrocyte

differentiation and cartilage integrity.
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Recently, a role for dysregulated DNA methylation in one skeletal dysplasia was
unravelled by a study that reported a GGC repeat expansion in the promoter of
XYLT1, an enzyme involved in proteoglycan synthesis (LaCroix et al., 2019).
Mutations in XYLT1 cause Baratela-Scott syndrome, symptoms of which include
facial dysmorphism and severe short stature (Baratela et al., 2012; Bui et al., 2014;
Schreml et al., 2014). Remarkably, this expansion was associated with
hypermethylation of the first exon, which was found to be incompatible with
transcription. In some individuals, both alleles were affected by this expansion
resulting in a complete loss of XYLT1 expression, whilst in others, the second allele
contained point mutations, frame shift mutations or larger deletions (LaCroix et al.,
2019). Notably, carriers of one expanded allele associated with hypermethylation
appeared to be unaffected, as did carriers of other mutations in XYLT1, suggesting
that Baratela-Scott syndrome results from loss-of-function rather than dominant-

negative effects.

As described previously, the UPR has been implicated in skeletal diseases as well as
in neurodegenerative disorders and, amongst others, diabetes. In addition to the
UPR, epigenetic alterations and especially changes in DNA methylation have been
suggested to play a role in predisposition and progression of these disorders (De
Jager et al., 2014; Gasparoni et al., 2018; Nilsson and Ling, 2017; van Heesbeen
and Smidt, 2019). Fascinatingly, a common DNA methylation signature was identified
in samples from four different neurodegenerative diseases (Sanchez-Mut et al.,
2016) including Alzheimer’s and Parkinson’s disease, both of which are also linked to
ER stress. The authors postulated a common disease mechanism that develops into
different clinical manifestations (Sanchez-Mut et al., 2016). Whether a similar
common signature or distinct methylation patterns exist in skeletal dysplasia is
currently not known. Indeed, to what extent DNA methylation is affected by various

types of skeletal dysplasia pathology has not yet been investigated.

Whilst the existence of ER stress response elements and unfolded protein response
elements in promoter sequences is well established (Kokame et al., 2001; Mori et al.,
1992; Yoshida et al., 1998), if and to what extent the UPR can modify epigenetic
marks to regulate gene expression is currently unknown. A previous study has
reported that induction of the UPR results in methylation of the promoter of cystic

fibrosis transmembrane conductance regulator (CFTR) and its transcriptional
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repression (Bartoszewski et al., 2008b), suggesting that DNA methylation may be
specifically altered by ER stress. This is particularly interesting since a mutant form of
CFTR (AF508 CFTR) is known to cause cystic fibrosis and activates the UPR when
expressed recombinantly (Bartoszewski et al., 2008a).

As the importance of DNA methylation and the UPR is continuously revealed, it
raises the question of how they interact during development and disease. Effects of
the UPR on DNA methylation (or vice versa) could account for the phenotypic
variability that is frequently observed within patients. Studying the relationship
between ER stress, the UPR and DNA methylation might therefore reveal novel

disease modifiers in the future.

Furthermore, previous studies have attempted to use DNA methylation in blood
samples as biomarkers for diabetes (Davegardh et al., 2018; Willmer et al., 2018).
Blood samples offer the advantage of being relatively easy to obtain and rapidly
analysed. An emerging approach is the methylation analysis of circulating, cell-free
DNA as a marker for tissue degeneration. When cells undergo cell death, for
example pancreatic cells in diabetes, they release DNA which can then be detected
using tissue-specific methylation patterns (Lehmann-Werman et al., 2016). For
skeletal disorders, identification of a possible DNA methylation signature could result
in the development of a ‘methylation biomarker’ to enable development and rapid

monitoring of future treatments.
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Figure 1.11 — DNA methylation affects gene expression both directly and indirectly. (A) Chemical
structure of cytosine and 5-methylcytosine (5mC). The position of the added methyl group is
indicated by a black arrow. (B) DNA methylation levels differ depending on chromatin accessibility.
Typically, low levels of global methylation are associated with transcriptionally active euchromatin
and active histone marks, whereas high methylation levels and repressive histone marks indicate
densely packed heterochromatin. (C) DNA methylation can affect gene expression directly by
modulating transcription factor binding. Transcription factors may have varying affinities for large
unmethylated (orange) and heavily methylated (black) regions (upper panel). Methyl-binding
proteins (black) may compete with transcription factors for binding to heavily methylated regions
(middle panel, right) or the exact binding site within a region may be modified by DNA methylation

content (middle/bottom panel left).
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1.9 Aims
Concerning skeletal disorders, their mechanism and potential treatments, several

questions remain to be answered.

1) Do changes in DNA methylation occur in ER-stress related skeletal dysplasia,
as they do in neurodegenerative diseases? Could DNA methylation play a role

as disease modifier and/or biomarker?

2) Why does p.D469del COMP appear to elicit a distinct stress response in
PSACH compared to other, closely related chondrodysplasias and is this the

case for all type 3 COMP mutations?

3) Are there differences in the cellular response to MED- and PSACH-causing
COMP mutations? Is there a common biomarker for COMP-induced stress,

that could advance future drug screenings?

To investigate whether DNA methylation is altered by ER stress in the context of
skeletal dysplasia, an appropriate model system had to be identified and therefore
the suitability of human induced pluripotent stem cells (hiPSCs) to study DNA
methylation in skeletal dysplasia was examined. Furthermore, the suitability of
HT1080 cells overexpressing wild type or p.D469del COMP as a disease model of
PSACH for the study of DNA methylation was evaluated.

DNA methylation was then analysed using the lllumina Infinium Methylation EPIC
array. The cellular response to p.D469del COMP was explored and potential
biomarker genes identified using transcriptomic analysis. Subsequently, it was
investigated whether the UPR-independent ER stress that is observed in p.D469del
COMP expressing cells is a common feature to other COMP mutations, and whether
there are distinct cellular responses to PSACH and MED-causing mutations. Lastly,
biomarker candidates identified in p.D469del COMP cells were assessed in multiple
cell models of PSACH and MED.
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Chapter 2. Materials and Methods
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2.1 Reagents and suppliers

All reagents were purchased from Sigma unless otherwise stated.

Antibody suppliers are stated in table 2.1, primers were purchased from Eurofins

Scientific Ltd and sequences are provided in table 2.2.

Dulbecco’s modified eagle medium/nutrient mixture F12 (DMEM/F12), sterile PBS,
tissue culture plates, acetic acid, hydrochloric acid, methanol, xylene, coverslips and

Superfrost Plus microscopy slides were obtained from VWR International.

Foetal bovine serum (FBS), non-essential amino acids, Trypsin/EDTA solution,
OptiMem, G418 Geneticin, Penicillin-Streptomycin, DNA-free kit, ethidium bromide,
MitoTracker Red CM-H2Xros, methanol-free paraformaldehyde, Pierce BCA protein
assay kit, dithiothreitol (DTT), glycerol, Novex 4-12 % Bis-Tris precast gradient gels,
NuPAGE MES running buffer, paraffin wax, isopropanol, ethanol, RNase H and
Power SYBR Green Master Mix were obtained from ThermoFisher.

ReliaPrep RNA tissue miniprep system, DeadEnd Fluorometric TUNEL system,
GoScript Reverse Transcription System and ethylenediaminetetraacetic acid (EDTA)

were obtained from Promega.

Cell proliferation labelling reagent bromodeoxyuridine (BrdU) was purchased from
GE Healthcare.

Precision Plus Protein Dual colour protein standard was obtained from Bio-Rad.

Fluoroshield mounting medium with DAPI and thapsigargin were purchased from

Abcam.

BioMix red and HyperLadders 1 kb and 100 bp were obtained from Bioline Reagents.

Agarose was purchased from Melford Laboratories Ltd.

RNeasy Mini kit and QlAprep Spin Miniprep kit were obtained from Qiagen.

50



E.Z.N.A DNA/RNA Isolation Kit was purchased from Omega Bio-Tek.

2.1.1 DNA constructs

The hCOMP-pEGFP-N3 plasmids encoding human wild type and p.D469del COMP
were described previously (Suleman et al., 2012). MATN3-FLAG-pcDNAS3.1 plasmids
encoding wild type and p.V194D matrilin-3 were kindly provided by Dr Ella Dennis,
Newcastle University. The hCOMP-pEGFP-N3 plasmids encoding p.C312Y,
p.D385N, p.D440R, p.D473H and p.D511Y COMP were generated by Dr Beth
Gibson by site-directed mutagenesis using the wild type COMP-pEGFP-N3 plasmid

as template.

CMV immediate early enhancer and promoter
CMV Promoter

hCOMP-EGFP-N3
G>A MED (p.C312Y)

Neomycin/Kanamycin resistance

7036 bp
hCOMP
G>A MED (p.D385N)

G>C PSACH (p.G440R)
Missing in p.D469del (PSACH)
G>C PSACH (p.D473H)

C>A MED (p.N489K)

G>T PSACH (p.D511Y)

SV40 Promoter

Linker

EGFP

Figure 2.1 — Plasmid map of hCOMP-EGFP-N3 constructs encoding wild type and mutant COMP.
The coding sequence of COMP is shown in purple, nucleotide substitutions are marked in red and
the p.D469del deletion is marked in pink. EGFP is shown in green, other plasmid features are

shown in orange.
2.1.2 Antibodies

Primary and secondary antibodies for western blotting and immunofluorescence

staining (IF) and the appropriate dilutions are listed below (Table 2.1).
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Antigen Host Dilution Product code | Company/Reference
Cell Signalling
Pan AKT Rabbit | 1:1000 #9272
Technologies
Phospho- AKT Cell Signalling
Rabbit | 1:1000 #9271
(Serd73) Technologies
Cell Signalling
AMPK Rabbit | 1:1000 #2603
Technologies
Cell Signalling
pAMPK (Thr172) Rabbit | 1:1000 #2535 .
Technologies
Cell Signalling
BiP Rabbit | 1:1000 #3177
Technologies
BrdU Rat 1:200 (IF) ab6326 Abcam
Calnexin Rabbit | 1:1000 ADI-SPA 860 | Enzo LifeSciences
Raised against
recombinant human
Collagen X Rabbit | 1:500 (IF) N/A .
collagen X (Wilson et
al., 2005)
COMP Rabbit | 1:1000 GTX14515 GeneTex
FLAG-HRP mouse | 1:1000 A8592 Sigma
Cell Signalling
Phospho-eiF2a Rabbit | 1:1000 #9721 .
Technologies
Cell Signalling
Total eiF2a Rabbit | 1:1000 #9722 .
Technologies
GAPDH Mouse | 1:40 000 AB2302 Merck Millipore
1:2000
GFP Rabbit ab290 Abcam
1:500 (IF)
Cell Signalling
HIF 1o Rabbit | 1:500 #14179 .
Technologies
Cell Signalling
LC3B Rabbit | 1:1000 #2775 .
Technologies
PRDX2 Rabbit | 1:1000 10545 Proteintech
Cell Signalling
pSMAD2 Rabbit | 1:1000 #18338 .
Technologies
_ Cell Signalling
pSMAD3 Rabbit | 1:1000 #9520 .
Technologies
Cell Signalling
SMAD2/3 Rabbit | 1:1000 #8685
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Rabbit IgG

goat 1:200 (IF) ab150081 Abcam
AlexaFluor488
Rat IgG

goat 1:200 (IF) ab150160 Abcam
AlexaFluor594
Mouse IgG goat 1:2000 P0447 Dako
Rabbit IgG goat 1:2000 P0448 Dako

Table 2.1 — Primary and secondary antibodies used in this study.

2.1.3 Primer sequences
Primers for genotyping, cloning and qRT-PCR were obtained from Eurofins

Genomics. Sequences are stated below (Table 2.2).

Primer Sequence (5’-3’)

Comp Genotyping F CAT CACATG TCC CTT TGG GC

Comp Genotyping R

GTT GGA GTA TAG GGAAGG TC

HT1080 qRT-PCR

DDIT3 qPCR F GCG CAT GAA GGA GAA AGA AC

DDIT3 gPCR R TCT GGG AAA GGT GGG TAG TG

GALNT18qPCRF GGT GGA TGA CAA CAG CAG TAA CG

GALNT18 qPCRR GCT TGC TGT GAC GCACGACTTT

GFP qPCR F AAG CAG CAC GAC TTC TTC AA

GFP gPCR R CGG CCATGA TAT AGA CGT TG

HSPA5 qPCR F GCT AAT GCT TAT GGC CTG GA

HSPA5 qPCR R CGC TGG TCAAAG TCTTCT CC

MMP1 qPCR F ATG AAG CAG CCC AGA TGT GGA G
MMP1 gPCR R TGG TCC ACA TCT GCT CTT GGC A
MMP9 qPCR F GCC ACTACTGTGCCTTTGAGTC
MMP9 gPCR R CCC TCA GAG AAT CGC CAGTAC T
SOX9qPCR F CCC ATG TGG AAG GCA GAT G
SOX9gPCRR TTC TGA GAG GCA CAG GTG ACA
XBP1F

GAA GCC AAG GGG AAT GAAGT
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XBP1R

CCA GAATGC CCA ACAGGATA

18S qPCR F

GGC CCT GTAATT GGAATGAGTC

18S gPCR R

CCA AGA TCC AAC TAC GAG CTT

hiPSC gRT-PCR

ACTNB F AAG TCC CTT GCC ATC CTA AAA
ACTNB R ATG CTATCACCT CCCCTG TG
BGLAPF GCA GCG AGG TAG TGA AGA GAC
BGLAPR GGG GAC CCCACATCCATAGG
COL1ATF GCT TCA CCTACAGCG TCACT
COL1ATR AAG CCG AAT TCC TGG TC TGG
COL10A1F AAA GGC CCA CTACCC AACAC
COL710ATR GGACTTCCG TAG CCTGGT TT
DDIT3 F GAG GAA GAC CAA GGG AGA ACC
DDIT3 R GAT TTC CTG CTT GAG CCG TTC
HSPAS F AGC TGT AGC GTATGG TGC TG
HSPA R AAG GGG ACATACATCAAGCAGT
XBP1F GGA GTT AAG ACAGCG CTT GG
XBP1R

ACT GGG TCC AAG TTG TCC AG

Mitochondrial DNA content

nuDNA human qPCR F

AGG GTATCT GGG CTC TGG

nuDNA human gPCR R

GGC TGA AAA GCT CCC GAT TAT

mtDNA human qPCR F

ACA CCC TCC TAG CCT TAC TAC

mtDNA human gPCR R

GAT ATAGGG TCGAAG CCGC

Murine tissue qRT-PCR

CanxqPCR F TGATTT CCT CTC CCTCCCCTT
CanxqPCR R CAC TGG AAC CTG TTG ATG GTG
Comp qPCR F GTG CCC AAC TTT GAC CAG AGT G
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Comp qPCR R ACA GGC ATC ACC CAC AAA GTC G
Ddit3 qPCR F CTG CCT TTC ACC TTG GAG AC
Ddit3 qPCR R CGT TTC CTG GGG ATG AGA TA
Grp94 qPCR F GCA CCA TGA GGG TCC TGT

Grp94 gPCR R CAT CAT CAG CTC TGA CGA ACC
Grp78 qPCR F GGC ACC TTC GATGTG TCTCTTC
Grp78 PCR R TCC ATGACC CGC TGATCAA

185 qPCR F GTAACC CGT TGAACC CCATT
185 qPCR R CCA TCC AAT CGG TAG TAG CG

Table 2.2 - Primer sequences.

2.2 Methods

2.2.1 Molecular Biology methods

2.2.1.1 PCR for genotyping

PCR set up and cycling conditions used for genotyping of wild type and p.D469del

Comp mice are described below (Table 2.3 and 2.4).

2 x BioMix Red 10 yL
Primer (10 yM stock) 0.8 uL each
DNA 1.5 uL
Water 7.1 uL

Table 2.3 — Typical PCR reaction for genotyping.

55



Temperature Duration

95°C 5 min

95°C 1 min

63°C 1 min 30 x
72°C 1 min

72°C 5 min

Table 2.4 - PCR cycling conditions for genotyping.

Samples were stored at 4°C prior to electrophoresis.

2.2.1.2 Agarose gel electrophoresis

DNA was separated using agarose gels of the appropriate percentages in 1 x Tris-
Acetate-EDTA (TAE) buffer. For genotyping, typically 1.5 % (w/v) agarose gels were
used. A final concentration of 0.5 ug/mL ethidium bromide was used to visualise DNA
under UV light. Samples were mixed with 5 x loading dye prior to electrophoresis and
5 uL of a DNA molecular weight standard was used. The gel was run for 30 min at 90
Vin 1 x TAE buffer or until the dye front had reached 2/3 of the gel.

1 X Tris-Acetate-EDTA buffer: 40 mM Tris-base

20 mM Glacial acetic acid

1 mM EDTA pH 8.0
2.2.1.3 Determination of DNA/RNA concentration
DNA and RNA concentrations were determined using a NanoDrop
spectrophotometer. The Axso2s0 ratio was used to assess DNA/RNA purity.
2.2.1.4 Transformation of competent cells with plasmid DNA
DH5a competent cells were thawed on ice and 1 pL of plasmid DNA added. The mix
was then incubated for 30 min on ice prior to heat shock at 42°C for 30 sec. After 2
min incubation on ice, 250 uL SOC medium was added and cells allowed to recover
for 1 h at 37°C with shaking. 50 — 100 pL of the cell suspension was plated onto LB
agar plates containing either kanamycin (50 pg/mL) or ampicillin (100 pg/mL)

depending on the transformed plasmid and plates incubated at 37°C overnight.

LB agar: 1 % (w/v) Tryptone
0.5 (w/v) Yeast extract
1 % (w/v) NaCl
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1.5 (w/v) Agar

The mixture was boiled on a hot plate prior to autoclaving. Antibiotics were added

immediately before use in appropriate concentration.

2.2.1.5 Culturing bacteria
Colonies were picked from LB agar plates using a sterile tip and cultured in 10 mL LB
broth containing the appropriate antibiotic. Cultures were grown overnight at 37°C in

a shaker.

LB broth: 1 % (w/v) Tryptone
0.5 % (w/v) Yeast extract

1% (w/v) NaCl

The broth was boiled on a hot plate prior to autoclaving. Antibiotics were added

immediately before use in appropriate concentration.

2.2.1.6 Plasmid DNA extraction

Plasmid DNA was extracted from bacterial cultures using the QlAprep Spin Miniprep
kit. Each 10 mL culture was divided into two tubes and centrifuged for 10 min.
Plasmid DNA extraction was then carried out according to manufacturer’s
instructions. In brief, 250 uL buffer P1 was added to each pellet and the pellet
resuspended. 250 uL buffer P2 was added and the tubes inverted to mix. 350 uL
buffer N3 was added and again the tubes were inverted to mix. After centrifuging for
10 min at 13 000 x g, 800 pL of the supernatant was applied to a spin column and the
column centrifuged for 1 min at 13 000 x g. The column was then washed with 500
ML buffer PB and centrifuged for 1 min at 13 000 x g, prior to washing with 750 pL
buffer PE. After the column was centrifuged for 1 min at 13 000 x g, it was
centrifuged 1 min at 13 000 x g again. The column was transferred into a clean
microcentrifuge tube and 30 pL distilled water was used to elute DNA from the
column. After adding the water to the column and incubating for 1 min at room
temperature, the column was centrifuged for 1 min at 13 000 x g to elute the DNA.
2.2.1.7 Simultaneous DNA/RNA extraction from cells

Simultaneous DNA/RNA extraction from cell culture samples was performed using
the EZNA DNA/RNA system. In brief, cells were trypsinised and pelleted as
described in section 2.2.2.8. After pelleting, the supernatant was removed and the

pellet snap frozen in liquid nitrogen. Samples were then stored at -80°C until RNA
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extraction. Immediately before use, 20 yL of 2-mercaptoethanol was added to each 1
mL of GTC lysis buffer required, for example 60 uL 2-mercaptoethanol for 3 mL lysis
buffer. 350 uL of GTC lysis buffer was added to each sample. Tubes were vortexed
and incubated for 5 min at room temperature. The lysate was then added to the DNA
column and centrifuged for 1 min at 13 000 rpm. The DNA column was placed into a
new collection tube and set aside. 350 uL of 70 % ethanol was added to the flow
through and mixed by pipetting. The solution was transferred onto an RNA column
and centrifuged for 1 min at 13 000 rpm. 500 pL of RNA wash buffer | was added to
the RNA column and centrifuged as before. After that, 500 uL of RNA wash buffer Il
was added to the column and centrifuged as before. The wash with RNA wash buffer
Il was repeated once, before the column was transferred to a new collection tube and
centrifuged for 2 min at 13 000 rpm. The RNA column was transferred into a fresh
tube and incubated at room temperature for 5 min. 50 yL of preheated DEPC water
was added to the column and incubated for 5 min at room temperature, before the
RNA was eluted by centrifugation at 13 000 rpm for 1 min.

The DNA column was then washed with 500 uL HBC buffer, centrifuged for 1 min at
13 000 rpm and the filtrate discarded. 700 uL DNA wash buffer was added to the
column before the column was centrifuged for 30 sec at 12 000 rpm. The wash step
was repeated once. The empty column was centrifuged for 2 min at 10 000 rpm
before being transferred to a clean tube. The membrane was dried for 5 min at room
temperature with the lid open before 100 uL preheated elution buffer was added to
the column and the column incubated at 70°C for 5 min. The column was centrifuged
for 1 min at 13 000 rpm and the eluate added back onto the column. It was incubated
for 5 min at room temperature and centrifuged as before. Quality of RNA and DNA
was assessed by nanodrop measurements and agarose gel electrophoresis.

2.2.1.8 RNA extraction from hiPSCs

When hiPSCs were collected for RNA extraction, the supernatant was removed and
1 mL of Trizol added to each well. After pipetting up and down several times, the
sample was transferred into a microcentrifuge tube and incubated for 10 min at room
temperature while shaking (600 rpm). For cartilage-like pellets, frozen samples were
homogenised before being transferred into Trizol. The sample was then either frozen
at -80°C or RNA isolated directly. For RNA isolation, 200 uL of chloroform was added
and the tube shaken vigorously for 15 sec, prior to 5 min incubation at room

temperature. The sample was then centrifuged for 15 min at 4°C and no more than
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12 000 x g. The aqueous phase (top phase) was transferred into a tube containing 10
Mg glycogen and the extraction repeated with the organic phase.

500 pL of isopropanol was then added to the tube containing glycogen and both
aqueous phases. After mixing, the sample was incubated for 10 min at room
temperature and subsequently centrifuged for 10 min at 4°C and no more than

12 000 x g. The supernatant was removed and the pellet washed with 1 mL 75 %
(v/v) ethanol. The pellet was mixed carefully prior to centrifuging at 7 500 x g and 4°C
for 10 min. The supernatant was removed and the wash step repeated. The
supernatant was then removed entirely and the pellet air-dried for 5-10 min at room
temperature prior to resuspension in water. 1 pL of sample was used for nanodrop
measurements.

2.2.1.9 Reverse transcription and qPCR (hiPSCs)

Reverse transcription of RNA isolated from hiPSCs was performed using the
QuantiTect Reverse Transcription Kit (Qiagen) according to the manufacturer’'s
instructions. In brief, 100 ng of RNA was brought to a volume of 12 pL with RNase-
free water and incubated with 2 yL of gDNA wipeout buffer (7 x) for 2 min at 42°C. A
reverse transcription mix of 4 uL Quantiscript RT buffer (5 x), 1 yL Primer Mix and 1
ML reverse transcriptase was added to each reaction and incubated for 30 min at
42°C and subsequently for 3 min at 95°C. The reaction was then stored at -20°C until
gPCR was performed.

For gPCR, three genes were measured in parallel and every cDNA sample run in
duplicate. 2 uL of every cDNA were diluted with 5 yL water and 1 pL of this dilution
used per well. 5 yL/well of SYBR green master mix (Agilent) were added. A primer
stock was prepared, containing each forward and reverse primer at 1 pM. 4 uL of the
primer stock was used per well. Besides cDNA samples, negative controls containing
water instead of DNA and a standard curve were measured. The standard curve
consisted of pooled cDNA which had been serially diluted 1:5 for five times. gPCR
was performed in a 384-well plate which was briefly centrifuged prior before starting

the cycling program (Table 2.5).
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Temperature Duration Step

95 [°C] 3 min Pre-incubation
95 [°C] S sec o

60 [°C] 10 sec amplification
95 [°C] 5 sec

65 [°C] 1 min Melting curve
97 [°C] continuous

40 [°C] 30 sec cooling

Table 2.5 - Cycling program used for qRT-PCR of hiPSC cDNA.

2.2.1.10 RNA extraction using Promega ReliaPrep RNA Mini Prep System
RNA extraction from femoral head cartilage (1 week) and from p.C312Y, p.D385N,
p.D473H, p.G440R, p.D511Y and wild type COMP cells was carried out using the
ReliaPrep RNA Tissue Miniprep System according to the manufacturer’s protocol for
fibrous tissue. Cell samples were collected 72 hrs after confluency as described in
section 2.2.2.12.

For RNA extraction from femoral head cartilage, cartilage was dissected as
described in section 2.2.4.3. For each sample, cartilage from 3 animals was pooled
prior to extraction. A Sartorius Micro Dismembranator S tissue homogeniser vessel
was cooled in liquid nitrogen, before 500 pL of LBA + TG buffer and the frozen tissue
were added. The frozen tissue was then ground using the tissue homogeniser for 1
min at 2 000 rpm. The sample was allowed to thaw and DNA sheared by pipetting up
and down multiple times. For snap frozen cell pellets, 500 uL of LBA + TG buffer was
added/pellet before the pellets were allowed to thaw in buffer. All following steps
were identical for tissue and cell samples.

500 pL of RNA dilution buffer was added and the samples mixed by vortexing, before
samples were centrifuged for 3 min at 10 000 x g. The supernatant was then
transferred to a fresh tube. 340 uL of isopropanol was added and the samples mixed,
before half of the sample was transferred to a Minicolumn. After centrifuging for 1 min
at 14 000 x g, the remaining sample was loaded onto the Minicolumn and the
centrifugation repeated. The Minicolumn was washed with 500 yL RNA wash solution
before DNase | digestion was performed according to the manufacturer’s protocol.
After DNase | treatment, 200 uL of column wash solution was added and the column

centrifuged. The column was then washed twice with RNA wash solution, before
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RNA was eluted in nuclease-free water. The obtained eluate was passed through the
column a second time to elute any remaining RNA.

2.2.1.11 Reverse transcription and gPCR

Reverse transcription of RNA isolated from mouse tissue or HT1080 cells was
performed using the Promega GoScript Kit according to the manufacturer’s
instructions. In brief, for HT1080 cells, 1 ug of RNA was added to 0.5 pg of random
primer and 0.5 ug of Oligo-dT-primer. Water was added to a volume of 5 pL. The mix
was incubated at 70°C for 5 min before it was chilled on ice immediately. A reverse
transcription mix of 4 yL GoScript 5X reaction buffer, 2.5 yL MgClz> (final
concentration 3.125 mM) 1 yL PCR Nucleotide Mix (final concentration 0.5 mM each
dNTP), 0.5 yL RNasin (20 U) and 1 pL GoScript reverse transcriptase per reaction
was prepared. The volume was adjusted to 15 pL, added to the RNA/primer mix and
briefly centrifuged before being incubated for 5 min at 25°C and subsequently for 60
min at 42°C. The reverse transcriptase was inactivated by incubating at 70°C for 15
min. The reaction was then stored at -20°C until gPCR was performed. In case of
RNA extracted from murine tissues, 50 - 100 ng were transcribed, depending on the
yield of the extraction.

Prior to gPCR, all samples were treated with 1 U RNaseH for 20 min at 37°C.

For gPCR, RNaseH treated cDNA was diluted to 5 ng/uL prior to setting up the
reaction. Per well, each reaction contained 1 pL of diluted cDNA, 2 uL primer mix
(final concentration 0.5 uM), 5 L PowerUp SYBR green master mix and 2 uL water.
The plate was briefly centrifuged before gqPCR was performed using a QuantStudio3
gPCR cycler (Table 2.6).

Relative quantification was performed using the 22T method (Livak and
Schmittgen, 2001).

Temperature [°C] Duration Step

94 2 min Pre-incubation

94 30 sec

60 30 sec Amplification — 40 cycles
72 30 sec

72 10 min

55-95 continuous Melt curve

Table 2.6 — Cycling program used for qRT-PCR of cell and murine tissue cDNA.
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2.2.1.12 RT-PCR for XBP1 splicing analysis

To visualise the long and short form of XBP1, 5 uL of diluted cDNA was added to a
BioMix reaction (see section 2.2.1.1). The amount of water was reduced accordingly,
keeping the reaction volume at 20 pL. The cycle number was reduced to 28 cycles.
Long and short forms of the XBP1 transcript were then visualised using agarose gel

electrophoresis as described in section 2.2.1.2.

2.2.1.13 Quantification of mitochondrial and nuclear DNA

Because mitochondria carry their own genome, the ratio of mitochondrial (mt) to
nuclear (nu) DNA may be used to compare the amount of mitochondria between
samples. To quantify mtDNA and nuDNA, DNA extracted from wild type and D469del
COMP cells was analysed by qPCR. For each sample, reactions were measured in
triplicate with 0.25 ng of template DNA. The total reaction volume was 20 L, using

10 uL PowerSYBR Green Master mix and with final primer concentrations of 0.5 pM.

2.2.1.14 DNase I treatment and RNA sequencing

For transcriptomic analysis, 10 ug of RNA extracted as described previously (see
section 2.2.1.7) were diluted to a volume of 30 uL and digested using the DNA-free
kit according to the manufacturer’s instructions. RNA was mixed with 0.1 volume of
10X DNase | buffer and 1 pL of recombinant DNAse | and subsequently incubated at
37°C for 30 min. After the incubation, 0.1 volume of DNase | Inactivation Reagent
was added and the reactions mixed well. After incubating at room temperature for 2
min and occasional mixing, the samples were centrifuged at 10 000 x g for 1.5 min
before the RNA was transferred into a fresh tube. RNA sequencing was then
performed by the Genomics Core Facility at Newcastle University using the lllumina
NextSeq500 platform.

2.2.1.15 Infinium MethylationEPIC array

500 ng of DNA (see section 2.2.1.7) was used to carry out methylation analysis using
the lllumina Infinium MethylationEPIC array. Bisulfite conversion and methylation
analysis was carried out at Edinburgh Clinical Research Facility, Wellcome Trust
CRF, Western General Hospital, Edinburgh.
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2.2.2 Cell culture methods

2.2.2.1 Maintenance of feeder-free human induced pluripotent stem cells (ff-
hiPSCs)

ff-hiPSCs were cultured on 6-well plates precoated with Matrigel in Essential 8

medium with supplements as supplied by the manufacturer. To coat one well of a 6-

well plate, 14 yuL Matrigel was diluted in 2 mL DMEM/F12 medium and mixed well.

The coating solution was then added to one 6-well and incubated for up to 24 h at

37°C. After cells were added (see below), the plates were kept at 37°C with 5 % CO2

and the medium changed daily.

2.2.2.2 Passaging of ff-hiPSCs

Medium was carefully aspirated and 2 mL PBS used to wash the cell layer. After PBS

was removed, the cells were incubated with 1 mL of EDTA dissociation reagent for 4

min at 37°C. The EDTA dissociation reagent was carefully aspirated and 1 mL of

fresh medium added directly to the cell surface, dislodging the cells. Medium and

dislodged cells were then transferred to a Falcon tube. Again, 1 mL of medium was

added, cells dislodged from the plate and transferred into the tube. This was

repeated one more time before the cell suspension was mixed with the appropriate

amount of fresh medium and 2 mL/well added to a Matrigel-coated plate.

EDTA dissociation reagent: 0.5 mM EDTA in sterile PBS

2.2.2.3 Osteogenic differentiation of ff-hiPSCs

Differentiation was performed on 12-well plates. At least 1 h prior to use, wells were
coated with 1 mL of 0.1 % (v/v) gelatin solution. Immediately before seeding cells, the
coating solution was removed and 1 mL of differentiation medium added.

To seed cells for differentiation, ff-hiPSCs were counted using an automated cell
counter (countess). In brief, old medium of one well was removed and that well
washed with 2 mL PBS. After PBS was removed, cells were incubated with 1 mL
TrypLE for 3 min at 37°C. 2 mL of Essential 8 medium was added and cells
resuspended. 10 uL of the cell suspension was mixed with 10 yL Trypan blue and
counted.

Subsequently, medium of all wells that were collected was removed. All wells were
washed with 2 mL of PBS and incubated with 1 mL EDTA dissociation solution for 4
min at 37°C. EDTA dissociation solution was aspirated and the cells dislodged using

3 x 1 mL differentiation medium. Cells were diluted to the appropriate concentration
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(typically 400 000 cells/mL) and plated at the desired density (400 000 cells/well on a
12-well plate). To enhance osteoblastic differentiation, 200 nM of AM580, a retinoic
acid receptor agonist, was added to the differentiation medium and the osteogenic

medium.

Differentiation medium:
80 % (v/v) osteogenic medium
20 % (v/v) Essential 8
10 uM Y-27632 (Rock inhibitor)

Osteogenic medium:
DMEM GlutaMax + pyruvate, 4.5 g/L glucose
20 % (v/v) KnockOut serum replacement
10 mM B-Glycerophosphate
1 nM Dexamethasone
0.1 mM 2-Mercaptoethanol
50 pug/mL Ascorbate-2-phosphate

1 x non-essential amino acids

On day 2, day 7 and day 10, medium was replaced with fresh 100 % (v/v) osteogenic

medium.

During optimisation, plates were coated with gelatin and Matrigel in parallel and

differentiation assessed after seven days of culture by alizarin red staining.

Additionally, cells were seeded directly in differentiation media or allowed to attach

overnight in Essential 8 medium prior to differentiation. Besides AM580, 1 uM all

trans retinoic acid (ATRA) was used to induce osteogenesis.

2.2.2.4 Maintenance of feeder dependent human induced pluripotent stem
cells (hiPSCs)

For feeder dependent cultures, culture vessels (typically T25 flasks) were pre-treated

with feeder medium overnight before use.

Feeder medium:
10 % (v/v) FBS
50 U/mL Penicillin
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50 pug/mL Streptomycin
2 mM GlutaMAX
In DMEM high glucose

Subsequently, mitotically inactivated primary mouse embryonic fibroblasts (pPMEFs)
were thawed and seeded onto the culture vessels. For thawing, 5 mL of feeder
medium was prepared in a falcon tube and 2 x 10 pMEFs thawed in a water bath.
The pMEFs were added to the falcon tube and centrifuged for 3 min at 1500 rpm at
4°C. They were then resuspended at a concentration of 1 x 108/mL and 0.5 mL used
for the preparation of each T25 flask. pMEFs were allowed to attach for 1-4 h before
use.
Feeder dependent hiPSCs were cultured in hiPSC medium, containing the following
components:

20 % (v/v) KnockOut serum replacement

1 x non-essential amino acids

2 mM GlutaMAX

0.1 mM 2-Mercaptoethanol

50 ng/mL basic FGF

In DMEM/F12
2.2.2.5 Passaging of feeder-dependent hiPSCs
Medium was carefully aspirated and 2.5 mL PBS used to wash the cell layer. After
PBS was removed, the cells were incubated with 1 mL of EDTA dissociation reagent
for 3 min at 37°C. The EDTA dissociation reagent was carefully aspirated and 3 mL
of fresh medium added directly to the cell surface. The cells were dislodged by
tapping against the flask. 1 mL of cell suspension was then transferred onto a new
flask coated with pMEFs. 4 mL of fresh hiPSC medium was added and the flask
placed back into the incubator.
2.2.2.6 Osteogenic differentiation of feeder-dependent hiPSCs
To induce osteogenic differentiation, feeder-dependent cells were cultured as feeder-
free cells on Matrigel in E8 for one passage prior to differentiation. They were then
differentiated as described in section 2.2.2.3.
During optimisation, feeder-dependent hiPSCs were also differentiated on pMEFs in

the same medium as described in section 2.2.2.3.
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2.2.2.7 Maintaining HT1080 cells

HT1080 fibrosarcoma cells (Rasheed et al., 1974) were cultured in DMEM/F12
supplemented with 10 % FBS, 50 pg/mL Streptomycin, 50 U/mL Penicillin and 1 x
non-essential amino acids (from a 100X stock). Cells were cultured at 37°C with 5 %
COo.

HT1080 cells overexpressing wild type and D469del COMP with a C-terminal GFP
tag were previously described (Suleman et al., 2012). HT1080 cells overexpressing
wild type, p.C312Y, p.D385N, p.G440R, p. D473H and p.D511Y COMP were
generated by Dr Beth Gibson, Newcastle University.

2.2.2.8 Passaging cell lines

When cells reached 70-80 % confluency, the old medium was removed and cells
were washed with 10 mL of PBS. After removal of PBS, 1.5 mL of Trypsin/EDTA was
added and incubated at 37°C for 5 min. Cell detachment was confirmed visually.
After addition of 8.5 mL fresh medium, cells were gently resuspended prior to transfer
into a 15 mL falcon tube. The cell suspension was centrifuged at 500 x g for 5 min
and the supernatant discarded. The cell pellet was resuspended in 10 mL of fresh
medium and 1-2 mL of the cell suspension was transferred into a new T75 flask,
containing 12 mL of fresh medium. For cells overexpressing COMP constructs, 500

pMg/mL Geneticin was added to the culture medium.

2.2.2.9 Seeding cells for experiments

Cells were passaged according to section 2.2.2.8. After resuspension of the pellet, 9
ML of cell suspension was transferred to a haemocytometer and cells counted. Cells
were then seeded with the appropriate density, for HT1080 cells typically 200 000
cells/well for a 6-well plate in media containing 500 ug/mL Geneticin (where
appropriate), 2 mM L-Glutamine and 50 ug/mL ascorbate-2-phosphate.

For in-gel zymography, cells were cultured on 6-well plates until confluent, washed
with PBS and then cultured in serum-free media for another 72 hrs.

For immunocytochemistry experiments, cells were seeded onto 8-well chamber

slides at the appropriate density (typically 15 000 cells/well for HT1080 cells).
2.2.2.10 Transfections

Cells were seeded into 6-well plates on the day before transfection. Confluency at
the time of transfection was approximately 70 %.

1 ug of plasmid DNA was mixed with 150 yL OptiMEM serum-free medium. In a
second tube, 4 uL Lipofectamine2000 was mixed with 150 yL OptiMEM serum-free

medium. Both tubes were incubated 5 min at room temperature before being mixed
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and incubated for another 30 min. During this incubation period, cells were washed

once with PBS and fresh medium added.

2.2.2.11 Collection of cells for RNA extraction

To extract RNA from cells, the media was removed and cells washed with 1 mL
sterile PBS. Cells were then detached from the culture plate by incubating with 250
uL of Trypsin/EDTA at 37°C for 5 min. Trypsin/EDTA was inactivated by adding 1 mL
of fresh media. Cells were resuspended and subsequently centrifuged at 1 000 x g
for 5 min. The supernatant was removed and cells washed with 1 mL of sterile PBS.
Cells were centrifuged again, the supernatant removed and the pellet snap frozen in

liquid nitrogen until RNA extraction.

2.2.2.12 MitoTracker Red CM-H:XROS labelling of mitochondria
MitoTracker labelling was carried out using chamber slides. Prior to labelling,
medium was removed and the cell layer washed with serum-free DMEM medium.
MitoTracker Red CM-H2XROS (in DMSO) was diluted in serum-free media to a final
concentration of 500 nM. DMSO was used as negative control. Cells were labelled
for 45 min, washed several times with serum-free media and fixed in 4 % (v/v)
methanol-free paraformaldehyde in PBS for 15 min. Cells were washed 3 x 5 min
with PBS before being incubated in DAPI containing fluorescence mounting medium
for 5 min. Slides were mounted, left to dry for 1 h at room temperature and imaged

on a confocal microscope (A1R Nikon).

2.2.2.13 TUNEL labelling of cell lines

For TUNEL labelling, cell lines were seeded onto 8-well chamber slides. After 24 h,
media was removed and cells were fixed with 4 % (v/v) methanol-free
paraformaldehyde in PBS for 10 min at room temperature. After fixation, cells were
washed multiple times with sterile PBS. Cells were then permeabilised with 0.25 %
(v/v) TritonX100 in PBS for 5 min, washed with PBS for 3 x 5 min and treated with
equilibration buffer for 10 min. Each well was then treated with a reaction mixture of
180 pL equilibration buffer, 20 uL nucleotide mix and 4 yL TdT enzyme. The reaction
was performed in a humidified chamber at 37 C for 1 h. After stopping the reaction by
incubating with 2 x SSC solution (in water) for 15 min, cells were washed with PBS 3
x 5 min and mounted using Fluoroshield mounting medium with DAPI. Microscopy
was carried out using a Zeiss Axiolmager3 fluorescence microscope.

2.2.2.14 BrdU-labelling of cell lines

To assess effects on cell proliferation, cell lines were seeded onto 8-well chamber
slides. After 24 h, media was removed and fresh media containing BrdU labelling
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reagent (diluted 1:1000) was added to the cells. Cells were incubated for 2 h at 37°C
with 5 % CO- before being fixed in 95 % (v/v) Ethanol, 5 % (v/v) acetic acid for 10
min at room temperature. Slides were washed with sterile PBS several times before
antigen retrieval was performed by treating with 4 M hydrochloric acid for 10 min,
followed by incubating in 0.1 M borate buffer pH 8.5 for 20 min. After washing cells 3
x 5 min with PBS, cells were incubated with primary antibody overnight at 4°C. Cells
were then washed 3 x 5 min with PBS, followed by incubation with respective
secondary antibodies for 2 h at room temperature. After washing 3 x 5 min with PBS,
slides were mounted with Fluoroshield mounting medium with DAPI. Microscopy was

performed using a Zeiss Axiolmager3 fluorescence microscope.

1 X PBS (not sterile): 5 tablets PBS/1 L water

2.2.2.15 Immunocytochemistry

For immunocytochemistry, cells were typically fixed in 95 % (v/v) Ethanol, 5 % (v/v)
acetic acid, washed with sterile PBS several times before immunocytochemistry was
performed (Table 2.7).

Step Duration
Permeabilise 0.25 % TritonX100 in PBS 10 min
PBS 3 x5 min
Block in 10 % (v/v) normal donkey serum or 1 % (w/v) 1h
BSA/PBS

Incubate with primary antibody (see Table 2.1) Overnight, 4°C
PBS 3 x5 min
Incubate with secondary antibody in the dark (see oh
Table 2.1)

PBS 3 x5 min
Mount with Fluoroshield mounting medium 5 min

Table 2.7 — General procedure for immunocytochemistry.

Slides were left to dry at room temperature (protected from light) before being

imaged using a Zeiss Axiolmager3 fluorescence microscope.
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2.2.2.16 Treatment with tunicamycin or thapsigargin

To induce the activation of the UPR in wild type and D469del COMP cells, 3 wells
per cell line were seeded as described in section 2.2.2.9. The following day, media
were removed and replaced with media containing either DMSO (diluted 1:2500), 2
pg/mL tunicamycin (stock: 5 mg/mL in DMSO) or 2 uM thapsigargin (stock: 5 mM in
DMSO). Cells were then left for 16 h, before being collected for analysis as described
in section 2.2.2.12 and 2.2.2.18.

2.2.2.17 Detection of superoxide anions using nitroblue tetrazolium
chloride (NBT)
To compare the amount of superoxide anions, a specific type of reactive oxygen
species (ROS), a modified NBT assay (Esfandiari et al., 2003; Sim Choi et al., 2006)
was used. Typically, phagocytes that produce large amounts of ROS are stained with
NBT and the staining is then analysed visually. In this study, the formazan crystals
formed by the reduction of NBT by superoxide anions were extracted and the
absorbance measured at 620 nm (based on reference (Sim Choi et al., 2006)). In
brief, cells were seeded at the appropriate density onto 12-well tissue culture plates
(typically 100 000 cells/well for HT1080 cells). 24 h after seeding, the medium was
replaced with fresh culture medium. Another 24 h after refreshing the medium, the
medium was removed and replaced with 0.5 mL PBS containing 0.1 % (w/v) NBT
(sterile-filtered). The cells were incubated for 40 min at 37°C with 5 % CO.. After
staining, the NBT solution was removed, cells were washed twice with ice-cold PBS
and subsequently washed with ice-cold 100 % methanol once. The wells were air-
dried before 120 pL of 2 M KOH solution was added per well. After adding 140 L
DMSO, the plates were incubated 10 min in the dark on a shaker. 100 uL of each
sample was transferred onto 96-well plate (each extracted well was measured in
duplicate) and absorbance was measured at 620 nm.
As a positive control, several wells of each cell line were also treated with 50 yM
menadione for 15 min at 37°C with 5 % CO. prior to NBT staining. Empty wells with
and without menadione treatment treated with NBT solution served as negative
controls.
Absorbance was then normalised to cell numbers. To count cells, 3 wells of each cell
line were washed with PBS once and detached from the plate by incubating with
Trypsin/EDTA solution for 5 min at 37°C. 0.8 mL of cell culture medium was added to

each well and cells were collected by centrifugation at 500 x g for 5 min. The pellets
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were resuspended in 1 mL cell culture medium each and counted using a
haemocytometer.

2.2.2.18 Protein extraction from cells

Samples were collected 72 hrs after confluency. If serum free conditioned media was
to be analysed, cells were seeded in serum containing media and cultured until
confluent. The medium was then removed, cells were washed with PBS and fresh,
serum free media added.

To analyse cell culture supernatants and cell lysates by western blotting, the cell
culture supernatant was removed and cleared by centrifugation at 500 x g for 5 min.
The cleared supernatant was then transferred into a fresh tube and stored at -80°C.
The cell layer was washed once with 1 mL PBS prior to adding 150 pL 2 x SDS
loading buffer containing protease inhibitors. Cells were scraped into Eppendorf
tubes (on ice) and passed through an insulin needle before centrifuging at 14 000
rpm for 15 min at 4°C. The cleared lysate was then transferred into a fresh tube and
stored at -80°C.

5 x SDS loading buffer: 625 mM Tris-base
50 % (v/v) Glycerol
10 % (w/v) SDS
0.025 (w/v) Bromophenol blue
pH 6.8

Prior to use, the buffer was diluted to working concentration (2 x) and protease

inhibitors (complete EDTA free Mini) were added.

2.2.3 Biochemical methods

2.2.3.1 BCA assay

To determine protein concentration, protein samples were measured by BCA assay.
Samples were diluted appropriately (typically 1:20). BSA solution with concentrations
from 0 to 2 000 pg/mL were used as a standard. 10 pL of each standard and all
samples were used per well. All standards and samples were measured in duplicate.
The two reagents were mixed in a 1:50 ratio and 200 uL of the working reagent
added to each well. After incubating for 30 min at 37°C, the absorbance was

measured at 562 nm. A standard curve was generated using the absorbance of the
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BSA standards and the slope used to calculate the protein concentrations of the

samples.

2.2.3.2 SDS-PAGE and western blotting

Typically, 18 uL of cell lysate/lane was mixed with DTT (final concentration: 100 mM)
and heated to 95°C for 10 min. After briefly centrifuging, samples were loaded onto a
4-12 % Bis-Tris NUPAGE gel in a gel tank filled with 1 x MES running buffer. 5 pL of
a molecular weight standard was loaded alongside the samples. The gel was run for
60 min at 180 V.

A transfer stack consisting of filter paper — membrane — gel — filter paper was
assembled. The transfer stack was placed between sponges soaked in transfer
buffer and transferred for 90 min at 30 V in transfer buffer.

After transfer, the stack was disassembled, ponceau stained for a maximum of 3 min
and background staining removed by rinsing the membrane in water. After imaging,
the membrane was blocked for 1 hin 3 % (w/v) BSA in TBS-T at room temperature.
Incubation with primary antibody (diluted according to table 1 in blocking solution)
was carried out overnight at 4°C. After washing 3 x 5 min in TBS-T, the membrane
was incubated with secondary antibody (diluted according to table 1 in 5 % (w/v)
milk/TBS-T solution) for 1 h at room temperature. After washing 3 x 15 min with TBS-
T and rinsing the membrane in TBS, the protein of interest was detected using
enhanced chemiluminescent reaction (ECL). Reagents A and B of the SuperSignal
West Pico Plus Chemiluminescent Substrate were mixed in a 1:1 ratio and the
membrane incubated in the solution for approximately 5 min. Detection was carried
out using an Azure c600 system with a cumulative exposure of 10 x 30 sec. If
necessary, the membrane was then re-incubated with another primary antibody
overnight and the procedure repeated. For GAPDH detection, incubation with primary

antibody was carried out at room temperature for 1 h.

20 X Transfer buffer: 1 M Tris-Base
0.77 M Glycine
0.72 % (w/v) SDS

Prior to use, the transfer buffer was diluted to 1 x and 20 % methanol added.

10 X TBS: 100 mM Tris
1.5 M NaCl
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The pH was adjusted to 7.4 with hydrochloric acid followed by adjusting the final

volume to 1 L.

TBS-T 50 mL 10 X TBS
450 mL water
0.5 mL Tween-20

2.2.3.3 Dot blot of conditioned media

2 uL of conditioned media from wild type and D469del COMP cells treated with
DMSO, tunicamycin or thapsigargin was loaded onto a nitrocellulose membrane. The
membrane was allowed to dry completely before ponceau staining was performed for
3 min. After removing background staining by rinsing with water, the membrane was
imaged and subsequently blocked in 3 % (w/v) BSA in 0.1 % (v/v) TBS-T at room
temperature. Incubation with rabbit-anti-GFP primary antibody (diluted according to
table 1 in blocking solution) was carried out overnight at 4°C. After washing 3 x 5 min
in 0.1 % (v/v) TBS-T, the membrane was incubated with goat-anti-rabbit secondary
antibody (diluted according to table 1 in 5 % (w/v) milk/TBS-T solution) for 1 h at
room temperature. After washing 3 x 15 min with TBS-T and rinsing the membrane in
TBS, GFP-tagged COMP was detected using ECL. Reagents A and B were mixed in
a 1:1 ratio and the membrane incubated in the solution for approximately 5 min.
2.2.3.4 In-gel zymography

To assess the activity of gelatinases, in-gel zymography of concentrated cell culture
supernatant was performed. 1 mL of serum-free cell culture supernatant was
concentrated to 25 pL using VivaSpin columns with a molecular weight cut-off of 10
kDa for 10 min at 12 000 x g. The concentrated sample was then mixed with an
appropriate amount of 5 x SDS loading buffer (without DTT) and incubated for 10 min
at room temperature. Each sample was then loaded onto a 0.3 % (w/v) gelatin-
containing 7.5 % SDS polyacrylamide gel as well as a standard 7.5 % SDS
polyacrylamide gel. The gels were run in parallel, on ice, at 140 V until the dye front
had reached the bottom of the gel. The gelatin gel was then incubated 3 x 15 min in
0.25 % (v/v) TritonX100 to allow MMPs to be renatured after SDS-PAGE.
Subsequently, the gelatin gel was incubated in reaction buffer (see appendix) for 20
h at 37°C and 60 rpm to allow MMPs to digest the gelatin. The reaction was stopped

by incubating the gelatin gel in Coomassie G250 solution for 60 min at room
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temperature. The gelatin gel was then incubated in de-staining solution until bands
were clearly visible and imaged on the Azure c600 system.

As a loading control, the SDS polyacrylamide gel was rinsed briefly in distilled water
before being stained with Coomassie G250 solution for 60 min at room temperature.
The gel was then incubated in de-staining solution until bands were clearly visible

and imaged on the Azure c600 system.

Separating gel solution:
2.3 mL 40 % (v/v) Acrylamide/Bis-Acrylamide solution
3 mL 1.5 M Tris-HCI pH 8.8
60 pL 20 % (w/v) SDS solution
2.4 mL 1.5 % (w/v) gelatin solution (replaced with water for loading
control)
Ad 12 mL

The 1.5 % (w/v) gelatin solution was made fresh and incubated for 30 min at 37°C

and 60 rpm prior to use.

60 L of 20 % (w/v) ammonium persulfate (APS) and 20 pL of TEMED were added

just before casting the gel.

Stacking gel solution: 0.75 mL 40 % (v/v) Acrylamide/Bis-Acrylamide solution
1.5 mL 0.5 M Tris-HCI pH 6.8
30 pL 20 % (w/v) SDS solution
Ad 6 mL

30 L of 20 % (w/v) APS and 10 pL of TEMED were added just before casting the
gel.

Coomassie staining solution: 40 % (v/v) Methanol
10 % (v/v) Glacial acetic acid
0.2 % (w/v) Coomassie Brilliant Blue G250

Coomassie de-staining solution: 40 % (v/v) Methanol

10 % (v/v) Glacial acetic acid
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Reaction buffer: 50 mM Tris-HCI pH 7.4
10 mM CaCl:
0.02 % (w/v) NaN3

2.2.4 In vivo methods

All experiments involving the use of animals were carried out according to Directive
2010/63/EU of the European Parliament under project licence PBA8B649A. Local
ethical approval was provided under The Animals (Scientific Procedures) Act 1986.
2.2.4.1 HotShot extraction of DNA for genotyping

Ear punches were incubated in 75 pL of lysis buffer for 30 min at 95°C, followed by
10 min at 4°C. Following the addition of 75 pL of neutralising buffer, each sample

was vortexed and centrifuged for 2 min. 1.5 pL of the supernatant was used for PCR.

Lysis buffer: 25 mM NaOH
0.2 mM EDTA pH 8.0

Neutralising buffer: 40 mM Tris pH 5.0

2.2.4.2 Dissection, fixation and decalcification of tissue for histology

For histology, hind limbs were dissected by dislocation of the hip and fixed in 10 %
(v/v) neutral buffered formalin solution for 24 h at room temperature. The following
day the samples were rinsed in water and decalcified in Formical overnight at room
temperature. Decalcified samples were then processed prior to wax embedding as
described in section 2.2.5.1.

2.2.4.3 Dissection of femoral head cartilage for RNA isolation

For RNA isolation, hind limbs were dissected by dislocation of the hip. Following that,
the cartilage was separated from the subchondral bone of the femoral head and
immediately frozen in liquid nitrogen. The cartilage was then stored at -80°C until
RNA extraction.

2.2.4.4 Isolation of primary chondrocytes from femoral head cartilage

For experiments using primary chondrocytes, cartilage was dissected as described
above (Section 2.2.4.3). The cartilage was immersed in warm PBS until all cartilage

was dissected (typically 3 animals/genotype). The tissues were then transferred into
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1.5 mL collagenase and digested for 3-4 h at 37°C. During this period, samples were
vortexed every 30 min. After digestion, 3.5 mL fresh DMEM4 medium was added and
the suspension mixed by pipetting. The suspension was then passed through a 70
MM cell strainer, followed by 10 mL of fresh medium. The cell suspension was
centrifuged at 350 x g for 5 min and the pellet resuspended in 10 mL of PBS. After
centrifuging again, cell pellets were resuspended in 1 mL of trizol before samples

were snap frozen in liquid nitrogen.

DMEM4 medium: 40 mL DMEM
8 mL FBS
0.5 mL Penicillin/Streptomycin
100 pL ascorbate 25 mg/mL

2.2.5 Histological methods

2.2.5.1 Tissue processing

Decalcified samples were wax-embedded using a Thermo Scientific Spin Tissue
Processor according to the protocol shown below (Table 2.8). Samples were then

embedded in Fisher wax and sectioned.

Solution Duration
70 % (v/v) Ethanol 6 h

90 % (v/v) Ethanol 45 min
95 % (v/v) Ethanol 45 min
100 % (v/v) Ethanol 45 min
100 % (v/v) Ethanol 45 min
100 % (v/v) Ethanol 45 min
Xylene 30 min
Xylene 30 min
Xylene 30 min
Paraffin wax 1h
Paraffin wax 1h

Table 2.8 - Tissue processing protocol.
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2.2.5.2 Sectioning

Samples were cut into 6 uM sections using a microtome (Microm Cool-Cut HM355)
and heated water bath. Sections were wet mounted onto Superfrost Plus microscope
slides and dried overnight.

2.2.5.3 Toluidine Blue staining

Slides of formalin-fixed tissues were dewaxed, rehydrated and stained with Toluidine
Blue and Nuclear Fast Red (Table 2.9).

For Toluidine blue staining of sections from hiPSC pellets (kindly provided by Prof
John Bateman, Murdoch Children’s Research Institute, Melbourne, Australia),

nuclear fast red was replaced with fast green staining solution.

Toluidine blue staining solution: 0.04 g Toluidine Blue O
100 mL 0.1 M Sodium acetate buffer pH 4.0

The pH was adjusted to 3.75 with acetic acid and the final volume adjusted to 100

mL.
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Solution Duration
Xylene 2 x5 min
100 % (v/v) Ethanol 3 min

90 % (v/v) Ethanol 3 min

70 % (v/v) Ethanol 3 min

50 % (v/v) Ethanol 3 min
dH20 2 x5 min
Toluidine blue (0.04 % Toluidine blue in _

0.1 M sodium acetate, pH 3.75) 10 min
dH20 2 x5 min
Nuclear fast red (Sigma) 5 min
dH20 2 x5 min
100 % (v/v) Ethanol 5 min
Xylene 2 x5 min
DPX Dried overnight

Table 2.9 - Toluidine Blue staining protocol.

2.2.5.4 Collagen X staining of iPSC pellets after chondrogenic differentiation

Sections were kindly provided by Prof John Bateman, Murdoch Children’s Research

Institute, Melbourne, Australia. Sections were baked for 60 min at 60°C prior to

immunostaining (Table 2.10). In brief, after dewaxing, heat-induced epitope retrieval

(HIER) was combined with enzymatic antigen retrieval by hyaluronidase digestion to

facilitate the recognition of the antigen by the antibody. The sections were then

blocked and subsequently incubated with a primary antibody specific to collagen X.

After washing, the sections were incubated with secondary antibody directed against

the species the primary antibody was raised in. After washing, nuclei were

counterstained with DAPI before mounting.
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Process Step Duration [min], Temperature
Dewaxing Xylene 2 x5 min, RT
Dewaxing 100 % (v/v) Ethanol 1 x5 min, 1 x2 min, RT
Dewaxing 90 % (v/v) Ethanol 2 min, RT
Dewaxing 70 % (v/v) Ethanol 2 min, RT
Dewaxing Tap water 5 min, RT
PBS 5 min, RT
0.01 M citrate buffer, pH 6.0, | 30 min, 60°C
Antigen retrieval
0.05 % (v/v) Tween 30 min, RT
Antigen retrieval Wash with PBS 3 X 2 min
0.2 % (w/v) hyaluronidase in
Antigen retrieval 30 min, 37°C
PBS
Antigen retrieval Wash with PBS 3 X 2 min
2 % normal goat serum in 1
Block % (w/v) BSAinPBSOR3% |1h, RT
(w/v) BSA
Primary antibody 1:500 in blocking solution o/N, 4°C
Wash PBS 3 X 2 min
Rabbit IgG Alexa Fluor488 in
Secondary antibody _ _ 1h, RT
blocking solution
Wash PBS 2 X 2 min
Nuclei staining DAPI 0.5 pg/mL 5 min, RT
Wash PBS 3 X 2 min
Mount Immuno-Mount

Table 2.10 - Immunostaining for type X collagen of hiPSC pellets.

2.2.5.5 Alizarin Red staining of iPSCs after osteogenic differentiation

Medium was removed and cells washed with 1 mL PBS. PBS was removed and the

cell layer was fixed with 1 mL ConFix green for 1 h at room temperature. After

removal of ConFix green, the wells were covered with PBS and stored in the cold

room until staining.

For staining, the PBS was removed and wells washed with 2 mL of water, prior to

staining with 2 mL alizarin red solution for 20 min at room temperature. The staining
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solution was taken off and the wells washed three times with water. 2 mL of water

was added to the wells and imaged using an inverted microscope.

Alizarin Red staining solution: 2 g Alizarin Red S

100 mL water

The pH was adjusted to 4.1-4.3 using 0.1 % ammonium hydroxide prior to filtering

the solution.

2.2.6 Bioinformatical analysis

2.2.6.1 RNA sequencing analysis

The analysis of RNA sequencing data was performed using the Galaxy platform
(Afgan et al., 2018). Adaptor sequences were removed using Cutadapt (Martin,
2011). Quality control was performed using the FastQC (Andrews, 2019) and
MultiQC (Ewels et al., 2016) tools. HISAT2 was then used to align reads to the
transcriptome (Kim et al., 2019), before the featureCounts tool (Liao et al., 2014) was
used to generate counts from reads. Limma-voom (Law et al., 2014; Ritchie et al.,
2015) was then used to compare expression between groups and generate a list with
differentially expressed genes. Volcano plots were generated in R studio using the
package ‘EnhancedVolcano’ (Blighe et al., 2022). KEGG pathway analysis was
performed using the Enrichr tool (Kuleshov et al., 2016).

2.2.6.2 DNA methylation analysis

The analysis of lllumina Infinium EPICMethylation array data was performed in R
studio (RStudio Team, 2016) using a Bioconductor workflow (Maksimovic et al.,
2016). In brief, after removing poor quality probes, 865859 probes were used for
normalisation using the preprocessQuantile function (Touleimat and Tost, 2012) in
minfi (Aryee et al., 2014). PreprocessQuantile was chosen for normalisation, as it
assumes no global differences between samples (for example, they are derived from
the same tissue). Probes were then filtered to remove poor performing probes,
probes affected by common SNPs, probes binding to the sex chromosomes and
known cross-reactive probes, before probe-wise differential methylation analysis was
carried out on the remaining 690594 probes. These results were then further
examined to reveal differentially methylated regions using DMRcate (Peters et al.,

2015). Gene set analysis was performed on DMPs using the gometh function in
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missMethyl (Phipson et al., 2016). Visualisation of differentially methylated probes

and regions was performed using Gviz (Hahne and lvanek, 2016).

2.2.6.3 Statistical testing

Western blot intensities were quantified in ImageJ/Fiji (Schindelin et al., 2012) using
GAPDH as loading control. Gene expression was evaluated by gRT-PCR using 18S
as housekeeping gene. Fold changes were calculated from Ct values and statistical
testing was performed on logz fold changes (Livak and Schmittgen, 2001).
Differences were deemed statistically significant if their P-value was smaller than
0.05. Statistical testing was generally performed using R studio. Where appropriate,
paired/unpaired student’s t-tests were used. Where multiple groups were compared,

ANOVA was performed followed by Tukey’s post-hoc test.
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Chapter 3. Use of human induced pluripotent stem cell derived

cartilage pellets as an in vitro model of MCDS

81



3.1 Introduction

The development of induced pluripotent stem (iPS) cells (Takahashi et al., 2007;
Takahashi and Yamanaka, 2006) provides potentially exciting new opportunities to
study cartilage-related disorders in vitro, although the robust differentiation of those
cells into chondrocyte-like cells remains challenging and time-consuming.

Human iPS cell (hiPSC) lines previously generated by John Bateman’s laboratory,
Murdoch Children’s Research Institute, Melbourne, Australia, were used to generate
cartilage-like pellets from control and MCDS-patient hiPSCs using their previously
establish protocols. This particular differentiation protocol included an additional step

to induce hypertrophic differentiation in vitro.

Additionally, some control and MCDS-patient derived pellets were treated with CBZ
prior to collection. CBZ has been demonstrated to induce degradation of mutant type
X collagen in other models of MCDS (Forouhan et al., 2018b; Mullan et al., 2017). A
clinical trial to explore treatment with CBZ as a therapy for MCDS is currently
ongoing. These data were used to determine whether MCDS-patient hiPSC derived
cartilage-like pellets display a robust activation of the UPR after induction of
hypertrophy and thus could be a suitable model system to study ER stress

associated changes in DNA methylation in vitro.

3.1.1 Chapter aims

e To confirm the successful differentiation of hiPSCs into chondrocyte-like cells.

e To confirm the expression of type X collagen mRNA after induction of

hypertrophy and evaluate protein levels with and without CBZ treatment.

e To assess UPR activation in cartilage-like pellets and determine whether CBZ

reduces the activation of the UPR in cartilage-like pellets derived from hiPSCs.

e To determine whether hiPSC derived cartilage-like pellets could be a suitable

model system to study DNA methylation.

3.2MCDS-patient derived and control hiPSCs form cartilage-like pellets
MCDS-patient derived and control hiPSCs underwent chondrogenic differentiation

prior to the induction of hypertrophy (Figure 3.1). Multiple pellets per cell line were
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established for differentiation. Cartilage-like pellets were then treated with CBZ for 48
hrs before collection. To perform histology, as well as gene expression analysis,

pellets were cut in half during collection.

Firstly, histological analysis was performed to confirm that both control and MCDS-
patient derived pellets successfully differentiated into cartilage-like nodules using the
previously established protocol. Toluidine blue staining was used to confirm the
presence of proteoglycans, one of the key elements of the cartilage extracellular
matrix, as a first indicator of successful differentiation. Since hypertrophy had to be
induced in the cartilage-like pellets of both control and MCDS-patient derived
hiPSCs, two MCDS-patient derived cartilage-like pellets without induction were also
analysed as a control. Both MCDS-patient and control derived hiPSCs differentiated
into chondrocyte-like cells and formed cartilage-like tissue, as indicated by purple
staining (Figure 3.2). This was independent of induction of hypertrophy, as pellets
without induction (Figure 3.2 A) showed a comparable Toluidine staining to all other

samples.

Similarly, CBZ treatment for 48 hours before collection did not affect cartilage
formation (Figure 3.2 B, B’ and C, C’). Notably, the overall morphology (e.g. size) of
the pellets cannot be assessed based on this staining alone since the pellets had to
be cut in half to allow for simultaneous RNA extraction and histological processing.
However, in addition to the successful Toluidine blue staining morphological features
characteristic for chondrocytes were also observed. All pellets contained small,
rounded cells that sometimes appeared to be stained purple. They also contained
large, white cells that appeared to be almost rectangular, indicating that some cells
may differentiate towards hypertrophy in all pellets. Most pellets contained flattened
cells that were arranged in a column-like fashion characteristic of proliferative
chondrocytes (Figure 3.2, red arrows). Neither induction of hypertrophy nor treatment
with CBZ appeared to dramatically influence the cell morphology. A quantification of
columns or hypertrophic chondrocyte-like cells was not performed, as this was likely
to depend on both the way the pellets were cut in half prior to collection as well as
the plane of sectioning. In contrast to most tissues, pellets do not contain any marks
that could indicate a comparable plane of sectioning. Therefore, quantification of the

proliferative columns in each pellet was not deemed appropriate.
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Figure 3.1 — Schematic representation of the differentiation of control and MCDS-patient derived
hiPSCs into cartilage-like pellets. Chondrogenic differentiation was performed in pellet culture for
about 56 days prior to induction of hypertrophy for three weeks. CBZ was added 48 hrs before
collection. Analysis was performed by histology and gRT-PCR of extracted RNA.
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Figure 3.2 — Histological analysis of hiPSC derived cartilage-like pellets. Toluidine Blue staining of

(A) two MCDS-patient cartilage-like hiPSC pellets without induction of hypertrophy, (B) three control
cartilage-like hiPSC pellets after induction of hypertrophy, (B’) three MCDS-patient cartilage-like
hiPSC pellets after induction of hypertrophy, (C) three control cartilage-like hiPSC pellets after
induction of hypertrophy and treatment with CBZ, insert shows one of the column-like structures in
higher magpnification, (C’) three MCDS-patient cartilage-like hiPSC pellets after induction of
hypertrophy and treatment with CBZ. Red arrows indicate columnar structures. Numbers refer to

individual pellets, derived from the same control or MCDS-patient hiPS cell line. Scale bar: 500 uM.
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3.3 Cartilage-like pellets express type X collagen after induction of hypertrophy
Next, the expression of type X collagen without induction of hypertrophy was
assessed at the protein level by immunohistochemistry (IHC). Detection of type X
collagen protein was chosen over evaluation of gene expression at this stage as the
UPR is activated by the misfolded mutant protein. The presence of the COL710A1
mMRNA transcript could indicate the presence of the protein, however, protein levels
could still be small enough for the cells to cope with the resulting ER stress, as
observed previously during early stages of cartilage development (Kung et al., 2012).
As expected, without induction of hypertrophy no staining for type X collagen was
detected (Figure 3.3 B and C) in both pellets analysed. Although some unspecific
staining was observed in these samples, this appeared mainly around the nuclei
allowing the clear distinction between specific extracellular staining and unspecific

nuclear staining.

The expression of type X collagen was then evaluated after hypertrophy was
induced. As expected, type X collagen was detected within the extracellular matrix of
both control and MCDS-patient cartilage-like hiPSC pellets after induction of
hypertrophy (Figure 3.4). No obvious difference in either localisation or staining
intensity was observed between control and MCDS-patient cartilage-like hiPSC
pellets, although slight variations of staining intensity within the pellets and between
replicates occurred. Remarkably, even columnar structures characteristic of
proliferative chondrocytes that do not usually express type X collagen were stained
positively in this experiment. Although it was to some extent surprising to see no
obvious differences, it is noteworthy that protein retention in MCDS has
predominantly been studied in cell lines and mice models. The actual extent of
protein retention in patient cells in vivo is therefore somewhat unclear. In contrast to
many mouse models of human disease, which are usually bred to homozygosity, in
humans MCDS is an autosomal dominant disease and patients usually carry one
normal allele as well as the mutated allele. Therefore, the MCDS-patient derived
hiPSCs also carry one functional allele and one disease-causing allele. To visualise
differences, more powerful imaging techniques may therefore be required. The study
was therefore continued, although no obvious differences in type X collagen

localisation were detected at this point.
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Type X collagen expression was further assessed in the cartilage-like pellets of both
control and MCDS-patient derived hiPSCs that were treated with CBZ (Figure 3.4).
While in general, cartilage-like pellets from control hiPSCs treated with CBZ seemed
larger than MCDS-patient derived hiPSC pellets, again no quantitative
measurements were taken due to the fact that pellets were cut in half prior to
collection to allow for simultaneous RNA extraction. Type X collagen staining
intensity and localisation seemed to be unchanged between pellets from control and
MCDS-patient hiPSCs treated with CBZ (Figure 3.5). Columnar structures typical for
proliferative chondrocytes were observed in both control and MCDS-patient derived
hiPSC pellets treated with CBZ and were stained positively for type X collagen,
similar to what was observed without CBZ treatment previously (Figure 3.4). In
MCDS, CBZ has been shown to enhance degradation of intracellular mutant type X
collagen. A side by side comparison of images obtained from control hiPSC pellets
with and without CBZ treatment did not show any pronounced differences in staining
intensity (Figure 3.6 A and B). Similarly, MCDS-patient derived hiPSC pellets did not
display prominent differences in staining intensity. Whilst protein extraction and
further analysis by immunoblot may be necessary to quantify protein levels, these
results demonstrate the successful differentiation of both control and MCDS-patient
derived hiPSCs into cartilage-like pellets and the successful induction of hypertrophy

as demonstrated by the presence of type X collagen.
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Figure 3.3 — Immunohistochemical detection of type X collagen in cartilage-like pellets without
induction of hypertrophy. (A) Toluidine blue staining (Images from Figure 3.2) of two MCDS-patient
derived hiPSC cartilage-like pellets confirmed the successful differentiation into cartilage-like tissue,
included for reference. Scale bar: 500 pM. (B) Immunohistochemical staining of the same samples
for type X collagen (green). Scale bar: 100 pM. (C) Higher magnification of (B). Scale bar: 100 uM.
Nuclei were stained with DAPI (blue).
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three control cartilage-like hiPSC pellets and (A’) MCDS-patient cartilage-like hiPSC pellets were

stained with Toluidine blue (Images from Figure 3.2) for proteoglycans to confirm differentiation.

Scale bar: 500 pM. (B) Immunofluorescence staining for type X collagen (green) in cartilage-like

89



pellets derived from control hiPSC. (C) Higher magnification of (B). (B’) Immunofluorescence
staining for type X collagen (green) in cartilage-like pellets derived from MCDS-patient hiPSC. (C’)
Higher magnification of (B’). Scale bar: 100 uM. Red boxes indicate columns of proliferative
chondrocytes. Nuclei were stained with DAPI (blue). Numbers refer to individual pellets, derived

from the same control or MCDS-patient hiPS cell line.
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Figure 3.5 — Histological analysis of control and MCDS-patient cartilage-like hiPSC pellets after
treatment with CBZ. (A) three control cartilage-like hiPSC pellets and (A’) MCDS-patient cartilage-
like hiPSC pellets treated with CBZ were stained with Toluidine blue (Images from Figure 3.2) for

proteoglycans to confirm differentiation. Scale bar: 500 yM. (B) Immunofluorescence staining for
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type X collagen (green) in cartilage-like pellets derived from control hiPSC treated with CBZ. (B’)
Immunofluorescence staining for type X collagen (green) in cartilage-like pellets derived from
MCDS-patient hiPSCs treated with CBZ. Red boxes indicate columns of proliferative chondrocytes.
Nuclei were stained with DAPI (blue). Scale bar = 100 yM. Numbers refer to individual pellets,

derived from the same control or MCDS-patient hiPS cell line.

100 um g 190 pm :
Figure 3.6 — Side by side comparison of immunohistochemical staining of type X collagen (green) in
(A) control cartilage-like hiPSC pellets without CBZ; (B) control cartilage-like hiPSC pellets with CBZ
treatment; (C) MCDS-patient cartilage-like hiPSC pellets without CBZ; (D) MCDS-patient cartilage-
like hiPSC pellets with CBZ treatment. Images from Figure 3.3 and Figure 3.4 were rearranged for
side by side comparison. Nuclei were stained with DAPI (blue). Scale bar: 100 pM.
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3.4 Evaluation of UPR activation in hiPSC derived cartilage-like pellets

The UPR recognises ER stress via three main sensors: IRE1, PERK and ATF6. All
sensors interact with the chaperone BiP (encoded by its gene HSPAS) unless the
load of unfolded protein within the ER lumen exceeds a certain threshold, leading to
the dissociation of BiP from the sensors and the activation of the sensors. The
activation of IRE1 can be specifically measured by quantification of XBP1 splicing.
XBP1 is unconventionally spliced by activated IRE1 and subsequently increases
expression of ER chaperones and ERAD components to protect the cell from ER
stress induced apoptosis. The activation of the PERK branch can be evaluated by
measuring protein levels of ATF4 and its downstream target DDIT3 (CHOP),
however, DDIT3 is - to a lesser extent - also regulated by XBP1 and ATF6. CHOP
regulates various genes involved in apoptosis and a reduction of CHOP levels can

protect cells from ER stress induced apoptosis.

In MCDS, elevated expression levels of HSPAS and DDIT3 have been found as well
as an increase in XBP1 splicing. Elevated protein levels of ATF4 and BiP have also
been reported alongside increased activation of ATF6. Upon activation of PERK,
translation generally decreases, whilst some specific transcripts escape this inhibition
of translation. For this reason, ATF4 transcript levels are not usually used to
determine the activation of the PERK branch of the UPR. Due to the limited sample
size of this experiment, only RNA, but not protein was extracted from the hiPSC
derived cartilage-like pellets. The expression of HSPAS, DDIT3 and COL10A1 was
then examined by qRT-PCR (Figure 3.7) to examine the activation of the UPR in
MCDS-patient derived hiPSC cartilage-like pellets with and without treatment with
CBZ. For COL10A1 (Figure 3.7 A), no pronounced differences were observed.
Unfortunately, the qRT-PCR revealed huge variations between expression levels of
individual replicates. This was especially the case for the MCDS-patient hiPSC
derived cartilage-like pellets. Even if there was a difference in COL710A1 expression
between the groups, it would likely be unrecognisable due to the huge variation.
Similarly, the variation within the groups for HSPAS (Figure 3.7 B) would likely be
masking any effect of CBZ. For DDIT3 (Figure 3.7 C) the variation between replicates
appeared very high as well, not allowing any conclusions to be made at this point.
Previous studies have found DDIT3 expression to be decreased after CBZ treatment
(Mullan et al., 2017). As another indication of ER stress, XBP1 splicing was analysed
using PCR and densitometry (Figure 3.8). Similar to the results of gqRT-PCR, a high
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variation in XBP1 splicing between samples within the same group was observed
(Figure 3.8). Due to the high

variation between replicates no conclusions could be drawn at this point.

Taken together, COL10A1 expression has been confirmed by qRT-PCR.

However, the activation of the UPR in MCDS-patient hiPSC derived cartilage-like
pellets could not be demonstrated sufficiently by examination of HSPAS and DDIT3
expression and assessment of XBP1 splicing. The observed variation between
replicates of same group did not allow any conclusions to be made. Furthermore, the
effect of CBZ treatment on hiPSC derived cartilage-like pellets could not be

examined adequately due to the large variation within groups.
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Figure 3.7 - Gene expression analysis of cartilage-like pellets derived from control or MCDS-

patient hiPSCs with or without CBZ treatment by gRT-PCR. Changes in (A) COL10A1 expression,
(B) HSPAS or (C) DDIT3 expression were compared between untreated pellets and pellets treated
with CBZ. ACTNB was used as housekeeping gene. Colours represent technical replicates (n = 3,

except for MCDS n = 2), mean and standard deviation are shown in black.
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Figure 3.8 - XBP1 splicing analysis in hiPSC derived cartilage-like pellets with or without CBZ
treatment. (A) XBP1 is processed by IRE1 when it is activated during ER stress, which can be
detected as a shift in migration during agarose gel electrophoresis after PCR. (B) PCR was used to
amplify both the unspliced and spliced transcript (XBP1u and XBP1s respectively). Products were
visualised by agarose gelelectrophoresis (brightness was adjusted for better visualisation) and (C)
the ratio between spliced and total XBP1 determined using densitometry. Colours represent

technical replicates (n = 3, except for MCDS n = 2), mean and standard deviation are shown in
black.
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3.5 hiPSC derived cartilage-like pellets as an in vitro model system to study
DNA methylation in MCDS
As described previously, MCDS has so far mostly been studied by plasmid
overexpression in cell lines (Mullan et al., 2017; Wilson et al., 2005) and in mouse
models (Forouhan et al., 2018b; Ho et al., 2007; Rajpar et al., 2009). Whilst mouse
models have contributed greatly to further the understanding of the disease
mechanism, they can never replicate all aspects of a disease. For instance, MCDS is
an autosomal dominant disease, however mice are usually bred to homozygosity
before analysis. Furthermore, some mutations in COL710A1 have been linked to
nonsense-mediated MRNA decay (Bateman et al., 2003) which is not replicated in a
mouse model (Forouhan et al., 2018b). Similarly, transient plasmid overexpression in
cell lines has been successfully used to study the disease mechanism of MCDS and
identify CBZ as potential drug treatment. As most cell lines are derived from cancer
cells, they carry anomalies in their genome and display genome instability. Apart
from that, ER stress has previously been shown to be involved in carcinogenesis and
has emerged as a potential drug target in various cancers. Careful selection of cell
lines used for the study of ER stress is therefore crucial. The use of hiPSCs could not
only overcome the difficulties associated with the in vitro study of chondrocytes, but

could also offer an alternative to the routine use of cancer cell lines.

It was therefore determined whether hiPSC derived cartilage-like pellets could
present an alternative in vitro model system to study DNA methylation in MCDS.
Unfortunately, the variation between cartilage-like pellets of the same differentiation
was found to be very high at this stage of the study. The variation in gene expression
was so high that activation of the UPR as described in previous publications could
not be convincingly demonstrated. Subsequently, no effect of CBZ treatment on
MCDS-patient hiPSC derived cartilage-like pellets could be established. It is
therefore likely that DNA methylation analysis would not produce meaningful results

due to large variation between technical replicates.
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3.6 Discussion

In this chapter, the suitability of hiPSC derived cartilage-like pellets as an in vitro
model system of MCDS was examined. It was also evaluated whether they could be
used to study DNA methylation changes in ER stress associated diseases, such as
MCDS.

As type X collagen is exclusively expressed by hypertrophic chondrocytes, in vitro
studies of mutations in COL70A1 have been extremely challenging. Previous studies
investigating protein retention have therefore employed plasmid overexpression in
cell lines for in vitro approaches (Mullan et al., 2017; Wilson et al., 2005). This
chapter describes the successful differentiation of both control and MCDS-patient
derived hiPSCs into cartilage-like pellets. Surprisingly, even the characteristic
columnar structures of proliferative chondrocytes were observed within the pellets
demonstrating that chondrocytes derived from hiPS cell lines undergo maturation in
cartilage-like pellets at least to some extent, even without chemical induction of
hypertrophic differentiation. The formation of cartilage-like pellets and columns of
proliferative chondrocytes observed in this study were unaffected by induction of
hypertrophy and treatment with CBZ. As chondrocytes undergo hypertrophy, they
change their gene expression profile as well as their morphology. The cell volume
increases, leading to the appearance of large, white cells within the Toluidine blue
stained extracellular matrix. Remarkably, cells that matched the morphology of
hypertrophic chondrocytes were observed in most pellets, even without induction of
hypertrophy. In contrast to this, detection of type X collagen by immunofluorescence

staining was only possible after induction of hypertrophy.

As many iPSC studies have aimed for a more articular cartilage-like phenotype for
the study of osteoarthritis (Diekman et al., 2015, 2012; M.-J. Kim et al., 2011; Willard
et al., 2014), the extent to which hiPSC derived cartilage-like pellets display growth
plate characteristics is only poorly characterised. A recent study however observed
some signs of chondrocyte maturation, such as small amount of type X collagen, in
cartilage-like pellets and the authors speculated that those pellets may eventually
undergo endochondral ossification (Dicks et al., 2020). This is in accordance with the
observation that some cells appear hypertrophic, even without induction of
hypertrophy. Apart from cell morphology, hypertrophic chondrocytes are
characterised by expression of type X collagen. Immunohistochemical staining of

type X collagen protein established that despite the morphological appearance of
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some cells within the pellets, type X collagen protein was only present after induction
of hypertrophy. Finding that type X collagen is not expressed without induction of
hypertrophy contradicts some previous studies that have observed expression of
COL10A1/Col10a1 (Dicks et al., 2020; Diekman et al., 2015, 2012); however, others
have reported a stable articular cartilage-like phenotype of hiPSCs with low
expression of COL710A1 (Diederichs et al., 2019). There are multiple explanations for
those differences. Firstly, some of these studies have been performed using murine
iPSCs which may differ in their maturation properties. Furthermore, those studies
employed cell sorting to enrich for cells expressing either type Il collagen or CD146",
CD166*, and PDGFR} prior to setup of pellet cultures. As these cells are considered
to already be chondroprogenitor-like cells, they may not necessarily require further
induction of hypertrophy to express type X collagen in contrast to the unsorted
hiPSCs used to perform the chondrogenic differentiation and subsequent

hypertrophic differentiation in this study.

Remarkably, columns of proliferative chondrocytes were still observed after induction
of hypertrophy and displayed an extracellular matrix containing type X collagen
protein. This was an unexpected finding and draws into question whether the
induction of hypertrophy was performed at an optimal timepoint during differentiation.
In a recent study of hiPSCs with mutations in COL70A1 and isogenic controls
(Pretemer et al., 2021), staining for type X collagen appeared to also extend to some
parts of columnar structures, however, cells arranged in columns appeared larger
and less flattened. Within the growth plate, type X collagen expression is restricted to
hypertrophic chondrocytes and not normally found around the columns of
proliferative chondrocytes. It would be interesting to examine the distribution of other
collagens within the cartilage extracellular matrix, such as type II, IX and XI collagen
which are found in the proliferative zone of the growth plate. A previous study found
that within the extracellular matrix of cartilage-like pellets differentiated from CD146",
CD166"%, and PDGFRp™ triple-positive subset of hiPSCs, type X collagen presence
was closely associated with the pericellular localisation of type VI collagen (Dicks et
al., 2020). The authors suggested this may indicate maturation of their cartilage-like
pellets and speculated that they could undergo further hypertrophic differentiation in
vitro. Thus, it would be interesting to investigate the localisation of type VI collagen
after induction of hypertrophy in control and MCDS-patient hiPSC derived cartilage-

like pellets.
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Within the murine growth plate, differentiation of chondrocytes is controlled by
several factors including the PTHrP/IHH axis (Guo et al., 2006; Nishimori et al., 2019)
and the expression of RUNX2 (which controls both COL10A1 (Zheng et al., 2003)
and VEGF (Zelzer et al., 2001) expression by hypertrophic chondrocytes). To gain a
more detailed understanding of the in vitro differentiation of hiPSCs into chondrocyte-
like cells, the distribution of these factors within the pellets could be examined.
Findings of a previous study suggest, however, that increased RUNXZ2 expression
alone is not necessarily associated with hypertrophic differentiation (Adkar et al.,
2019) in iPSC derived cartilage-like pellets and RUNX2 must therefore be analysed
alongside another marker of hypertrophy, such as COL10A1 or MMP13.

No pronounced differences were found in location or staining intensity of type X
collagen between control and MCDS-patient cartilage-like pellets. Whilst somewhat
surprising, this could be explained by the fact that the MCDS-patient derived hiPSCs
are heterozygous carriers of the disease-causing mutation and could therefore still
express one functional copy of the gene. Allele-specific expression could be
evaluated using gRT-PCR to assess the contribution of normal and mutated allele to
total amount of COL710A1 transcript. In addition, retained protein may require more
refined imaging methods, such as co-stainings with ER markers to identify retained
protein by microscopy. This could be complemented by a pulse-chase style
experiment to analyse protein secretion in more detail. However, a detailed
investigation of type X collagen secretion will require the extraction of protein from

the cartilage-like pellets in future experiments.

QRT-PCR analysis performed to investigate the activation of the UPR in cartilage-like
pellets derived from control or MCDS-patient hiPSCs revealed a high extent of
variation between replicates. This was not only seen for the activation of the UPR,
but also for COL10A1 expression itself. However, immunohistochemistry had failed
to detect larger variations in type X collagen protein level between replicates. This
could indicate that after induction of hypertrophy and upregulation of COL70A1,
some cartilage-like pellets may start to downregulate COL70A1. In the mouse model
of MCDS, it has been reported previously that chondrocyte differentiation is disrupted
and instead of expressing COL710A1, some hypertrophic chondrocytes revert

differentiation and start to re-express COL2A1, the main fibrillar collagen of cartilage

100



(Rajpar et al., 2009). It could also be that control cells express large quantities of type
X collagen protein after induction of hypertrophy, inducing slight ER stress and
causing a subsequent decrease in protein production. As these events may occur
during later stages of hypertrophic induction, a considerable amount of type X
collagen may be already deposited in the extracellular matrix. Another possibility
would be that the induction of hypertrophy leads to variable expression of type X
collagen within every cartilage-like pellet, depending on the exact properties and
conditions for this exact cartilage-like pellet. As the induction of hypertrophy was
performed for three weeks prior to immunohistochemical examination of type X
collagen deposition, comparable levels of type X collagen may have accumulated
within the extracellular matrix of all cartilage-like pellets regardless of variable

expression.

The observed variation and the discrepancies to previous studies could have several
causes. Firstly, as the control and MCDS-patient hiPSCs are not isogenic cell lines,
biological differences in their ability to differentiate into chondrocyte-like cells and
undergo hypertrophy may be inherently different. In this work, formation of cartilage-
like nodules was therefore assessed histologically prior to any gene expression
analysis. Whilst there were no prominent morphological differences observed, this
would not discover more subtle aspects of chondrocyte characteristics, e.g.
differences in the level of COL2A1 expression which could potentially affect

differentiation.

Furthermore, the differentiation of hiPSCs into hypertrophic cartilage-like pellets
involves a multi-step protocol and about 80 days of culture (in total). It is possible that
during these long culture periods, some pellets develop faster/slower than others and
therefore, following steps (e.g. the induction of hypertrophy) exhibit varying degrees
of efficiency. For instance, it is currently not known whether an induction of
hypertrophy at earlier timepoints induces extracellular type X collagen deposition to
the same extent. It is also not known whether the presence of columns indicative of
proliferative chondrocytes is required for successful induction of hypertrophy. Finally,
whether the timescale of differentiation is comparable between control and MCDS-
patient derived hiPSCs is unknown. The induction of hypertrophy therefore may have
to be further optimised in terms of timing, duration and concentration of the

hypertrophy-inducing agent. Notably, previous research that was not focused
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primarily on type X collagen reported variations in COL10A1 expression in cartilage-
like pellets depending on the passage number prior to pellet formation (Diekman et
al., 2015, 2012). However, these pellets were derived from mouse iPS cells and
sorted for apparent chondroprogenitor cells prior to passaging and pellet formation.
This finding may therefore not apply to the hiPSCs used in this study, as they were
not sorted for type Il collagen expression prior to chondrogenic differentiation in pellet
culture. Adopting a similar approach as Dicks et al., 2020 (Dicks et al., 2020) who
sorted hiPSCs for a specific set of cell surface markers may allow for a more uniform

chondrogenic differentiation and subsequent induction of hypertrophy.

Interestingly, it has been demonstrated by previous research that the ER stress
response of chondrocytes is dependent on their differentiation state (Pirdg et al.,
2019). Inducing hypertrophy to varying degrees in the hiPSC derived cartilage-like
pellets may therefore cause an activation of a subset of the UPR in some pellets.
Another reason for the high variation observed in the qRT-PCR results could be
physiologically occurring ER stress during differentiation. It is well accepted that the
UPR is activated under physiological conditions to preserve the ER homeostasis,
especially in professionally secreting cells such as chondrocytes. Therefore, the UPR
may be activated in the cartilage-like pellets during in vitro differentiation, potentially
to varying degrees, leading to high variation between pellets. Additionally, a
potentially limited activation of the UPR by type X collagen in MCDS-patient hiPSC
derived cartilage-like pellets may be masked. The in vitro situation may also lead to
transient shortages of factors within the culture media, e.g. ascorbate. Ascorbate is a
vitamin C derivative, necessary for proper post-translational modification of many
collagens. In the absence of ascorbate, collagens cannot be hydroxylated properly
which leads to impaired secretion and subsequent ER stress. While ascorbate was
added to the culture media regularly, the cells still may experience temporary

suboptimal ascorbate concentrations due to a limited biological half-life.

Lastly, as MCDS is an autosomal dominant disease the hiPSC line is also a
heterozygous carrier of this mutation. This presents a much more disease-relevant
setting compared to a plasmid overexpression, however, it may also introduce
difficulties in dissecting more delicate differences between control and disease
model. Future work should firstly focus on the optimisation of the differentiation

protocol, including the induction of hypertrophy. Evaluation of the allele-specific
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expression could indicate to what extent the mutant allele is actually expressed in
MCDS-patient hiPSC derived cartilage-like pellets. It would also be interesting to
perform co-stainings of type X collagen and markers for the ER and Golgi
compartment. Retention of secreted proteins due to mutations mostly retains proteins
within the ER, whereas correctly folded proteins are secreted into the extracellular
space, usually via the Golgi compartment. Furthermore, co-stainings of type X
collagen and UPR markers, such as CHOP, could be used to identify if high levels of
CHOP (DDIT3) correlate with higher levels of intracellular type X collagen in
cartilage-like pellets derived from MCDS-patient hiPSCs. A pulse-chase style
experiment could examine alterations in protein secretion in cartilage-like pellets
derived from control and MCDS patient hiPSCs. The activation of all three branches
of the UPR, as previously reported for other MCDS models (Ho et al., 2007; Mullan et
al., 2017; Rajpar et al., 2009), could be confirmed by examination of ATF6 cleavage
and ATF4 protein levels, in addition to evaluation of DDIT3 and HSPAS expression,
and XBP1 splicing as performed in this study. Examination of COL2A 1 expression,
potentially by in situ hybridisation, alongside immunohistochemistry for type |l
collagen could reveal whether cells in cartilage-like pellets from MCDS patient
hiPSCs may upregulate COL2A1 after induction of hypertrophy has induced ER
stress by expression of type X collagen. Analysis of the distribution of factors
involved in chondrocyte differentiation, such as SOX9, PTHrP, IHH and RUNX2
could also provide insight into the process of in vitro differentiation of hiPSCs into
chondrocyte-like cells. Unfortunately, due to time constraints | was not able to

perform all these experiments during my three-month secondment in Melbourne.

The overall aim of this chapter was to investigate whether hiPSC derived cartilage-
like pellets could serve as a physiologically relevant in vitro model system of MCDS
and of ER stress induced changes in DNA methylation. Taken together, the results
obtained to date demonstrate that both control and MCDS-patient derived hiPSCs
successfully differentiate into chondrocyte-like cells and express type X collagen
when hypertrophy is induced. Accordingly, the most basic requirements to study
MCDS are met. The results also indicate that further optimisation of the protocol and
more detailed analysis of the cartilage-like pellets are required to ensure uniform
differentiation of cells throughout the cartilage-like pellet, robust induction of
hypertrophy within the cartilage-like pellets, and that the UPR is effectively activated

in response to ER stress caused by the mutation in COL710A1, but not as a response
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to the differentiation itself. Reducing the variation between replicates is also
necessary to reliably detect any meaningful changes in gene expression or DNA
methylation with or without treatment of CBZ. Whilst the potentially lengthy
optimisation process may not be feasible for this project at this time, the use of
hiPSC derived cartilage-like pellets offers exciting new perspectives for the future

study of ER stress associated chondrodysplasias in a disease-relevant setting.

3.7 Summary

e Both control and MCDS patient derived hiPSC are able to differentiate into

chondrocyte-like cells and form cartilage-like pellets.

e Both control and MCDS patient hiPSC derived cartilage-like pellets express
and deposit type X collagen within the extracellular matrix when hypertrophy is

induced.

e The high variation between replicates of the same experimental group did not

allow assessment of the activation of the UPR in cartilage-like pellets.
e The protocol of differentiation and hypertrophy induction requires further

optimisation before hiPSC derived cartilage-like pellets can be used for DNA

methylation analysis.
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Chapter 4. Using hiPSC as an in vitro model for ER stress related

bone diseases

105



4.1 Introduction

Apart from various chondrodysplasias, skeletal dysplasias also comprise diseases
that involve the bone. Mutations in COL7A1 or COL1AZ2, the genes encoding the two
o chains of type | collagen, lead to osteogenesis imperfecta (Ol), more commonly
known as brittle bone disease (Forlino and Marini, 2016). Previous studies have
found that intracellular retention of mutant type | collagen induces ER stress, mainly
via the PERK branch of the UPR, although the IRE1 branch appears to be activated
by some mutations, particularly mutations of COL71A2, as well (Besio et al., 2018).
Similarly, BiP (HSPAS) appears upregulated mostly in mutations located within the C-
terminal pro-peptide, although elevated BiP levels were also observed in some
mutations located in the triple-helical region of both o chains (Besio et al., 2018;
Chessler and Byers, 1993).

The same study that detected activation of the PERK branch also observed
increased autophagy and apoptosis in fibroblasts from Ol patients. Interestingly,
treatment with the chemical chaperone 4-PBA was found to normalise levels of p-
PERK and reduce apoptosis in vitro (Besio et al., 2018). However, this study
employed Ol patient fibroblasts and while fibroblasts naturally express type |
collagen, some features of Ol such as the naturally occurring mineralisation of the
bone are not reflected in this model. Furthermore, the UPR is thought to play a role in
the differentiation of several cell types, including osteoblasts (Saito et al., 2011;
Tohmonda et al., 2011; Tsang et al., 2010). The response to mutant type | collagen
may therefore differ between osteoblasts and other cell types. These limitations

affect not only the study of disease pathology, but also potential in vitro drug screens.

The use of hiPSCs could potentially overcome some of the difficulties associated with
the study of Ol; however, before comparisons between patient and control cells are
possible, a suitable protocol for osteogenic differentiation needs to be developed.
Osteogenic differentiation of hiPSCs would not only allow the confirmation of ER
stress in a disease relevant model system, but also potentially allow the study of ER
stress associated changes in DNA methylation. In this chapter, the osteogenic
differentiation of hiPSCs were therefore analysed to determine whether DNA
methylation analysis of Ol patient derived hiPSCs after osteogenic differentiation

would be feasible.
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4.1.1 Chapter aims

e Develop a suitable protocol for osteogenic differentiation of hiPSCs:
o Treatment with retinoic acid and the retinoic acid receptor o agonist
AMS580
o Comparison of different coating substrates

o Comparison of different control cell lines

e Determine whether hiPSCs after osteogenic differentiation could be used as a

model to study DNA methylation changes associated with ER stress in Ol.

4.2 A timecourse of osteogenic differentiation of 027 hiPS cells with and
without a retinoic acid receptor a agonist
A recently published protocol (Kawai et al., 2019) described the use of either retinoic
acid or a retinoic acid receptor o agonist to induce rapid osteogenic differentiation of
hiPSCs in vitro. The first step therefore was to replicate this study using the retinoic
acid receptor o agonist AM580. O27 hiPSCs, generated by reprogramming and
simultaneous gene correction of fibroblasts from an individual with Ol (Howden et al.,
2019), were seeded onto gelatin coated culture dishes and differentiated for up to 14
days. Mineralisation was evaluated by alizarin red staining (Figure 4.1, Table 4.1)
and gene expression of two osteogenic marker genes (COL1A1 and BGLAP)
analysed by gqRT-PCR (Figure 4.2). However, only very limited staining was
observed, beginning with some areas of slightly darker colour at day 7 (Figure 4.1 A).
Even after 14 days of differentiation in the presence of AM580, no intense staining
was observed (Figure 4.1 A). Without AM580, at day 10 and 14 some dark red
clusters appeared (Figure 4.1 A). Quantification of the mineralised area revealed that
at day 2 and day 4 of differentiation, the proportion of mineralised area was very
small in both groups (Table 4.1), but significantly increased in AM580 treated
samples compared to control samples. At day 7 of the differentiation process, the
alizarin red stained area of the well appeared to have slightly increased in the
absence of AM580. No significant difference could be observed between groups due
to very high variation in the AM580 treated samples. Nevertheless, at day 10 of
differentiation, about 16 % of the total well area was stained by alizarin red -
indicating mineralisation - in the absence of AM580. In the presence of AM580, the

mineralised area was significantly increased, covering about 30 % of the area of the
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well. Surprisingly, at day 14 of the differentiation, the mineralised area was slightly
smaller in both groups, and day 14 was also the only timepoint were a larger
proportion of the well appeared mineralised in the absence, rather than in the

presence, of AM580.

For a more detailed evaluation of the differentiation process, expression of
osteogenic marker genes was examined by qRT-PCR. Analysis of COL71A1
expression (Figure 4.2 A) revealed it was slightly, but significantly upregulated by
treatment with AM580 from day 1 to day 7 of differentiation (Figure 4.2 A, table 4.2).
From day 10 of differentiation, a drastic increase in COL1A1 expression was
observed. Surprisingly, it was significantly stronger upregulated in the absence of
AMS580 (Figure 4.2 A). On day 14 of differentiation, the induction of COL71A1
appeared to be similar between cells differentiated in the presence or absence of
AMS80 (Figure 4.2 A,).

While at day 10 the absence of AM580 seemed to increase COL1A1 expression
considerably, mineralisation was more enhanced in the presence of AM580. It is
noteworthy that while gene expression is regulated by complex pathways, it
measures the amount of transcript at the time of RNA extraction. However,
mineralisation requires the formation of an organic substrate via protein production
and secretion and the subsequent mineralisation of the organic substrate by
secretion of calcium phosphate containing vesicles. Changes in the differentiation
state may therefore be apparent on gene expression level before changes in the
mineralised area are observed. Additionally, expression of BGLAP, a marker of
mature osteoblasts, was examined (Figure 4.2 B, Table 4.2). Strikingly, no
pronounced induction of BGLAP expression was observed either in the presence or
absence of AM580. Rather, expression appeared to be consistently reduced in both
groups compared to day 0 of differentiation (Figure 4.2 B). However, at day 1 and
day 10 of differentiation, BGLAP was significantly higher expressed in the absence of
AMS580 compared to AM580 treated samples (Figure 4.2 B).
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Figure 4.1 — Osteogenic differentiation of the hiPS cell line O27 over time. O27 cells were seeded
onto gelatin coated dishes and differentiated for up to 14 days in the presence or absence of the
retinoic acid receptor a agonist AM580. (A) Alizarin red staining was performed to assess the
extent of mineralisation. Representative images are shown. (B) Quantification of the alizarin red
stained portion of the well. The mineralised area is given as percentage of the entire well. Black
dots represent mean, error bars represent SD, n = 3, except for D14 (n = 6).

Timepoint -AM580 +AM580

Day 2 0.32 % £ 0.07 % 3.3 % £ 0.96 %,
Day 4 0.3% +£0.33% 1.78 % £ 0.53 %
Day 7 401 % +£1.13% 25.98 % +24.48
Day 10 16.37 % + 2.37 % 30.65 % £ 2.44 %
Day 14 13.29 % £3.9 % 5.33% +3.35%

Table 4.1 — Percentage of alizarin red stained proportion of the well during osteogenic differentiation.
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Timepoint -AM580 +AM580 Gene
Day 1 2.65+0.56 4.0 +0.25, COL1A1
Day 2 2.71+0.38 7.39+0.11 COL1A1
Day 4 1.2+0.26 5.96 + 0.87 COL1A1
Day 7 2.97 +0.08 5.81 +1.09 COL1A1
Day 10 80.34 + 16.25 26.16 £ 5.06 COL1A1
Day 14 114.53 + 8.74 106.74 + 28.24 COL1A1
Day 1 0.55+0.13 0.17 £ 0.02 BGLAP
Day 2 0.35+0.18 0.33+01 BGLAP
Day 4 0.52+0.2 0.42 +0.05 BGLAP
Day 7 0.23 +0.08 0.31+0.17 BGLAP
Day 10 0.84 +0.26 0.24 +0.08 BGLAP
Day 14 0.38 +0.03 0.21+0.14 BGLAP

Table 4.2 — Fold changes of COL71A1 and BGLAP expression in cells differentiated over 14 days in the

absence or presence of AM580.
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Figure 4.2 - Changes in expression of osteogenic marker genes during osteogenic differentiation.
027 cells were seeded onto gelatin and differentiated in the presence or absence of AM580 for up
to 14 days. (A) COL1A1 expression was measured by gPCR as one marker of osteogenic
differentiation. (B) BGLAP expression was analysed by qPCR as a marker of late-stage osteoblast

differentiation. The mean is shown in black, error bars represent SD, n = 3.
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4.3 Influence of different coating substrates on osteogenic differentiation

The originally published protocol contained conflicting information about the substrate
used for differentiation of feeder-free cell lines. Since the O27 cell line used for
differentiation was cultured on Matrigel prior to differentiation, the differentiation was
repeated using both gelatin and Matrigel as a substrate during differentiation.
Analysis was performed using alizarin red staining. Because a slight increase in
alizarin red stained area was first detected in both the presence and absence of
AMS580 on day 7, the differentiation on Matrigel and gelatin was performed for seven
days. In addition to AM580, retinoic acid was also used to induce osteogenesis.
Since it could not be excluded that the hiPSCs would lose their ‘stemness’ when
seeded onto gelatin or Matrigel in differentiation medium directly, the differentiation
was also performed after seeding the hiPSCs onto the substrate in stem cell medium
(E8). The cells were then allowed to attach overnight, before the medium was
changed to differentiation medium containing either DMSO, retinoic acid or AM580.
Alizarin red staining revealed that both retinoic acid and AM580 had a comparable
effect on cells seeded directly in differentiation medium (Figure 4.3). No staining at all
could be observed for cells seeded onto gelatin in E8. In contrast to cells seeded
directly in differentiation medium, only a very small number of cells attached when
seeded in E8 which is likely the reason for the complete absence of staining.

When seeded onto Matrigel, some wells exhibited large orange patches. This
appeared to be specifically the case for cells treated with DMSO after seeding onto
Matrigel in differentiation medium and cells treated with retinoic acid that had been
seeded onto Matrigel in E8. However, some bright red staining could be observed in
the cells that had been seeded onto Matrigel in E8 and then treated with either
retinoic acid or AM580. Cells that had been seeded onto Matrigel in differentiation
medium and treated either with DMSO or AM580 showed a fainter staining; however,
in the case of the DMSO treated wells this was much more dispersed. Unfortunately,

none of the conditions were able to replicate the results of the original study.
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Figure 4.3 — Alizarin red staining of O27 hiPSCs after seven days of differentiation. 027 hiPSCs
were seeded either in stem cell medium (‘seeded in E8’) or directly into differentiation medium, both
on gelatin and Matrigel. Cells were treated with DMSO, retinoic acid or AM580 for seven days
during differentiation before mineralisation was assessed using alizarin red staining, n = 2 (one of

the replicates is shown).
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4.4 Influence of hiPS cell line on osteogenic differentiation

027 cells were cultured under feeder-free conditions, on Matrigel, before
differentiation. Human iPSCs in general can be cultured either on protein substrates,
such as Matrigel or on feeder-cells (primary murine embryonic fibroblasts, pMEFs). It
was therefore possible that a feeder-dependent cell line would behave differently. For
this reason, the differentiation was repeated using the feeder-dependent RM3.5¢
hiPSC line (Hosseini Far et al., 2019), derived from reprogrammed peripheral blood
mononuclear cells. Differentiation was performed for seven days on gelatin, Matrigel
and feeder cells in the presence of DMSO, retinoic acid or AM580. Again, cells were
either seeded directly in differentiation medium or allowed to attach overnight in stem
cell medium. Cells that were differentiated on gelatin or Matrigel were cultured on
Matrigel for one passage prior to differentiation (as described in the original study).
Interestingly, under all conditions RM3.5c cells stained more intensely than
previously observed with O27 cells [(Figure 4.4 - 4.6) compared to Figure 4.1 A and
4.3)]. When cells were seeded onto feeder cells in differentiation medium (Figure
4.4), treatment with retinoic acid or AM580 seemed to have little effect on staining
intensity. With either retinoic acid or AM580, there seemed to be some darker spots
compared to the DMSO control and the staining pattern appeared to be more
defined. When cells were seeded onto feeder cells in stem cell medium (Figure 4.4),
this effect was even more pronounced. In some areas, the staining also appeared to
be darker; however, some areas presented with a complete absence of alizarin red
staining and there also seemed to be a strong variation between duplicates. Both
retinoic acid and AM580 appeared to lead to a more defined and slightly more
intense staining, suggesting some positive effect on mineralisation. The most striking
difference compared to the previous experiments using O27 cells was the spread of
the staining. Whilst the staining of O27 cells after differentiation had been confined to
small areas of the well and a large portion of the well remained unstained, the
differentiation of RM3.5c cells led to staining that covered a much larger proportion of
the well, but with varying intensity. Examination of RM3.5c cells differentiated on
Matrigel (Figure 4.5) demonstrated that this was also the case for this substrate. In
general, the staining on Matrigel appeared to be pinker, but less well defined. In
contrast to the differentiation performed on feeder cells (Figure 4.4), Matrigel as a
substrate for differentiation lead to a larger area of the well that exhibited less intense
staining (Figure 4.5). Moreover, the effects of retinoic acid and AMS580, previously

observed on feeder cells, failed to occur during differentiation on Matrigel. When cells
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were seeded onto Matrigel in differentiation medium and only treated with DMSO,
large white spots appeared after staining with alizarin red. This was not the case for
cells treated with retinoic acid or AM580. When cells were seeded in differentiation
medium, staining seemed to be most intense for the DMSO treated cells. On
Matrigel, no positive effect of retinoic acid or AM580 on mineralisation could be

observed.

Finally, the staining of RM3.5c¢ cells differentiated on gelatin (Figure 4.6 A) reflected
the staining pattern previously observed with O27 cells after differentiation (Figure
4.1 A and 4.3). Some areas of the culture dish were stained, whilst others remained
completely unstained. However, the staining of differentiated RM3.5c¢ cells was much
more intense. Interestingly, only minor differences were observed between DMSO,
retinoic acid and AM580 treated cells when seeded in stem cell medium. In general,
the observed staining was very irregular and only small areas of staining were
observed. Retinoic acid and AM580 treatment seemed to increase the number of
areas that were stained with alizarin red. In contrast, when seeded directly in
differentiation medium, alizarin red stained areas seemed more coherent. Still, a
large area of the culture dish remained completely unstained especially after retinoic
acid treatment during differentiation. Strikingly, cells treated with AM580 seemed to
mineralise to a greater extent. The staining involved a larger area and appeared to
be a coherent layer instead of multiple stained spots in close proximity. Quantification
of the stained area (Figure 4.6 B) confirmed that only AM580, but not retinoic acid,
appeared to affect mineralisation when cells were seeded in differentiation medium
(86.69 % + 12.35 % vs 31.66 % + 9.4 % respectively compared to 43.04 % + 16.84
% with DMSO). Furthermore, both retinoic acid and AM580 seemed to have a
positive effect on mineralisation (Figure 4.6 B) when cells where seeded in hiPSC
medium (25.93 % + 0.25 % vs 29.65 % *+ 1.16 % respectively compared to 8.05 % +
5.99 % with DMSO); however, the stained area remained relatively small. Although
RM3.5c¢ hiPS cells in general appear to possess a higher potential for osteogenic
differentiation than O27 cells, the efficacy of differentiation seems to strongly depend
on the substrate used for the coating of culture dishes, the seeding procedure,
treatments with retinoic acid or AM580 and the exact combination of these

conditions.
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Figure 4.4 - Mineralisation of hiPSCs after seven days of osteogenic differentiation on feeder cells.

seeded in differentiation medium

seeded in iPSC medium

RM3.5c cells were seeded on feeder cells, either directly in differentiation medium or allowed to attach
in stem cell medium prior to inducing osteogenesis. Cells were treated with DMSO, retinoic acid or
AM580 for seven days during differentiation before mineralisation was assessed using alizarin red
staining. Both technical replicates are shown (n=2).
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Figure 4.5 - Mineralisation of hiPSCs after seven days of osteogenic differentiation on Matrigel.
RM3.5c cells were seeded on Matrigel, either directly in differentiation medium or allowed to attach in
stem cell medium prior to inducing osteogenesis. Cells were treated with DMSO, retinoic acid or
AMS580 for seven days during differentiation before mineralisation was assessed using alizarin red
staining. Both technical replicates are shown (n=2).
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Figure 4.6 - Mineralisation of hiPSCs after seven days of osteogenic differentiation on gelatin. (A)

Alizarin red staining after seven days of differentiation in the presence of DMSO, retinoic acid or
AMS80. RM3.5c cells were seeded on gelatin, either directly in differentiation medium or allowed to
attach in stem cell medium prior to inducing osteogenesis. Both technical replicates are shown. (B)
Quantification of the stained area of the well. The mineralised area is given as percentage of the total
surface area of a well after seeding in differentiation medium (purple) or stem cell medium (blue), n =

2. Error bars represent SD, black dots indicate mean.
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4.5 Suitability of hiPS cells to study ER stress associated changes in DNA
methylation in Ol
The aim of this chapter was to investigate whether the osteogenic differentiation of
hiPS cells into osteoblast-like cells could facilitate the study of ER stress associated
DNA methylation changes in Ol. Before DNA methylation could be investigated, the
model system had to be validated and the presence of ER stress in an Ol-patient
derived hiPS cell line had to be confirmed.
These data indicate that control hiPSCs are able to differentiate into osteoblast-like
cells; however, this seems to be strongly cell line dependent. More detailed analysis
of the differentiated RM3.5¢c samples is still required to conclusively demonstrate
their osteoblast-like phenotype, e.g. by gene expression analysis. Since the process
of differentiation potentially impacts DNA methylation, the course of differentiation
has to be compared between patient derived cells and controls. Furthermore, the
characterisation of ER stress and potential for UPR activation in the Ol-patient
derived hiPS cell line following differentiation is required prior to DNA methylation

analysis.

4.6 Discussion

Previous studies have suggested an involvement of ER stress in the disease
mechanism of Ol; however, this seems to be mutation specific (Besio et al., 2018;
Chessler and Byers, 1993; Mirigian et al., 2016). It remains difficult to study Ol in a
disease-relevant context since patient derived cells are difficult to obtain and studies
are often limited to fibroblasts. The osteogenic differentiation of hiPSCs might
overcome these problems as patient derived cells could be differentiated into the
disease relevant cell types (Csobonyeiova et al., 2017). A recently published protocol
(Kawai et al., 2019) appeared to offer a relatively straightforward approach using
retinoic acid (or a retinoic acid receptor o agonist, AM580), introducing limited
variation between differentiations. However, before patient derived hiPSCs could be

differentiated and compared to control hiPSCs, the protocol first had to be validated.

Indeed, conflicting findings regarding the properties of retinoic acid and its role in
osteogenic differentiation have been reported previously. Whilst some studies
described a disruption of pro-osteogenic Wnt signalling which resulted in impaired
osteoblast differentiation (Green et al., 2017; Roa et al., 2019), others reported

enhanced osteogenesis and mineralisation during treatment with retinoic acid
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(Skillington et al., 2002; Weng et al., 2019). It has also been suggested that retinoic
acid promotes the differentiation of osteoblasts to pre-osteocytes, thus enhancing

mineralisation but not osteoid deposition (Jeradi and Hammerschmidt, 2016).

Initially a time course of differentiation for the O27 feeder-free hiPSC line was
performed following the protocol. Surprisingly, only minor mineralisation of up to 30
% of the total well area was observed by alizarin red staining, with a peak at day 10
of differentiation. Whilst the expression of COL1A1 was prominently increased from
day 10 of differentiation, no pronounced elevation of BGLAP expression levels was
observed over time. Surprisingly, at day 1 and day 10 of differentiation, BGLAP levels
were significantly decreased in the AM580 treated samples. Furthermore, COL1A1
expression was significantly higher in the absence of AM580 on day 10, but not day
14 of differentiation. This could potentially indicate that the presence of AM580
caused a delay in osteogenic differentiation that was overcome by day 14, but not by
day 10. However, from day 1 to day 7 of differentiation COL7A1 expression was
consistently elevated in AM580 treated samples. The small but consistent
upregulation of COL7A1 in the first week of differentiation could also indicate that by
day 10, perhaps even day 7, the protein levels of type | collagen were sufficient to
allow matrix mineralisation. Indeed, recent research suggests that not all collagen is
secreted rapidly (within 2-2.5 hrs) via the classic ER/Golgi secretory pathway, but
that some collagen and procollagen is stored in lysosomes with a half-life of around
70 hrs prior to secretion and collagen fibril formation (Pickard et al., 2022). It is
therefore tempting to speculate that AM580 treated cells commit to an osteoblastic
lineage earlier during differentiation, and increase expression of COL1A1 less
dramatically later on. Examination of the expression of stem cell marker genes, such
as NANOG and OCT4 could reveal whether this hypothesis is accurate. Additionally,
other osteoblastic marker genes could be analysed to gain a more comprehensive
understanding of the differentiation process in the presence and absence of AM580.
In the original study, gene expression analysis of hiPSCs differentiated in the
presence of retinoic acid indicated a drastic acceleration of osteogenesis by retinoic
acid. In untreated samples, genes associated with either hiPSCs (such as NANOG)
or osteoprogenitor cells (such as RUNX2) were upregulated throughout
differentiation (Kawai et al., 2019) with hiPSC associated genes decreasing from day

7. Retinoic acid treated samples however upregulated osteoprogenitor genes as
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early as day 1, and expressed genes consistent with mature osteoblasts or even
osteocytes (such as BGLAP, PHEX and SOST) by day 10 of differentiation.

A potential influence of the culture dish coating was also investigated by repeating
the differentiation for seven days on Matrigel or gelatin. Whilst the protocol states that
the osteogenic differentiation was performed after seeding cells on gelatin, a chart
within the manuscript suggested that feeder-free cells were actually differentiated on
laminin. Nevertheless, alizarin red staining revealed very limited mineralisation on
Matrigel. No improvement of mineralisation was observed after cells were allowed to
attach to the culture dish coated with either gelatin or Matrigel overnight, prior to

induction of differentiation.

For mesenchymal stem cells (MSCs) it is well accepted that cells from various
donors behave differently during differentiation (Gray et al., 2016; Kim et al., 2018;
McLeod and Mauck, 2017). A second hiPSC line, RM3.5c was therefore chosen and
the differentiation process repeated. Additionally, in contrast to 027, RM3.5c cells
are feeder-dependent hiPSCs which could also influence their osteogenic
differentiation potential. Osteogenic differentiation of RM3.5c cells was performed on
feeder cells, gelatin and Matrigel in the presence of DMSO, retinoic acid or AM580.
Indeed, the alizarin red staining observed under all conditions was more intense than
for previous experiments using O27. Furthermore, the staining observed with RM3.5¢
involved a much larger area of the culture dish: for Matrigel and feeder cell coated
dishes the staining covered almost the entire culture dish. Interestingly, the patchy
staining pattern observed for O27 cells seeded onto gelatin was indeed replicated by
RM3.5c¢ cells; however, RM3.5c cells displayed a more intense alizarin red staining
than O27 cells after differentiation. Furthermore, alizarin red staining of RM3.5c cells
seeded onto gelatin and treated with AM580 covered about 86.69 % + 12.35 % of the
total well area after seven days of differentiation compared to about 25.98 % + 24.48
% of the well area covered after differentiation of O27 cells. This indicates that hiPS
cell lines may differ in their osteogenic potential and highlights the importance of
isogenic control cell lines for studies involving patient mutations. However, whilst the
alizarin red staining appears promising, induction of genes involved in osteogenesis,
such as COL1A1 and BGLAP, remains to be investigated. Additionally, examination
of the expression of stem cell marker genes such as NANOG and OCT4 could

increase the confidence in the differentiation protocol. RNA was isolated from
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RM3.5c hiPSCs after seven days of differentiation and transcribed into cDNA,;
however, qRT-PCR has not been conducted yet. These preliminary data suggest
that, using this protocol, O27 hiPSCs have a lower osteogenic differentiation potential
than RM3.5¢c hiPSCs. For RM3.5c¢ hiPSCs, the differentiation appears to be most
successful either when differentiated in the presence of retinoic acid or AM580 after
allowing them to attach to feeder cells in hiPSC medium overnight, or when
differentiated on gelatin in the presence of AM580 after seeding them directly in
differentiation medium. This could be explained by improved attachment of the cells
to the plate prior to differentiation. Possibly, hiPSCs kept in hiPSC medium adhere
better to the feeder cells than hiPSCs seeded in differentiation medium directly.
Consequently, as fewer cells attach, fewer cells therefore differentiate. In contrast to
that, hiPSCs seem to have only a limited capacity to adhere to gelatin. Seeding
hiPSCs directly in differentiation medium may therefore improve their ability to attach
to the gelatin coating, leading to more cells that attach successfully and differentiate.
Indeed, an alternative approach for the osteogenic differentiation of hiPSCs also
utilises gelatin-coated culture plates, following an initial differentiation step from
hiPSC to MSCs (Panicker et al., 2018). MSCs are likely to adhere better to the
gelatin coating than hiPSCs, leading to improved differentiation results. The fact that
only AM580 but not retinoic acid appeared to enhance mineralisation in RM3.5c¢ cells
on gelatin after seeding in differentiation medium could result from differences in
affinity for different retinoic acid receptors. Whilst AM580 activates the retinoic acid
receptor a, retinoic acid receptor 3 stimulation also enhanced osteogenic
differentiation of hiPSCs (Kawai et al., 2019); however, induction of retinoic acid
receptor 3 by retinoic acid treatment has also been linked to the disruption of

osteogenesis (Roa et al., 2019).

In the case that future gRT-PCR data confirms the induction of osteogenic marker
genes such as COL1A17 in RM3.5c hiPSCs differentiated on feeder cells and on
gelatin in the presence of AM580, it would then be interesting to compare an isogenic
Ol hiPSC line after differentiation under these conditions. Retention of type | collagen
within the ER could be demonstrated by immunohistochemistry and immunoblot
analysis. The induction of ER stress and the UPR could be analysed on gene
expression level by gRT-PCR and on protein level by immunoblot and
immunohistochemistry before DNA is extracted and DNA methylation analysed.

Whilst non-isogenic hiPS cell lines have successfully been used to study disease
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mechanisms in vitro (Panicker et al., 2018, 2014), this work highlights the differences

in osteogenic differentiation potential of hiPS cell lines from different donors.

A novel, recently published approach uses the direct differentiation of osteoblasts
from primary fibroblasts by treatment with IGFBP7, eliminating the need for
reprogramming and differentiation of hiPSCs (Lu et al., 2020). This is an exciting
approach for tissue engineering purposes and therapeutic approaches, since it
reduces the risk of teratoma formation in vivo. Still, at the moment it remains unclear
whether the differentiation of fibroblasts in response to IGFBP7 treatment is as
donor-dependent as hiPSC differentiation. This has important implications for the
study of genetic bone diseases in vitro, e.g. isogenic primary fibroblasts may be
required to produce meaningful results. In this case, the generation of hiPSCs would
most likely remain the preferable approach for in vitro studies due to their capacity for

self-renewal.

Unfortunately, due to the time constraints, the completion of experiments was not
possible during the three-month secondment in Melbourne. A main limitation of these
results is therefore the lack of gene expression data to confirm the successful
differentiation of RM3.5c cells. Furthermore, these data imply that before Ol patient
derived and control hiPSCs can be compared after differentiation, the progress of
differentiation itself will have to be evaluated. Only after it is confirmed that both the
control and patient derived cell line display a comparable osteogenic differentiation
potential, further experiment examining differences e.g. in DNA methylation can be
performed. Previous studies have sometimes used control hiPS cell lines from
healthy individuals and compared these to patient-derived hiPS cell lines. The results
of these experiments clearly demonstrate that isogenic control lines, or at least the
careful evaluation of osteogenic differentiation potential of all studied cell lines, are

required to make meaningful conclusions.
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4.7 Summary

e The potential to differentiate into osteoblast-like cells is hiPS cell line

dependent.

e The substrate used for coating of cell culture dishes influences the osteogenic

differentiation and the response to retinoic acid and AM580 treatment.
e In O27 cells, AM580 treatment during osteogenic differentiation leads to an
early upregulation of COL1A1 and a less pronounced increase later during

differentiation while BGLAP expression is not induced.

e RMa3.5c cells appear to have a higher osteogenic differentiation potential than

027 cells according to alizarin red staining.
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Chapter 5. Overexpression of p.D469del COMP in HT1080

fibrosarcoma cells as an in vitro model of pseudoachondroplasia
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5.1 Introduction

The data obtained in chapter 3 and chapter 4 indicated that whilst hiPSC offer
exciting new opportunities, for the experiments of this study, a more conventional
approach may be necessary. Aside from the established mouse model of
pseudoachondroplasia (PSACH), a previously established cell model was used to
study transcriptional and epigenetic changes. In this cell model, wild type and mutant
COMP are overexpressed in HT1080 fibrosarcoma cells. Both wild type and mutant
COMP carry a green fluorescent protein (GFP) tag at the C-terminus, which allowed
the cells to be FACS sorted by GFP fluorescence to ensure high levels of expression.
In some experiments, a cell line that expressed only the relatively small GFP tag, but

not recombinant COMP was used as an additional control.

5.1.1 Chapter aims

e Confirm some of the observations previously made in the mouse model of
PSACH in a HT1080 cell model:
o Intracellular retention of mutant COMP

o Decreased Proliferation and increased apoptosis

e Assess the activation of the UPR in the D469del COMP cell model.

e Compare D469del COMP cell model to the PSACH mouse model.

e Examine the response of D469del COMP cells to chemically induced ER

stress.

5.2 D469del COMP cells mimic hallmarks of pseudoachondroplasia

Hallmarks of PSACH pathology were identified in previous studies using a range of
mouse and cell-based models (Suleman et al., 2012; Schmitz et al., 2008; Posey et
al., 2009; Pir6ég-Garcia et al., 2007; Holden et al., 2005; Chen et al., 2004). The
retention of COMP inside the ER of chondrocytes, a reduction in postnatal growth,
reduction in chondrocyte proliferation, increased and spatial dysregulation of
chondrocyte apoptosis within the growth plate, lack of a conventional UPR and a
gene signature that has been attributed to oxidative and/or inflammatory stress are

some of the most prominent features (Posey et al., 2015, 2009; Suleman et al.,
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2012). Before HT1080 cells overexpressing wild type or mutant p.D469del COMP
could be used to study PSACH in vitro, it was necessary to confirm that the
molecular pathology of PSACH was replicated in this model, although some
characteristics of PSACH, such as a reduction in growth, could not be examined in
vitro. Instead, the intracellular retention of mutant p.D469del COMP was assessed,
followed by investigation of cell proliferation and apoptosis as well as the lack of

activation of classical UPR markers.

Firstly, the retention of mutant COMP within the cells was confirmed by western blot.
For both cell lines, GFP-tagged COMP protein was observed in the cell lysate
samples. Notably, mutant p.D469del COMP was strongly reduced or absent from the
media whilst GFP-tagged wild type COMP was successfully detected in these
samples (Figure 5.1 A). Ponceau staining of the membrane was used to confirm the
presence of protein in media of D469del COMP samples. Additionally, since GAPDH
levels in the cell lysates were found to be comparable, the lack of mutant p.D469del
COMP in the cell culture media was not due to strongly decreased cell numbers or
excessive cell death prior to sample collection (Figure 5.1 A). There was no
significant difference in the amount of intracellular COMP (Figure 5.1 B), but the
relative amount of intracellular COMP protein was markedly increased in the D469del
COMP cells (Figure 5.1 C). As expected, the relative extracellular amount of
p.D469del COMP was strongly decreased compared to wild type COMP (Figure 5.1
D).

Expression of GFP-tagged COMP was also analysed by immunocytochemistry
(Figure 5.2). Both wild type and mutant p.D469del COMP were detected inside the
cells when cells were permeabilised during staining. However, compared to the wild
type overexpressing cells, the staining seemed to be much more prominent in
D469del COMP overexpressing cells. Furthermore, mutant p.D469del COMP
staining appeared to cover a larger area around the nucleus of individual cells. These
data demonstrate that mutant p.D469del COMP is retained intracellularly when
overexpressed in HT1080 cells, which confirms findings of previously published

experiments.

Previous studies performed on murine growth plate cartilage sections demonstrated

a marked reduction in chondrocyte proliferation rate and an increase as well as
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spatial dysregulation of apoptosis (Posey et al., 2009; Schmitz et al., 2008; Suleman
et al., 2012). To investigate whether this is replicated in the D469del COMP cell
model, TUNEL and BrdU labelling of cells overexpressing wild type COMP or
p.D469del COMP was performed (Figure 5.3). In wild type COMP cells only 4.0 + 0.8
% TUNEL-positive cells were observed. In D469del COMP cells, 8.5 + 0.2 % of all
cells were TUNEL-positive, which represents a 2.1-fold increase in apoptosis (Figure
5.3 A and B). For comparison, in the murine growth plate, the increase in apoptosis
has been reported to be increased from 2.88-fold at five days up to 5-fold at three

weeks (Suleman et al., 2012).

To analyse cell proliferation, both wild type and D469del COMP overexpressing cells
were treated with BrdU, which is a thymidine analogue that is incorporated into newly
synthesised DNA. As expected, only nuclear BrdU staining was observed in both cell
lines (Figure 5.3 C). BrdU incorporation was significantly reduced in D469del COMP
compared to wild type COMP cells in three labelling experiments (Figure 5.4 D). On
average, wild type COMP overexpressing cells showed a proliferation rate of 39.5 +
5.0 % whereas D469del COMP cells showed a rate of only 31.2 £ 5.8 %. This
corresponds to an approximately 20.6 % reduction in cell proliferation, which is close
to the observed decrease of 17 % in the murine growth plate of three-week old
animals (Suleman et al., 2012). These results suggested that overexpression of
p.D469del COMP in HT1080 cells lead to a similar imbalance of proliferation and
apoptosis as observed in the murine model, and that the major hallmarks of PSACH

pathology were replicated in the HT1080 cell model.

Next, levels of several markers of ER stress were assessed to confirm the absence
of a classical unfolded protein response. The first protein of interest was BiP (or
GRP78, encoded by the HSPAS gene), which is known to control all three branches
of the UPR. Interestingly, a mild but significant increase in BiP protein level was
detected in mutant D469del COMP cells (Figure 5.4 A and B) compared to wild type
COMP cells. It is worth noting that BiP levels for both wild type and D469del COMP
cells appeared raised compared to cells expressing only GFP (Figure 5.4 C). Both
wild type and p.D469del COMP are considerably larger proteins than GFP and
require posttranslational modifications such as N-glycosylation. The rise in BiP
protein level compared to cells expressing only GFP demonstrates that even

producing wild type COMP can strain the ER considerably.
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Next, expression of the gene encoding for BiP (HSPAS) and the gene encoding for
CHOP (DDIT3) was analysed alongside GFP expression by qRT-PCR (Figure 5.5 A).
As each molecule of COMP carries a GFP tag, the level of GFP expression is
equivalent to COMP overexpression. HSPAS was selected due to its prominence as
a master regulator of the UPR and DDIT3 was chosen specifically because previous
studies have reported conflicting results as to whether DDIT3/Ddit3 is upregulated in
cell and mouse models of PSACH (Coustry et al., 2012; Posey et al., 2012; Suleman
et al., 2012). Interestingly, no statistically significant difference was observed
between wild type and D469del COMP cells for both HSPAS and DDIT3 expression,
although a slight increase in BiP protein levels was previously observed by western
blotting. GFP expression however was decreased in D469del COMP cells compared
to wild type COMP cells. Under ideal circumstances p.D469del COMP would be
expressed to the same extent as wild type COMP; however, given the considerable
amount of stress that p.D469del COMP causes, the decrease in expression was not
surprising. The reported reduction in proliferation alongside higher numbers of
apoptotic cells in mouse models of PSACH as well as in the D469del COMP cells
demonstrate the detrimental effect of p.D469del COMP expression.

Next, induction of XBP1 splicing was investigated as a marker for the activation of
the IRE1 branch of the UPR (Figure 5.5 B). In agreement with previous reports, no
increase in XBP1 splicing was observed in D469del COMP cells. Surprisingly, a
slight, but significant decrease in the proportion of spliced XBP1 was observed during

quantification (Figure 5.5 C).

Having already examined expression levels of DDIT3, potential activity of the PERK
branch was further investigated by evaluating phosphorylation of eiF2a by western
blotting (Figure 5.6 A, B). No significant difference in phosphorylation was observed
between wild type and D469del COMP cells, suggesting that the PERK branch of the
UPR is not activated in response to p.D469del COMP expression. Finally, levels of
calnexin were evaluated using western blotting (Figure 5.6 C, D). Calnexin was
specifically chosen as it plays a role in the folding of glycosylated proteins such as
COMP. Whilst calnexin levels were significantly higher in D469del COMP cells, this
was not observed on transcript level (see Chapter 6.4). The increase in BiP and
calnexin protein level may therefore be caused by a structural expansion of the ER in
the case of D469del COMP retention. Taken together, these data indicated that
whilst D469del COMP cells displayed the expected protein retention, as well as
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alterations in proliferation and apoptosis, the expression of p.D469del COMP did not

trigger the UPR.
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Figure 5.1 — Intracellular retention of p.D469del COMP in HT1080 cells. (A) Western Blot of cell
lysates and media from HT1080 cells overexpressing wild type COMP (WT) or mutant p.D469del
COMP (D469del). COMP proteins were detected via the C-terminal GFP tag. GAPDH was used as
loading control for cell lysates. To demonstrate equal loading of media, a ponceau staining of the

membrane is shown. (B) Quantification of total intracellular COMP protein levels. (C) Quantification

of relative intracellular (cell lysate) and extracellular (media) proportion of COMP protein. N =3

experiments. Black dots represent mean values, bars show standard deviation, P-values were

determined using student’s t-test.
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Figure 5.2 — Immunofluorescence of GFP-tagged wild type COMP and p.D469del COMP in HT 1080 cells. Cells were stained with an antibody against GFP.

Nuclei were visualised using DAPI. Scalebar: 50 ym.
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Figure 5.3 — Analysis of apoptosis and cell proliferation in D469del COMP cells. (A) TUNEL assay
of wild type (WT) or D469del COMP (D469del) cells. Nuclei were visualised using DAPI (blue). A
representative image is shown. (B) Quantification of TUNEL staining from one experiment. n = 1
experiment, 3 replicates, P-value determined using student’s t-test. (C) Wild type (WT) or D469del
COMP cells were stained for GFP (green) and BrdU (magenta) using specific antibodies following
BrdU-labelling. Nuclei were visualised using DAPI (blue). A representative image is shown. (D)
Quantification of BrdU positive cells from one experiment (n=4), labelling was repeated three times.
P-value calculated using student’s t-test. Black dots represent mean value, black bars display

standard deviation.

134



A B
[kDa] _WT D469del I20
75— £
wwwwww BiP 5 p=0.02
§15 }'
37 — wwwwww GAPDH* >, ¥
5 o
‘éo.s-
2
& 0.0-
WT  D469del
C
[kDa] GFP WT D469del
100—
50—
150—
100— « = GFP
75—
50—
37—

25— L
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(WT) or p.D469del COMP using BiP- and GFP-specific antibodies. GAPDH was used as loading

control, n = 2 experiments.

135



HSPAS DDIT3 GFP
p=0.01

=S A NN
© v o o

Fold change

o
il

i i L ‘

WT D469del WT D469del WT D469del

o
o

[bp] WT D469del
200 —

XBP1

100 —

30 - p=0.002

S
o

—
©

Spliced XBP1 [%]

WT D469del

Figure 5.5 — Expression of selected UPR markers and analysis of XBP1 splicing in D469del COMP
cells. (A) Gene expression of GRP78, DDIT3 and GFP. 18S was used as housekeeping gene. n =
3-4. (B) XBP1 splicing was analysed by RT-PCR and subsequent agarose gel electrophoresis. The
top band corresponds to unspliced form, the lower band to the spliced form of XBP1. (C)
Densitometric quantification of XBP1 splicing, n = 4. Black dots represent mean value, black bars

display standard deviation, P-value was determined using student’s t-test
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Figure 5.6 — Phosphorylation of eiF2a and calnexin protein levels in D469del COMP cells. (A)
Western blot and (B) quantification of phosphorylated (p-eiF2a.) and total eiF2a in wild type (WT)
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(CANX) protein levels. n = 3 experiments. GAPDH was used as loading control. Black dots
represent mean values, bars show standard deviation, P-values were determined using student’s t-

test.
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5.3 Comparison of D469del COMP cells with femoral head cartilage

In D469del COMP cells, expression of recombinant COMP was lower than in wild
type COMP cells. This was not observed in previous studies using a mouse model of
PSACH; however, the expression of Comp was not analysed after the age of three
weeks. To examine how closely D469del COMP cells resemble the characteristics of
chondrocytes at earlier and later stages of skeletal development, the expression of
Ddit3, Grp94 (which encodes the chaperone Hsp90b1), Grp78 (BiP) and Canx as
markers of the UPR, as well as Comp was analysed in femoral head cartilage
obtained at the age of one and six weeks from wild type and D469del Comp mice.
The age of six weeks was chosen specifically because male p.D469del Comp mice
were found to be significantly lighter, and their tibias shorter at this age (Suleman et
al., 2012). To exclude that p.D469del Comp would affect the development of the
femoral head at the age of six weeks, Toluidine Blue staining was performed on
femoral head cartilage sections from male animals (Figure 5.7). In both genotypes,
Toluidine Blue staining was most intense in the growth plate but also evenly
distributed in the femoral head cartilage. No signs of ossification were observed in
both genotypes; thus, six weeks was deemed a suitable age to proceed with

chondrocyte and RNA extraction.

At the age of one week, no significant difference in the expression of Ddit3, Grp94
and Canx was found (Figure 5.8). Grp78, the gene that encodes for BiP, was slightly
upregulated in samples from D469del Comp mice. There was also no significant
difference in Comp expression at this timepoint, in agreement with previous reports
(Suleman et al., 2012). This finding demonstrates that the lack of UPR activation at
the transcriptional level at this time point is not driven by a reduction of Comp
expression. At the age of six weeks, no difference in the expression of Ddit3, Grp94
and Canx was detected. Grp78 expression was still significantly elevated.
Surprisingly, Comp expression was significantly decreased in samples from D46del
Comp mice at the age of six weeks (Figure 5.9). This indicates that the difference in
expression of recombinant COMP observed in D469del COMP cells has — at least to
some extent — a physiological relevance. It also suggests that the expression of
Comp itself has little influence on Ddit3, Grp94, Grp78 and Canx expression, since a

reduction in Comp did not drive a relative reduction of their transcripts.
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Figure 5.7 — Toluidine Blue staining of femoral head cartilage in male mice at the age of six weeks.
Proteoglycans are stained purple. Nuclei are stained pink. Male mice from three litters/genotype

were analysed. No signs of ossification are observed in both genotypes. Scale bar: 500 pm.
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Figure 5.8 — Expression of selected UPR markers in femoral head cartilage at the age of one week.
Gene expression was analysed by qRT-PCR and is presented as fold change relative to wild type.
18S was used as housekeeping gene. Black dots represent mean values, bars show standard
deviation, P-values were determined using student’s t-test. Individual data points in teal (wild type)

or purple (D469del). N = 3 litters (3 animals/litter were pooled for each extraction).
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Figure 5.9 — Expression of selected UPR markers in femoral head cartilage chondrocytes at the
age of six weeks. Gene expression was analysed by gqRT-PCR and is presented as fold change
relative to wild type. 18S was used as housekeeping gene. Black dots represent mean values, bars
show standard deviation, P-values were determined using student’s t-test. Individual data points in
teal (wild type) or purple (D469del). N = 3 litters (3 animals/litter were pooled for each extraction).
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5.4 D469del COMP cells are capable of activating the UPR upon treatment with
tunicamycin and thapsigargin

Whilst the UPR is activated in several other skeletal dysplasia types, such as MCDS
and MATN3-MED, the p.D469del mutation in COMP does not appear to involve the
(canonical) UPR. This observation raised the question as to whether cells expressing
the p.D469del COMP mutant protein would still be able to activate the UPR. To
answer this question, wild type and D469del COMP cells were treated with
tunicamycin or thapsigargin to cause ER stress and induce the UPR. Both treatments
are commonly used to activate the UPR but act through different mechanisms. Whilst
tunicamycin inhibits N-linked glycosylation within the ER (Duksin and Bornstein,
1977) and therefore causes misfolding of proteins, thapsigargin inhibits the enzymes
that accumulate calcium within the ER lumen, disrupting Ca* homeostasis and
activating the UPR (Li et al., 2000; Sagara and Inesi, 1991).

After treatment with either chemical, or DMSO as negative control, phosphorylation
levels of eiF2a were analysed alongside protein levels of BiP, CHOP and calnexin
and splicing of XBP1 (Figure 5.10). Both wild type and D469del COMP cells
displayed noticeably increased levels of BiP, although thapsigargin appeared to
cause a greater increase than tunicamycin in both cell lines (Figure 5.10, Figure 5.11
A). Calnexin (CANX) levels were modestly induced by both treatments in wild type as
well as D469del COMP cells. No significant differences in BiP or CANX levels after
treatment with tunicamycin or thapsigargin were detected between wild type and
D469del COMP cells.

Protein levels of CHOP as well as phosphorylation of eiF2a and XBP1 splicing were
also quantified (Figure 5.11 B). Whilst CHOP levels remained below the limit of
detection in both cell lines when treated with DMSO only, it was robustly detected in
both tunicamycin and thapsigargin-treated cells, although this failed to reach
statistical significance. No significant differences were detected between the cell
lines. In agreement with elevated CHOP expression, increased phosphorylation of
eiF2a was observed in response to treatment with tunicamycin and thapsigargin.
Notably, although both cell lines displayed increased phosphorylation levels in
response to both chemicals, phosphorylation was only significantly increased in wild
type COMP cells after tunicamycin treatment (Figure 5.11 B). Furthermore, no

statistically significant difference was observed between the two cell lines in any of
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the conditions tested. To investigate the activation of the IRE1 branch of the UPR,
XBP1 splicing was evaluated (Figure 5.10 B, Figure 5.11 B). Both cell lines displayed
increased XBP1 splicing after tunicamycin or thapsigargin treatment, however, this
was only significant for thapsigargin-treated D469del COMP cells. No difference was
observed between wild type and D469del COMP cells.

When COMP levels, following treatment with tunicamycin and thapsigargin, were
examined, the expected decrease in apparent molecular weight was observed for
tunicamycin-treated samples (Figure 5.12 A), indicating that tunicamycin treatment
successfully induced ER stress and the UPR by inhibiting N-linked glycosylation.
Surprisingly, when the effects of tunicamycin and thapsigargin treatment on
intracellular COMP levels were examined, wild type and p.D469del COMP appeared
to behave distinctly different (Figure 5.12 A, B). Whilst tunicamycin caused only a
slight reduction in wild type COMP cells, levels of intracellular p.D469del COMP were
significantly decreased after treatment with tunicamycin (Figure 5.12 A, B). This was
however not associated with an increase in COMP in conditioned media of D469del
COMP cells (Figure 5.12 C), indicating that ameliorated secretion is not the reason
for reduced intracellular levels of p.D469del COMP. Thapsigargin appeared to
prompt an increase in intracellular wild type COMP, although this was not statistically
significant (Figure 5.12 A, B). In D469del COMP cells, thapsigargin treatment did not
appear to exacerbate COMP retention, although extracellular COMP levels were
diminished in both cell lines (Figure 5.12 C).

Taken together, these results indicate that D469del COMP cells are capable of
activating the UPR when challenged by treatment with tunicamycin or thapsigargin.
The extent of the activation of the UPR does not appear to be different from wild type
COMP-overexpressing cells with the exception of thapsigargin-induced XBP1
splicing, which appears slightly reduced in D469del COMP cells.
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Figure 5.10 — Analysis of UPR markers after treatment of wild type or D469del COMP cells with
tunicamycin or thapsigargin. (A) Protein levels of several markers of the UPR (BiP, CANX, CHOP)

and ratio of phosphorylated to total eiF20 were assessed after treatment with tunicamycin (TM) or
thapsigargin (TG). DMSO served as negative control. GAPDH was used as a loading control. (B)

XBP1 splicing was analysed by RT-PCR and subsequent gel electrophoresis, n = 3 experiments.
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Figure 5.12 — Effect of tunicamycin and thapsigargin on COMP protein levels in wild type and
D469del COMP cells. (A) Western blot and (B) quantification of intracellular GFP-tagged COMP

levels after treatment with DMSO, tunicamycin or thapsigargin. GAPDH was used as loading

control. Black dots represent mean values, bars show standard deviation, P-values were

determined using student’s t-test (paired for treatments) with Bonferroni multiple test correction, n =

3 experiments. (C) Dot blot of conditioned media from cells overexpressing wild type or D469del

COMP after treatment with DMSO, tunicamycin or thapsigargin. Ponceau staining prior to GFP

detection was used as loading control, n = 2 experiments.
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5.5 Discussion

The aim of this chapter was to validate the HT1080 cell model for the study of
PSACH by confirming some of the previous findings from other cell and mouse
models.

The experiments described confirmed that p.D469del COMP is retained
intracellularly in HT1080 cells which leads to decreased cell proliferation and
elevated levels of apoptosis. This has also been observed in mouse models of
PSACH (Suleman et al., 2012). It was further shown that the involvement of the
unfolded protein response is very limited, with only BiP showing significantly
increased protein levels in D469del COMP compared to wild type COMP cells. In a
knock-in mouse model of PSACH carrying the same mutation, the UPR was also not
initiated as evidenced by comparable protein levels and expression of chaperones,

and eiF2a phosphorylation (Suleman et al., 2012).

One particular difficulty in the study of ER stress induced by mutant COMP protein
corresponds to the differential expression of wild type and mutant protein. Because
COMP itself is a relatively large protein, even the expression of wild type COMP may
cause mild ER stress, as demonstrated by elevated BiP levels of wild type and
D469del COMP cells when compared to a cell line expressing the GFP tag alone. If
the mutant protein is not expressed to the same level as the wild type, direct
comparison of gene expression and protein levels may be problematic. Nevertheless,
a reduction of expression in response to the stress caused by a mutant protein may
occur and be relevant in vivo. Thus, a mouse model of PSACH was used to compare
expression of Comp at the age of one and six weeks to the expression of GFP-
COMP in the cell model. In femoral head cartilage samples Comp expression was
not changed at one week, but significantly reduced at the age of six weeks. Previous
studies reported no statistically significant difference in xiphoid cartilage at the age of
three weeks (Suleman et al., 2012). Several explanations are possible, for example,
cartilage derived from different parts of the skeleton may have slightly different matrix
compositions and thus the effect of mutant Comp may vary between cartilage
samples from different sources. Furthermore, expression of mutant Comp may only
be reduced towards the end of skeletal growth. Notably, at the age of three weeks,
D469del Comp mice were not yet significantly shorter or lighter than their wild type

littermates, but by the age of six weeks, male mice carrying the D469del Comp
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mutation exhibited decreased tibial length as well as a reduction in body weight

compared to wild type littermates (Suleman et al., 2012).

Interestingly, Grp78 expression was found to be mildly elevated in PSACH mice at
the age of one and six weeks. This was not observed in previous studies using rib
cage and xiphoid cartilage from five day and three-week-old animals, respectively
(Suleman et al., 2012). Again, this could indicate that p.D469del Comp expression
affects cartilage from various parts of the skeleton differently. It is also possible that,
depending on the location of the cartilage, different bio-mechanic forces and strains
act on cartilage and chondrocytes and thus modulate matrix composition or
expression of matrix proteins. Indeed, cyclic tensile strain has been reported to
induce extracellular colocalization of COMP with type Il collagen (Bleuel et al., 2015).
Together, this suggests that differences in the source of cartilage tissue (and thus
potentially different bio-mechanical loading) as well as age influence the extent of
COMP-induced ER stress in vivo.

In a different mouse model, human p.D469del COMP is expressed under the control
of doxycycline under the Col2a1 promoter. In this mouse model, CHOP was
consistently increased (Posey et al., 2012). This was not observed in femoral head,
xiphoid or rib cage cartilage from a knock-in mouse model of PSACH although there
was a tendency for Ddit3 to be slightly higher in samples from femoral head cartilage
of D469del Comp mice at the age of one week. In vitro, D469del COMP cells appear
to mimic the behaviour of juvenile murine PSACH chondrocytes in that COMP
expression is reduced whilst BiP protein levels are elevated, whereas Comp
expression seems to be not yet affected in cartilage samples from younger animals.
In agreement with the D469del Comp knock-in mouse model, no significant

difference in Ddit3 expression was observed in D469del COMP cells.

Work presented in this chapter also indicates that D469del COMP cells retain the
ability to activate the UPR when additionally challenged with tunicamycin or
thapsigargin. Although the upregulation of several markers of the UPR were clearly
visible in both wild type and D469del COMP-overexpressing cells, quantification
revealed that the increases were not statistically significant. The variation between
experimental repeats was relatively high for some of these analysed markers,

suggesting that additional repeats of the experiment could improve the accuracy of
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the quantification. Nevertheless, these data indicate that D469del COMP cells remain
able to respond to additional ER stress. This is particularly relevant during peak times
of protein secretion, for example during development or due to circadian rhythm
(Chang et al., 2020; Horiuchi et al., 2016; Matsuzaki et al., 2015; Pickard et al.,
2019). In fact, it has been demonstrated that the genetic removal of N-glycans from
type | collagen does not affect its folding and secretion until cells are additionally
challenged (Li et al., 2021). This finding elegantly illustrates the complexity of protein
secretion and the problems that may arise when it is disrupted. A mutation in a
specific part of an extracellular protein may be tolerable with regards to its secretion,
but may affect ECM formation, or it may not affect its interactions with other ECM
proteins, but prevent the protein from being secreted. Even a tolerable mutation may
effectively prevent secretion when the secretory load is high, or cells experience

other types of stress such as low nutrient levels or hypoxia.

Intriguingly, tunicamycin treatment appeared to reduce intracellular D469del COMP
protein levels whilst the amount of secreted COMP remained unchanged. This could
indicate that glycosylation potentially plays a role in regulating the degradation of
D469del COMP, for example by retaining mutant COMP inside the ER lumen and
preventing its degradation. Notably, it has been reported for some proteins that
mutations slowed their passage through the secretory pathway and that their
prolonged presence in the ER resulted in over-modification. This has been reported,
for example, for mutant collagens (Barnes et al., 2019; Makareeva et al., 2018;
Winterpacht et al., 1996). In contrast, compared to wild type COMP, D469del COMP
did neither display a different band pattern nor different band sizes when detected by

western blotting indicating that this mutation did not lead to over-modification.

Earlier studies of the glycosylation of bovine COMP reported distinct glycosylation
patterns between foetal and adult cartilage-derived COMP (Zaia et al., 1997). The
functional consequences for its secretion have not been characterised, although the
authors speculated that differential glycosylation may influence the exact location and
modulate protein-protein interactions of COMP within the ECM. Importantly,
glycosylation of both foetal and adult COMP is consistent with structures that are
attached by enzymes in the Golgi apparatus (Zaia et al., 1997), indicating that native
COMP typically passes through the Golgi during secretion instead of being secreted

via unconventional protein secretion.
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Whilst tunicamycin treatment did not appear to influence COMP secretion,
thapsigargin treatment reduced secretion of both wild type and D469del COMP. This
was not unexpected, because treatment with thapsigargin reduces the Ca?* levels
within the ER, thereby disrupting the folding machinery that many secreted proteins,
including wild type COMP, rely on for efficient folding and secretion (Shaheen, 2018).
Furthermore, COMP secretion was shown to be effectively abolished upon loss of
CAB45, and CAB45-mediated secretion was shown to be dependent on calcium-
mediated oligomerisation of CAB45 (Crevenna et al., 2016; von Blume et al., 2012).
Whilst this function of CAB45 is restricted to the trans Golgi network (TGN), there are
some indications calcium stores within the Golgi are partly derived from the ER
(Gallegos-Gomez et al., 2018) and calcium-dependent processes within the Golgi

may therefore also be sensitive to thapsigargin treatment.

Whilst model systems are only able to model specific aspects of biology, the
comparison of several model systems ensures that they reflect important features of
the condition. Validation of this cell model, and comparison to the PSACH knock-in
mouse model carrying the identical mutation, revealed that the D469del COMP cell
model robustly mimics the characteristics of PSACH. The relative accuracy of this
cell model demonstrates its suitability for future studies, including the identification of
potential biomarkers and drug screenings. It also offers the opportunity to study some
molecular aspects of PSACH in more detail. As primary chondrocytes can be difficult
to obtain in large numbers and de-differentiate quickly in vitro, a suitable in vitro
model for the study of PSACH could offer new opportunities and allow the exploration

of novel approaches.
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5.6 Summary

e HT1080 cells overexpressing wild type or D469del COMP recapitulate

molecular characteristics of PSACH.

e Decreased expression of p.D469del COMP occurs in femoral head
chondrocytes from male D469del Comp knock-in mice at the age of six weeks
as well as in the D469del COMP cell model, but not in murine femoral head

cartilage at the age of one week.

e D469del COMP cells retain the ability to activate the UPR when treated with

tunicamycin or thapsigargin.

e Tunicamycin treatment reduces intracellular COMP levels without improving

its secretion.
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Chapter 6. Analysis of atypical ER stress in D469del COMP cells
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6.1 Introduction

The previous chapter demonstrated that HT1080 cells overexpressing p.D469del
COMP are a suitable in vitro model to study PSACH. Next, pathways that were
previously implicated in PSACH were investigated, before an unbiased RNA
sequencing based approach was chosen to identify novel pathways and genes of
interest. In contrast to targeted gene expression analysis, such as gqRT-PCR, RNA
sequencing reveals gene expression changes on a transcriptomic level without prior
target selection. Therefore, pathways may be uncovered that have not previously
been linked to the molecular mechanism of PSACH.

Furthermore, the effects of p.D469del COMP expression on DNA methylation
patterns were investigated to determine whether an epigenetic mechanism like DNA

methylation could be affected by skeletal dysplasia.

6.1.1 Chapter aims

¢ Investigate pathways previously implicated in the disease mechanism of
PSACH.

e Perform transcriptomic analysis of D469del COMP cell model.

e Validate a selection of differentially expressed genes identified by RNA

sequencing.

e Determine whether DNA methylation is affected by p.D469del COMP

expression.

6.2 COMP D469del HT1080 cells display signs of oxidative stress

Since no activation of the UPR has been observed in response to p.D469del COMP
expression, oxidative stress and a subsequent inflammatory response have been
suggested as the consequence of COMP induced ER stress (Posey et al., 2015;
Suleman et al., 2012).

To quantify oxidative stress, superoxide levels were measured using a modified
version of the nitroblue tetrazolium chloride (NBT) assay (Section 2.2.2.17).
Menadione (vitamin K3) has been used in vitro to stimulate superoxide anion
generation (Criddle et al., 2006; Fukui et al., 2012; Thor et al., 1982) and was used to
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challenge the oxidative stress response of wild type and D469del COMP cells. Levels
of superoxide were significantly higher in D469del COMP compared to wild type
COMP HT1080 cells (Figure 6.1 A). This was the case under basal conditions (0.07 +
0.04 vs 0.22 + 0.09 absorbance units (AU)/million cells) as well as after inducing
additional oxidative stress by treating with menadione prior to carrying out the NBT
assay (0.4 £ 0.1 vs 1.0 £ 0.1 AU/million cells respectively). This indicated that in
D469del COMP cells, production of reactive oxygen species (ROS) such as
superoxide was either increased, or capacity to eliminate ROS was decreased or a

combination of both.

One of the sources of ROS are mitochondria. Comparing levels of mtDNA between
wild type and D469del COMP cells was therefore used to investigate whether there
was a difference in the number of mitochondria (Refinetti et al., 2017). Whilst an
increase in MtDNA content could indicate an increased number of mitochondria, a
decrease of mtDNA content could indicate advanced oxidative damage by ROS and
subsequent degradation of mitochondria. Surprisingly, no change in mtDNA content
was observed between wild type and D469del COMP cells (Figure 6.1 B). To
examine the integrity of mitochondria in D469del COMP cells, cells overexpressing
wild type and p.D469del COMP were stained with MitoTrackerRed-CM-H2Xros, the
accumulation of which is dependent on the mitochondrial membrane potential. The
dye is only visible once it is oxidised by mitochondrial enzymes, and so it visualises
only functional mitochondria. A loss of staining intensity or area therefore indicates
reduced mitochondrial integrity. Interestingly, no apparent difference was observed
between wild type and D469del COMP cells in terms of MitoTracker staining intensity
(Figure 6.1 C). For both cell lines, cells were found that displayed mitochondrial
staining largely around the nucleus as well as cells that displayed a more restrictive
staining. In both cell lines, some cells displaying a more punctuate staining pattern

than others were observed.

The other explanation for increased superoxide levels could be a decreased capacity
of D469del COMP cells to eliminate ROS. Whilst superoxide itself is eliminated by
superoxide dismutase enzymes (SODs), several enzyme families have evolved to
reverse or protect lipids and proteins from the deleterious effects of ROS, e.g. lipid-
peroxidation. Previous work performed on the PSACH mouse model has already

reported a downregulation of peroxiredoxin-2 (Prdx2) in cartilage (Suleman et al.,
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2012). Peroxiredoxins are thiol-specific peroxidases that catalyse the reduction of
hydrogen peroxide and organic peroxides, thereby protecting cells from oxidative
damage such as lipid peroxidation (Veal et al., 2018). When peroxiredoxin-2
(PRDX2) levels were evaluated in D469del COMP cells, they were found to be
drastically and significantly decreased (Figure 6.2 A, B). This indicated that indeed
there appeared to be a decreased capacity to cope with oxidative damage caused by
ROS in D469del COMP cells. In other organisms and tissues, PRDX2 has been
shown to be important for insulin secretion (Olahova and Veal, 2015) and the loss of
PRDX2 in a mouse model was demonstrated to lead to increased levels of circulating
insulin with a concomitant decrease in intracellular insulin-signalling activation (Cha
et al., 2019). One major element of the insulin and insulin-like growth factor (IGF)
signalling pathways is protein kinase B or AKT. The phosphorylation level of AKT
was therefore assessed by western blotting. In agreement with reduced PRDX2
levels and a potential decrease in insulin/IGF signalling, a decrease in AKT
phosphorylation was observed (Figure 6.2 C, D). AKT signalling is known to be one
of the major pro-survival signalling pathways and thus a decrease in AKT activity was
consistent with the previously observed decrease in cell proliferation and elevated

levels of chondrocyte apoptosis.
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Figure 6.1 — Levels of superoxide and mitochondrial activity in HT1080 cells overexpressing
D469del COMP. (A) Increased staining with NBT in D469del COMP cells under basal conditions as
well as when additionally challenged with menadione. AU: absorbance units, n = 5 experiments. P-
values were determined using student’s t-test. (B) Mitochondrial DNA (mtDNA) content was
examined by gRT-PCR using nuclear DNA (nuDNA) for normalisation. Data is presented as fold
change, n = 3-4 technical replicates. P-values were calculated using student’s t-test. Black dots
represent mean values, bars show standard deviation, (C) Mitochondria were visualised using
MitoTrackerRed-CM-H2Xros. The reduced dye becomes visible (red) upon oxidation in the
mitochondria. Accumulation is dependent on intact membrane potential, n = 2 experiments.
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Figure 6.2 — Decreased PRDX2 protein levels and a reduction in phosphorylation of AKT in
D469del COMP-overexpressing HT1080 cells. (A) Western blot and (B) quantification of
peroxiredoxin-2 (PRDX2) protein levels. PRDX2 was drastically reduced in D469del COMP
HT1080 cells, n = 4 experiments. (C) Western blot of phosphorylated and total AKT and (D)
quantification of AKT phosphorylation levels, n = 3 experiments. GAPDH was used as loading
control. Black dots represent mean values, bars show standard deviation, P-values were

determined using student’s t-test.
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6.3 Energy status and oxygen availability in D469del COMP cells

As insulin and insulin-like signalling is closely tied to metabolic regulation, this finding
raised the question as to whether the expression of p.D469del COMP affected
cellular metabolism. To assess the energy balance in D469del COMP cells, the
phosphorylation status of AMP-activated kinase (AMPK) was examined by western
blotting (Figure 6.3 A, B). When activated, AMPK increases the uptake of glucose
and fatty acids and their oxidation, whilst inhibiting energy-expensive processes such
as lipid and protein biosynthesis. AMPK is activated by phosphorylation, and when
energy demand is high and ATP is used quicker than it is produced, AMP or ADP
binding to AMPK protect its phosphorylation from phosphatases. Conversely, if the
concentration of ATP is high, ATP displaces AMP or ADP, allowing access of
phosphatases and deactivation of AMPK. Whilst there appeared to be a trend for
increased phosphorylation of AMPK in D469del COMP cells, this was not statistically
significant (Figure 6.3 B). This indicated that there appeared to be no significant
energy deficiency in D469del COMP cells. It has however been demonstrated in the
past that ER stress raises the demand for ATP, e.g. to allow chaperones to facilitate
protein folding (Yong et al., 2019). Therefore, it was possible that D469del COMP
cells adjust metabolic processes, such as increasing oxidative phosphorylation, to
overcome this insult. Elevated mitochondrial activity would further explain the

increase in ROS.

Whilst the metabolism is regulated by numerous mechanisms, one factor that plays
an important role is hypoxia-inducible factor 1 a (HIF1a). Under normoxic conditions,
HIF1a is constantly ubiquitinated and degraded. During hypoxic conditions, HIF1a is
stabilised and supresses oxygen-expensive processes, such as oxidative
phosphorylation whilst activating anaerobic glycolysis. In cartilage development,
Hif1a is particularly important for chondrocyte survival in the hypoxic environment
(Schipani et al., 2001). When HIF1a was detected by western blotting (Figure 6.3, C
and D), a single band of ~120 kDa was detected which corresponded to the expected
molecular weight of mature fully post-translationally modified HIF1a.. A more diffuse
band was also detected at around 180 kDa, potentially corresponding to ubiquitinated
HIF1a. No significant difference was observed between wild type and D469del
COMP cells, although on average HIF1a120 levels appeared slightly lower in D469del

COMP-overexpressing cells.
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Both oxygen availability as well as nutrient levels are known to regulate autophagy.
AMPK is a known regulator of autophagy which can stimulate autophagy by
phosphorylating ULK1, linking the cellular energy status directly to autophagosome
biogenesis. Furthermore, the retention of misfolded COMP in the ER may affect
autophagy. When levels of the autophagy marker LC3B - which is converted from
LC3B-I to LC3B-II during active autophagy - were examined (Figure 6.4 A, B),
D469del COMP-overexpressing cells displayed only slightly, and not significantly,
reduced levels of LC3B-Il. This was also observed for the ratio of LC3B-II to LC3B-I
(Figure 6.4 C).
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Figure 6.3 — Energy balance as well as oxygen availability appear unaffected by overexpression of
D469del COMP. (A) Western blot and (B) quantification of the ratio of phosphorylated to total
AMPK. Membranes shown in Figure 5.6 A (p-/total eiF2a) were re-incubated with (p-)AMPK
antibodies, therefore the same GAPDH is shown as loading control. (C) Western blot and (D)
quantification of HIF1a protein species, n = 4 experiments. GAPDH was used as loading control.

Black dots represent mean values, bars show standard deviation, P-values were determined using
student’s t-test.
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Figure 6.4 — Forms of LC3B in D469del COMP cells. (A) Western blot and (B) Quantification of
LC3B-Il and (C) the ratio of LC3B-Il over LC3B-I. GAPDH was used as loading control, n = 4
experiments. Membrane shown in Figure 5.6 A (total eiF2a) were re-incubated with anti LC3B
antibody, therefore the same GAPDH is shown as loading control. Black dots represent mean

values, bars show standard deviation, P-values were determined using student’s t-test.
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6.4 Use of RNA sequencing to assess consequences of D469del COMP
overexpression
To gain a more comprehensive understanding of the molecular consequences of
mutant COMP accumulation, RNA sequencing was performed. RNA was extracted
from wild type and D469del COMP overexpressing HT1080 cells at 72 hrs after
confluency. Quality of RNA samples (n = 4 per cell line) submitted was assessed
initially by non-denaturing agarose gel electrophoresis which demonstrated two
distinct bands and no visible signs of degradation (Figure 6.5 A). Quality was also
evaluated based on potential protein (A2so/280) and solvent (Azs0/230) contamination
(Figure 6.5 B). Since all A2es01280 values were higher than 2 the RNA was deemed
suitable for RNA sequencing. After RNA was treated with DNase |, samples were
submitted to the Genomics Core Facility at Newcastle University for a second step of

quality control and subsequent RNA sequencing.

Analysis of RNA sequencing data (n = 3 per cell line) was performed using the
Galaxy platform (Afgan et al., 2018). After quality control of the resulting RNA
sequencing data, 75 — 80 % of reads mapped uniquely to the reference
transcriptome (hg38) using HISAT2 (Kim et al., 2019). Of these, 60 % were assigned
to exons. 70 % were unique read pairs. The tool featureCounts (Liao et al., 2014)
was used to generate counts before limma-voom (Law et al., 2014; Ritchie et al.,

2015) was used to analyse differentially expressed genes (DEGSs).

Analysis resulted in the identification of a total of 988 differentially expressed genes
(DEGSs), with an adjusted P-value < 0.05 and fold change > +£1.5 (log: fold change >
+0.58), of which 465 were upregulated and 523 downregulated in D469del COMP
compared to wild type COMP overexpressing cells (Figure 6.6). KEGG pathway
analysis was then performed using Enrichr (Kuleshov et al., 2016) for all DEGs, and
up- and downregulated genes separately. KEGG pathways associated with
downregulated genes were mainly involved in the PISK-AKT signalling pathway,
pathways in cancer, ECM-receptor interaction and the lysosome (Table 6.1). This
was consistent with the previously observed reduction in AKT phosphorylation.
Furthermore, a striking decrease in PRDX2 expression (0.001-fold) was observed,
consistent with the previously observed reduction in PRDX2 protein. More KEGG

pathways were found to be associated with upregulated genes, including cellular
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senescence, cell cycle, NFkB signalling, and various types of cancer pathways
(Table 6.2).

When KEGG pathway analysis was performed on all 988 DEGs, a total of 41
pathways were identified (Table 6.3), many of which overlapped with the previous
analysis. Some pathways were only identified when all DEGs were analysed
together, including focal adhesion, fluid shear stress and atherosclerosis,

complement and coagulation cascades as well as rheumatoid arthritis.

None of the terms associated with DEGs indicated the presence of the unfolded
protein response or ER stress, confirming previous observations. Instead, it
appeared the stress caused by p.D469del COMP expression and the resulting
inflammation caused altered cellular signalling via multiple pathways, ultimately

leading to changes in cell cycle regulation and senescence.

The receptor NOTCH3 (NOTCH3) and the notch ligand JAGGED1 (JAG17) were both
drastically downregulated (0.002- and 0.27-fold, respectively) in D469del COMP-
overexpressing cells. Studies in the context of breast cancer cells have shown that
COMP interacts with the NOTCH3-JAGGED1 signalling axis directly (Papadakos et
al., 2019). More specifically, secreted COMP facilitates the interaction between
NOTCHS3 and its ligand JAGGED1 in breast cancer models thereby leading to

increased numbers of breast cancer stem cells.

COMP is part of the thrombospondin protein family with THBS3 and THBS4 being
the most similar to COMP. Neither THBS3 nor THBS4 were differentially expressed
in D469del COMP cells, but both THBS1 and THBSZ2 were upregulated (4- and 2.8-

fold, respectively).

In summary, the results of the RNA sequencing experiment suggested that indeed
there was no typical ER stress response apparent in D469del COMP HT1080 cells.
Instead, a complex interplay between altered ECM organisation, impaired signalling,
and increased inflammation was observed. Altered ECM turnover, impaired cellular
metabolism and changes in cell cycle regulation may ultimately result in apoptosis.
To effectively develop a drug treatment, the identification of a reliable in vitro marker

for COMP-induced stress is needed.
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WT D469del

B
Sample Concentration [ng/pL] Az601280 Azs0/230
WT1 462.5 2.05 2.04
WT2 412.2 2.07 1.45
WT3 461.9 2.05 1.95
WT4 4411 2.04 2.16
D469del1 4125 2.07 1.26
D469del2 403 2.05 1.75
D469del3 2491 2.07 1.88
D469del4 370.9 2.06 1.28

Figure 6.5 — Quality of RNA samples. (A) Non-denaturing agarose gel electrophoresis was
performed for initial assessment of RNA quality. Two distinct bands are clearly visible with no

smear. (B) Concentrations and Azso2s0 and Azeor23o scores of RNA samples submitted for RNA

sequencing.
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Figure 6.6 — Volcano plot of RNA sequencing results. Differentially expressed genes (Logz fold
change > 0.58 (fold change of 1.5), adj. P-value < 0.05) are represented in red, other genes in
grey.
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Term Overlap Adjusted P-value | Genes
CSF1R, ITGA4, BDNF, ITGB4,
LAMA1, ITGB3, LAMAS3, LPARS,
PI3K-AKT
GNG11, VEGFA, COMP, EFNAT,
signalling 24/354 0.003
NR4A1, KITLG, IL6, CCND2,
pathway
PPP2R2C, CREB3L1, GNG7, DDIT4,
ITGA11, IL2RB, SPP1, FGFR3
NOTCHS3, CSF1R, EPAS1, LAMA1,
LAMAS3, LPARS3, GLI1, CCND2,
RASSF5, GNG7, BDKRB2, BDKRBT,
Pathways in
G 31/530 0.003 GSTM3, ARNT2, JAG1, GSTM1, JUP,
ancer
GSTO2, WNTSB, DCC, FOS, GNG11,
AGT, VEGFA, TGFBR2, KITLG, IL6,
IL2RB, CALM3, PLCB1, FGFR3
ECM-receptor COMP, ITGA4, ITGB4, LAMA1, SV2A,
9/82 0.022
interaction ITGB3, LAMAS3, ITGA11, SPP1
ASAH1, GM2A, NPC1, CTSL, SORT1,
Lysosome 11/123 0.23 LAMP3, ACPS5, CTSH, NAGA,
DNASE2, LITAF
NOTCHS3, EGR1, JAG1, MRAS,
Apelin Signalling
11/137 0.046 GNG7, ITPR1, SPP1, CALM3,
Pathway
PLCB1, PPARGC1A, GNG11
NOTCHS3, JAG1, WNTS5B, ITGA4,
Human ITGB4, LAMA1, ITGB3, LAMA3, MX1,
papillomavirus 19/330 0.047 TUBG2, VEGFA, OASL, COMP,

infection

CCND2, DLG3, PPP2R2C, CREB3L1,
ITGA11, SPP1

Table 6.1 — KEGG pathways associated with downregulated genes. Overlap: The number of genes
from the input (i.e. downregulated genes) relative to the total number of genes in this pathway, for
example in the PI3K-AKT signalling pathway 24 out of 354 genes are significantly downregulated in

D469del COMP cells.
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Adjusted

Term Overlap Genes
P-value

CXCL8, CCND1, MMP1, DAPK1, E2F1,
Bladder cancer 8/41 0.0008

THBS1, MMP9, HBEGF

LAMAS, CDK6, CCND1, GADD45B,
Small cell lung cancer 11/93 0.0011 GADDA45A, E2F1, BCL2, RARB, LAMC?2,

TRAF1, BIRC3

LAMAS, CXCL8, PDGFB, LAMC?2,

ADCY1, CCND1, PLCG2, E2F1, EDN1,

TGFB2, SMAD3, GADD45B, DAPK1,
Pathways in cancer 28/530 0.0035 TXNRD2, GADD45A, MMP1, TXNRD1,

WNT5A, TRAF1, MMP9, BMP2, PLCBA4,

CDK®6, BCL2, RARB, FGFR4, CALM2,

BIRC3

TGFB2, SMAD3, CXCL8, GADD45B,
Cellular senescence 13/160 0.0053 GADD45A, CDC25A, HIPK2, RAD50,

CDK6, CCND1, E2F1, MYBL2, CALM2

CDK6, CCND1, GADD45B, GADD45A,
Glioma 8/75 0.015

PDGFB, E2F1, PLCG2, CALM?2
AGE-RAGE signalling pathway 9/100 0.018 TGFB2, EDN1, SMAD3, CXCL8, PLCBA4,
in diabetic complications ' CCND1, IL1B, PLCG2, BCL2

TGFB2, SMAD3, CDK6, CCND1,
Hepatocellular carcinoma 12/168 0.018 GADD45B, GADD45A, TXNRD2,

TXNRD1, WNT5A, PLCG2, E2F1, DPF3

TGFB2, SMAD3, CDK6, CDC45,
Cell cycle 10/124 0.018 CCND1, GADD45B, GADD45A, E2F1,

MCM4, CDC25A

CDK6, CCND1, GADD45B, GADD45A,
Non-small cell lung cancer 7/66 0.02

E2F1, PLCG2, RARB

TGFB2, CXCLS8, IL1B, ITGB2, THBS2,
Malaria 6/49 0.02

THBS1

FUT8, HHEX, CXCL8, GADD45B,
Transcriptional misregulation
) 12/186 0.025 GADDA45A, PLAT, ETV1, UTY, TRAF1,
in cancer

MMP9, SSX1, BIRC3

CDK6, CCND1, GADD45B, GADD45A,
Melanoma 7172 0.025

PDGFC, PDGFB, E2F1
NF-kappa B signalling CARD10, CXCL8, GADD45B, IL1B,

8/95 0.025

pathway PLCG2, BCL2, TRAF1, BIRC3

LAMAS, TGFB2, CXCL8, PLCB4, IL1B,
Amoebiasis 8/96 0.025
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TGFB2, SMAD3, CDK6, CCND1,

Pancreatic cancer 7175 0.025

GADD45B, GADD45A, E2F1

CCND1, PDGFC, PDGFB, BCL2, E2F1,
Prostate cancer 8/97 0.025

PLAT, MMP9, CREB5

TGFB2, SMAD3, CDK6, CCND1,
Chronic myeloid leukemia 7/76 0.025

GADD45B, GADD45A, E2F1
Parathyroid hormone 8/106 0.041 PLCB4, PDE4D, BCL2, GATA3, PTH1R,
synthesis, secretion and action ' ADCY1, CREBS5, HBEGF

EDNT1, IL1B, LIF, TRAF1, CXCL3,
TNF signalling pathway 8/110 0.049

MMP9, CREBS, BIRC3

Table 6.2 — KEGG pathways associated with upregulated genes. Overlap: The number of genes from
the input (i.e. upregulated genes) relative to the total number of genes in this pathway.
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Term

Overlap

Adjusted

P-value

Genes

Pathways in cancer

59/531

0.0000017

CXCLS8, LAMC2, GLI1, CCND2, CCND1, RASSF5,
BDKRB2, BDKRB1, EDN1, GSTO2, WNT5B,
DAPK1, DCC, MMP1, WNT5A, FOS, TRAF1, MMP?9,
TGFBR2, PLCB4, RARB, PLCB1, BIRC3, CSF1R,
NOTCHS3, LAMAS, EPAS1, LAMA1, LAMAS,
PDGFB, LPAR3, ADCY1, GNG7, PLCG2, E2F1,
GSTM3, ARNT2, TGFB2, GSTM1, JAG1, SMADS3,
JUP, GADD45B, TXNRD2, GADD45A, TXNRD1,
GNG11, AGT, VEGFA, KITLG, BMP2, IL6, CDKE,
IL2RB, BCL2, CALM3, FGFR4, CALM2, FGFR3

AGE-RAGE
signalling pathway
in diabetic

complications

17/100

0.00076

EGR1, TGFB2, EDN1, SMAD3, CXCLS8, F3, AGT,
TGFBR2, VEGFA, MAPK11, IL6, PLCB4, CCND1,
IL1B, PLCG2, BCL2, PLCB1

Cellular

senescence

22/156

0.00076

TGFB2, SMAD3, CXCL8, GADD45B, GADD45A,
ITPR1, CDC25A, TGFBR2, HIPK2, MAPK11, IL6,
RADS50, CCND2, CDK6, MRAS, CCND1, RASSF5,
E2F1, CALM3, MYBL2, E2F5, CALM2

Apelin signalling
pathway

20/137

0.00086

NOTCHS3, EGR1, JAG1, SMADS, ITPR1, PLAT,
ADCY1, GNG11, PIK3CG, APLN, MRAS, PLCBA4,
CCND1, GNG7, SPP1, CALM3, CCN2, PLCB1,
PPARGC1A, CALM2

Bladder cancer

10/41

0.001

CXCL8, CCND1, DAPK1, MMP1, E2F1, THBS1,
MMP9, FGFR3, VEGFA, HBEGF

ECM-receptor

interaction

15/88

0.001

LAMAS, ITGA4, SDC4, ITGB4, LAMA1, ITGB3,
LAMAS, LAMC2, THBS2, THBS1, COMP, FRAS1,
SV2A, ITGA11, SPP1

PI3K-AKT
signalling pathway

36/354

0.001

CSF1R, LAMAS, ITGB4, LAMA1, ITGB3, LAMAS,
PDGFB, LPAR3, LAMC2, THBS2, THBS1, PIK3CG,
COMP, CCND2, CCND1, CREB3L1, GNG7,
PDGFC, SPP1, ITGA4, BDNF, GNG11, VEGFA,
EFNA1, NR4A1, KITLG, IL6, CDK6, PPP2R2C,
DDIT4, ITGA11, IL2RB, BCL2, FGFR4, FGFR3,
CREBS

Rap1 signalling
pathway

24/210

0.003

VAV3, FARP2, CSF1R, ITGB3, ITGB2, PDGFB,
LPAR3, ADCY1, THBS1, VEGFA, EFNA1, MAPK11,
KITLG, MRAS, PLCB4, RASSF5, PDGFC, CALMS,
PLCB1, RAPGEFS5, DRD2, FGFR4, CALM2, FGFR3
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COMP, TGFB2, IL6, CXCL8, LRP1, IL1B, ITGB2,

Malaria 10/50 0.003
PECAM1, THBS2, THBS1
SERPINB3, SERPINB4, LAMAS, TGFB2, CXCLS,
Amoebiasis 15/102 | 0.003 LAMA1, ITGB2, LAMAS3, LAMC2, ADCY1, CXCL3,
IL6, PLCB4, IL1B, PLCB1
VAV3, LAMAS, ITGA4, ITGB4, LAMA1, ITGB3,
LAMAS3, PDGFB, PARVA, LAMC2, THBS2, THBS1,
Focal adhesion 23/201 | 0.003
VEGFA, COMP, CCND2, CCND1, PDGFC, ITGA11,
SPP1, BCL2, FLNC, MYL9, BIRC3
GSTM3, EDN1, GSTM1, SDC4, GSTO2, ITGBS3,
Fluid shear stress
18/139 | 0.003 PDGFB, PLAT, FOS, MMP9, VEGFA, MAPK11,
and atherosclerosis
CTSL, IL1B, BCL2, PECAM1, CALM3, CALM2
CSF1R, ARNT2, CXCL8, GADD45B, JUP,
Transcriptional
GADD45A, MMP3, PLAT, ETV1, TRAF1, MMP,
misregulation in 22/192 | 0.004
TGFBR2, BAIAP3, FUTS, IL6, HHEX, CCND2,
cancer
NR4A3, IL2RB, NUPR1, SSX1, BIRC3
Parathyroid
EGR1, PDE4D, ITPR1, GATAS3, PTH1R, FOS,
hormone synthesis,
15/106 | 0.004 ADCY1, NR4A2, PLCB4, MMP15, CREB3L1, BCL2,
secretion and
_ PLCB1, CREB5, HBEGF
action
ASAH1, SORT1, FUCA2, CLTC, LAPTM5, NAGA,
Lysosome 16/128 | 0.009 ABCB9, LITAF, GM2A, NPC1, CTSL, LAMP3, ACP5,
CTSH, DNASE2, ARSG
LAMAS5, GADD45B, LAMA1, GADD45A, LAMAS3,
Small cell lung
13/92 0.009 LAMC2, TRAF1, CDK6, CCND1, E2F1, BCL2,
cancer
RARB, BIRC3
Complement and
F8, SERPINB2, C1R, PROS1, ITGB2, BDKRB2,
coagulation 12/85 0.014
ITGAX, BDKRB1, PLAT, F3, CD55, F2RL2
cascades
EDN1, JAG1, MMP3, LIF, FOS, TRAF1, CXCL3,
TNF signalling
14/112 | 0.018 MMP9Y, MAPK11, IL6, CREB3L1, IL1B, BIRCS3,
pathway
CREB5
EDN1, PLCB4, PDE1C, ITPR1, PDE3A, CALMS3,
Renin secretion 10/69 0.026
REN, PLCB1, CALM2, AGT
NOTCHS3, LAMAS, ITGB4, LAMA1, ITGB3, LAMAS,
Human LAMC2, THBS2, THBS1, OASL, COMP, CCND?2,
papillomavirus 29/331 | 0.026 CCND1, CREB3L1, SPP1, E2F1, HES4, JAGT,
infection WNT5B, ITGA4, WNT5A, MX1, TUBG2, VEGFA,
CDK6, DLG3, PPP2R2C, ITGA11, CREB5
Rheumatoid TGFB2, IL6, CXCL8, CTSL, MMP1, IL1B, ITGB2,
10/93 0.026
arthritis MMP3, ACP5, FOS, CXCL3, VEGFA
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Vascular smooth

EDN1, ITPR1, PLA2G3, PLA2G4A, ADCY1,

15/133 | 0.029 ADRA1B, AGT, PLCB4, KCNMB4, CALM3, PLCB1,
muscle contraction
MYL9, MYH10, CALM2, PRKG1
VAV3, TGFB2, SDC4, WNT5B, ITGB3, WNT5A,
Proteoglycans in ITPR1, MIR21, MMP9, THBS1, VEGFA, MAPK11,
20/205 | 0.033
cancer MRAS, CCND1, CTSL, PLCG2, HCLS1, FLNC, EZR,
HBEGF
Adrenergic ADCY1, ATP2B1, ADRA1B, PIK3CG, AGT,
signalling in 16/150 | 0.033 MAPK11, CACNB4, PLCB4, PPP2R2C, CREB3L1,
cardiomyocytes BCL2, CALM3, SCN5A, PLCB1, CALM2, CREB5
Aldosterone
] NR4A2, NR4A1, PLCB4, CREB3L1, ITPR1, CALMS3,
synthesis and 10/98 0.033
] ADCY1, ATP2B1, PLCB1, CALM2, AGT, CREB5
secretion
Inflammatory MAPK11, PLCB4, IL1B, ITPR1, PLCG2, BDKRB?2,
mediator regulation | 10/98 0.033 BDKRB1, PLA2G4A, CALM3, ADCY1, PLCB1,
of TRP channels CALM?2
ITPR1, ADCY1, ATP2B1, ADRA1B, PIK3CG,
PLCB4, CREB3L1, PDE3A, BDKRB2, KCNMBA4,
cGMP-PKG
17/167 | 0.035 CALM3, PDES5A, PLCB1, MYL9, CALM2, PRKG1,
signalling pathway
CREB5
H CXCLS8, ITGB3, ITPR1, CGAS, ADCY1, GNG11,
uman
) VEGFA, MAPK11, IL6, PLCB4, CDK6, STING1,
cytomegalovirus 21/225 | 0.035
fecti CCND1, CREB3L1, IL1B, GNG7, E2F1, CALMS3,
infection
PLCB1, CALM2, CREB5
GSTM3, TGFB2, GSTM1, SMAD3, WNT5B,
Hepatocellular 1711678 | 0.035 GADD45B, GSTO2, GADD45A, TXNRD2, TXNRD1,
carcinoma ' WNT5A, TGFBR2, CDK6, CCND1, PLCG2, E2F1,
DPF3
TGFB2, SMAD3, CDK6, CCND1, GADD45B,
Pancreatic cancer 10/76 0.035
GADDA45A, E2F1, TGFBR2, ARHGEF6, VEGFA
SLC38A1, HOMER?2, ITPR1, PLA2G4A, ADCY1,
Glutamatergic
13/114 | 0.035 GNG11, GRK3, PLCB4, GNG7, SLC17A7, PLCB1,
synapse
GLUL, SHANK3
] MAPK11, TGFB2, IL6, CXCL8, PLCB4, PPP2R2C,
Chagas disease 12/102 | 0.035
IL1B, BDKRB2, FOS, ADCY1, PLCB1, TGFBR2
Cortisol synthesis 9/65 0.035 NR4A1, PLCB4, CREB3L1, ITPR1, ADCY1, PLCB1,
and secretion ' KCNK2, AGT, CREB5
PDE1C, PDE4D, AK3, NME3, NME4, AK5, AMPD3,
Purine metabolism | 14/129 | 0.035 ADCY1, PDE3A, ENPP1, ENPP4, PDE5A, PDE7B,

ADA
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EDN1, MMP1, FOS, ADCY1, GNG11, MMPS9,
Relaxin signalling
" 14/129 | 0.035 TGFBR2, VEGFA, MAPK11, PLCB4, CREB3L1,
athwa
P y GNG7, PLCB1, CREBS
VAV3, ITGA4, ITGB4, ITGB3, ITGB2, PDGFB,
Regulation of actin MRAS, SCIN, SPATA13, PDGFC, ITGA11,
20/218 | 0.043
cytoskeleton BDKRB2, ITGAX, BDKRB1, EZR, FGFR4, MYLJ9,
MYH10, FGFR3, ARHGEF6
) CXCL8, PDGFB, PLA2G4A, LPAR3, ADCY1,
Phospholipase D
) ) 15/148 | 0.045 PIK3CG, AGT, KITLG, MRAS, PLCB4, PDGFC,
signalling pathway
PLCG2, PLPP3, PLCB1, DGKI
Th17 cell MAPK11, IL6, SMADS3, IL1B, IL2RB, RORC, IL21R,
12/107 | 0.045
differentiation AHR, GATAS3, FOS, IL27RA, TGFBR2
IL-17 signalling 11/94 0.045 FOSL1, MAPK11, IL6, CXCL8, MMP1, IL1B, MMPS3,
pathway ' FOS, CXCL3, IL17RC, MMP9
) ) TGFB2, SMAD3, WNT5B, WNT5A, ITGB2, AMOT,
Hippo signalling
" 16/163 | 0.046 TGFBR2, BMP2, CCND2, CCND1, DLGS3,
athwa
P y PPP2R2C, CCN2, NF2, TEAD2, BIRC3
Kaposi sarcoma-
) CXCLS8, PDGFB, ITPR1, FOS, CXCL3, GNG11,
associated
) 18/193 | 0.046 PIK3CG, VEGFA, PREX1, MAPK11, IL6, CDK®,
herpesvirus
i i CCND1, GNG7, PLCG2, E2F1, CALM3, CALM2
infection

Table 6.3 — KEGG pathways associated with DEGs. Overlap: The number of genes from the input (i.e.
DEGs) relative to the total number of genes in this pathway.

6.5 Validation of selected targets identified by RNA sequencing

To successfully identify a marker of COMP-induced stress, several DEGs identified
by RNA sequencing were firstly validated by qRT-PCR.

Four genes of interest were selected for the initial validation: GALNT18, MMP1,
MMP9 and SOX9. SOX9 is a known master regulator of chondrogenesis and is an
essential factor for cartilage and bone formation in murine limb buds (Akiyama et al.,
2002). MMP1 and MMP9 are both secreted matrix metalloproteinases, with roles in
remodelling of the extracellular matrix, endochondral ossification and skeletal
diseases (Ortega et al., 2004; Pardo and Selman, 2005; Stickens et al., 2004). In
addition, secreted enzymes exhibit many desirable characteristics of a biomarker.
Firstly, they can be detected readily outside of cells and thus no cell isolation and
lysis are necessary. Secondly, MMPs are known to be involved in inflammation and
inflammatory diseases, and both MMP1 and MMP9 have been shown to be regulated

at least in part by NF«B signalling (Di Girolamo et al., 2006; Vincenti and
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Brinckerhoff, 2002; Zhu et al., 2014). GALNT18 was selected because it has been
implicated in ER stress although relatively little is known about its function (Jia et al.,
2021; Li et al., 2012; Shan et al., 2019). When gene expression was analysed by
gRT-PCR, expression of GALNT18, MMP1 and MMP9 was found to be elevated
(Figure 6.7 A). SOX9 was not found to be differentially expressed by qRT-PCR
(Figure 6.7 A). For GALNT18, MMP1 and MMP9, the Log> fold changes obtained by
RNA sequencing were 5.38, 2.79 and 3.87, respectively. The Log> fold changes
obtained by qRT-PCR were 4.2, 1.7 and 3.2, respectively.

The elevated expression of MMP9 was of particular interest. Firstly, MMP9 is a
secreted enzyme, meaning it can be detected extracellularly. For a biomarker, this
eliminates the need to isolate cells (in the case of patients) and/or prepare cell
lysates and RNA to measure gene expression. Instead, conditioned media (in the
case of cells), or more easily obtainable body fluids (in the case of patients) could
serve as samples. Secondly, because MMP9 digests collagens of the extracellular
matrix, extracellular MMP9 activity can be measured conveniently by gelatin
zymography or activity assays employing fluorogenic substrates. Thirdly, MMP9 has
been implicated in various disorders by other studies (Gossage et al., 2018; Marshall
et al., 2015; Xue et al., 2014), one of which observed increased MMP9 activity after
the loss of type IX collagen (Heilig et al., 2020). Notably, the loss of type IX collagen
also leads to reduced anchorage of COMP in the cartilage ECM. Therefore, | wished
to determine whether the observed change in MMP9 expression would result in an
increase of MMP9 activity in conditioned media of D469del COMP-overexpressing
cells. Gelatin zymography of concentrated conditioned media revealed that indeed
MMP9 activity was increased in D469del COMP-overexpressing cells (Figure 6.7 B).
In contrast, no difference was observed in the activity of the closely related MMP2

(Figure 6.7 B) or MMP2 expression according to RNA sequencing.

Previous work has demonstrated that TGFf is able to regulate MMP9 expression via
AP1 and NF«xb (Safina et al., 2008; Zhu et al., 2014). TGFB2 and SMAD3 were found
to be upregulated in D469del COMP cells by RNA sequencing, but TGFBR?2, the
gene that encodes for TGFp type Il receptor (TGFBR2), was downregulated. Upon
ligand binding, TGFBR2 recruits and phosphorylates the TGFf type | receptor which
then proceeds to phosphorylate downstream targets, including SMAD2 and SMAD3.

Therefore, it was investigated whether there was a change in active TGFp signalling,
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using the phosphorylation status of both SMAD2 and SMAD3 as a read-out. A
reduction in phosphorylation was observed for SMAD2 (Figure 6.8 A, B), consistent
with a downregulation of TGFBR2, but not for SMAD3 (Figure 6.8 A, C). There was
no significant increase in total SMAD2 protein level (Figure 6.8 A, D), and whilst the
increase in SMAD3 expression observed by RNA sequencing did appear to result in
elevated SMAD3 protein levels, this failed to reach statistical significance (Figure 6.8,

A, E).
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Figure 6.7 — Changes in gene expression originally uncovered by RNA sequencing are also
detected by other methods. (A) gRT-PCR analysis of four selected DEGs in wild type (WT) and
D469del COMP-overexpressing HT1080 cells. Three out of four selected DEGs display significantly
changed expression. Data is presented as Logzfold change. 18S was used as housekeeping gene.
Black dots represent mean values, bars show standard deviation, P-values were determined using
student’s t-test. (B) Gelatin zymography of concentrated, conditioned media of wild type (WT) and
D469del COMP-overexpressing HT1080 cells. Changes in MMP9 expression translate into
increased MMP9.
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Figure 6.8 — Examination of TGFp signalling in D469del COMP-overexpressing HT1080 cells. (A)
Western blot, (B) quantification of p-SMAD2, (C) quantification of p-SMAD3, (D) quantification of
total SMAD2, and (E) quantification of total SMAD3, n = 3 experiments. GAPDH was used as
loading control. Black dots represent mean values, bars show standard deviation, P-values were
determined using student’s t-test. To detect SMADZ2/3, the membrane shown in Figure 5.6 C
(CANX) was re-incubated with anti-SMAD2/3 antibody, therefore, the same GAPDH is shown as
loading control.
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6.6 DNA methylation is changed dramatically in D469del COMP cells

In cystic fibrosis, the expression of recombinant mutant cystic fibrosis
transmembrane conductance regulator (CFTR) is known to cause ER stress. This ER
stress was observed to lead to methylation changes in the promoter region of
endogenous CFTR, resulting in transcriptional repression (Bartoszewski et al.,
2008b). Whilst DNA methylation has been studied in the context of many diseases
associated with ER stress, for example Alzheimer’s disease and Diabetes (De Jager
et al., 2014; Duran-Aniotz et al., 2017; Jerram et al., 2017; Nilsson and Ling, 2017;
Santos and Ferreira, 2018; Scheuner and Kaufman, 2008), if and to what extent ER
stress and DNA methylation may be linked has not yet been investigated.
Furthermore, whether expression of mutant COMP affects DNA methylation has not

yet been studied.

DNA methylation was analysed using the lllumina Infinium EPICMethylation array
system (n = 4 per cell line) by the Genetics Core Facility at Edinburgh Clinical
Research Facility followed by computational analysis (Maksimovic et al., 2016). In
brief, 865859 probes passed the threshold of p < 0.05 for the mean detection P-value
(Figure 6.9) and were used for normalisation using the preprocessQuantile function
(Touleimat and Tost, 2012) in minfi (Aryee et al., 2014). PreprocessQuantile was
chosen for normalisation (Figure 6.10), as it assumes no global differences between
samples (for example, they are derived from the same tissue/cell line). Multiple
dimensional scaling plots confirmed that the biggest source of variation between all
analysed samples was the respective cell line (Figure 6.11). Probes were then
filtered to remove poor performing probes, probes affected by common SNPs, probes
binding to the sex chromosomes and known cross-reactive probes (Pidsley et al.,
2016). Beta and M values were calculated (Figure 6.12), and multiple dimensional
scaling plots confirmed that the biggest source of variation between all analysed
samples was the still respective cell line (Figure 6.13) before probe-wise differential
methylation analysis was carried out using the limma pipeline (Ritchie et al., 2015).
Beta values are calculated from the ratio of array intensities of the methylated and
unmethylated alleles of each probe and correspond to the level of methylation.
Although they are easier to interpret, they are not suitable for statistical analysis.
Beta values are therefore transformed into M values, which are used for statistical

testing. These results were then further examined to reveal differentially methylated
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regions using DMRcate (Peters et al., 2015). Visualisation of differentially methylated

probes and regions was performed using Gviz (Hahne and Ivanek, 2016).

The resulting data indicated that of the 690594 analysed probes, 42146 appeared to
be demethylated and 62562 hypermethylated with a difference in DNA methylation
bigger than + 0.15 beta (equivalent to > + 15 % methylation difference) and adjusted
P-value < 0.05. This number of CpGs found to be differentially methylated was
unexpectedly high (15.2 % of all analysed probes). In total, these CpGs were
annotated 19694 unique genes. When the differentially methylated sites (probes,
DMPs) were summarised to differentially methylated regions (DMRs), 48383 regions
corresponding to 16839 distinct genes were identified (P-value < 0.01, Fisher)

containing at least two differentially methylated CpG sites.

Gene set analysis on genes corresponding to DMPs was performed using the
gometh tool in missMethyl (Phipson et al., 2016) and 295 GO terms identified (FDR <
0.01), which were further summarised using REViGO (Table 6.4, 6.5 and 6.6). Each
term produced a score of uniqueness (similarity of each term to the overall group)
and dispensability (score of redundancy). GO terms similar to KEGG pathways
identified after RNA sequencing are highlighted in light yellow, terms relating to the
ECM are highlighted in dark yellow. Most cellular component GO terms were linked
to the plasma membrane, extracellular space or related terms (Table 6.4). Biological
process GO terms described mainly different types of signalling, transports and
cellular movement (Table 6.5). The top molecular function GO terms included
extracellular matrix constituent, phospholipase activity and transporter activity (Table
6.6).

742 genes with at least one DMPs were also differentially expressed. Of the genes
connected to significantly altered regions containing differentially methylated probes
(15382), 636 annotated genes were also found to be differentially expressed (Figure
6.14). The vast majority of differentially methylated probes and regions did not

translate into changes in expression.

When the location of DMPs was considered, it revealed a total of 16505 genes were
annotated for DMPs in a promoter region (15t Exon, TSS200, TSS1500), of which

5962 genes were also expressed in HT1080 cells as detected by RNA sequencing.
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675/988 (68.3 %) genes that were differentially expressed had at least one DMP
within a region annotated as a promoter (Figure 6.15 A, 6.17 A). Of these genes, 590
(59.7 % of DEGs) were found to also be associated with a DMR (Figure 6.15 A, 6.17
A). In contrast, when genes of DMPs and DMRs were compared to genes displaying
no difference in expression (Figure 6.15 B, 6.17 A), 5287 (46 %) of genes that were
not differentially expressed had at least one DMP located in promoter regions, and
4339 (37.9 %) of these were annotated for at least one DMR.

A total of 15872 different genes were annotated for DMPs outside promoter regions
(Figure 6.16, 6.17 B), of which 6126 genes were also found to be expressed by
HT1080 cells. 677 genes that exhibited changes in expression level were also
annotated for at least one DMP outside a promoter region (Figure 6.16 A, 6.17 B).
Therefore, 68.5 % of differentially expressed genes exhibited changes in DNA
methylation outside a promoter region. Of these 677 genes, 583 genes (59 % of all
DEGs) were also associated with a DMR. 5449 genes that were annotated for DMPs
did not change in expression (Figure 6.16 B, 6.17 B), meaning 47.5 % of genes that
were not differentially expressed displayed changes in DNA methylation outside

promoter regions.

When specific genes of interest were analysed, COMP for example, indeed one
region containing 25 CpG sites was identified to be differentially methylated and
located in close proximity to the human COMP promoter region (Deere et al., 2001).
None of the individual CpGs displayed a methylation change of more than 15 %, but
six CpG sites exhibited changes in DNA methylation greater than 10 % (Figure 6.18,
Table 6.7). For MMP9 one region containing seven CpG sites appeared differentially
methylated. More than 10 % difference in methylation was observed for three
individual CpG sites, of which two displayed a difference of more than 15 % (Figure
6.19, Table 6.7). Only one differentially methylated region containing 17 CpG sites
was associated with PRDX2. For eight individual CpGs within this region, the
difference in methylation was greater than 15 % (Figure 6.20, Table 6.7). For
GALNT18, 15 regions were identified as differentially methylated, with a total of 36
individual probes exhibiting a difference in DNA methylation greater than 15 % (Table
6.7, regions visualised in Gviz are highlighted in orange). The region with the highest
number of individual CpGs contained 15 CpG sites of which six CpGs exhibited more

than 15 % change in DNA methylation (Figure 6.21). Six differentially methylated
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regions were found to be associated with SMADS3, which contained 14 CpGs with a
change in DNA methylation greater than 10 % (Table 6.7). Of these, 10 displayed
more than 15 % difference in methylation levels. One DMR associated with SMADS3,
containing six individual CpG sites and a mean beta difference of -0.12, was found
close to the start of SMAD3 transcript variant 2 (Figure 6.22).

In addition to a P-value threshold, a threshold can be applied to the maximum or
mean beta difference of a DMR. When a threshold of 0.15 mean beta difference was
applied, 8644 DMRs were identified that mapped to 3932 different genes. 294
differentially expressed genes (29.9 % of all differentially expressed genes) were
annotated at least one DMR with a mean beta difference > 0.15 and at least one
DMP in a promoter region (Figure 6.23 A). In contrast, 940 genes that did not change
expression (8.2 % of all unchanged genes) were associated with at least one DMR
with a mean beta difference > 0.15 and at least one DMP in a promoter region
(Figure 6.23 B). When DMPs outside promoter regions were analysed, 300
differentially expressed genes (30.5 %) were associated with a DMR with a mean
beta difference < 0.15 and at least one DMP outside a promoter region (Figure 6.24
A), whereas 1070 genes that did not change expression (9.3 % of all unchanged
genes) were associated to a DMR and at least one DMP (Figure 6.24 B).

DMRs associated with COMP, PRDX2 and MMP9 did not exhibit a mean beta value
difference bigger than 0.15, but all 15 regions annotated for GALNT18 and three
regions associated with SMADS3 displayed mean beta value changes bigger than
0.15 (Table 6.7). All regions associated with GALNT18 displayed an increase in
mean beta value difference in D469del COMP cells whilst one SMAD3-annotated
regions exhibited an increase and two regions displayed a reduction in mean beta
value difference (Table 6.7). Nevertheless, expression of both GALNT18 and SMAD3
was elevated in D469del COMP cells.
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Term ID Description Uniqueness Dispensability

GO0:0045177 Apical part of cell 1.00 0.00
Somatodendritic

G0:0036477 1.00 0.00
compartment

G0:0009986 Cell surface 1.00 0.00

G0:0030054 Cell junction 1.00 0.00

G0:0042995 Cell projection 1.00 0.00

GO0:0071944 Cell periphery 1.00 0.00

G0:0016020 Membrane 1.00 0.00

GO0:0005615 Extracellular space 1.00 0.00

GO:0005576 Extracellular region 1.00 0.00

GO0:0015629 Actin cytoskeleton 0.94 0.00

G0:0043025 Neuronal cell body 0.93 0.00

GO0:0043235 Receptor complex 0.92 0.00
Plasma membrane

G0:0120025 bounded cell 0.89 0.00
projection
Integral component of

G0:0005887 0.73 0.00
plasma membrane

G0:0045202 Synapse 0.73 0.00

GO0:0098552 Side of membrane 0.97 0.03
Anchored component

G0:0031225 0.97 0.05
of membrane
Intrinsic component of

GO0:0031224 0.94 0.07
membrane

G0:0005581 Collagen trimer 0.92 0.27
External side of

G0:0009897 0.84 0.27
plasma membrane

GO0:0031012 Extracellular matrix 0.83 0.28
Apical plasma

G0:0016021 0.71 0.28
membrane
Integral component of

G0:0016021 0.93 0.30
membrane
Plasma membrane

G0:0098590 ) 0.81 0.33
region

GO0:0030017 Sarcomere 0.87 0.35
Intrinsic component of

G0:0031226 0.78 0.38
plasma membrane
Plasma membrane

G0:0098797 0.68 0.38

protein complex
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Table 6.4 REVIGO GO Cellular component terms with differentially methylated regions. GO terms
similar to KEGG pathways identified after RNA sequencing are highlighted in light yellow, terms
relating to the ECM are highlighted in dark yellow.
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Term ID Description Uniqueness Dispensability
G0:0007610 Behaviour 1.00 0.00
G0:0016042 Lipid catabolic 1.00 0.00
process
G0:0032501 Multicellular 1.00 0.00
organismal process
G0:0032502 Developmental 1.00 0.00
process
GO:0040011 Locomotion 1.00 0.00
G0:0022610 Biological adhesion | 1.00 0.00
G0:0023052 Signalling 1.00 0.00
G0:0007631 Feeding behaviour 0.99 0.00
G0:0009611 Response to 0.96 0.00
wounding
G0:0006812 Cation transport 0.86 0.00
G0:0043269 Regulation of ion 0.78 0.00
transport
G0:0003008 System process 0.70 0.00
GO:0030154 Cell differentiation 0.64 0.00
G0:0006928 Movement of cell or | 0.99 0.01
subcellular
component
G0:0007155 Cell adhesion 0.98 0.01
G0:0030198 Extracellular matrix | 0.96 0.01
organisation
GO:0007267 Cell-cell signalling 0.94 0.01
GO:0007154 Cell communication | 0.99 0.02
G0:0050804 Modulation of 0.86 0.18
chemical synaptic
transmission
GO0:0044057 Regulation of 0.84 0.18
system process
GO0:0051094 Positive regulation 0.80 0.20
of developmental
process
GO0:0043279 Response to 0.96 0.21
alkaloid
G0:0065008 Regulation of 0.85 0.23

Table 6.5 - REViIGO Go Biological process terms associated with differentially methylated regions.

biological quality
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Term ID Description Uniqueness Dispensability

GO:0005215 Transporter activity 1.00 0.00

G0:0005201 Extracellular matrix 1.00 0.00
structural constituent

G0:0004620 Phospholipase activity 0.98 0.00

G0:0005102 Signalling receptor 0.97 0.00
binding

GO0:0030545 Signalling receptor 0.94 0.00
regulator activity

GO0:0015318 Inorganic molecular 0.51 0.00
entity transmembrane
transporter activity

G0:0008528 G protein-coupled 0.84 0.01
peptide receptor activity

GO0:0005539 Glycosaminnoglycan 0.98 0.05
binding

GO0:0005509 Calcium ion binding 0.99 0.06

G0:0008289 Lipid binding 0.99 0.06

GO0:0008201 Heparin binding 0.98 0.21

G0:0003700 DNA-binding 0.93 0.26
transcription factor
activity

G0:0016298 Lipase activity 0.98 0.46

Table 6.6 — REViIGO GO Molecular Function terms associated with differentially methylated regions.
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Figure 6.14 — Venn diagram of differentially expressed genes (DEG), differentially methylated
regions (DMR) and differentially methylated probes (DMP). In 636 DMRs, one or more individual
CpGs displayed a change in methylation greater than 15 % whilst gene expression was significantly

altered.
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Figure 6.15 - Venn diagram of (A) differentially expressed genes (DEG) and (B) not differentially
expressed genes (NDEG), differentially methylated regions (DMR) and differentially methylated
probes (DMP) located in promoter regions. (A) For 590 genes (59.7 % of DEG) associated with a
DMR, one or more individual probes displayed a change in methylation greater than 0.15 whilst
gene expression was significantly altered. (B) 4339 genes (37.9 % of all NDEG) that did not change

expression were still annotated to a DMR and at least one DMP.
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Figure 6.16 - Venn diagram of (A) differentially expressed genes (DEG), and (B) not differentially
expressed genes (NDEG), differentially methylated regions (DMR) and differentially methylated
probes (DMP) located outside promoter regions. (A) For 583 genes (59.0 % of DEG) associated
with a DMR, one or more individual probes displayed a change in methylation greater than 0.15
whilst gene expression was significantly altered. (B) 4371 genes (38.1 % of NDEG) that did not

change expression were still annotated to a DMR and at least one DMP.
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Figure 6.17 — Proportion of genes associated with (A) changes in DNA methylation in promoter regions
and (B) changes in DNA methylation in other regions. No change: No differentially methylated probes
or region was observed. DEG: Differentially expressed genes. NDEG: genes that did not change in
expression. Promoter DMPs: Genes annotated with at least one individual probe in a promoter region
that exhibited a difference in methylation of more than 0.15 between wild type and D469del COMP.
DMR: Genes annotated with at least one differentially methylated region. Promoter DMP + DMR:
Genes annotated with at least one differentially methylated region and a at least one individual probe in
a promoter region that displayed a difference in methylation of more than 0.15 between wild type and
D469del COMP. Non-promoter DMPs: Genes annotated with a least one individual probe outside a
promoter region that exhibited a difference in methylation of more than 0.15 between wild type and
D469del COMP. Non-promoter DMP + DMR: Genes annotated with at least one differentially
methylated region and a at least one individual probe outside a promoter region that displayed a
difference in methylation of more than 0.15 between wild type and D469del COMP.
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Gene Number of Mean beta HMFDR
CpGs difference

COMP 25 0.056 2.77E-05
MMP9 7 0.12 1.72E-07
PRDX2 17 -0.014 3.72E-07
GALNT18 | 15 0.16 1.24E-07
GALNT18 |8 0.47 3.60E-08
GALNT18 |7 0.64 5.63E-08
GALNT18 |5 0.48 3.79E-08
GALNT18 |4 0.40 9.22E-08
GALNT18 | 3 0.58 3.53E-08
GALNT18 | 3 0.39 4.48E-08
GALNT18 | 3 0.40 5.41E-08
GALNT18 | 2 0.55 2.19E-08
GALNT18 | 2 0.72 2.51E-08
GALNT18 | 2 0.48 3.66E-08
GALNT18 | 2 0.33 4.64E-08
GALNT18 | 2 0.40 5.12E-08
GALNT18 | 2 0.36 5.06E-08
GALNT18 | 2 -0.30 5.54E-08
SMAD3 6 0.16 1.84E-06
SMAD3 6 -0.12 2.97E-07
SMAD3 5 0.012 0.0001
SMAD3 4 -0.06 7.70E-05
SMAD3 3 -0.16 6.38E-07
SMAD3 2 -0.25 7.72E-08

Table 6.7 — Number of individual CpGs and their mean difference of beta value in DMRs associated
with COMP, MMP9, PRDX2, GALNT18 and SMADG3. Regions visualised in Gviz are highlighted.
HMFDR: Harmonic Mean of the individual CpG False Discovery Rates.
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Figure 6.18 — Differentially methylated sites within the differentially methylated region associated

with COMP. Visualisation was performed using the Gviz package in R studio.
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Figure 6.19 — Differentially methylated sites within the differentially methylated region associated
with MMPO9.
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Figure 6.20 - Differentially methylated sites within the differentially methylated region associated
with PRDX2.
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Figure 6.21 — Differentially methylated sites within the differentially methylated region associated
with GALNT 18 with the highest number of individual CpGs.
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Figure 6.22 — Differentially methylated sites within the differentially methylated region located at the
start of SMADS3 transcript variant 2.
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' NDEG

Figure 6.23 — Venn dlagram of (A) differentially expressed genes (DEG) and B) not differentially
expressed genes (NDEG), differentially methylated regions (DMR) with a mean beta difference >
0.15 and differentially methylated probes (DMP) located in promoter regions. (A) For 294 genes
(29.9 %) associated with a DMR, one or more individual probes displayed a change in methylation
greater than 0.15 whilst gene expression was significantly altered. (B) 940 genes (8.2 %) that did

not change expression were still annotated to a DMR and at least one DMP.

. NDEG

Figure 6.24 — Venn dlagram of (A) differentially expressed genes (DEG), and (B) not differentially
expressed genes (NDEG), differentially methylated regions (DMR) with a mean beta difference >
0.15 and differentially methylated probes (DMP) located outside promoter regions. (A) For 300
genes (30.5 %) associated with a DMR, one or more individual probes displayed a change in
methylation greater than 0.15 whilst gene expression was significantly altered. (B) 1070 genes (9.3

%) that did not change expression were still annotated to a DMR and at least one DMP.
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6.7 Discussion

The aims of this chapter were to investigate the consequences of COMP-induced
stress in PSACH using the D469del COMP cell model by analysing pathways that
were previously implicated in PSACH, but also by using an unbiased, transcriptomic
approach. Additionally, it was investigated whether DNA methylation is altered in the
D469del COMP cell model.

Instead of activating the UPR, p.D469del COMP-induced ER stress appears to cause
oxidative stress resulting in elevated levels of superoxide. However, no difference
was observed by RNA sequencing in the expression of SOD7 and SODZ2 (superoxide
dismutase 1 and 2, respectively), encoding enzymes responsible for the conversion
of superoxide to the less volatile hydrogen peroxide. Furthermore, no striking
difference in mitochondrial integrity was observed when mitochondria were visualised
by microscopy, suggesting that instead of a rise in superoxide production, D469del
COMP cells may experience decreased availability of anti-oxidative factors. Both
TXNRD1 and TXNRDZ2, encoding thioredoxin reductase 1 and 2 respectively,
displayed elevated expression in D469del COMP cells as observed by RNA
sequencing. Thioredoxin reductases regenerate thioredoxin, which itself reduces
peroxiredoxins after oxidation by ROS (Cunniff et al., 2014). In contrast, three
members of the glutathione-s-transferase enzyme family (GSTM1, GSTM3 and
GSTO2) exhibited reduced expression. This suggests an imbalance of redox factors
in D469del COMP cells.

Surprisingly, and despite the increase in superoxide, mtDNA content was found to be
comparable between wild type and D469del COMP-overexpressing cells.
Nevertheless, a key regulatory enzyme of glycolysis, PFKFB2, was strongly
downregulated in D469del COMP cells as revealed by RNA sequencing. The
enzymes of the 6-phosphofructose-2-kinase/fructose-2,6-bisphosphatase family
synthesise (and degrade) the potent allosteric activator of the phosphofructosekinase
enzyme family, thereby strongly inducing glycolysis (Heine-Sufier et al., 1998). A
downregulation of PFKFB2 could therefore imply a decrease in glycolytic activity. In
future studies to investigate this in more detail, a SeahorseAnalyzer extracellular flux
experiment could be performed. This method directly measures extracellular
acidification and oxygen consumption, allowing the determination of relative

contribution of mitochondrial and glycolytic activity in intact cells. To confirm the
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results obtained in the cell model, primary chondrocytes from wild type or D469del

mice could also be used.

The expression of p.D469del COMP may alter cellular metabolism by affecting
oxygen-sensing. The a subunits of HIF are protected from proteasomal degradation
under hypoxic conditions; thus, the activity is controlled by controlling protein stability.
In contrast to that, the § subunits of HIF, encoded by ARNT and ARNT2, are typically
constitutively expressed and are not degraded in an oxygen-dependent fashion. The
phosphorylation of AMPK and HIF1a protein levels were unaffected by D469del
COMP expression, but RNA sequencing revealed decreased expression of both
EPAS1, which encodes for HIF2a and ARNTZ2 which binds to HIF1a or HIF2a under
hypoxic conditions, before the heterodimer of ARNT2 and HIF1a (or HIF2a)) can act
as transcription factor. These changes suggest that the ability of D469del COMP
cells to respond to low oxygen may be impaired. To determine what effect hypoxia
has on D469del COMP cells, both wild type and D469del COMP-overexpressing
cells could be cultured in a hypoxic environment prior to analysis. Apart from HIF 1a
protein levels, cell viability and superoxide levels could be examined to evaluate
whether D469del COMP cells behave similar to wild type COMP cells under hypoxia.
In humans, reduction of EPAS1 expression was demonstrated to be responsible for
the adaption of high-altitude Tibetans to lower oxygen levels, avoiding hypoxia-
induced signalling and polycythemia (Peng et al., 2017). The reduction of EPAS1
expression therefore has a beneficial effect under low oxygen conditions. However,
when Epas? was inactivated in limb bud mesenchyme, only the final step of
chondrocyte hypertrophy marked by the expression of Vegf, Spp71 and Mmp13
appeared to be impaired with no significant difference in body size observed (Araldi
et al., 2011). Intriguingly, VEGFA and SPP1 also exhibited reduced expression in the
D469del COMP cell model. In contrast, in Epas?*- mice the reduction in Epas1 levels
resulted in mild proportional dwarfism as well as an elongation of the hypertrophic

zone and simultaneously delayed ossification (Saito et al., 2010).

EPAS1 expression was shown to be regulated by IGF1R and INSR via PI3K-
signalling in an mTORC2-dependent manner in neuroblastoma (Mohlin et al., 2015).
The phosphorylation of AKT on Ser473 is often used as a marker of mMTORC2
activity, and as this was reduced in D469del COMP cells, this suggests that
mTORC2 activity may be highly impaired by p.D469del COMP expression. Activated
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AKT promotes mTORC1 activity via multiple effectors, including PRAS40, TSC2 and
the NF«B signalling pathway (Dan et al., 2014). Subsequently, active mTORC1 is
able to inhibit mMTORC2 mediated phosphorylation of AKT on Ser473 (Julien et al.,
2010). The activation of mTORC1 also inhibits autophagy by regulating the
phosphorylation of ULK1/2 (J. Kim et al., 2011). Importantly, ULK1 has been found to
modulate the formation of ER exit sites, resulting in decreased protein secretion
when autophagy activity is high (Gan et al., 2017). Whilst no significant difference
was detected in D469del COMP cells, LC3B-Il levels tended to be lower in these
cells compared to wild type COMP cells, consistent with a reduction in autophagy.
Conversely, ULK2 expression was strongly induced, and so was expression of E2F1,
a transcription factor known to regulate genes involved in autophagy (Di Malta et al.,
2019). Importantly, areas of the ER containing accumulated mutant COMP may be
degraded using ER-phagy when the mutant protein cannot be folded or removed
otherwise. Protein aggregates could also be removed using ER-to-lysosome-
associated degradation (ERLAD). Indeed, recent work has identified ER-phagy
mediated by calnexin and FAM143B as an important pathway in misfolded
procollagen clearance (Forrester et al., 2019), whilst the importance of ERLAD was
demonstrated for successful degradation of aggregates of a1 antitrypsin Z (Fregno et
al., 2018). To assess autophagic flux in more detail, levels of p62/SQSTM1 should be
analysed. Inhibition of the autophagy machinery and subsequent analysis of the
autophagic flux may reveal if mutant COMP is at least partly degraded via
autophagy. Furthermore, colocalization of LC3B-Il and LAMP1 with mutant COMP
could also be examined by confocal microscopy to determine whether mutant COMP
is degraded via autophagy and lysosomes. Treatment of D469del COMP cells with
chloroquine and bafilomycin A, which inhibit autophagy via different mechanisms
(Mauthe et al., 2018), could deliver a more detailed insight into how mutant COMP
may be degraded and how its clearance from the ER might be stimulated

pharmacologically.

Since COMP is a member of the thrombospondin protein family and the loss of Comp
expression in a COMP knock-out mouse model did not lead to a striking phenotype, it
has been speculated in the past whether a loss of COMP would be compensated by
upregulation of other thrombospondins. Although no obvious upregulation of other
thrombospondins was observed in cartilage of COMP-deficient mice (Svensson et
al., 2002), in PSACH knock-in mouse model Thbs4 and Thbs2 were found to be
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upregulated (Suleman et al., 2012). In HT1080 D469del COMP cells, both THBS1
and THBSZ2 (encoding TSP-1 and TSP-2 respectively) were found to be upregulated
at the mRNA level, but not THBS4. Both proteins have been shown to be important
for bone development. Whilst VEGFA is seen as a major driver of angiogenesis,
TSP-1 and TSP-2 have been suggested to have anti-angiogenic properties (Lawler
and Lawler, 2012), implying that p.D469del COMP expression may compromise
factors involved in angiogenesis. Loss of TSP-1 results in decreased osteoclast
activity and thus affects bone quality in mice (Amend et al., 2015), whilst loss of TSP-
2 delays osteoblastogenesis and mineralisation (Delany and Hankenson, 2009;
Hankenson et al., 2000). The consequences of elevated levels of both TSP-1 and
TSP-2 in D469del COMP cells are not entirely clear, as TSP-1 is able to inhibit matrix
mineralisation and osteoblast differentiation (DuBose et al., 2012), whilst TSP-2 has

been demonstrated to promote matrix mineralisation in vitro (Alford et al., 2010).

Various thrombospondins have also been implicated as regulators of TGFj-signalling
(Crawford et al., 1998; Muppala et al., 2017). Whilst TGFBRZ2 expression was
significantly decreased, expression of TGFB2 and SMAD3 was increased on
transcript level. Furthermore, a reduction in SMAD2 phosphorylation was detected by
western blotting, whilst the increase in SMADS protein failed to reach statistical
significance. Interestingly, COMP has been shown to interact directly with TGF31
(Haudenschild et al., 2011; Maly et al., 2021) as well as BMP2 (Ishida et al., 2013)
and alter its activity in vitro. Notably, BMPZ2 expression was found to be increased by
RNA sequencing. It has also been demonstrated that the addition of recombinant
COMP induces phosphorylation of ERK1/2, but this effect of COMP is impaired in the
presence of TGFB1 (Maly et al., 2021). Since COMP was identified as a direct
interaction partner of TGF3 as well as BMPs, it would be interesting to investigate
whether this modification of TGF-signalling is driven directly by the loss of
extracellular COMP.

Addition of recombinant COMP to cell culture medium of D469del COMP followed by
evaluation of SMAD2/3 phosphorylation could allow us to uncover whether the lack of
extracellular COMP or the intracellular retention of mutant COMP are responsible for
the change in TGFB-signalling. It is currently not known whether mutations like the
p.D469del mutation affect the ability of COMP to bind to TGF; however, since
mutant COMP is retained intracellularly the direct modulation of signalling due to
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reduced binding ability would most likely be limited. Instead, differences in TGFf3-
signalling may be secondary to alterations in other intracellular signalling pathways,
affecting expression levels of pathway components or may be driven by changes in
ECM composition and thus TGFp activation. It is also possible that secreted COMP,
as a component of the ECM, is involved in regulating local concentrations of growth
factors and cytokines. Indeed, it has been demonstrated recently that secreted
COMP is able to directly stimulate NOTCH3-JAGGED1 signalling (Papadakos et al.,
2019). Whilst both NOTCH3 and JAGGED1 are transmembrane proteins,
extracellular COMP appears to function as adaptor protein by binding to both. In
breast cancer cells, this was observed to lead to enhanced JAGGED1 internalisation
and NOTCHa3 activation. A change in the ability of COMP to bind to both JAGGED1
and NOTCHa3, potentially caused by mutations, may impair downstream signalling.
Notably, both JAG7 and NOTCH3 are downregulated in D469del COMP cells. What
drives this reduction, and whether this change in expression translates to the protein

levels are yet to be determined.

The absence of COMP may also drive changes in ECM integrity and architecture,
which become detrimental in combination with a rise in inflammatory signalling
caused by the mutation protein retention. For example, the absence of COMP from
the ECM could affect collagen fibrillogenesis and crosslinking, making it more
accessible for proteases. Combined with an increased expression of MMP1 and
MMP9 driven by inflammation, this could lead to enhanced ECM degradation and
potentially growth factor release (or degradation). This would also explain why some
C-terminal mutations, albeit secreted, cause disease and why the genetic ablation of
COMP in mice did not recapitulate the PSACH phenotype: Whilst they may not
exhibit the inflammatory signalling observed upon protein retention, mutant COMP

may still impair ECM assembly and render it susceptible to aberrant degradation.

RNA sequencing confirmed the involvement of inflammatory cascades in D469del
COMP-caused stress, uncovering an increase in /L-1B expression as well as NFxB-
and TNF-signalling. IL1B, Interleukin-1p (IL-1pB) is often used to model the cellular
processes of conditions like osteoarthritis in vitro (Vincent, 2019), whilst TNFa is
often used in the study of RA and TNFa inhibitors are amongst the biological
treatments of RA (Johnson et al., 2019). Additionally, several ECM degrading

enzymes, including some MMPs, were found to be differentially regulated. It is
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noteworthy that in models of a1 antitrypsin deficiency, accumulation of the misfolding
protein leads to the activation of NFkB-signalling without activation of the UPR, which
is marked by a downregulation of Egr1 and increased expression of MMPs
(Mukherjee et al., 2019). A downregulation of EGR1 was also observed following
D469del COMP expression, resulting in elevated expression of MMP1 and MMP9 as

well as enhanced MMP9 activity.

MMP1, also called fibroblast collagenase, preferentially cleaves fibrillar type I, 1l and
lIl collagens. In contrast to MMP9, a gelatinase that cleaves denatured parts of the
collagen triple helix, MMP1 cleaves collagen into characteristic fragments (Loffek et
al., 2011; Pardo and Selman, 2005). Within the joint, high levels of MMP1 are mostly
associated with inflammation of the synovium, for example during RA (Goldring and
Otero, 2011), whereas MMP9 is expressed by osteoclasts and has been
demonstrated to play a role in endochondral ossification alongside MMP13 (Ortega
et al., 2003; Stickens et al., 2004). Alongside MMP1 and other MMPs, MMP9 has
also been found to be upregulated in RA (Ahrens et al., 1996), most likely also in
association with inflammation of the synovium (Xue et al., 2014). MMP9 is known to
facilitate cell migration and thus invasion of immune cells when secreted during
inflammation (Di Girolamo et al., 2006). Fibroblast-like synoviocytes play an
important role in the secretion of inflammatory cytokines, as well as the production of
MMPs during RA (Nygaard and Firestein, 2020), and whilst it is known that COMP is
expressed by synovial fibroblasts from unaffected as well as RA and OA patients
(Dodge et al., 1998), the effects of mutant COMP on synovial fibroblasts remain to be
studied. The inflammatory response that D469del COMP appears to provoke in both
chondrocytes and HT1080 cells raises the question, whether and to what extent the

synovium is involved in the cartilage phenotype of PSACH.

In agreement with increased inflammatory signalling, PDGFB expression was
observed to be strongly induced by D469del COMP. Intriguingly, PDGFB expression
was found to be significantly elevated in fibroblast-like synoviocytes from patients
with rheumatoid arthritis (Charbonneau et al., 2016) and excessive levels of PDGF-B
secretion have been linked to the induction of angiogenesis in the subchondral bone
in the early stages of osteoarthritis (Su et al., 2020). Early-onset osteoarthritis (OA)
has been described inpatients suffering with PSACH (Briggs et al., 1995); however, it

is difficult to dissect whether this is due to similarity in the molecular mechanisms of
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both diseases (especially since OA is heterogenous and several sub types exist) or
due to impaired joint development and altered joint loading. Still, ER stress has been
described as a possible factor in development of OA (Kung et al., 2019; Li et al.,
2016; Uehara et al., 2014) and deciphering the pathways underlying COMP-induced
ER stress may contribute to further the understanding of the disease mechanism of
not only PSACH, but also OA. Intriguingly, when the transcriptome of OA
synoviocytes and chondrocytes was dissected using single-cell sequencing, PDGFB
was found to be expressed exclusively by synoviocytes, but not chondrocytes (Chou

et al., 2020), again implicating a role of the synovium in inflammation during PSACH.

In RA, inflammatory cascades also involve the complement system, which COMP
itself is known to interact with (Happonen et al., 2012, 2010; Otteby et al., 2013). It
was shown that COMP has the ability to inhibit both the classical and lectin pathway
of the complement by interacting with MBL and with C1q via its collagenous stalk.
COMP therefore interferes with the next step of the complement cascade, the
activation of C4. Surprisingly, COMP also acts as an activator of the alternative
complement pathway by binding to properdin and C3 directly, and circulating levels
of COMP-C3b were significantly higher in serum, but not synovial fluid, from RA
patients compared to OA patients (Happonen et al., 2012). In D469del COMP cells,
C1R was significantly downregulated alongside ITGAX, whilst ITGB2 was
upregulated. C1r together with C1q and C1s forms part of the major complement
complex C1. ITGAX and ITGB2 encode integrins that are regarded as complement
receptors, and together form the inactivated C3b receptor 4 (CR4) (Gjelstrup et al.,
2010).

Apart from cartilage, COMP is expressed in several other tissues, including skin,
tendon and synovium. In fact, previous work has demonstrated that disease-causing
mutations of COMP affect tendon and muscle integrity in mice (Pirog et al., 2013,
2010). However, a considerable amount of research has focused on the effect that
mutant COMP exerts on chondrocytes. The fact that expression of D469del COMP in
HT1080 fibrosarcoma cells leads to a pronounced inflammatory stress response
suggests that in addition to chondrocytes, other cell types of the joint may be
involved in PSACH pathology. Indeed, chondrodysplasias caused by mutations in
other genes with a more restrictive expression profile, such as MATN3 (matrilin-3),

appear to cause a similar, but milder phenotype via different stress pathways. Whilst

203



mutant matrilin-3 is — similarly to COMP - retained intracellularly, it has been shown
to activate the UPR (Nundlall et al., 2010).

Similar to matrilin-3, COMP forms disulphide linked oligomers within the ER. COMP
is a much larger protein than matrilin-3, thus it is possible that both proteins interact
with a different subset of factors of the secretory pathway. Recent work has
characterised GRASP55-dependent unconventional protein secretion via secretory
autophagosomes and multi-vesicular bodies, identifying not only parts of the pathway
but also its cargo (Nuchel et al., 2021). In brief, activation of mMTORC1 prevents
GRASP55-dependent unconventional protein secretion. Intriguingly, proteins
identified as potential clients of unconventional protein secretion included matrilin-3,
but also peroxiredoxin-2. Strikingly, when mTORC1 was inactivated by several forms
of stress (e.g. nutrient depletion, hypoxia), GRASP55-dependent unconventional
protein secretion was induced and amino acid depletion in the absence of GRASP55
prompted a reduction in extracellular levels of matrilin-3 and peroxiredoxin-2.
Importantly, unconventional protein secretion has been suggested to allow protein
secretion when the conventional secretory pathway is disrupted (Rabouille, 2017)
which, in PSACH, could be driven by the accumulation of mutant COMP. The
aberrant activation of mMTORC1 could further disrupt protein secretion in PSACH,
including the trafficking of growth factors and receptors. Unfortunately, COMP was
not detected in this study and it therefore remains unclear, whether COMP secretion
could depend on autophagosomes during periods of cellular stress. It is currently
thought however that unconventional protein secretion via autophagosomes
originates in the vicinity of ER exit sites, bypassing the Golgi compartment
(Rabouille, 2017), whereas the posttranslational modifications of native COMP are
consistent with its passage through the Golgi apparatus. It appears more likely that
the persistent activation of mMTORC1 prevents the degradation of COMP via
autophagy (or ER-phagy), whilst additionally interfering with unconventional protein

secretion.

A previous study has used rapamycin to inhibit mMTORC1 in a mouse model of
PSACH and has found a reduction in intracellular D469del COMP accumulation
(Posey et al., 2019). It would be interesting to treat D469del COMP cells with
rapamycin and examine the consequences for AKT phosphorylation, PRDX2 levels
and e.g. EPAS1 expression alongside COMP secretion and MMP activity. It would

also be interesting to use an inhibitor of PI3K-signalling in wild type COMP cells and
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compare the activity of some signalling pathways to D469del COMP cells to see to
which extent a dysregulation of PI3K-signalling resembles the cellular phenotype
caused by D469del COMP expression and to determine whether certain aspects of
PSACH are independent of PI3K-AKT-signalling.

In addition to transcriptome analysis using RNA sequencing, DNA methylation was
examined in D469del COMP cells using the lllumina Infinium EPIC array. Thus far,
DNA methylation has not been studied in the context of pseudoachondroplasia (or
multiple epiphyseal dysplasia). Impaired DNA methylation is typically linked to
imprinting disorders, including those that present with short stature, such as Silver-
Russell syndrome (Begemann et al., 2015; Wit et al., 2016). It remained therefore
unknown, whether DNA methylation is altered in PSACH, if it could act as a potential
disease modifier, and if DNA methylation could eventually be used as a methylation
biomarker. Although expression of p.D469del COMP was associated with a high
number of statistically significant changes in DNA methylation, the functional
relevance is yet to be determined. Some of these differences will most likely result
from random mutations that occurred during the culture of the different cell lines.
Nevertheless, it is highly probable that some of the changes in DNA methylation are
linked to the expression of D469del COMP. Indeed, when DNA methylation of
specific genes of interest was analysed, methylation was changed significantly for
most. Interestingly, DNA methylation of 36 individual CpGs located in differentially

methylated regions associated with GALNT18 was changed more than 15 %.

A differentially methylated region associated with COMP was of particular interest,
especially as a reduction of Comp expression was also observed in later
developmental stages of a PSACH mouse model. Future studies will have to
examine these differences in methylation more closely, and evaluate their functional
relevance. Targeted methylation and demethylation using Cas9-fused enzymes could
be used to specifically modify CpGs of interest followed by evaluation of COMP

expression.

To investigate the relationship between DNA methylation and COMP-induced ER
stress in more detail, methylation could also be analysed in cell lines expressing
other MED- and PSACH-causing COMP mutants. This could allow to identify
differences in DNA methylation between wild type, MED and PSACH COMP-
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overexpressing cells. Overexpression of other proteins linked to skeletal dysplasia,
such as wild type and p.V194D matrilin-3 may allow to eliminate loci that are
differentially methylated in response to other types of stresses and not specifically to
COMP-induced stress.

Investigating DNA methylation in other species is still more complicated and requires
more sophisticated analysis. To examine DNA methylation in cartilage from a
PSACH mouse model, whole genome sequencing (WGS) could be performed. The
development of assays similar to the Infinium MethylationEPIC array for mouse
tissue has led to the availability of the Infinium Mouse Methylation array; however,
with more than 285 000 probes, the genomic coverage of this assay is currently
limited. In this case, a better approach could be to select some loci of interest. This
would allow the use of pyrosequencing to interrogate DNA methylation specifically at

these sites.

Apart from a possible role in modifying disease severity, studies have also suggested
that DNA methylation changes within specific regions of DNA from serum samples
could serve as biomarkers for some diseases (Horvath and Raj, 2018; Kobayashi et
al., 2020, 2016; Willmer et al., 2018). Whilst extracting DNA from serum samples can
be automated and is therefore convenient, it is questionable if and to what extent
DNA methylation in DNA from serum would be affected by mutations of COMP. Still,
changes in DNA methylation may offer one explanation for a diverse spectrum of
phenotypes, and varying degrees of symptom severity even in individuals carrying
the same mutation. The role of epigenetics in skeletal dysplasia therefore remains to

be studied in more detail.

Transcriptomic analysis uncovered new aspects of COMP-induced stress and also
raised further, exciting questions. It also allowed the identification of several potential
markers for COMP-induced stress, including GALNT18, MMP1 and MMP9. The
function of GALNT18 is so far only poorly characterised. Whilst named polypeptide
N-acetylgalactosaminyltransferase 18, it exhibits very limited catalytic activity. Still, its
genetic ablation appears to drive a reduction in protein O-glycosylation and induction
of ER stress (Li et al., 2012; Shan et al., 2019). Conversely, it was found to be

downregulated following treatment with tunicamycin and thapsigargin (Shan et al.,
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2019). Furthermore, GALNT 18 expression, although apparently an ER-resident
protein, was elevated following mucin-type Golgi stress (Jamaludin et al., 2019).
Recently, it was also reported that the localisation of GALNT18 to the ER depends on
its interaction with PLOD3, also known as lysyl hydroxylase (LH) 3, which is known to

modify collagens post-translationally (Jia et al., 2021).

MMP9, but also MMP1, are of particular interest as potential biomarkers for COMP-
induced stress. In contrast to GALNT18, a hardly characterised, intracellular enzyme,
both MMP1 and MMP9 are secreted and have been studied extensively. Activity-
based assays as well as ELISA-based approaches are available to determine the
level of MMP1 and MMP9 in conditioned media from D469del COMP cells and
primary murine chondrocytes or serum samples from the PSACH knock-in mouse
model. Still, mutations of COMP do not only cause PSACH, but also MED and
previous reports have shown that retention of mutant COMP may vary between
mutations (Chen et al., 2004). Specifically, MED-causing mutations may be secreted
to a much larger extent than PSACH-causing mutations within the type 3 repeats.
Whilst MMP9 activity was increased on expression levels as well as in conditioned
media of D469del COMP cells and therefore a strong candidate for a COMP-induced
stress biomarker, previous work has not examined MMP1/MMP9 expression in the
context of other COMP mutations. Extensive analysis is needed as to whether the
findings presented in this chapter apply to other PSACH-causing mutations within the
type 3 repeats as well, and whether there are differences between MED- and
PSACH-causing mutations within the type 3 repeats. Importantly, the activation of the
UPR has to be evaluated in other disease-causing COMP mutations, since most
studies have focused on the common p.D469del mutation or compared mutations
within the type 3 repeats with mutations located in the C-terminal domain of COMP.
Furthermore, it needs to be addressed whether MED-causing mutations exhibit less
pronounced protein retention and whether this results in a different type of stress
response than the PSACH-causing mutation p.D469del. The identification of a
common marker for COMP-induced pathology in vitro would facilitate future in vitro

research and drug development.

To establish if their expression is specifically upregulated as a result of COMP-

induced stress or if this is a common occurrence in skeletal dysplasia, MMP1 and
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MMP9 expression should be examined in models of other skeletal disorders, most

importantly matrilin-3 MED.

6.8 Summary

e D469del COMP cells show a complex molecular phenotype with several

dysregulated signalling pathways, including AKT and TGFf} signalling.

e Although increased superoxide levels were observed, no differences were

detected in markers of mitochondrial integrity.

e D469del COMP cells do not display significant changes in common markers

for hypoxia, nutrient deprivation or autophagy.

e DNA methylation was excessively altered in D469del COMP cells, with several

genes of interest exhibiting changes in DNA methylation.
¢ MMP9 was induced transcriptionally by D469del COMP expression, resulting

in increased extracellular MMP9 activity and therefore may be a biomarker of
COMP-induced stress.
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Chapter 7. Investigation of a potential common disease

mechanism and biomarker for COMPopathies
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7.1 Introduction

The previous chapters confirmed that overexpressing p.D469del COMP in HT1080
cells replicated important features of PSACH in vitro. Using this cell model, the
complex molecular pathways underlying PSACH were then investigated in vitro and
potential genes of interest identified. Although many studies have focused on the
p.D469del COMP mutation, it is not fully understood whether all disease-causing
COMP mutations share a common disease mechanism, or whether characteristics
are specific to individual mutations. Therefore, HT1080 cells expressing different,
disease-causing COMP mutations were analysed and the results compared to
observations made in p.D469del COMP cells.

7.11 Chapter aims

e Examine mutant protein retention in HT1080 cells overexpressing MED- and
PSACH-causing mutant COMP.

e Investigate whether MED and PSACH-causing mutations of COMP trigger the
UPR.

¢ Analyse genes of interest selected from RNA sequencing.

e Investigate whether these genes of interest could be specific for COMP

mutations or are common targets in chondrodysplasia.

7.2 Disease-causing COMP mutations display varying degrees of protein
retention when overexpressed in HT1080 cells
Previous studies were able to show that mutations in some regions of COMP are
more likely to result in MED, whilst mutations in others result in PSACH (Briggs et al.,
2014). This indicates that some regions in COMP are less sensitive to mutation,
perhaps because they are less important for the function of COMP or because their
amino acid composition is less restricted. So far, most research has focused on a
few, specific mutations, and only limited research has been undertaken to compare
mutations within the same region of COMP. It is so far unknown whether the
p.D469del mutation exerts its effect via the same or distinct pathways as other

disease-causing mutations. Therefore, HT1080 cells overexpressing MED- or
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PSACH-causing mutant COMP were examined and the findings compared to the
findings from p.D469del COMP cells. Notably, these cell lines were not FACS sorted.

Firstly, the effect of several disease-causing COMP mutations on intracellular
retention was examined (Figure 7.1). In total, cell lysates and conditioned media from
HT1080 cells overexpressing three MED-causing mutations (p.C312Y, p.D385N and
p.N489K) and three PSACH-causing mutations (p.D473H, p.G440R and p.D511Y)
were analysed alongside wild type COMP-overexpressing cells. Unfortunately, no
protein was detected in either cell lysate or conditioned media of p.N489K COMP
cells (Figure 7.1 A, B, indicated by *), implying that these cells express no or only
very small amounts of this COMP variant. This cell line was therefore not used for

further studies.

Whilst wild type COMP was readily detected in both cell lysates and conditioned
media (Figure 7.1, A, B), the amount of secreted COMP appeared decreased in
MED-causing mutations and below detection limits in PSACH-causing mutations.
Apart from p.N489K COMP, all mutant COMP proteins were successfully detected in
samples from cell lysates. Interestingly, whilst the amount of intracellular COMP
relative to GAPDH was not significantly different between wild type- and mutant
COMP-overexpressing cell lines (Figure 7.1, C, D), the ratio between intracellular
and secreted COMP was significantly changed in all but one (p.C312Y) mutation
(Figure 7.1 E, F, G, H). A similar observation had been made for cells overexpressing
p.D469del COMP (see Chapter 5). Furthermore, there appeared to be a difference
between the p.C312Y MED-causing mutation and the p.D473H PSACH-causing
mutation, indicating that a milder effect on protein secretion may be associated with a
milder phenotype. This demonstrated that disease-causing mutations within the type
3 repeats of COMP affect COMP secretion, and that PSACH-causing mutations of
the type 3 repeats may impact secretion more severely than MED-causing mutations.
Since retained p.D469del COMP does not appear to trigger the activation of the
UPR, the levels of several UPR markers (BiP, calnexin, phosphorylation of eiF2a and
XBP1 splicing) were assessed in p.C312Y, p.D385N, p.D473H, p.G440R and
p.D511Y COMP-overexpressing cells to investigate whether this is a common

occurrence in COMPopathies.
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Figure 7.1 — Intracellular retention of disease-causing COMP proteins in HT1080 cells. (A, B)
Western Blot of cell lysates and media from HT1080 cells overexpressing wild type COMP (WT) or
mutant COMP. COMP proteins were detected via the C-terminal GFP tag. GAPDH was used as a
loading control for cell lysates. (C, D) Densitometric quantification of total intracellular GFP-COMP
protein levels. Black dots represent mean values, bars show standard deviation. (E, F)
Quantification of relative proportion of GFP-COMP protein in cell lysates and conditioned media. N
= 3 experiments. Bars represent standard deviation, P-values were determined using ANOVA and
Tukey post-hoc.
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7.3 Disease-causing COMP mutations do not trigger the UPR

Protein levels of BiP were examined by western blotting (Figure 7.2 A, B). Whilst BiP
was successfully detected in samples from all cell lines, no significant increase in BiP
protein was observed in mutant COMP cell lines compared to wild type COMP cells
(Figure 7.2 C, D). Only cells overexpressing p.D473H COMP tended to have slightly
higher BiP level; however, this was not statistically significant. In contrast to that,
protein levels of BiP in cells overexpressing p.D511Y COMP appeared reduced,
although this too failed to reach statistical significance. These cells also displayed a
relative low amount of intracellular GFP-COMP (Figure 7.1 D). This could indicate
that these cells express less recombinant COMP compared to wild type COMP-
overexpressing cells, potentially due to the stress caused by retention of the mutant

protein.

When calnexin levels were evaluated, again no significant difference was observed
between wild type and mutant COMP cells (Figure 7.3). This demonstrated that
whilst mutations within the type 3 repeats of COMP inhibited efficient protein

secretion, they did not appear to cause an increase in chaperone levels.

Next, phosphorylation of eiF2a was analysed. A downstream effector of the PERK
branch of the UPR, phosphorylation of eiF2a could affect general protein translation
as well as expression of pro-apoptotic genes, such as DDIT3. When examined
(Figure 7.4), some phosphorylation of eiF2a was observed in all cell lines. Similar to
p.D469del COMP cells, none of the cell lines expressing MED- or PSACH-causing
COMP mutations exhibited significantly elevated phosphorylation of eiF2a
suggesting that the PERK branch is not activated in response to overexpression of
mutant COMP.

Lastly, splicing of XBP1 was evaluated by RT-PCR (Figure 7.5). No difference in
spliced XBP1 was observed between wild type, p.C312Y, p.D385N and p.D473H
COMP-overexpressing cells (Figure 7.5, A, C). There appeared to be a small, but
significant difference between p.D385N COMP and p.D473H COMP-overexpressing
cells, although XBP1 splicing in both cell lines was not significantly different from
XBP1 splicing in wild type COMP cells. Compared to wild type COMP cells, p.G440R
and p.D511Y COMP-overexpressing cells displayed reduced XBP1 splicing levels
(Figure 7.5 B, D), similar to p.D469del COMP-overexpressing cells.
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Together, these findings demonstrate that mutations within the type 3 repeats of
COMP do not cause the activation of the UPR, despite impairing the secretion of
COMP.
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Figure 7.2 — BiP protein levels of HT1080 cells expressing disease-causing COMP mutants. (A, B)
Western Blot and (C, D) quantification of BiP levels in wild type COMP (WT) or mutant

COMP cells. GAPDH was used as loading control. Black dots represent mean values, bars show
standard deviation, n = 3 experiments, P-values were determined using ANOVA and Tukey post-
hoc.
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Figure 7.3 — Calnexin protein levels of cells expressing disease-causing COMP mutants. (A, B)
Western Blot and (C, D) quantification of calnexin (CANX) levels in wild type COMP (WT) or mutant
COMP HT1080 cells. GAPDH was used as loading control. Black dots represent mean values, bars

show standard deviation, n = 3 experiments, P-values were determined using ANOVA and Tukey
post-hoc.
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Figure 7.4 - Phosphorylation of eiF2a in mutant COMP cells. (A, B) Western blot and (C, D)
quantification of phosphorylated (p-eiF2a) and total eiF2a in wild type (WT) and mutant COMP-
overexpressing cells, n = 3 experiments. GAPDH was used as loading control. Black dots represent
mean values, bars show standard deviation, P-values were determined using ANOVA and Tukey

post-hoc. The membrane used in Figure 7.1 A was re-incubated with p-eiF2a antibody, thus the
same GAPDH is shown as loading control.
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Figure 7.5 — XBP1 splicing in cells overexpressing wild type and mutant COMP. (A, B) RT-PCR and
subsequent agarose gelelectrophoresis were used to visualise spliced and unspliced XBP1
(arrows). Brightness of both images was adjusted equally after quantification. (C, D) Quantification
of spliced XBP1. Black dots represent mean values, bars show standard deviation, P-values were
determined using ANOVA and Tukey post-hoc.
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7.4 Disease-causing COMP mutations do not affect cell proliferation or
oxidative stress

Since peroxiredoxin-2 (PRDX2) levels are reduced in p.D469del COMP cells, PRDX2

levels were analysed by western blotting. Surprisingly, PRDX2 levels remained

unchanged in all cell lines studied (Figure 7.6).

In p.D469del COMP cells, reduced levels of PRDX2 were accompanied by a

reduction in AKT phosphorylation. When phosphorylation of AKT was examined in

p.C312Y, p.D385N, p.D473H, p.G440R and p.D511Y COMP cells (Figure 7.7), no

significant changes to wild type COMP cells were detected, consistent with normal

levels of PRDX2.

Because AKT is closely linked to pro-survival signalling, and a reduction in cell
proliferation was identified in p.D469del COMP cells, cell proliferation was analysed
in p.C312Y, p.D385N, p.D473H, p.G440R and p.D511Y COMP-overexpressing cells
by BrdU-labelling (Figure 7.8). Surprisingly, cell proliferation appeared unaffected by
the expression of p.C312Y, p.D385N, p.D473H, p.G440R and p.D511Y COMP.

This raised the question as to whether these cells would display other features
previously identified in p.D469del COMP cells, such as an increase in superoxide
levels. Therefore, superoxide levels were analysed using a modified NBT-assay and
mitochondrial integrity was examined using MitoTracker staining (Figure 7.9). No
difference in mitochondrial staining was observed between wild type and p.D473H
COMP-overexpressing HT1080 cells (Figure 7.9 A). This is in agreement with
findings from p.D469del COMP-overexpressing cells, which also did not display a
prominent change in MitoTracker staining pattern or intensity. Surprisingly, the
MitoTracker staining was visibly reduced in both p.C312Y and p.D385N COMP-
overexpressing HT1080 cells. Since this experiment was performed only once,

further repeats will be necessary to make meaningful conclusions.

Surprisingly, when levels of superoxide were examined, no significant differences
were observed under basal conditions as well as after additional challenge with
menadione between wild type and mutant COMP-overexpressing HT1080 cells.
Nevertheless, cells overexpressing p.D385N and p.D473H COMP tended to have
slightly increased superoxide levels after menadione treatment compared to wild type
COMP cells.
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Figure 7.6 — Peroxiredoxin-2 protein levels in mutant COMP cells. (A, B) Western blot and (C, D)
quantification of peroxiredoxin-2 (PRDX2) in wild type (WT) and mutant COMP-overexpressing
cells, n = 3 experiments. GAPDH was used as loading control. Black dots represent mean values,
bars show standard deviation, P-values were determined using ANOVA and Tukey post-hoc.
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Figure 7.7 - Phosphorylation of AKT in mutant COMP cells. (A, B) Western blot of phosphorylated
AKT (p-AKT) and total AKT (AKT) and (C, D) quantification of AKT phosphorylation in wild type
(WT) and mutant COMP-overexpressing cells, n = 3-4 experiments. GAPDH was used as loading
control. Black dots represent mean values, bars show standard deviation, P-values were
determined using ANOVA and Tukey post-hoc. (A) The membranes shown in Figure 7.1 A and
Figure 7.4 A (bottom) were re-incubated with (p-)AKT-specific antibodies, respectively, thus the
same GAPDH is shown as loading control. (B) The membranes used in Figure 7.4 (p-/total eiF2a.)
were re-incubated with (p-)AKT-specific antibodies, therefore the same GAPDH is shown as loading

control.
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Figure 7.8 — Analysis of cell proliferation in HT1080 cells overexpressing mutant COMP. (A)
Quantification of BrdU positive nuclei relative to total number of nuclei in cells overexpressing wild
type, C312Y, D385N or D473H COMP. (B) Quantification of BrdU positive nuclei relative to total
number of nuclei in cells overexpressing wild type, G440R or D511Y COMP. N = 3 experiments, P-
value calculated using ANOVA and Tukey post-hoc. Black dots represent mean value, black bars

display standard deviation.
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Figure 7.9 — Mitochondrial integrity and superoxide levels in cells overexpressing mutant COMP. (A)
Mitochondria were visualised using MitoTrackerRed-CM-H2Xros. The reduced dye becomes visible
(red) upon oxidation in the mitochondria. Accumulation is dependent on intact membrane potential,
n = 1 experiment. (B) Modified NBT-assay revealed no differences in superoxide levels between
wild type (WT) and mutant COMP cells under basal conditions as well as after additional challenge
with menadione, n = 3 experiments. Black dots represent mean values, bars show standard

deviation P-values were determined using ANOVA and Tukey post-hoc
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7.5 Disease-causing COMP mutations exhibit a genotype-dependent increase
in MMP9 expression
Although p.D473H, p.G440R and p.D511Y and — to a lesser extent — p.C312Y and
p.D385N impaired COMP secretion and did not trigger the UPR, similar to p.D469del
COMP expression, neither a reduction in cell proliferation nor signs of oxidative
stress were observed. This raised the question, whether cells overexpressing
p.C312Y, p.D385N, p.D473H, p.G440R and p.D511Y express less of these mutant
proteins compared to wild type COMP-overexpressing cells, perhaps even too little to
drive significant changes in cellular behaviour. A decrease in expression of the
mutant transcript had previously been observed in p.D469del COMP cells.
Nevertheless, in the case of p.D469del COMP cells, the mutant protein appeared to

be present in sufficient quantities to stress the cells despite the reduced expression.

When GFP expression was examined as a proxy for recombinant COMP expression
(Figure 7.10), no significant difference was detected between wild type COMP- and
p.C312Y as well as p.D385N COMP-overexpressing cells (Figure 7.10 A). For
p.D473H COMP-overexpressing cells, expression appeared very variable, but
consistently increased compared to wild type, p.C312Y and p.D385N COMP-
overexpressing cells. The PSACH-causing mutations p.G440R and p.D511Y
appeared to result in significantly lower expression of recombinant COMP compared
to wild type COMP cells (Figure 7.10 B).

Apart from differences in expression, different mutations may also exert their effect
via different pathways. It was therefore important to determine whether some of the
DEGs identified by RNA sequencing of p.D469del COMP cells would also be
differentially expressed in these other mutant COMP cells. Expression of MMP9,
GALNT18, and MMP1 was therefore assessed by qRT-PCR (Figure 7.11).
Intriguingly, MMP9 expression was consistently elevated in cell lines overexpressing
mutant COMP compared to wild type (Figure 7.11 A, B). Notably, the increase in
MMP9 expression in p.C312Y and p.D385N COMP-overexpressing cells - both of
which cause MED — was considerably less than in cells overexpressing the PSACH-
causing mutations p.D473H (Figure 7.11 A). Importantly, this difference was found to
be statistically significant (Figure 7.11 A). Despite expressing less recombinant
COMP than the wild type COMP-overexpressing cells, p.G440R and p.D511Y COMP

cells both displayed substantial increases in MMP9 expression when compared to
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wild type COMP-overexpressing cells (Figure 7.11 B), with p.D511 COMP cells also
exhibiting significantly higher MMP9 expression compared to p.G440R COMP cells.

When GALNT18 expression was examined, p.C312Y, p.D385N, p.D473H and
p.D511Y COMP cells exhibited elevated expression levels. Only p.G440R COMP-
overexpressing cells displayed a reduction in GALNT 18 expression. No statistically
significant differences were identified between cell lines overexpressing different
mutations of COMP.

Lastly, MMP1 expression was analysed. Although MMP1 expression tended to be
slightly higher in p.G440R and p.D511Y COMP-overexpressing HT1080 cells, no
significant alterations in MMP1 expression were identified in p.C312Y, p.D385N,
p.G440R and p.D511Y COMP cells. Only p.D473H COMP cells demonstrated an
increase in MMP1 expression level, although the expression of MMP1 in these cells

was found to vary considerably.

When gelatinase activity was assessed by gelatin zymography (Figure 7.12),
concentrated conditioned media of p.C312Y, p.D385N and p.D473H COMP-
overexpressing cells exhibited a pronounced increase in active MMP9 as well as
MMP2 compared to concentrated conditioned media of wild type COMP-
overexpressing cells (Figure 7.12 A). As a loading control, samples that were used
for zymography were also subjected to SDS-PAGE and subsequent Coomassie
staining (Figure 7.12 B). When normalised to the protein amount, only conditioned
media from p.D473H COMP cells displayed significantly enhanced MMP9 activity,
despite the increase in conditioned media from p.C312Y and p.D385N COMP cells
being clearly visible. When concentrated conditioned media of p.G440R and
p.D511Y COMP-overexpressing cells were examined, the difference was less
pronounced. Nevertheless, p.D511Y COMP cells displayed significantly elevated
levels of active MMP9 compared to wild type COMP cells (Figure 7.12 C).

To summarise, expression of recombinant COMP of the milder mutations p.C312Y
and p.D385N COMP was not significantly different compared to wild type COMP and
induced significant elevations of both MMP9 and GALNT18 expression. The mutation
causing a more severe phenotype (p.D473H COMP) displayed a highly variable, but
potentially increased, expression of recombinant COMP. In p.D473H COMP cells,
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MMP9 and GALNT18 expression was found to be significantly higher than in wild
type COMP as well as p.C312Y and p.D385N COMP cells. Cells overexpressing
p.G440R and p.D511Y COMP showed a significant reduction in recombinant protein
expression, but nevertheless exhibited elevated levels of MMP9 expression.
Interestingly, GALNT18 expression was only increased in p.D511Y COMP cells.
MMP1 expression was only affected by p.D473H COMP expression, but displayed a
high variability. A rise in MMP9 expression caused significantly higher MMP9 activity
in p.D473H and p.D511Y COMP cells compared to wild type COMP cells. In
p.C312Y and p.D385N COMP cells, MMP9 activity was consistently elevated

although this failed to reach statistical significance.
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Figure 7.10 — GFP expression in cell lines overexpressing wild type and mutant COMP. (A, B) GFP
expression was evaluated by qRT-PCR in wild type (WT) and mutant COMP-overexpressing
HT1080 cells. 18S was used as housekeeping gene. Black dots represent mean values, bars show

standard deviation, P-values were determined using ANOVA and Tukey post-hoc.
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Figure 7.11 — Expression of (A, B) MMP9, (C, D) GALNT18 and (E, F) MMP1 in wild type and
mutant COMP-overexpressing HT1080 cell lines. Expression was analysed by gRT-PCR, using
18S as housekeeping gene. Black dots represent mean values, bars show standard deviation, P-

values were determined using ANOVA and Tukey post-hoc.
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Figure 7.12 — Gelatinase activity in cells overexpressing wild type and p.C312Y, p.D385N or
p.D473H mutant COMP. (A) Gelatin zymogram of concentrated, conditioned media of wild type,
p.C312Y, p.D385N and p.D473H COMP-overexpressing cells. (B) Coomassie stained SDS-PAGE
of samples used in (A). (C) Quantification of MMP9 activity relative to intensity of Coomassie
staining. Black dots represent mean values, bars show standard deviation, P-values were

determined using ANOVA and Tukey post-hoc.
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Figure 7.13 - Gelatinase activity in cells overexpressing wild type and p.G440R or p.D511Y mutant
COMP. (A) Gelatin zymogram of concentrated, conditioned media of wild type, p.G440R and
p.D511Y COMP-overexpressing cells. (B) Coomassie stained SDS-PAGE of samples used in (A).
(C) Quantification of MMP9 activity relative to intensity of Coomassie staining. Black dots represent
mean values, bars show standard deviation, P-values were determined using ANOVA and Tukey
post-hoc
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7.6 MMP9 expression is not triggered by the expression of the MED-causing
matrilin-3 p.V194D mutation
Although p.C312Y, p.D385N, p.D473H, p.G440R and p.D511Y COMP cells did not
display any reductions in PRDX2 protein level, AKT phosphorylation or cell
proliferation, MMP9 and GALNT18 expression was significantly elevated in these cell
lines. This raised the question whether MMP9 and GALNT 18 were specifically
upregulated in response to mutant COMP, or whether accumulation of other disease-
causing mutant proteins could induce the same effect. Mutations of matrilin-3
(MATNS3) can lead — like some mutations of COMP — to MED; however, in contrast to
mutant COMP, the intracellular accumulation of p.V194D matrilin-3 triggers the
activation of the UPR (Leighton et al., 2007).

Therefore, flag-tagged wild type and the MED-causing (p.V194D) matrilin-3 were
overexpressed transiently in HT1080 cells. After the confirmation of protein retention
and induction of the UPR, expression of MMP9 and GALNT18 was examined (Figure
7.14). As expected, wild type matrilin-3 was detected in both cell lysates and
conditioned media of transfected cells whilst p.V194D matrilin-3 was only present in
the cell lysate (Figure 7.14 A). This led to increased levels of BiP protein in p.V194D
matrilin-3-overexpressing cells compared to wild type matrilin-3-overexpressing as
well as non-transfected cells. (Figure 7.14 A, B). Levels of spliced XBP1 were also
elevated in p.V194D matrilin-3 compared to wild type matrilin-3 cells (Figure 7.14 C,
D). Arise in BiP protein levels as well as increased XBP1 splicing clearly
demonstrated the expected activation of the UPR by the expression of p.V194D

matrilin-3.

When gene expression was examined by qRT-PCR, no differences in GALNT18 and
MMP9 expression were detected, whilst expression levels of HSPAS were increased
as expected in p.V194D matrilin-3 cells (Figure 7.14 E).These findings clearly
demonstrate that MMP9 and - at least to some extent - GALNT18 expression is
induced specifically by mutations of COMP but not MATNG3. To further confirm this
finding, GALNT18 and MMP9 expression was analysed in wild type and p.D469del
COMP-overexpressing cells treated with tunicamycin or thapsigargin to induce ER
stress and the activation of the UPR (Figure 7.15). When MMP9 expression was
evaluated, DMSO-treated p.D469del COMP cells exhibited increased MMP9

expression compared to wild type COMP cells as expected. There appeared to be a
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tendency for reduced MMP9 expression after treatment with both tunicamycin and
thapsigargin in both cell lines, although this was not found to be significant (Figure
7.15 A). When GALNT18 expression was investigated, again, p.D469del COMP cells
treated with DMSO exhibited elevated GALNT18 expression compared to DMSO-
treated wild type COMP-overexpressing cells. Interestingly, treatment with
thapsigargin caused a substantial reduction in GALNT 18 expression in p.D469del
COMP cells. Whilst a similar trend was observed in thapsigargin-treated wild type

COMP-overexpressing cells, this was not statistically significant (Figure 7.15 B).
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Figure 7.14 — Transient overexpression of p.V194D matrilin-3 does not trigger changes in
GALNT18 or MMP9 expression. (A Western blot of cell transiently transfected with plasmid DNA
encoding flag-tagged wild type (WT) or p.V194D (VD) matrilin-3 probed for flag-tag (recombinant
matrilin-3), BiP and GAPDH (loading control). NC: non-transfected cells (negative control). L: cell
lysate, m: conditioned media. (B) Quantification of BiP protein levels in cells transiently
overexpressing wild type (WT) or p.V194D (VD) matrilin-3. NC: non-transfected cells (negative
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control). (C) XBP1 splicing was analysed by RT-PCR and subsequent agarose gelelectrophoresis.
NC: No cDNA (negative control). (D) Densitometric quantification of XBP1 splicing in cells
transiently overexpressing wild type (WT) or p.V194D (VD) matrilin-3.

(E) Expression of HSPAS, GALNT18 and MMP9 was evaluated using qRT-PCR. (B, D, E) Black
dots represent mean values, bars show standard deviation, P-values were determined using

student’s t-test (paired).
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Figure 7.15 — MMP9 and GALNT18 expression in response to treatment with tunicamycin or
thapsigargin. After treating either wild type (WT) or p.D469del COMP-overexpressing HT1080 cells
with DMSO, tunicamycin (TM) or thapsigargin (TG) (A) MMP9 and (B) GALNT18 expression was
measured by qRT-PCR. Black dots represent mean values, bars show standard deviation, P-

values were determined using student’s t-test (paired) and Bonferroni multiple test correction.
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7.7 Discussion

The aims of this chapter were to systematically characterise the consequences of
disease-causing point mutations within the type 3 repeats of COMP on its secretion,
and to determine whether missense mutations within the type 3 repeats of COMP
drive similar molecular changes to p.D469del, including gene expression.

This chapter provides evidence that missense mutations of COMP that are located
within the type 3 repeats impact COMP secretion with varying severity. Mutations
causing the milder MED phenotype displayed more residual secretion than mutations
causing the more severe PSACH phenotype. This is in agreement with results of
previous studies that analysed the retention of COMP proteins carrying mutations in
various regions of COMP including the type 3 repeats (Chen et al., 2008; Schmitz et
al., 2006). These studies concluded that MED-causing mutations were typically
associated with less pronounced COMP retention in rat chondrosarcoma
chondrocytic cells (RCS) and primary bovine chondrocytes compared to PSACH-
causing mutations. Nevertheless, both studies included mutations located within the
C-terminal domain. Since mutations in this region do not typically appear to interfere
with COMP secretion, the comparison of PSACH causing mutations in the type 3
repeats with MED-causing mutations in the C-terminal domain is problematic. The
work of this chapter was therefore restricted to mutations within the same domain of

the protein.

Intriguingly, none of the mutations analysed here appeared to lead to the activation of
the UPR despite the observed retention of mutant protein. This strongly suggests that
the underlying mechanism is — at least — partly shared by different mutations within
the same region of COMP. Whilst previous studies have suggested that mutations of
COMP that are located within the C-terminal domain drive a transient upregulation of
components of the UPR, even in the absence of intracellular protein retention (Pirdg-
Garcia et al., 2007), conflicting results have been described as to whether mutations
within the type 3 repeats of COMP prevent efficient secretion and induce the
activation of the UPR (Suleman et al., 2012; Posey et al., 2009; Chen et al., 2008;
Dinser et al., 2002). Earlier work has also raised the question whether the degree of
protein retention and subsequent ER stress is dependent on the cell type expressing
the mutant protein (Maddox et al., 1997). This is particularly relevant because COMP
is not only present in cartilage, and indeed expressed by a variety of cell types (Di
Cesare et al., 2000, 1997; Dodge et al., 1998; Riessen et al., 2001; Sodersten et al.,
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2006). The direct consequences and cellular responses to mutant COMP may
therefore vary between individual cell types, but may also influence each other in

vivo, for example in the context of the joint.

Some of the features observed in D469del COMP cells, such as reduced cell
proliferation, reduced PRDX2 protein levels and increased superoxide levels, were
not displayed by cells overexpressing other mutant COMP constructs. This could
indicate that these features are more specific to the mutation, or that these events
are tied more closely to the expression level of the recombinant protein. The FACS
sorting of D469del and its wild type COMP control cell line selected for cells with high
intracellular or pericellular levels of GFP. Whilst this ensured the robust expression of
D469del COMP and thus the analysis of a comparatively homogenous cell
population, this may also have selected for cells that were more resistant to high
levels of stress. Furthermore, cells with a particularly high level of COMP expression
may have undergone apoptosis in response to the mutant protein accumulation,
resulting in an advantage for cells with a high but tolerable expression level. With
regards to the wild type COMP cell line, the sorting by intracellular and pericellular
GFP fluorescence may have selected not only for high COMP secretion, but also for
cells with a slow secretory pathway and high intracellular levels of COMP, which
would result in a high intracellular GFP signal. In contrast to that, the p.C312Y,
p.D385N, p.D473H, p.G440R, p.D511Y and wild type COMP cell lines were not
sorted by GFP fluorescence, resulting in a more heterogenous cell population. The
combination of both approaches allowed me to exclude, at least to some degree, that
changes in gene expression were in fact artefacts caused by the sorting process. In
future experiments, single cell sequencing approaches could be employed to
distinguish between cell populations with different expression levels and to correlate
COMP expression with changes in other genes of interest. Alternatively, expressing
wild type and mutant COMP under the control of an inducible promoter could avoid
some of the consequences of cytotoxic mutant protein accumulation and result in a

more comparable amount of protein between cell lines.

In a pilot experiment, cells overexpressing the MED-causing p.C312Y and p.D385N
COMP and the PSACH-causing p.D473H COMP were stained with MitoTracker dye.
Only cells expressing MED-causing mutant COMP exhibited a reduction in

MitoTracker staining intensity. Whilst this experiment will have to be repeated in the
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future, it presents an interesting finding, since cells overexpressing the PSACH-
causing p.D469del and p.D473H COMP did not exhibit any changes in staining
intensity or pattern. In the future, these cell lines need to be examined in more detail
to investigate whether mitochondrial function is in fact impaired by the expression of
MED-causing COMP proteins. Because mitochondria are the primary source of ATP
for the ER, and ER stress results in higher demand for ATP and thus, increased
mitochondrial activity (Yong et al., 2019), elevated mitochondrial activity in MED and
PSACH appears plausible. However, a potential decrease in MitoTracker staining in
p.C312Y and p.D385N COMP cells indicates a reduction in mitochondrial membrane
potential, mitochondrial activity and thus a decrease in ATP production (Camara et
al., 2017). A reduction in mitochondrial membrane potential also occurs during the
intrinsic pathway of apoptosis initiation (Wang and Youle, 2009). In D469del COMP
cells, increased apoptosis has been observed alongside a reduction in cell
proliferation. Whilst no defect in cell proliferation was observed in cells expressing
p.C312Y, p.D385N, p.D473H, p.G440R or p.D511Y COMP, future experiments
should address apoptosis and could also investigate whether apoptosis is driven by

the same pathways in these cell lines.

Similarly to D469del COMP cells, the cells overexpressing the PSACH-causing
p.G440R and p.D511Y COMP mutations displayed a reduction in GFP expression
when compared to wild type COMP-overexpressing cells. Surprisingly, p.D473H
COMP expression appeared increased; however, large variation was observed
between replicates. Interestingly, expression of MED-causing p.C312Y and p.D385N
COMP was not changed. This raises the question whether cells have a higher
tolerance for MED-causing COMP than for PSACH-causing COMP. It is also possible
that high expression of PSACH-causing p.D469del, p.G440R and p.D511Y COMP
leads to apoptosis, and these cell lines therefore contain a higher proportion of cells
that express a moderate amount of COMP. Whilst differential expression is an
important factor to take into consideration, this finding does not invalidate the cell
model, since a similar observation was made in a mouse model of PSACH (see

chapter 5).

Although cells overexpressing p.C312Y, p.D385N, p.D473H, p.G440R and p.D511Y
COMP did not display any significant changes in cell proliferation, superoxide levels,

phosphorylation of AKT or PRDX2 protein levels, all cell lines exhibited elevated
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levels of MMP9 expression. Intriguingly, expression was elevated in a genotype-
dependent manner, with cells expressing PSACH-causing mutations exhibiting more
pronounced increases in MMP9 expression. Furthermore, GALNT18 expression was
increased in all cell lines apart from the p.G440R COMP-overexpressing cells,
whereas MMP1 expression was only significantly changed in p.D473H COMP-
overexpressing cells. It was surprising to find that p.G440R COMP-overexpressing
cells did not display elevated GALNT18 expression. Since little is known about the

transcriptional regulation of GALNT18, the reason for this is difficult to determine.

The signalling pathway mediating the effect of p.G440R COMP could be distinct from
other mutations; however, because cells expressing p.G440R COMP do not appear
to differ significantly from cells expressing other disease-causing mutations, this
appears unlikely. Indeed, p.G440R COMP and p.D511Y COMP-overexpressing cells
display a high similarity: Both exhibited reduced XBP1 splicing levels, similar to
p.D469del COMP cells, as well as reduced expression of recombinant COMP, but
did not show any significant defect in cell proliferation, superoxide and PRDX2 levels
or AKT phosphorylation. It is also possible that a lower expression of GALNT18
presented an advantage for p.G440R COMP cells. Whilst it is unclear why the
upregulation of GALNT18 would be a disadvantage for p.G440R COMP cells, ER
stress driven by treatment with tunicamycin or thapsigargin does appear to cause a
downregulation of GALNT18 and conversely, silencing of GALNT18 induces ER
stress (Shan et al., 2019). It has been speculated that GALNT18 may act as a
chaperone for other UDP-N-acetyl-a-D-galactosamine:polypeptide N-
acetylgalactosaminyltransferases (GalNAc-Ts) (Li et al., 2012), since it is able to
modulate the activity of other GalNAc-Ts and is located in the ER and not — as most
others — in the Golgi. Perhaps some mutations of COMP exhibit a more pronounced
effect on protein glycosylation compared to p.G440R COMP, thus limiting the need
for elevated GALNT18 expression in these cells. Whilst enzymes of the GalNAc-Ts
family typically catalyse the first step or O-linked protein glycosylation, namely the
transfer of a N-acteyl-D-galactosamine residue to a serine or threonine residue of the
receptor protein, COMP itself does not appear to carry O-linked glycosylation (Zaia et
al., 1997). This implies that COMP-induced stress may have broader consequences
for ER homeostasis, in which GALNT18 may play a role rather than GALNT18
function being directly linked to COMP. Interestingly, a single nucleotide

polymorphism (SNP) in GALNT18 was reported to be a potential predictor of
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successful treatment of RA with the IL-6 receptor inhibitor TCZ (Maldonado-Montoro
et al., 2016). The consequences of this SNP for GALNT18 expression and/or splicing
have not yet been investigated, and therefore, it is currently unknown whether this
relationship is at all linked to the gene product. Similarly, a decrease in DNA
methylation of Cg16204559 has been observed in Lupus patients during active
nephritis (Coit et al., 2020); however, if the change in DNA methylation at this site
affects GALNT18 itself is currently unknown. Nevertheless, it implicates GALNT18 to

two inflammatory diseases.

The elevated expression of MMP9 also translated into increased extracellular activity
of MMP9. Whilst this was not technically significant for p.C312Y, p.D385N as well as
p.G440R COMP, a trend for increased activity was clearly visible. To confirm this, a
more accurate and precise method of quantification may be necessary, for example
an ELISA-based method. Another way to improve the accuracy of activity-based
detection could be the use of a fluorogenic substrate; however, fluorogenic
substrates may be cleaved by multiple, similar enzymes. A combination of ELISA-
and activity-based assays would be preferable to ascertain the genotype-dependent

increase in MMP9 in cell models of COMPopathies in the future.

To investigate whether MMP9 expression is specifically induced by mutations of
COMP, an in vitro model of the closely related but milder MED was employed. After
overexpressing both wild type and disease-causing p.V194D matrilin-3, the mutant
p.V194D matrilin-3 was retained intracellularly and induced ER stress as expected.
Remarkably, neither MMP9 nor GALNT 18 expression was affected by the expression
of mutant matrilin-3. This was particularly surprising with regards to GALNT18, which
was shown to be differentially regulated in response to tunicamycin and thapsigargin-
driven ER stress. When MMP9 and GALNT 18 expression was examined in D469del
and wild type COMP cells after treatment with DMSO, tunicamycin or thapsigargin,
MMP9 expression was not significantly changed in response to tunicamycin or
thapsigargin treatment. GALNT 18 expression was also not affected in wild type
COMP cells. A reduction of GALNT18 expression occurred only in D469del COMP
cells after treatment with thapsigargin, but not after treatment with tunicamycin. This
questions whether the transcriptional regulation of GALNT18 is more complex than
previously assumed, but also whether GALNT18 function is linked to inflammation

and/or oxidative stress.
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The fact that MMP9 was not upregulated in response to either p.V194D matrilin-3, or
treatment with tunicamycin or thapsigargin demonstrates that MMP9 levels are
elevated specifically in response to the expression of mutant COMP, but not
‘conventional’ ER stress. This confirms that MMP9 could be a potential biomarker for
COMPopathies. Once again, it calls into question to which extent the expression of
COMP by other cells of the joint influence the cartilage phenotype. Although early-
onset OA is common in patients with PSACH and other skeletal dysplasias, elevated
MMP9 levels are more often associated with synovial inflammation as it occurs
during RA, and not OA (Xue et al., 2014). This may have important implications for
the repurposing of drug treatments, but also for the development of novel treatments.
Because COMP is expressed substantially in the synovium (Di Cesare et al., 1997;
Dodge et al., 1998), it cannot be excluded that COMP retention in synovial cells
causes RA-like inflammation. Simultaneously, retention in chondrocytes may drive

changes more similar to those observed in OA.

Nevertheless, the increase in MMP9 expression and MMP9 activity has so far only
been observed in HT1080 cells. Future studies have to investigate whether other
human cell lines and tissue from murine disease models exhibit the same response
to mutations of COMP. Indeed, mild myopathy and irregularities of the tendon
structure have previously been reported in mouse models of PSACH (Pirog et al.,
2013, 2010), indicating that chondrocytes are not the only cell type to exhibit COMP-
induced ER stress. Due to the fact that inflammation has been described as an
important factor in PSACH (Posey et al., 2015; Suleman et al., 2012), it is also
possible that secreted factors, such as cytokines, that are produced by one type of
cell alter the behaviour of a different cell type, even if this cell type does not express
mutant COMP itself.

Research on the effects of mutant COMP retention have predominantly focused on
the underlying disease mechanism, and potential treatments have often been
evaluated based on cellular markers, for example the rate of apoptosis or restoring
cell proliferation within the cartilage growth plate (Hecht et al., 2021a, 2021b; Posey
et al., 2015).

Obtaining cartilage samples from patients is invasive, painful and assessment of a

potential treatment therefore complicated. The success and efficacy of a drug
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treatment must therefore be evaluated using a biomarker. There is currently one
clinical trial (ClinicalTrials.gov Identifier: NCT03866200), investigating whether the
treatment with resveratrol can reduce pain in adults with PSACH. Nevertheless,
resveratrol is not suitable for treatment of pregnant women and children, indicating

the need for other treatment options and relevant biomarkers.

One potential primary outcome measure in clinical trials involving skeletal dysplasias
could be final bone length or velocity of growth (and therefore restoration of growth);
however, the use of bone length (or growth) as measure may create several
problems. Firstly, human growth is a comparatively lengthy process, therefore any
effects of the treatment, positive or negative, would only become evident after a
relatively long time. Secondly, and most importantly, positive effects such as a
reduction in inflammation and/or oxidative stress may not necessarily be reflected in
absolute bone growth although they may influence the amount of pain experienced

by the patient.

A clinical trial currently assessing the safety and suitability of carbamazepine to treat
MCDS in children is therefore using bone growth alongside changes in pain and
bone alignment as measured by x-ray imaging as outcome measures (EudraCT
number 2018-002633-38). Nevertheless, samples collected during this trial may
facilitate discovery of a suitable biomarker for treatment of MCDS.

For PSACH, a biomarker that could be detected in serum or urine samples would
greatly facilitate future drug and clinical trials. Because MMP9 is secreted into the
extracellular space, there is a chance that elevated expression of MMP9 could
translate into increased MMP9 protein levels in serum. Furthermore, MMP9 has been
implicated in other diseases involving inflammation. This could suggest that a
significant reduction of inflammation upon treatment, which could potentially improve

quality of life for PSACH patients, could be reflected in decreased MMP9 levels.

Future studies should firstly ascertain the increase in MMP9 activity by using a more
guantitative approach. Then, other human cell lines and murine disease models
should be examined for enhanced MMP9 activity in response to mutant COMP
expression. Analysis of mouse models should not be restricted to cartilage, but also

investigate other tissues known to contain COMP as well as serum. Secondly, the
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specificity for COMPopathies should be systematically investigated by analysing

models of several other skeletal dysplasias.

7.8 Summary

MED-causing p.C312Y and p.D385N COMP and the PSACH-causing
p.D473H, p.G440R and p.D511Y COMP display a genotype-dependent

degree of protein retention when overexpressed in HT1080 cells.

Mutations located within the type 3 repeats of COMP do not drive the
activation of the UPR.

No changes relating to oxidative stress or decreased cell proliferation were
observed in the p.C312Y, p.D385N, p.D473H, p.G440R and p.D511Y COMP

cell lines.

GALNT18 expression was consistently increased in cells overexpressing
mutant COMP with the exception of the p.G440R COMP.

MMP9 expression was elevated in a genotype-dependent fashion, and this

resulted in enhanced extracellular MMP9 activity.
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Chapter 8. Discussion
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The aims of this work were to investigate DNA methylation changes in ER-stress
related skeletal dysplasia, to study in more detail why p.D469del COMP appears to
elicit a distinct stress response compared to other related chondrodysplasias, if this
novel stress response is a common feature of COMPopathies and whether there is a
common marker for COMP-induced stress in MED and PSACH.

To study DNA methylation in skeletal dysplasia, a suitable model system had to be
identified. The genome-wide analysis of DNA methylation is commonly conducted
using the lllumina Infinium EPIC Methylation array, a probe-based approach that was
limited to human samples until very recently. During the course of this work, hiPSCs
were therefore explored as a suitable model systems for MCDS and OI. Whilst
hiPSCs offer exciting opportunities to study skeletal disorders in vitro, it became
apparent that the lengthy, complex protocol for hypertrophic differentiation required to
study MCDS introduced too many variations and thus was considered not suitable to
reproducibly study DNA methylation in this model system at this time. Future work
will be required to optimise the differentiation protocol for induction of hypertrophy
and investigate the consequences of mutations in COL710A1 in this model system

before any changes in DNA methylation can be investigated.

In contrast to this, the protocol for osteogenic differentiation of hiPSCs was much
briefer and thus potentially introduced fewer variations. Despite this, the success of
differentiation as indicated by mineralisation varied considerably even between gene-
corrected ‘control’ cell lines. This finding indicates that the osteogenic potential may
be distinct between hiPSC cell lines — perhaps depending on the parental tissue, the
culture method (feeder-dependent or feeder-free) or even the reprogramming
method. The success of osteogenic differentiation as measured by alizarin red
staining also varied depending on the culture substrate used; however, to
conclusively demonstrate this, gene expression analysis of COL1A1 and BGLAP
would be required. The current lack of gene expression data is therefore a major
limitation of the work presented here. Future work will have to investigate the
expression level of COL1A71 and BGLAP during the course of osteogenic
differentiation of RM3.5c cells and whether there are differences in gene expression
between cell lines and culture/differentiation substrates. After the selection of one
substrate, the differentiation of isogenic Ol hiPSCs and RM3.5¢ hiPSCs should be

compared. ER stress and the UPR have been implicated in the disease mechanism
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of some COL1A1 and COL1A2 mutations, and studying this in hiPSC-derived
osteoblast-like cells could complement previous research conducted using mouse
models and patient-derived fibroblasts. In addition to using patient-derived and gene-
corrected control cell lines, disease-causing mutations could also be introduced into
other available (‘wild type’) hiPS cell lines. Potential changes in DNA methylation
could also be analysed after differentiation, investigating if and to what extent
methylation of DNA is affected in Ol.

To reduce the complexity of the model system, the suitability of HT1080 fibrosarcoma
cells overexpressing wild type and p.D469del COMP to study DNA methylation, but
also the disease mechanism of PSACH in more detail, was assessed. This
eliminated the need for a multi-step differentiation protocol; however, it also presents
a major limitation of this work as some cell-type specific aspects are not replicated by
this model. For example, a possible co-retention of matrilin-3 and type IX collagen
could not be investigated in HT1080 cells, as these proteins are not expressed by
this cell type. A detailed characterisation of the HT1080 cell model was performed
prior to transcriptomic and DNA methylation analysis. In agreement with a previous
report (Suleman et al., 2012), the results of this work indicate that HT1080 cells,
despite being a fibrosarcoma cell line, replicate the response of PSACH
chondrocytes from the D469del Comp knock-in mouse model. Compellingly, D469del
COMP cells appeared to reflect features of juvenile (six weeks), but not younger (one
week) PSACH cartilage. This implies that the HT1080 cell model is a model of more
persistent COMP-induced ER stress and this may also limit the possibility to study
events that occur very early on in PSACH pathology. Nevertheless, the analysis of
the HT1080 cell model was continued, because affected individuals are typically only
diagnosed with the onset of symptoms, which likely occur considerably after the

onset of chondrocyte pathology.

Furthermore, whilst D469del and the corresponding wild type COMP cell line were
sorted by GFP fluorescence, all other PSACH and MED cell lines (and corresponding
wild type controls) were analysed without being sorted. The reason for this decision
was the possibility that by sorting cells for strong GFP signal, the sorting process
would be biased to select for cells that retain even wild type COMP. However, the
p.C312Y, p.D385N, p.D473H, p.G440R and p.D511Y COMP cell lines are therefore
potentially very heterogenous. The expression of the PSACH mutations p.D469del
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(albeit GFP-sorted), p.G440R and p.D511Y lead to significantly decreased GFP-
COMP expression, indicating that high levels of these proteins cause severe stress
and are likely incompatible with cell survival. Although a similar observation was
made in vivo using a knock-in mouse model of PSACH, the low expression level may
have contributed to the absence of significant effects on superoxide levels and
proliferation in the p.G440R and p.D511Y COMP cells (Table 8.1).

Future work could employ CRISPR/Cas9 to introduce mutations into COMP in
chondrocyte-like and fibroblast-like cell lines after confirming that they express
sufficient levels of endogenous COMP. Additionally, in chondrocyte-like cells, in vitro
loading experiments could be considered. COMP was shown to be responsive to
biomechanical loading in vivo and in vitro (Bleuel et al., 2015; Smith et al., 1997), and
incorporation of biomechanical stimulation into the experimental approach may result

in a more physiologically relevant model system for cartilage.

When DNA methylation levels were compared between D469del and wild type
COMP cells, a surprisingly large number of significant changes was observed. The
interpretation of these changes is however complicated by the experimental design.
At this point, it cannot be excluded that at least some, or even most of the observed
DNA methylation changes arose due to genetic drift of D469del or wild type COMP
cell lines. Since DNA methylation had never before been analysed in a skeletal
dysplasia cell model, the experimental design was aimed at reducing variation, and
thus false-negative results and discovering as many significant changes as possible.
This was achieved by using a plasmid overexpression cell model instead of hiPSC-
derived samples. However, in light of the large number of significantly changed
probes/sites, the experimental design should also have included additional samples
to reduce the number of potentially false-positive results. For example, including
samples from other COMPopathy cell models could have helped to identify changes
in DNA methylation that are common in multiple cell models and thus likely to be
related to mutant COMP accumulation. Future work should take advantage of the
availability of multiple PSACH cell models, and compare DNA methylation between
multiple PSACH and wild type COMP cell lines to exclude potential differences that
were introduced by chance during culture. Cell models of various COMP-MED
mutations could also be included to address potential differences between MED and
PSACH. The analysis of different overexpression models (for example stable cells

and transiently transfected cells) could also be considered; however, acute and
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persistent COMP-induced stress may have distinct consequences. CRISPR/Cas9
mediated gene-editing could also be employed to generate additional PSACH cell
models without the need for plasmid overexpression. Furthermore, the recently
launched lllumina Infinium Mouse Methylation array presents a novel tool to explore
DNA methylation in cartilage (or other tissues) from a PSACH mouse model. Whilst
the coverage is not as extensive as the Infinium EPIC methylation array, this could
serve as further validation after analysis of multiple PSACH cell models. To
investigate whether the downregulation of Comp in femoral head cartilage
chondrocytes at the age of 6 weeks is mediated by DNA methylation, a more
targeted approach could also be considered, for example bisulfite conversion of
methylated cytosine residues within the Comp promoter region, followed by

pyrosequencing.

Whilst future studies regarding DNA methylation should also be carried out in
chondrocytes or chondrocyte-like cells, using HT1080 cells in this study also raised
some important questions. Indeed, COMP has been shown to be expressed by
dermal fibroblasts and to support type | collagen secretion (Schulz et al., 2016), but
the consequences of mutant COMP accumulation for primary dermal fibroblasts have
not yet been characterised. The effects of mutant COMP on other cell types of the
joint, including synovial fibroblasts, have also not yet been explored in great detail,
since it was presumed that chondrocytes are the primarily affected cells.
Interestingly, joint laxity is observed in individuals with PSACH as well as in mouse
models (Délot et al., 1999; Pirdg et al., 2013), and retention of COMP in tendon cells
was indeed observed by some studies (Weirich et al., 2007). However, others have
reportedly not observed COMP retention in tendon cells (Chen et al., 2004; Maddox
et al., 1997). Whilst chondrocytes are certainly most affected, other cell types of the
joint might contribute to the disease mechanism of COMPopathies. In some cases,
retention of mutant COMP in tendon cells, for example, may alter tendon integrity
and result in altered loading of the cartilage which may directly alter COMP
expression and its integration into the extracellular matrix if any COMP is secreted
(Bleuel et al., 2015; Smith et al., 1997). Furthermore, synovial fibroblasts might
contribute to inflammatory processes as a result of mutant COMP accumulation itself,
or as a reaction to the oxidative/inflammatory stress signalling from chondrocytes
(Figure 8.1). Thus, synovial fibroblasts may play a role in degeneration of cartilage

and ultimately facilitate early-onset osteoarthritis that is observed in PSACH.
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Future work could address this by isolating different types of primary cells from the
knock-in PSACH mouse model, or by employing CRISPR/Cas9 to introduce COMP
mutations into various cell types. Analysis of primary fibroblasts from individuals with
PSACH may also help to address whether mutant COMP is retained in primary cells.
Additionally, as PSACH is an autosomal dominant disease, primary fibroblasts may
be a more physiologically relevant model to investigate some aspects of PSACH, for
example the consequences of mixed wild type and mutant oligomers. To investigate
whether the synovium is at all affected by oxidative/inflammatory stress signalling of
PSACH chondrocytes in vivo, histological analysis of the PSACH mouse model could
be performed. Furthermore, levels of inflammatory signalling could be examined
following stimulation of normal fibroblasts with conditioned media from primary
PSACH chondrocytes.

Why accumulation of COMP induces this inflammatory response in contrast to the
UPR is not yet entirely understood, however, the results of this study suggest that at
least some features of inflammation are present in other PSACH and MED cell
models, as evidenced by the absence of UPR activation and increased MMP9
expression. RNA sequencing of D469del COMP cells has confirmed a potential
involvement of TNFa as well as NF«B signalling observed by previous studies (Hecht
et al., 2021b; Suleman et al., 2012). Furthermore, a potential dysregulation of TGFf
signalling was observed by RNA sequencing and confirmed by western blotting.
Indeed, a proteomic study using cartilage from a knock-in mouse model of PSACH
reported decreased levels of transforming growth factor 3 induced protein ig-h3
(Tgfbi) (Bell et al., 2013), suggesting that D469del COMP disturbs TGFf signalling
independent of the affected cell type. Recombinant COMP has also been shown to
modify TGFf signalling in chondrocytes, prompting the question as to whether
inflammation caused by COMP retention might be exacerbated by a lack of signalling
regulation by extracellular COMP (Figure 8.2). Although the absence of Comp did not
result in an obvious skeletal phenotype in mice (Svensson et al., 2002), crossing of a
transgenic p.D469del Comp mouse line with a Comp-deficient mouse line resulted in
a more severe phenotype (Schmitz et al., 2008). Chondrocytes may be able to
compensate for the loss of Comp alone, but not for the loss of Comp whilst
experiencing severe ER stress. To dissect intracellular and extracellular aspects of
PSACH, future work could examine, for example, TGFf signalling and MMP9

expression after culturing D469del COMP cells in the presence of recombinant wild
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type COMP. Additionally, it should be determined whether dysregulation of TNFa,
NF«xB and TGFf signalling also occurs in other cell models of COMPopathy. In
addition to western blotting of phospho-SMAD2/3, TGF activity in conditioned media
of mutant and wild type COMP cells could be assessed using a Mink lung epithelial
cell (MLEC)-based activity assay (Abe et al., 1994; Khan et al., 2012).

Whilst the exact underlying mechanism prompting inflammatory signalling in
response to mutant COMP remains to be elucidated, this study has demonstrated
that the upregulation of MMP9 is a common feature in both COMP-MED and
PSACH. Regulation of MMP9 is controlled by several cytokines and their
downstream transcription factors (Di Girolamo et al., 2006; Ray et al., 2005;
Steenport et al., 2009; Xie et al., 2004), some of which are themselves de-regulated
in PSACH, for example Interleukin-1p (/L1B). This offers the exciting opportunity to
exploit MMP9 as a biomarker to discover drugs that could mitigate inflammation in
COMPopathies.

Although densitometric quantification of in-gel zymography clearly demonstrated
higher MMP9 activity in p.D473H and p.D511Y PSACH cell models, this was not
significant in MED cell models. However, in-gel zymography is an end point reaction,
and also not suitable for high throughput screening. MMP9 activity could be
measured using fluorogenic substrates, which carry a fluorophore as well as a
quencher-molecule, which is released upon cleavage by MMP so that fluorescence
can be detected. Since it allows determination of enzyme kinetic parameters, this
method may present a more accurate way to quantify MMP9 activity, and could also
be employed in high throughput screening. However, currently available substrates
are often not specific to MMP9 (Fields, 2010), and thus, the activity of other MMPs in
the HT1080 cell model would have to be examined first.

Another approach could be the expression of a luciferase enzyme driven by the
MMP9 promoter (Figure 8.3). A similar approach has been adopted to monitor
‘classical’ ER stress in Hela cells transfected with MED-causing p.V194D matrilin-3
and MCDS-causing p.N617K type X collagen (Dennis et al., 2021). Using a MMP9-
promoter driven luciferase construct could enable high throughout screenings of
large compound libraries and could thus greatly facilitate drug repurposing for
COMPopathies. A smaller selection of candidate compounds could then be

examined in more detail. This would represent a significant advancement of drug
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development for PSACH, which so far relied heavily on testing candidate drugs with
known anti-inflammatory properties. To confirm the suitability of MMP9 as a
biomarker for COMPopathies in vitro, the impact of TNFa, NFxB and TGFf3
modulation on MMP9 expression levels should be assessed by luciferase-based
assays as well as gRT-PCR in the D469del COMP cell model. Confirmation that
regulation of these pathways results in both changed MMP9 expression as well as

altered luciferase activity, would validate the luciferase-based approach.

With regards to MMP9, one limitation of this study is that the levels of MMP9
expression and MMP9 activity were not investigated in the knock-in mouse model of
PSACH. This was out of scope of the presented work for several reasons. Firstly,
Mmp39 is not typically expressed by growth plate chondrocytes, but by osteoclasts
and inflammatory cells (Reponen et al., 1994; Vu et al., 1998; Wucherpfennig et al.,
1994). It is therefore unclear, whether mutant Comp accumulation would induce
Mmp9 expression in cartilage. However, as previously described, there are a number
of other tissues that express COMP and could act as a source of MMMP9, including
the synovium. For this reason, several tissues will have to be collected from D469del
Comp knock-in mice and wild type controls for RNA and protein extraction as well as
histological analysis. Mmp9 expression could then be examined alongside Mmp9
activity, whilst Comp expression and potential COMP retention should also be
evaluated. Analysis of Comp and Mmp?9 levels in the synovial fluid could also be
considered; however, the amount of synovial fluid would be very limited due to the
small size of the mouse joint. Instead, MMP9 levels could be examined in serum from
D469del Comp and wild type mice. A second parameter that is currently unknown is
the required age to detect potential differences in MMP9 levels. The D469del COMP
cell model appeared to represent cartilage from a juvenile mouse more accurately
than cartilage from a younger mouse. This raises the question how advanced
inflammation has to be in vivo to influence MMP9 levels, and whether there is a
specific time point after which differences in MMP9 become detectable. Samples
would therefore have to be collected at various ages, for example at least at three
weeks, six weeks and nine weeks. If changes in MMP9 are detected as early as

three weeks, samples from younger animals could also be analysed.

Finally, there is also a possibility that mutant COMP already accumulates during

embryonic stages and so progressively impairs chondrocyte function. Whilst
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individuals with PSACH are typically diagnosed in early childhood, it is not known
exactly when mutant COMP starts to accumulate within the chondrocyte ER. In the
p.N617K Col10a1 knock-in mouse model of MCDS, expression of Col10a1 was
detected from E14.5 by in situ hybridisation. Delayed type X collagen secretion and
concomitant upregulation of BiP/Grp78 was also observed already at this very early
stage (Kung et al., 2012). Electron microscopy of chondrocytes from the p.D469del
Comp mouse model has revealed the characteristically enlarged ER as early as five
days after birth. Nevertheless, gene expression changes were observed in cartilage
from new born animals by microarray (Suleman et al., 2012). The presence of COMP
in skeletal (and extra-skeletal) tissues during embryonic development has been
revealed by several studies (Di Cesare et al., 2000; Fang et al., 2000; Murphy et al.,
1999); however, whether mutant Comp accumulates during embryonic development
in a similar fashion as mutant type X collagen (Kung et al., 2012) has not yet been

investigated.

Nevertheless, this work has important implications for the development of potential
drug treatments for individuals affected by COMPopathies. In absence of a
consistent activation of the UPR, evaluating drug treatments has relied heavily on
growth plate organisation, bone length measurements, levels of apoptosis and cell
proliferation (Posey et al., 2015). This approach limits the number of potential
treatments that can be assessed, and also hinders timely identification of
unsuccessful treatments, resulting in the loss of time and resources. Using a MMP9-
promoter driven luciferase construct could accelerate drug development for
COMPopathies by specifically identifying compounds that ameliorate inflammation in
a cell model of PSACH. By screening libraries of already FDA-approved drugs, drug
development for COMPopathies could be accelerated even more. The repurposing of
CBZ for the treatment of MCDS caused by mutations in COL710A1 has clearly
demonstrated the benefits of drug repurposing for rare skeletal diseases, with the
recruitment for a clinical trial opening only three years after orphan drug designation
for treatment of MCDS with CBZ was received (“MCDS-Therapy Project,” 2022;
mcds-therapy.eu, 2022). Using MMP9 expression as a biomarker for COMP-induced
ER stress may therefore have a substantial translational impact in identifying

treatments for COMPopathies.
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In summary, the work presented in this thesis has validated an existing cell model of
PSACH, characterised further cell models of COMPopathy, and demonstrated their
suitability to study various aspects of MED and PSACH pathology in vitro. This work
has identified a potential common biomarker for COMPopathies that could facilitate in
vitro drug screenings. Furthermore, several questions arise from the work presented

here that should be addressed in future studies.

Is DNA methylation affected in other cell models of COMPopathy?
o Is there a difference in DNA methylation between MED and PSACH?

e What is the reason for the inflammatory signalling in COMPopathies?

o Calcium signalling? Mitochondria? Lack of extracellular COMP?

e How does mutant Comp retention affect the synovium in vivo? Does the

synovium play a role in inflammatory signalling?

e How is embryonic skeletal development affected by mutant Comp retention?

e Is MMP9 a biomarker for COMPopathies in vivo?
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p.D469del p.C312Y p.D385N p.D473H p.G440R p.D511Y

Reduced

++ -/+ + ++ ++ ++
secretion
GFP ++ - - - ++ ++
BiP + - - - - -
Calnexin + - - - - -
p-eiF2a - - - - - -
XBP1s + - - - + +
Cell

+ - - - - -
proliferation
Superoxide + - - - - -
PRDX2 ++ - - - - -
p-AKT ++ - - - - -
MMP9 ++ + + ++ ++ ++
MMP9 activity ++ + + ++ + ++
MMP1 + - - + - -
GALNT18 + + + + - +
DNA

+/++7? ? ? ? ? ?
methylation
++ strongly affected + affected — does not affect

Table 8.2 - Comparison of COMPopathy cell models examined in this work. This table provides an
overview over part of the analysis performed on cell models of COMPopathies in this thesis and
whether there was a significant change detected in one or more of the cell models. Some observations
are made only in p.D469del COMP, p.G440R and p.D511Y COMP cells (all PSACH), for example a
significant effect on XBP1s, whilst others like MMP9 and GALNT 18 expression, were changed in all or

most cell models, respectively.
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Figure 8.1 — Under normal conditions (left), COMP is secreted into the extracellular matrix and cartilage and synovial tissues communicate via secreted factors,

such as enzymes and cytokines. What role does the synovium play for the inflammation observed in PSACH (right)? Is mutant COMP also retained in synovial

fibroblasts? Do synovial fibroblasts secrete inflammatory cytokines and proteases that impact on cartilage integrity, perhaps in response to mutant COMP

retention? Do mutant COMP-retaining chondrocytes secrete pro-inflammatory cytokines that cause inflammatory responses by synovial fibroblasts? Do

chondrocytes and synovial fibroblasts enter a vicious cycle of ever-increasing inflammation?
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unaffected COMP-MED PSACH

Figure 8.2 — Cellular homeostasis is disturbed in COMPopathies by a combination of protein

retention, inflammation and potentially a lack of extracellular COMP.
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Figure 8.3 — Schematic depiction of the upstream genomic region of MMP9. The region contains several transcription factor binding sites, with NFkB and

AP1 both directly implicated in COMP-induced stress. Positions of transcription factor binding sites from (Ray et al., 2005; Roupakia et al., 2018).
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