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Abstract

Systemic sclerosis (SSc) is a rare autoimmune disease of unknown aetiology
characterised by chronic and progressive fibrosis of the skin, and of the internal
organs in more advanced disease. Aberrant activation of the Transforming
Growth Factor Beta (TGF) signalling pathway and downregulation of the cell
membrane protein Caveolin-1 (CAV1) have been implicated in disease
progression. Both TGFB and CAV1 have roles at the primary cilium, a sensory
organelle which forms a signalling hub for pathways involved in cellular
homeostasis. Several of the pathways coordinated at the cilium, which include
the TGF pathway itself, are dysregulated in SSc. Preliminary observations
indicated that primary cilia of SSc dermal fibroblasts appeared to be abnormally
short, which could hypothetically explain the dysregulation of key profibrotic
pathways. This study aimed to investigate in detail cilia morphology in SSc
dermal fibroblasts, the effects of TGF activation and Caveolin-1
downregulation on cilia length, and the mechanism by which cilia of SSc dermal
fibroblasts are shortened, with the aim of identifying targets to induce cilia

elongation and normalise signalling.

Dermal fibroblasts from SSc patients and from very early diagnosis of SSc
(VEDOSS) patients displayed shorter cilia compared to dermal fibroblasts
isolated from healthy controls (HC). Silencing of CAV1 in shCAV1 fibroblasts
also resulted in shorter cilia compared to control shSCR fibroblasts, suggesting
a role in establishment of the phenotype in SSc. Additionally, TGFp treatment
reduced cilium length. This effect was fully abolished by TGFBRI inhibition and
partially blocked by ROCK?2 inhibition, but was unaffected by inhibition of

SMAD3, PI3K-AKT, or the AURKA-HDACSG axis, a known negative regulator of



iv
cilium length. Inhibition of the TGFf signalling pathway did not restore SSc
cilium length, but inhibition of the AURKA-HDACG6 axis restored SSc and
shCAV1 cilia length to that of controls and reduced TGFB-induced contractility.
In addition to shorter cilia, we identified a loss of SPAG17 localisation at the
base of the cilium in SSc, shCAV1, and TGF3-treated dermal fibroblasts,
consistent with recent findings of a role for SPAG17 in regulating cilia length,

and profibrotic signalling in SSc.

This study reveals that primary cilium length is stably reduced in SSc dermal
fibroblasts, even in early disease prior to clinically evident fibrosis. The results
suggest that CAV1 downregulation and aberrant AURKA activity may contribute
to aberrantly short cilia and profibrotic activation in SSc dermal fibroblasts.
While TGFp activation can shorten cilia in a mechanism at least partially
dependent on ROCK2, TGF( signalling is not responsible for the stably
shortened cilia phenotype in SSc. These findings implicate the cilium as a
potential therapeutic target for SSc, a disease for which there is currently no

cure, and limited treatment options, as well as other fibrotic disorders.
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Chapter 1. Introduction

1.1 The primary cilium

1.1.1 Structure and function of the primary cilium

The existence of hair-like extensions of vertebrate cell membranes was noted
by scientists using light microscopy since the 17" century, and these structures
were named cilia, taken from the Latin for ‘eyelash’. It was not until the advent
of electron microscopy in the 1950s and 60s that the first detailed studies of
these structures became possible, increasing our understanding of the structure
and function of these organelles (Wheatley, 2005). Two distinct classes of cilia
were identified in mammalian cells: motile cilia, which have the ability to beat
and are found in varying numbers only on highly specialised cell types, and
primary cilia, which are immotile and usually solitary, and are present on

virtually all mammalian cells (Sorokin, 1968).

In cells which possess primary cilia, its presence is intrinsically linked to the
progression of the cell cycle. After cell division, the mature mother centriole of
the centrosome, an organelle which controls microtubule generation, forms
attachments known as transition fibres from its distal appendages at the plasma
cell surface membrane in order to initiate formation of the primary cilium during
the G1-GO phase (Sorokin, 1962). This process has since been demonstrated
to be conserved throughout eukaryotic evolution, whereby ciliary sequestration
of the centriole exerts negative regulation on the progression of the cell cycle

(Carvalho-Santos et al., 2011).
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The centriole becomes part of the basal structure of the primary cilium, called
the basal body, and from it grows a central structure called the axoneme,
formed by the polymerisation of a- and B- tubulin into microtubules which are
stabilised by a-tubulin acetylation (Ac-a-Tub). In motile cilia, the axoneme is
formed from nine microtubule doublets arranged in a symmetrical ring around
two central microtubules (thus denoted as 9+2), while primary cilia lack the
central pair (thus denoted as 9+0) as well as the radial spokes and dynein arms
required for motility (Satir & Christensen, 2007). The axoneme is surrounded by
a tapered ciliary membrane, which forms a cylindrical protrusion from the

plasma cell surface membrane (Satir et al., 2010).

While the primary cilium remains present during quiescence, when a cell re-
enters the cell cycle the ciliary axoneme is resorbed in the transition from G
phase into S phase, releasing the centriole from the plasma cell surface
membrane in order to facilitate mitosis before new cilia are formed on daughter

cells (Plotnikova et al., 2009).

The primary cilium, despite being an extension of the plasma cell surface
membrane, forms a highly specialised and structurally distinct organelle. The
cytoplasm within the cilium, named the cilioplasm, has been shown to be
markedly distinct in its contents compared to that of the cell body cytoplasm
(Breslow et al., 2013). Similarly, the composition of the ciliary membrane is
tightly regulated, such that its lipid and protein content differs significantly from
that of the plasma cell surface membrane (Garcia et al., 2018). This
specialisation is in part attributed to the tightly regulated trafficking of molecules
within the cilium, with molecular cargo transported from base to tip
(anterograde) and tip to base (retrograde) by motor proteins along the doublet

microtubules of the axoneme by the intricate activity of the intraflagellar
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transport machinery (IFT) (Malicki & Johnson, 2017). This specific composition
is also determined by membrane remodelling events, with the periciliary
membrane, where the cilium meets the plasma membrane, showing a
characteristic invagination called the ciliary pocket region, which is generated by

increased endocytic activity (Molla-Herman et al., 2010).

These activities tightly control entry and exit of components from the primary
cilium and are mostly coordinated by the area at the base of the primary cilium,
which is known as the ciliary gate region (Garcia et al., 2018). This gate region
consists of the basal body, transition fibres formed from the distal appendages
of the mother centriole after docking, and the transition zone which comprises
the basal-most region of the axoneme and is defined by the presence of bifid
fibres which connect the microtubules of the axoneme to the surrounding ciliary
membrane. Investigation into the composition of this region has shown that the
molecular components of these gate region structures are able to exhibit highly
specific and controlled trafficking into and out of the primary cilium (Yang et al.,

2015).



Figure 1: Ultrastructure of the primary cilium

Simplified schematic of the ultrastructure of the primary cilium (adapted from Moore,
2022). Components are not to scale. The primary cilium originates from the basal
body (A), which forms when the mature mother centriole of the centrosome anchors
to the cell membrane via transition fibres. The central microtubular structure of the
cilium, the axoneme (B), is assembled from the basal body. The axoneme forms a
protrusion from the cell surface surrounded by the ciliary membrane (C). The
membrane at the base of the primary cilium, the periciliary membrane (D), separates
the ciliary membrane from the plasma cell surface membrane (E). The ciliary pocket
(F) is a characteristic membrane invagination at the base of the cilium. The periciliary
membrane is linked to the basal-most part of the axoneme by bifid fibres, forming a
region called the transition zone (G). Anterograde IFT complexes (H) transport
molecular cargo from the base to the tip of the axoneme, mediated by Kinesin-II
family motor proteins. Retrograde IFT complexes (1) transport cargo from the tip to
the base, mediated by Dynein-1l family motor proteins. The composition of the ciliary
membrane is distinct from the plasma membrane, with tightly controlled regulation of
ciliary entry and exit of membrane components including receptors (J) and signalling
pathway components (K).
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The distinct structural and compositional biology of the primary cilium allows for
its function as what can be broadly defined as a sensory organelle, responsible
for the detection of extracellular environmental cues, which can be physical or
chemical (Mill et al., 2023). The primary cilium is often described as a cellular
antenna for its role as a signalling hub which plays a crucial part in cellular
development, homeostasis, and response to the environment (Anvarian et al.,
2019). By housing various receptors, channels, transporters, and downstream
signalling mediators, and finely controlling the spatio-temporal localisation of
these, the cilium is vital in the coordination of a multitude of cellular processes

(Satir & Christensen, 2007).

Advancements in imaging technologies have allowed for increasingly elegant
and detailed visualisation of primary cilia, mostly led by cryo-electron
tomography (Kiesel et al., 2020). While the foundational structural and
functional characteristics of primary cilia outlined above are conserved in
primary cilia across all cell types, research is increasingly identifying cell-type
specific diversity, with variations in ciliary structure and composition which are
theorised to confer different specialised roles for the primary cilium in different
cellular contexts. Variations in the transition zone have been identified across
different cell types, which have been suggested to lead to differences in its
gating functionality (Fisch & Dupuis-Williams, 2011, Wiegering et al., 2018). The
configuration of the ciliary axoneme itself, once assumed to be tightly conserved
in all primary cilia, has been revealed to display heterogeneity between different
cell types in recent years, though the specific influence of this is yet to be
elucidated (S. Sun et al., 2019). The ciliary membrane shows distinctly adapted

morphologies in cell types such as photoreceptor cells and neurons which are
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suggested to contribute to the specialisation of these cilia for the specific

signalling coordination mediated in these cells (Barnes et al., 2021).

Outside of ciliary architecture, extensive research into ciliary membrane and
cilioplasm composition, in addition to signalling output from the primary cilium,
has begun to reveal the significant adaptability of the functions of primary cilia in
different cell types and contexts, and the diversity in the cellular processes that

they orchestrate (Mill et al., 2023).

1.1.2 Roles of the primary cilium in cellular signalling

In mammalian cells, the primary cilium has been implicated in the coordination
of a number of signal transduction pathways, including but not limited to the
cellular signalling pathways activated by Sonic Hedgehog (SHH), G protein
coupled receptors (GPCR), receptor tyrosine kinases (RTK), Wingless-related
integration site (Wnt) family members, Transforming Growth Factor B (TGFp),
and Bone Morphogenic Protein (BMP), with multiple studies showing extensive
cross-talk between many of these pathways at the primary cilium (Veland et al.,
2009). Research into the association of these signalling pathways with the
cilium has allowed for a greater understanding of the intricate complexity of the

functions of this organelle.

The role of the primary cilium in the coordination of canonical hedgehog (HH)
signalling is perhaps the most extensively studied of these examples, with the
cilium long established in the literature as an organelle which is required for
functional HH signalling output in numerous cellular contexts (Bangs &
Anderson, 2017). Localisation of all core components of the signal transduction

machinery of this pathway to the primary cilium has been identified in a plethora
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of studies (Wheway et al., 2018). In the off-state of the HH pathway, the
transmembrane receptor Patched (PTCH1), found on the ciliary membrane,
inhibits transmembrane GCPR protein Smoothened (SMO) through modulation
of the sterol composition of the ciliary membrane (Y. Zhang & Beachy, 2023).
This prevents accumulation of SMO in the cilium and its activation in the
absence of SHH. When SMO is inactive, the GLI transcription factors GLI2 and
GLI3, also found localised in the cilium, are phosphorylated by protein kinase A
(PKA) at the ciliary base, and converted into transcriptional repressors. Their
trafficking from the cilium to the nucleus leads to transcriptional repression of
downstream gene targets of the pathway. In the on-state, SHH binding to
PTCH1 and its co-receptors alleviates its repression of SMO, leading to SMO
accumulation in the cilium, where its activity blocks phosphorylation of GLI2 and
GLI3 by PKA, facilitating transition of the GLIs into their active forms by
phosphorylation at the ciliary tip, which are then trafficked to the nucleus and
activate expression of target genes of the HH pathway. Cilium components
have been demonstrated to be crucial for both the activation and repression of

HH pathway transcriptional targets by GLI proteins (A. Liu et al., 2005).

While extensive research has considered the role of the primary cilium in HH
signal transduction, arguably more so than any other pathway transduced there,
coordination of this pathway both in and outside of the primary cilium is
extremely complex, with ongoing research deciphering the exact role of the
cilium in the fine-tuning of this pathway in different contexts (Hilgendorf et al.,
2024). Given the complexity of pathways such as the HH pathway, crosstalk
between signalling pathways, and the sensitivity and adaptability of the primary

cilium, it is possible that ciliary modulation of signalling pathways may differ
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depending on cell type and context to maintain the appropriate cellular balance

of pathway activation and pathway repression.

In the HH pathway, PKA phosphorylates and represses GLI transcription factors
specifically at the primary cilium base (Tuson et al., 2011). A recent study
showed that GPCRs localised to the primary cilium differentially transduce
signals compared to those localised to the plasma membrane, demonstrating
that cilium-specific signalling involving ciliary PKA preferentially mediates
repression of the HH pathway (Truong et al., 2021). Interestingly, the authors of
this study propose a role for the primary cilium in the constraint of HH pathway
activation, and postulate that this ability is dependent on the cilium’s structure,
with a high membrane to cilioplasm volume ratio conferring differential
sensitivity to and processing of chemical cues. Using evidence from this
experimental study of the HH pathway, Truong et al. theorised that the length
and diameter of the primary cilium may therefore be implicated in its differential
sensitivity to molecular cues and could be important in the determination of

ciliary output in the context of cellular signalling pathway coordination.

The canonical Wnt signalling pathway is another primary cilium-associated
pathway (Pala et al., 2017). In the off-state of the pathway, a destruction
complex composed of multiple protein components, including Axin, facilitates
the phosphorylation of -catenin, causing its ubiquitinylation by JADE1 ubiquitin
ligase and subsequent proteasome-mediated degradation, with this destruction
demonstrated to take place at the ciliary base. Wnt ligands bind to Frizzled
(FZD) transmembrane receptors, which have been found to be localised to the
membrane of the primary cilium (May-Simera & Kelley, 2012). The receptor-
ligand complex recruits Dishevelled (DVL), which sequesters Axin from the

destruction complex, alleviating its repression of B-catenin. Components of the
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ciliary transition zone have been shown to facilitate the repression of -catenin
by targeting DVL for destruction, and recruitment of JADE1 (Borgal et al., 2012).
B-catenin, assisted by Abelson helper integration site 1 (AHI1), is trafficked to
the nucleus and acts as a co-activator with TCF transcription factors to induce
Wnt pathway target gene expression. It has been suggested that AHI1 may be
sequestered by the primary cilium, restricting its ability to shuttle B-catenin to

the nucleus (Lancaster et al., 2011).

Research to dissect the exact role and importance of the primary cilium in Wnt
signalling coordination is ongoing, but it likely that its impact is context-specific
(Pala et al., 2017). In some contexts, the cilium is proposed to exhibit Wnt
pathway attenuation, with loss of cilia and several of its components shown to
induce hyperactive Wnt signalling (Gerdes et al., 2007, Corbit et al., 2008,

Zingg et al., 2018).

The primary cilium has also been implicated in organisation of the output of
canonical TGFf signalling, with several components of the pathway shown to
localise to primary cilia by both proteomic and immunofluorescence analysis
(Mick et al., 2015, Vestergaard et al., 2016). TGFf ligands bind to serine
threonine kinase receptors | and Il heterocomplexes (TGFBRI and II), which
have been shown to localise to the tip of the primary cilium, and the activated
receptor complex induces phosphorylation of TGFBRI by TGFBRII, which
stimulates clathrin-mediated endocytosis (CME) of the receptor complex at the
ciliary pocket region (Clement et al., 2013). After endocytosis, receptor-
regulated SMAD (R-SMAD) transcription factors SMAD2 and SMAD3 are
phosphorylated and shuttled to the nucleus in a complex with SMAD4, where

the SMAD3 portion of the complex induces pathway target gene expression.



10
SMADZ3 activation has been demonstrated to occur at the ciliary base

(Vestergaard et al., 2016, Labour et al., 2016).

The TGFBRs can be recycled back to the primary cilium in a process proposed
to be mediated by centrosomal protein 128 (CEP128), which is localised to the
ciliary basal body (M6nnich et al., 2018). Inhibitory SMADs (I-SMADs), SMAD6
and SMAD7, are induced by TGF[3 pathway activation and form a feedback loop
to downregulate TGFf signalling. SMAD7, along with ubiquitin ligase SMURF1,
have been identified to be localised to the base of the primary cilium (Koefoed
et al., 2018). Together, in a mechanism regulated by ciliary ceramides, SMAD7
and SMURF1 limit TGFBR recycling to the cilium by targeting it for degradation,
which was also shown to attenuate cross-talk with the HH pathway by limiting
interaction with SMO (Gencer et al., 2017). Interestingly, experimental
elongation of primary cilia of retinal pigment epithelial cells (RPE-1) with siRNA-
mediated knockdown of ciliary protein Alstrom Syndrome-1 (ALSM1) was
recently shown to reduce TGFB-induced phosphorylation of SMAD2 (Alvarez-
Satta et al., 2021). Further research is required to elucidate the specific role of
the primary cilium in the coordination, and potential fine-tuning, of the signalling

output of the TGFB pathway in different cellular contexts.

1.1.3 Regulation of ciliary length

After the primary cilium is assembled by initial ciliogenesis in quiescent cells,
and before disassembly prior to cell division, a steady state ciliary length is
established, with primary cilia found on different mammalian cell types ranging
in length between 2 and 10 ym. Rather than being established and simply

passively maintained, cilium length is in fact dynamically regulated, with a vast
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number of proteins and complex molecular processes known to participate in
continuous elongation and shortening of the primary cilium, which is delicately
balanced in order to maintain the length of the organelle (Avasthi & Marshall,
2012). Several of the mechanisms implicated in ciliary length modulation in
quiescent and differentiated cells are also known mediators of cell-cycle linked
cilia formation and resorption, which have been shown to exhibit additional

ciliary length control activities in non-mitotic cells (Keeling et al., 2016).

Regulation of ciliary length is accomplished at the molecular level by the
remarkably complex modulation of its microtubule-based central structure, the
axoneme (Conkar & Firat-Karalar, 2021). The intricate mechanics of ciliary
trafficking by IFT machinery facilitates this dynamic length modulation, through
the direct addition and removal of a- and B-tubulin proteins, the axonemal
building blocks (Keeling et al., 2016). Indeed, analysis of the effects of
manipulation of a broad number of IFT components has demonstrated their
direct involvement in functional maintenance of cilia length in quiescent cells
(Wang et al., 2021). Post-translational modification of axonemal tubulin is also
delicately balanced in the maintenance of cilia length, with tubulin acetylation,
glutamylation, and glycylation required for axonemal microtubule stability
(Pugacheva et al., 2007, Shida et al., 2010, Gadadhar et al., 2017). Conversely,
tubulin ubiquitylation promotes axoneme disassembly by destabilising

microtubules (Wang et al., 2019).

Cilia length maintenance by these molecular mechanisms is known to be
influenced by an extensive number of complex intracellular signalling pathways.
One such pathway is centred on serine/threonine kinase Aurora A (AURKA),
which was initially identified as an important kinase in the regulation of the

mitotic spindle in cell division (Marumoto et al., 2005). A cilium-specific role for
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AURKA as a negative regulator of cilia length was subsequently identified, both
as a key initiator of mitosis-linked ciliary resorption, and outside of mitosis
(Pugacheva et al., 2007). At the ciliary base, interaction with scaffolding protein
NEDD?9 initiates AURKA autophosphorylation at Thr288, and subsequent
localised phosphorylation and activation of Histone Deacetylase 6 (HDACG6)
(Pugacheva et al., 2007). When active, HDACG6 induces deacetylation of
axonemal tubulin, leading to resorption of the microtubules and ciliary
shortening. It has since been shown that there are numerous mechanisms by
which activity of AURKA is regulated at the primary cilium outside of mitosis

(Korobeynikov et al., 2017).

Cilia length, once thought to be regulated independently within the organelle
itself, has also been shown to be influenced more indirectly by cytoskeletal
dynamics around the base of the cilium (Mirvis et al., 2018). The formation of a
polymerised actin cytoskeleton has been shown to downregulate ciliary
lengthening (Kim et al., 2015). It is thought that the actin cytoskeleton may
partake in balancing the entry of cargo including ciliary components and IFT
machinery into the cilium, which facilitate cilia elongation (Yeyati et al., 2017).
Many components of cytoskeletal regulation have been implicated in negative
regulation of cilia length, including the small GTPase Rho and Rho-associated

kinases (ROCK) (Lake et al., 2020, Smith et al., 2020).

The PI3K-AKT signalling pathway has also been implicated in negative
regulation of ciliary length associated with growth factor signalling (Nishimura et
al., 2021). Phosphorylation and activation of AKT downstream of PI3K activity
induces phosphorylation and inactivation of glycogen synthase kinase 3
(GSK3p) at the ciliary axoneme, promoting axonemal instability (Thoma et al.,

2007, Zhang et al., 2015). It is thought that through this mechanism, cargo
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trafficking to the primary cilium is directly inhibited (Walia et al., 2019). AKT acts
as a mediator for a number of cellular processes which regulate cilia length,
including cytoskeleton-mediated negative length regulation (Tomoshige et al.,

2017).

Ciliary length maintenance in mammalian cells is remarkably complex, and
research remains ongoing to unravel its mechanisms. In recent years, as well
as investigating these mechanisms, research has begun to suggest that the
length of the primary cilium may be integral in the determination of its signalling

output (Macarelli et al., 2023, Kobayashi et al., 2024).

1.1.4 Human disease associated with the primary cilium

The significance of the primary cilium in human cell and tissue homeostasis is
highlighted by the range of heterogeneous disorders, collectively named
ciliopathies, which occur when cilia are dysfunctional in assembly, structure,

function, signalling or trafficking (Adams et al., 2008).

Ciliopathies associated with the primary cilium are known as sensory
ciliopathies, distinct from those associated with motile cilia. At least 35
ciliopathies have been identified, linked to genetic mutations in over 200 genes,
leading to diverse pathologies across multiple organ systems in the human
body, with diverse clinical presentation and severity (Anvarian et al., 2019).
Depending on the specific ciliary defect, ciliopathies range from diseases of
single organs to syndromes with multi-system involvement. The broad clinical
implications of defective cilia are such that the organelle is currently the subject
of intense research for its potential as a therapeutic target for many human

diseases (Saito et al., 2023).
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Ciliopathies are broadly classified into two types. The most well studied
ciliopathies are the first-order ciliopathies, which arise from mutations in genes
which encode proteins that localise within the cilium or basal body, including IFT
machinery. Second-order ciliopathies are associated with mutations in genes
which encode proteins that affect cilia indirectly, including transcription factors

that regulate ciliary genes (Reiter & Leroux, 2017).

Many ciliopathies have been extensively researched, but it is likely that many
more human diseases are linked to pathogenic ciliary defects. Recently,
analysis of human genetic disorders with phenotypes reminiscent of ciliopathies
identified more than 300 disorders with genetic mutations which may be linked
with defective primary cilia, with these disorders described as ‘disorders with
ciliary contribution’, in which the indirect contribution of their heterogeneous
genetic mutations to aberrant primary cilia remain elusive (Lovera & Luders,

2021).

Ciliopathies show heterogeneous clinical presentation, often with overlapping
phenotypes which predominantly include renal, hepatic, ocular, skeletal, and
central nervous system manifestations, and less frequently with additional
presentation of cardiovascular, respiratory, endocrine, genital, aural, and
pancreatic clinical features (Focsa et al., 2021). At the cellular and molecular
level, consistent with the role of the cilium in functional signal transduction, the
clinical phenotypes of many ciliopathies are associated with dysregulation of

ciliary signalling pathways (Reiter & Leroux, 2017).

Meckel-Gruber syndrome (MKS), for example, is a rare and lethal ciliopathy
resulting from several genetic mutations to cilia genes, characterised by severe

developmental defects (Hartill et al., 2017). Clinical features of MKS are driven
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in part by compromised HH signal transduction, with genetic mutations linked to
the disease often resulting in defects at the ciliary transition zone which leads to
the loss of SMO accumulation in the cilium (E. C. Roberson et al., 2015).
Additionally, ciliary defects which lead to hyperactivation of canonical Wnt
signalling have also been linked to the development of this disorder (Wheway et

al., 2013, Abdelhamed et al., 2013).

While the most studied human pathogenic defects of primary cilia are the
genetic ciliopathies, dysfunctional primary cilia have also been implicated in
human diseases not considered classical ciliopathies. For example, a role for
defective primary cilia has been proposed in the pathogenesis of Alzheimer’s
Disease (AD), with shortened neuronal primary cilia identified in multiple mouse
models of AD (Kobayashi et al., 2022, Chakravarthy et al., 2012). The AB
peptide known to drive AD has been shown to compromise ciliary signalling
function as well as reduce cilium length (Vorobyeva & Saunders, 2018).
Additionally, shortened cilia with defective ciliary trafficking have also been
identified in chondrocytes from patients with rare connective tissue disorder
alkaptonuria, proposed to contribute to cartilage degeneration characteristic of

the disease by dysfunctional transduction of HH signalling (Thorpe et al., 2017).

As previously described, the establishment of the primary cilium exerts negative
regulation on the progression of the cell cycle. As such, reduced abundance
and length of primary cilia and consequent unregulated cellular progression has
been identified in a plethora of human cancers, in many cases directly
associated with increased activity of AURKA (Nishimura et al., 2021).
Restoration of primary cilia incidence and length via modulation of a number of
ciliary targets has been associated with reduced tumour growth in experimental

studies of many human cancers (Yin, Wei, et al., 2022). Dysfunctional primary
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cilia have also been proposed to contribute to defective cellular signalling in
oncogenesis outside of their role in cell cycle regulation, and the contribution of
defective primary cilia to cancer, thought to be different in specific cancer types,

remains to be fully elucidated (Carotenuto et al., 2023).

1.2 Systemic sclerosis

1.2.1 Fibrosis

Fibrosis refers to the progressive formation of permanent fibrous tissue
facilitated by persistent activity of activated fibroblasts known as myofibroblasts,
and abnormal tissue remodelling characterised by deposition of excess
extracellular matrix (ECM) which disrupts the normal architecture of the affected
tissue, and is associated in some contexts with a chronic inflammatory
response (Herrera et al., 2018). Fibrosis is not a disease in itself, but a condition
associated with a range of heterogeneous diseases. Tissue or vascular fibrosis
contributes to the pathogenesis of liver cirrhosis, cardiovascular fibrosis,
nephritis, idiopathic pulmonary fibrosis (IPF), and systemic sclerosis (SSc),
where organ homeostasis can become severely impaired. The contribution of
fibrosis to global human ill-health is such that it was recently estimated that
fibrosis is the cause of up to 45% of deaths in the industrialised world (Antar et

al., 2023).

Fibrosis is driven by sustained activation of myofibroblasts: differentiated
fibroblasts which, in normal physiological conditions, are essential for tissue
repair and wound healing, and are active during the inflammatory repair

response to injury, infection, and immune activation (Tai et al., 2021).
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Myofibroblasts, once activated by cytokines and growth factors, are responsible
for the secretion of autocrine and paracrine factors to coordinate the tissue
repair response, and are directly responsible for the deposition of ECM
components including collagen and fibronectin, and wound contraction (Younesi

et al., 2024).

Myofibroblasts can originate from diverse cell types, most commonly from tissue
resident fibroblasts and circulating fibrocytes. They can also originate from
transition of both epithelial and endothelial precursors, in processes known and
epithelial-mesenchymal transition (EMT) or endothelial-mesenchymal transition
(EndoMT), or from differentiated mesenchymal stem cells (Kis et al., 2011).
Once activated, myofibroblasts express distinct protein markers including a-
smooth muscle actin (aSMA) and vimentin, are morphologically characterised
by a web-like structure, and their contractile ability is mediated by cytoplasmic

stress fibres predominantly composed of aSMA (Darby et al., 2016).

In normal physiological conditions myofibroblast activation is transient, and the
tissue repair response is concluded by myofibroblast apoptosis and tissue
remodelling. When the response mediated by myofibroblasts is excessive or
uncontrolled, it becomes pathogenic and leads to fibrosis (Klingberg et al.,
2013). Persistent environmental cues within affected tissues drive the continued
activation of myofibroblasts in fibrosis, which is coupled with epigenetic
alterations of gene expression to maintain the fibrotic phenotype (Neary et al.,

2015).

TGFp is a fibrogenic cytokine implicated in tissue homeostasis and
regeneration. Activation of the TGFf signalling pathway is thought to be a

universal master regulator of fibrosis, responsible for driving both the initiation of
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fibrosis and myofibroblast transition, and the progression of fibrosis by directly
inducing fibrotic cellular processes including cellular proliferation, cell migration,
profibrotic factor and ECM production, and contractility (Meng et al., 2016).
TGF induced fibrosis is associated with remarkably complex downstream
activities mediated by both canonical (SMAD-dependent) and non-canonical
(SMAD-independent) TGFp signalling, including crosstalk of the pathway with
other signalling pathways including the Wnt, EGFR, and mTOR pathways,
epigenetic modification of gene expression, and regulation of microRNAs and
long non-coding RNAs (Budi et al., 2021). Understanding the role of the TGFf3
pathway in fibrotic disease has therefore become central to research aiming to

develop therapeutic strategies for the attenuation of fibrosis progression.

The molecular and cellular mechanisms which drive fibrosis are not fully
elucidated, although common mechanisms driving its progression have been
identified in fibrosis which occurs in diverse diseases and contexts (N. C.
Henderson et al., 2020). Currently, effective clinical interventions for fibrotic
diseases remain under investigation, and treatment options to improve patient
outcomes are limited, highlighting the need for continued research to
understand the pathogenesis of fibrosis on a cellular and molecular level for

therapeutic translation (Ku et al., 2024).

1.2.2 Systemic sclerosis

Systemic sclerosis (SSc), also known as scleroderma, is a rare chronic disease
characterised by tissue and vascular fibrosis affecting the skin and internal
organs, driven by autoimmune activation, with an incidence of 17.6 cases per

100,000 people (Bairkdar et al., 2021).
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There are two cutaneous subsets of SSc: limited cutaneous systemic sclerosis
(IcSSc) and diffuse cutaneous systemic sclerosis (dcSSc) (LeRoy & Medsger,
2001) (van den Hoogen et al., 2013). IcSSc primarily affects the skin of the face,
hands, and feet, and is typically diagnosed in patients following initial diagnosis
of Raynaud’s phenomenon, while dcSSc typically involves more extensive
areas of the skin, proximal to the elbows and knees, and presents more often
with internal organ involvement including fibrosis of the lung, cardiac disease,
renal failure, and gastrointestinal disease (Sobolewski et al., 2019). Severe
organ involvement in dcSSc often presents within the first few years of disease
progression and is associated with chronic morbidity and markedly reduced
survival (Steen & Medsger, 2000). Pulmonary disease in particular develops in
approximately 80% of dcSSc patients and causes significant morbidity and
mortality, with interstitial lung disease (ILD) the most commonly diagnosed form,

associated with fibrosis of the lung (Pellar & Pope, 2017).

While diverse presentations of internal organ involvement are responsible for
the high mortality in dcSSc, skin fibrosis is a hallmark characteristic of the
disease, and progressive hardening and tightening of the skin is severely
detrimental to patient quality of life. Skin fibrosis in SSc is associated with
consequences including reduced mobility, functional impairment most
commonly of the hands, facial skin tightening leading to difficulties eating and
speaking, skin sensitivity, and ulceration (Herrick et al., 2022). Skin fibrosis in
SSc is linked with sustained activation of myofibroblasts (Gilbane et al., 2013).
Indeed, dermal fibroblasts isolated from SSc patient biopsies bear more
myofibroblast-like characteristics, and the presence of these fibroblasts
correlates directly with the extent and severity of skin involvement (Van Caam

et al., 2018). Elucidation of the precise mechanisms which drive fibroblast-
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mediated skin fibrosis remains ongoing, and single-cell studies in recent years
have begun to characterise heterogeneous subsets of dermal fibroblasts which

are thought to contribute differentially to skin involvement (Zhu et al., 2024).

The exact cause of SSc remains unknown, and no single factor has been
identified, but the disease is believed to involve a combination of genetic and
environmental risk factors (Allanore et al., 2015). The disease is more frequent
in women, and onset is most common between ages 50-60. Family history
confers predisposition to SSc, with implication of genes related to immune
regulation including those of the major histocompatibility complex, while
environmental triggers including organic solvent and silica exposure may trigger

disease onset in genetically susceptible individuals (Ingegnoli et al., 2018).

There is currently no cure for SSc, and treatment focusses on symptom
management, often requiring a multidisciplinary approach. Treatment options
include immunosuppressive therapy and anti-inflammatory medications to
mediate autoimmunity, vascular treatments including vasodilators, anti-fibrotic
drugs, physical therapy and rehabilitation to maintain mobility and function, and
treatment of organ-specific complications including pulmonary rehabilitation and

medications which target gastrointestinal disease (Del Galdo et al., 2024).

Research for therapeutic intervention is complicated by the patient to patient
variability of clinical presentation, and research remains ongoing to clarify the
diverse mechanisms which contribute to the pathogenesis of the disease and its
clinical manifestations (Murphy et al., 2023). This heterogeneity is such that
precision medicine approaches are being considered as a means to identify

optimal treatment options for individual patients (Komura et al., 2024).
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Diagnosis of SSc typically involves a combination of clinical evaluation of skin
thickening and hardening, blood tests for autoantibodies commonly elevated in
patients including anti-nuclear and anti-centromere antibodies, imaging studies,
and functional tests to determine organ involvement (Hughes et al., 2020). As
skin fibrosis is a hallmark of SSc, the Modified Rodnan Skin Score (MRSS) was
developed as one semi-quantitative clinical tool to assess patient skin thickness
as a measure of skin involvement in the disease (Rodnan et al., 1979). Dermal
thickening as a result of skin fibrosis is indicative of disease progression, with
elevated mRSS found to correlate with increased risk of organ involvement and

decreased survival rate (Del Galdo et al., 2020).

SSc is a disease for which early intervention strategies and biomarker
identification are currently a focus of research, with the aim of treatment
strategies which can be implicated before progressive and irreversible fibrosis
becomes clinically challenging. As such, classification criteria have been
established for the very early diagnosis of systemic sclerosis (VEDOSS), which
identify the disease before the appearance of fibrosis (Avouac et al., 2011).
VEDOSS allows for an insight into early disease progression, where there are
detectable immunological abnormalities, but no clinically detectable fibrosis, and
VEDOSS diagnosis confers predictive value for the risk of disease progression

to SSc (Bellando-Randone et al., 2021).

1.2.3 TGFp signalling in systemic sclerosis

Consistent with other fibrotic diseases, persistent activation of the TGFf3
signalling pathway in SSc skin has long been considered a fundamental driving

force of pathogenic skin fibrosis (Varga & Abraham, 2007, Ayers et al., 2018).
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TGFp signalling in SSc skin is implicated in the activation of profibrotic genes
and proteins and myofibroblast activation, and both the deposition and
preservation of ECM by both enhancing synthesis of ECM components, and
reducing synthesis of matrix-degradation signals (Lafyatis, 2014). TGFf3
signalling in SSc is of significant clinical relevance, with gene expression
signatures classified as highly TGFB-responsive shown to correlate with

increased disease severity in dcSSc (Sargent et al., 2010).

On a molecular level, TGFB contributes to SSc fibrosis via both canonical
signalling mediated by SMAD transcription factors, and SMAD-independent
non-canonical signalling associated with activation of mitogen-activated protein
kinase (MAPK) pathways, Rho-kinases, and PI3K-AKT pathways (H. H. Hu et
al., 2018). Collectively, this signalling leads to the expression of downstream
effectors including aSMA associated with increased fibroblast contractility, ECM
components including fibronectin (FN1) and alpha-1 and alpha-2 type | collagen
(COL1A1 and COL1A2), and connective tissue growth factor (CTGF) (Meng et
al., 2016, Mouawad & Feghali-Bostwick, 2023). CTGF is associated with
fibroblast differentiation, ECM synthesis, and the further potentiation of TGFf3

signalling (Biernacka et al., 2011).

Several mechanisms by which TGFf signalling may become sustained in SSc
skin have been proposed. While some studies have identified elevated
circulating TGFf levels in serum samples obtained from SSc patients, this
finding has been contradicted by others (Dziadzio et al., 2005, Dantas et al.,
2016, Lu et al., 2017, Lomeli-Nieto et al., 2022). Thus, is theorised that
aberrantly sustained activation of autocrine TGFf signalling in SSc skin may be
mediated locally by cellular mechanisms, or that TGF3 may be preferentially

sequestered by SSc-affected tissues, reducing circulating levels. Indeed,
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increased expression of TGF[B, as well as its receptors (TGFBRs) has been
identified in SSc skin biopsies (Lomeli-Nieto et al., 2022). In addition to multiple
historic studies which also identified higher expression of TGFBRs in SSc
fibroblasts, it has been suggested that SSc fibroblasts may exhibit increased
sensitivity to the TGFp ligand due to enhanced internalisation of TGFBRs

(Asano et al., 2011).

Within tissues, including the skin, TGFf3 is sequestered in association with the
extracellular matrix through binding to latent TGF[ binding proteins (LTBPs),
and this latent TGFB can be activated by integrins on the cell surface to induce
signalling. There is evidence for both increased accumulation of TGFf in SSc
skin mediated by elevated expression of LTBP4, and for increased activation of
latent TGFB mediated by increased expression of integrins in SSc dermal

fibroblasts (Asano et al., 2005, Liu et al., 2009, Lu et al., 2017).

TGFp signalling is normally subject to negative feedback regulation driven by
SMAD7-SMURF1 complex-mediated receptor degradation after internalisation
of the TGFB-receptor complex and signalling activation (Gencer et al., 2017).
An additional mechanism for sustained TGF[3 signalling has been proposed in
SSc, whereby the inhibitory effect of SMAD7-SMURF1 is impaired and TGFBR
stability is increased in SSc fibroblasts, mediated by the repressive activity of
SSc-specifically elevated microRNA (miRNA) miR21 on SMAD7 (Asano et al.,

2004, Zhu et al., 2013).

The role of TGF as a central mediator of skin fibrosis in SSc is well
established, and several SSc-specific mechanisms have been proposed which
may contribute to aberrant activation of the pathway. Continued research to

elucidate the specific mechanisms by which TGFf signalling is mediated in SSc
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are required to guide research for anti-fibrotic therapeutic targets (Gyorfi et al.,
2018). Attempts to target TGFf signalling for therapeutic intervention remain
prospective, with studies attempting to identify targets which avoid the
significant adverse implications of broad long-term inhibition of TGFf signalling

(T. Sun et al., 2024).

1.2.4 Caveolin-1 in systemic sclerosis

The integrated membrane protein Caveolin-1 (CAV1) associates with the
plasma cell surface membrane and is best characterised as essential for the
formation of lipid rafts at membrane invaginations called caveolae, where it
plays a scaffolding role in the regulation of endocytosis in numerous signal
transduction pathways by influencing receptor-mediated signalling potential
(Carver & Schnitzer, 2003). Of the three Caveolin family proteins, CAV1, CAV2,
and CAV3, CAV1 and CAV2 are expressed in dermal fibroblasts, with CAV1
mediating the stability, localisation, and expression of CAV2 (Schubert et al.,

2007, Egger et al., 2020).

CAV1 contributes to the negative regulation of the TGFf signalling pathway.
After binding to TGFp ligands, TGFBRs are internalised through two main
cellular mechanisms, firstly in clathrin-coated pits, which leads to pathway
activation mediated by SMAD2 and SMAD3, and secondly in CAV1-medaited
endocytosis, which is associated with proteasomal degradation of TGFBRs
mediated by SMAD7-SMURF1 and attenuation of signalling (Razani et al.,
2001, Di Guglielmo et al., 2003). Additionally, it has been demonstrated that
CAV1 expression leads to a reduction of TGFBR gene expression (Lee et al.,

2007). In mouse models, CAV1 deficiency is associated with hyper-activation of
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the TGF signalling pathway, and a subsequent increase in ECM deposition in
response to injury (Miyasato et al., 2011). Activation of the TGFJ signalling
pathway has in turn been demonstrated to reduce CAV1 expression, indicating
the existence of a feedback mechanism between TGFf signalling activation and
its negative regulation by CAV1 (Del Galdo et al., 2008, Hou et al., 2017,

Liakouli et al., 2018).

The demonstrated role of CAV1 in TGFf signalling initiated significant research
efforts to evaluate the implication of CAV1 in the pathogenesis of fibrosis,
leading to the observed decreased expression of CAV1 in human fibroblasts
associated with TGFB-mediated fibrosis in a number of contexts, including
fibrotic lung diseases, hypertrophic scarring of the skin, and systemic sclerosis
(Wang et al., 2006, Del Galdo et al., 2008, Zhang et al., 2011, Kulshrestha et

al., 2019, Takamura & Yamaguchi, 2022).

The murine bleomycin-induced fibrosis model is a commonly used research tool
to investigate the pathogenesis of fibrosis, characterised by fibrosis of the skin
and internal organs with a characteristic presentation that closely mirrors that
observed in SSc (Do & Eming, 2016). In this model, reduced expression of
CAV1 has been demonstrated, and restoration of CAV1 with adenovirus-
mediated overexpression attenuates fibrosis (X. M. Wang et al., 2006). Caveolin
scaffolding domain peptide (CSD) is a cell permeable peptide representing a
20-amino acid sequence of CAV1 which mediates CAV1-receptor interactions in
signalling mediation and is used experimentally to restore CAV1 function.
Treatment with CSD in the bleomycin model of fibrosis has also been shown to
attenuate both skin and pulmonary fibrosis and the associated signalling

pathway activation, as well as inhibiting TGFB-inducible profibrotic gene
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expression in fibroblasts obtained from the lungs of SSc patients (Tourkina et

al., 2008, Reese et al., 2022).

Further understanding of the contribution of CAV1 to fibrosis has been gained
through knockdown of CAV1 expression in mice, which markedly increased
profibrotic characteristics overlapping with those of SSc, showing spontaneous
skin fibrosis associated with increased deposition of ECM (Del Galdo et al.,
2008). Additionally, CAV1 knockdown in mice has been associated with
pulmonary fibrosis in addition to that of the skin, as well as impaired
angiogenesis and cardiac defects (Park et al., 2003, Woodman et al., 2003, Li
et al., 2013). CAV1 knockdown in mice has also been specifically linked with
spontaneous initiation of both EMT and EndoMT, suggesting that loss of CAV1

primes myofibroblast activation (Li et al., 2013, Strippoli et al., 2015).

The specific contribution of CAV1 downregulation to SSc pathogenesis has
been evidenced through the demonstration of a significant reduction of CAV1
expression in SSc patient skin, lungs, and explanted profibrotic SSc dermal
fibroblasts by immunohistochemistry, immunofluorescence, and Western Blot in
numerous studies, correlating with increased expression of TGFB-inducible
profibrotic markers (Del Galdo et al., 2008, Tourkina et al., 2008, Cipriani et al.,
2014, Liakouli et al., 2018). Rescue of the profibrotic phenotype of isolated SSc
fibroblasts in vitro has been demonstrated upon restoration of CAV1 function
with CSD (Del Galdo et al., 2008, Liakouli et al., 2018). Additionally, SSc
patients were found to have significantly lower levels of CAV1 in their serum
and sputum compared to healthy controls, with a proposed association with
SSc-associated interstitial lung disease (Yilmaz et al., 2014). Downregulation of

CAV1 in fibroblasts has also been specifically associated with pathogenic
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suppression of angiogenesis in SSc, by loss of its regulatory effect on PEDF

secretion (Liakouli et al., 2018).

Providing further evidence that loss of CAV1 is associated with SSc
pathogenesis, genome-wide analysis of SSc patients and healthy controls
highlighted a specific single nucleotide polymorphism (SNP) in the CAV1 gene
which was associated with increased expression of CAV1 protein. The
presence of this SNP was significantly protective in susceptibility to SSc
(Manetti et al., 2012). Additionally, in a study of a population of SSc patients
known to be predisposed to SSc-related interstitial lung disease, lower
expression of CAV1 in this cohort was associated with this predisposition

(Reese et al., 2014).

Overall, there is significant evidence for the contribution of CAV1
downregulation to fibrotic diseases, including SSc, and a demonstrable link to
the association of CAV1 downregulation to activation of TGFf signalling.
Further research is required to fully elucidate the cellular and molecular
mechanisms by which CAV1 downregulation mediates fibrosis in the context of

SSc and other fibrotic diseases.

1.3 A role for the primary cilium in systemic sclerosis

1.3.1 Signalling dysregulation in systemic sclerosis

As previously described, the deviation from normal tissue homeostasis in the
pathogenesis of SSc is characterised on a molecular level by sustained

activation of the TGF[ signalling pathway, considered to be a central driving
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force of fibrosis. SSc is also associated with dysregulation of both the HH and

Wnt signalling pathways.

Sustained activation of HH signalling and increased expression of pathway
components including the Sonic Hedgehog (SHH) ligand, HH pathway
mediating GLI transcription factors GLI2 and GLI3, and HH receptor PTCH1 has
been associated with fibrosis in numerous physiological contexts, including
fibrosis of the skin, lungs, and kidneys (L. Hu et al., 2015). Pathway activation
has been shown to contribute to the deposition of ECM, increased expression of
proteins linked to profibrosis including aSMA, FN1, SNAI1 and COL1A1, and
has been implicated in driving EMT (Ding et al., 2012, Bolafios et al., 2012, Hu

et al., 2015).

Experimental inhibition of HH signalling pathway components including
Smoothened (SMO), as well as overexpression of negative pathway regulator
Suppressor of Fused (SUFU), has been demonstrated to ameliorate HH
pathway-mediated fibrosis in cultured renal and dermal fibroblasts (Ding et al.,
2012, Cao et al., 2016). In the bleomycin model of skin fibrosis, inhibition of
SMO has been shown to ameliorate the progression of fibrosis, as well as
rescuing the severity of established fibrosis (Horn, Kireva, et al., 2012, Cao et

al., 2016).

In SSc specifically, it has been demonstrated that SSc patient serum,
particularly that of dcSSc patients, shows elevated levels of the SHH ligand,
which is associated with both vasculopathy and fibrosis (Beyer et al., 2018).
SSc skin shows marked upregulation of SHH ligand, as well as GLI1 and GLI2

compared to healthy control, linked with myofibroblast activation and
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heightened expression of ECM components, COL1A1 and COL1A2 (Horn,

Palumbo, et al., 2012).

Ongoing research aims to understand the mechanisms by which HH signalling
is dysregulated in SSc. Long range paracrine signalling mediated by
palmitoylation of the SHH ligand has also been implicated in SSc pathogenesis.
SSc patient dermal fibroblasts have been shown to overexpress hedgehog
acetyltransferase (HHAT) which mediates SHH palmitoylation, a modification
essential for its biological activity, and knockdown of HHAT led to a reduction in
myofibroblast activation and ECM deposition in cultured fibroblasts, as well as

attenuation skin fibrosis in two mouse models of SSc (Liang et al., 2019).

The role for GLI2 specifically as a key integration point for the crosstalk of the
HH pathway with the TGF pathway has been highlighted in SSc, with TGFf3
signalling identified as responsible for driving upregulation of GLI2 in SSc
dermal fibroblasts, and GLI2 inhibition shown to be protective against fibrosis in
mouse models (Liang et al., 2017). There is also evidence to suggest that GLI2
expression in SSc is meditated by crosstalk with the Notch signalling pathway,
also known to be dysregulated in SSc and to contribute to myofibroblast
activation (Wasson, Ross, et al., 2020). An additional mutually positive
feedback crosstalk mechanism with the cJUN/AP1 pathway has been proposed
to contribute to HH pathway activation and subsequent profibrosis in SSc

dermal fibroblasts (Bergmann et al., 2024).

In addition to TGFB and HH signalling activation, the canonical Wnt signalling
pathway, mediated by B-catenin, has also been implicated in various fibrotic
diseases, and linked to myofibroblast activation, enhanced fibroblast migration,

production of ECM components, and EMT (Burgy & Koénigshoff, 2018).
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Activation of the Wnt signalling pathway in fibrosis has been linked to crosstalk
with the TGFf signalling pathway, with several components of the Wnt
signalling pathway known to be targets of TGF( signalling (Griffin et al., 2022).
whnt signalling activation by Wnt ligand stimulation of cultured cells and B-
catenin overexpression models in mice has been shown to be sufficient to
induce spontaneous fibrosis, as well as the contrary, Wnt pathway inhibition has
been shown to ameliorate fibrosis in several different model systems (Wei et al.,
2011, Akhmetshina et al., 2012, Beyer et al., 2012, Wei et al., 2012, Svegliati et

al., 2014).

The sustained activation of Wnt signalling has long been associated with the
pathogenesis of SSc, although complete elucidation of the mechanisms that
drive this is still under investigation. Elevated expression of several Wnt
pathway ligands, particularly Wnt-1, Wnt-2, and Wnt-10b, has been identified in
SSc skin compared to healthy controls, correlating with increased expression of
ECM components and with patient mRSS (Wei et al., 2011, Akhmetshina et al.,

2012, Kocak et al., 2020).

Additionally, significant upregulation of 3-catenin has been identified in SSc skin
sections and in dermal fibroblasts explanted from SSc patients, as well as
upregulation of the Wnt receptor FZD2 and target transcription factor LEF1 in
SSc skin (Akhmetshina et al., 2012, Beyer et al., 2012, Svegliati et al., 2014,
Wei et al., 2012). Upregulation of Wnt pathway components has been linked
with significant upregulation of a number of genes associated with ECM
deposition in SSc, as well as other fibrotic diseases (Hamburg-Shields et al.,

2015).
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A marked decrease in the expression of endogenous negative regulatory
components of the Wnt signalling pathway has also been reported in SSc skin
sections and explanted fibroblasts compared to healthy controls, including
DKK1, DKK2, and WIF1 in SSc skin, observed particularly in patients with
dcSSc (Akhmetshina et al., 2012, Wei et al., 2012, Svegliati et al., 2014,
Henderson et al., 2021). TGFp signalling has been implicated specifically in

downregulation of Wnt negative regulator Axin2 in SSc (Gillespie et al., 2018).

Elucidation of the mechanisms by which the TGF3, HH, and Wnt signalling
pathways are dysregulated in SSc is important to fully understand the
pathogenesis of the disease, and to inform research aimed at targeting these
pathways for therapeutic intervention (Riemekasten & Distler, 2022).
Interestingly, as previously described, the primary cilium is well established as
an important organelle for the regulation of signalling pathways in tissue

homeostasis, including the TGFB, HH, and Wnt pathways.

1.3.2 The roles of TGFB and Caveolin-1 in cilium structure and function

As previously discussed, the molecular pathogenesis of SSc is characterised by
aberrant activation of the TGFf signalling pathway, as well as by
downregulation of the expression of CAV1. Interestingly, studies have shown
that both TGFB and CAV1 have roles at the primary cilium, where they are

proposed to influence both ciliary structure and function.

The primary cilium has been implicated in the coordination of TGFf signalling,
as previously outlined. However, there is also evidence to suggest that TGFf3
signalling may influence the cilium itself, with studies linking TGFf signalling to

ciliary length control, structure, and function. In several cell types which possess
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motile cilia, inhibition of the TGF effector SMAD?2 led to a decreased ciliary
length, as well as ablating the localisation of components of the ciliary transition
zone (TZ) in the multiciliated cells of the epidermis, suggesting that TGFf3
signalling is implicated in length regulation and TZ formation in motile cilia
(Tozser et al., 2015). The effect of TGFf signalling on the structure of the TZ in
primary cilia has not been investigated. However, several studies in different
cell types have shown that in primary cilia, activation of TGF signalling has the
opposite effect on length than it does in motile cilia, inducing a reduction of
primary cilia length, and this has been linked with alterations to functional ciliary

output.

In chondrocytes, TGF[ signalling has been demonstrated to induce ciliary
shortening, as well as a reduction in ciliary incidence, by suppressing the mRNA
stability of IFT88, a component of the ciliary intraflagellar transport (IFT)
machinery, leading to downregulation of IFT88 protein (Kawasaki et al., 2015,
Stam & Clark, 2023). Kawasaki et al. showed that experimental depletion of
IFT88 and ciliary shortening in chondrocytes enhanced the expression of ECM
components in response to TGFf, suggesting that functional IFT88 at the cilium

plays a suppressive role in TGFB-mediated ECM deposition.

A recent study of breast and prostate cancer identified the same mechanism of
TGFB-induced ciliary shortening in osteocytes, whereby the secretion of TGF
by cancer cells was shown to decrease IFT88 expression leading to shortening
of primary cilia (Verbruggen et al., 2024). The authors of this study
demonstrated that secretion of TGFB by cancer cells impairs a cilia-dependent
ability of osteocytes to suppress the proliferation of these cancer cells by

paracrine signalling.
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Primary ciliary shortening and a reduction in cilia incidence in response to TGFf
was also demonstrated in osteoblasts, by a different mechanism involving
TGFB-mediated upregulation of the histone deacetylase HDACG6, and
consequent deacetylation and shortening of the ciliary axoneme (Ehnert et al.,
2017). Here, the authors showed that TGFB-induced ciliary shortening led to
impairments to normal osteogenic function in response to mechanical stimulus,
and that experimental inhibition of HDACG6 alongside TGFf treatment rescued
both primary cilium length, and osteogenic function. The same TGFB-HDACG6
dependent ciliary shortening mechanism has been demonstrated in tenocytes in

response to mechanical loading (Rowson et al., 2018).

In a study which showed primary cilium shortening in response to TGFf in
adipocyte progenitor cells, the expression of both IFT88 and HDACG6 were
shown to be unaffected by TGFB-treatment, suggesting that TGFp-induced
shortening in these cells occurs via a different mechanism, although no other
mechanism was proposed by the authors (Arrighi et al., 2017). Taken together,
these studies provide evidence that while TGF3 seems to be able to induce
ciliary shortening in primary cilia of numerous cell types, and that this is linked
with functional changes to ciliary output, the mechanism of shortening in these

cell types may be diverse.

Recent research has also begun to identify an association between CAV1 and
primary cilia, although these studies are limited in number. Studies have
suggested that CAV1 localisation to the base of the primary cilium may be
important for signal transduction. A study of the neuronal primary cilia of the
nematode model organism C. elegans identified CAV1 localisation at the
periciliary membrane compartment at the base of the cilium (Scheidel et al.,

2018). In this study, both experimental overexpression and knockdown of CAV1
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led to a loss of ciliary localisation of the ciliary protein PKD2, and mutant
animals showed defective mating behaviours. Thus, the authors suggest that

CAV1 is important for functional localisation of ciliary components.

In human retinal pigment epithelial (RPE-1) cells, immunofluorescence
experiments demonstrated marked CAV1 accumulation at the proximal end of
the primary cilium, and identified two components of the ciliary TZ, kinesin
family member 13B (KIF13B) and nephrocystin 4 (NPHP4), as responsible for
the establishment of this CAV1-enriched microdomain (Schou et al., 2017).
Schou et al. demonstrated that experimental knockdown of CAV1 in RPE-1
cells and subsequent loss of ciliary localisation of CAV1 led to decreased ciliary
localisation of the HH signalling pathway component SMO in response to
stimulation with exogenous SHH ligand, thus proposing a role for CAV1
microdomains at the TZ for functional signal transduction of the HH pathway. In
human adipocytes, CAV1 staining was also identified, here in puncta around the
base of the primary cilium, showing partial co-localisation with a lipid raft marker
and with insulin receptors particularly upon stimulation with insulin, suggesting
that CAV1 at primary cilia in these cells may be important for adipogenic signal

transduction (Yamakawa et al., 2021).

Recent studies have also suggested that CAV1 may play a direct role in the
formation and length of primary cilia. CAV1 depletion in RPE-1 cells was
associated with a decrease in ciliary incidence, though non-significant, and an
unquantified increase in ciliary length was described (Schou et al., 2017). In a
subsequent study, experimental downregulation of CAV1 in three epithelial cell
lines, RPE-1, Madin-Darby canine kidney (MDCK), and inner medullary
collecting duct (IMCD3), was also shown to slightly decrease ciliary incidence,

and significantly increase ciliary length (Rangel et al., 2019). Here, the authors
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proposed that this was mediated by reduced Rho GTPase activity, actin
cytoskeleton disorganisation, and increased vesicular trafficking observed in
these CAV1 depleted epithelial cells. In another study, experimental depletion of
CAV1 in foetal lung fibroblast cell lines led to an increase in ciliary incidence,
and authors suggested that this may be mediated by increased degradation of
Aurora A kinase (AURKA), a negative regulator of cilia length, in these CAV1

depleted cells.

Collectively, these studies demonstrate that CAV1 may be implicated both in
modulation of the functional signalling output of the primary cilium, and in cilium
formation and length. However, further research is required to elucidate the
mechanisms by which this might occur, to explore the implications of CAV1 at
primary cilia in different cell types, and its involvement in the mediation of

different cellular signalling pathways.

1.3.3 Fibrotic disease associated with defective cilia

As previously described, a diverse group of human diseases collectively termed
ciliopathies are known to be driven by genetic mutations to either cilia
component or cilia-related genes, which lead to cilia which are aberrant in their
formation, structure, or function. Interestingly, many ciliopathies present with
characteristic fibrosis despite heterogeneity in genetic mutations and
remarkable diversity in the specific ciliary components which are affected.
Ciliopathies are commonly associated with liver fibrosis, interstitial respiratory

fibrosis, pancreatic fibrosis, and interstitial renal fibrosis (Focsa et al., 2021).

For example, Joubert Syndrome (JS) is a rare ciliopathy characterised by

neurodevelopmental defects and, consistent with clinical manifestations of most
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known ciliopathies, presents with additional multi-system involvement in
different subtypes of JS, which can include hepatic fibrosis (Spahiu et al., 2022).
While the exact molecular mechanisms which drive this have not been
elucidated, loss of function mutations specifically of ciliary transition zone
components, MKS3, CC2DZA, RPGRIP1L, and TMEM67, have shown strong
association with the manifestation of liver fibrosis in JS patients (Doherty et al.,
2010, Bachmann-Gagescu et al., 2015). Interestingly, in a recent study of four
cultured stem cell lines obtained from patients with JS who had genetic
mutations in different genes, including TMEM67 and CC2DZA, primary cilium
incidence and length were significantly reduced compared to healthy controls,

regardless of genotype (De Mori et al., 2024).

Mainzer Salindo Syndrome (MZSDS) is a skeletal ciliopathy which also shows
diverse multi-system clinical involvement, which can include hepatic fibrosis
(Focsa et al., 2021). This disorder is strongly linked to loss of function mutations
of IFT140, a component of the ciliary intraflagellar transport machinery (IFT)
(Perrault et al., 2012). Experimental examination of the effect of IFT140
mutations on the primary cilia of patient-derived epithelial cells, and
experimental recapitulation of these mutations in epithelial cell lines, revealed
that these mutations are associated with ciliary dysfunction characterised by
abnormal accumulation of IFT component IFT88 at the ciliary tip, leading to

defects in normal retrograde IFT (Oud et al., 2018).

Renal fibrocystic diseases in particular are commonly associated with a number
of primary ciliopathies, with renal disease being the most common clinical
manifestation (Gunay-Aygun, 2009). In particular, polycystic kidney diseases
(PKD) are a group of genetically and clinically heterogeneous cystic renal

disorders which can present either in utero or with late onset in adults and are
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associated with interstitial renal fibrosis, as well as hepatic fibrosis (Bergmann,
2019). Autosomal dominant PKD (ADPKD) is commonly associated with
mutations to the PKD1 and PKD2 genes, encoding the PC1 and PC2 polycystin
protein family members, which localise to the primary cilium and are proposed
to play important roles in the sensory functions of the cilium (Harris & Torres,
2009, Gascue et al., 2011). Interestingly, staining of kidney sections from
ADPKD patients revealed elongated primary cilia of tubule cells, which was also
observed in PKD1 and PKD2 knockout mice, but the molecular mechanisms by
which this might drive PKD cystogenesis and fibrosis remain to be elucidated

(Shao et al., 2020).

Various mouse models of ciliopathies have also been employed in the study of
ciliary defects in human disease and these studies have provided in vivo data
which shows that ciliary dysfunction, driven by diverse genetic mutations, is
sufficient to induce fibrosis or fibrosis associated phenotypes. For example,
fibroblasts explanted from a mouse model with genetic ablation of IFT
component IFT88 were shown to have reduced primary cilia incidence and
length (Schneider et al., 2010). In both in vivo and in vitro studies of this model,
Schneider et al. demonstrated that induced wound healing was defective, with
fibroblasts showing uncontrolled migration direction and speed, which is
characteristic of fibrosis. In another mouse model, kidney-specific knockdown of
the small GTPase CDC42 was demonstrated to reduce ciliogenesis and induce
kidney fibrosis, showing a significant increase in staining of collagen fibres in
kidney sections, and in mRNA levels of type 1 collagen in explanted fibroblasts
(Choi et al., 2013). Interestingly, another study of genetic ablation of IFT88 in
mice was also demonstrated to induce hepatic fibrosis, which was linked to

increased accumulation of infiltrating immune cells (Zimmerman et al., 2018).
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Studies which have directly investigated primary cilia in disease contexts
outside of known ciliopathies are limited. However, some recent studies have
identified aberrant primary cilia in non-ciliopathies, which are linked with clinical
fibrosis. In the progressive degenerative retinal disease age related macular
degeneration (AMD), vision loss is driven by vasculopathy and subretinal
fibrosis (Tenbrock et al., 2022). A recent study found that retinal pigment
epithelial cells isolated from an AMD patient showed significant reduction in
both cilia incidence and cilia length, and authors suggest that the cilium should
be considered as a potential contributor to the pathogenesis of the disease

(Ning et al., 2023).

Atrial fibrillation (AF) is a condition of abnormal heart rhythm which can present
with cardiac fibrosis. In a recent study, staining of cardiac tissue sections
revealed a reduced incidence of primary cilia in patients with AF compared to
healthy controls, and experimental depletion of cilia in healthy human atrial
fibroblasts by knockdown of IFT88 led to enhanced expression of ECM
component genes, including COL1A1 and FN1 (Kawasaki et al., 2024).
Interestingly, elevated expression of AURKA, a negative regulator of ciliary
length, and its co-activator NEDD9, were also demonstrated in AF patient
cardiac tissue in this study. Kawasaki et al. showed that pharmacological
inhibition of AURKA in AF patient-derived atrial fibroblasts increased ciliary
incidence and length, and that this was associated with a decrease in
expression of ECM components, particularly in response to treatment with
exogenous TGFf ligand, leading the authors to suggest that defective primary
cilia resulting from aberrant AURKA activity in atrial fibroblasts may contribute to

their profibrotic phenotype.
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As previously described, myofibroblast transition from various cell types
including adipose progenitors, endothelial cells by EndoMT, and epithelial cells
by EMT, is a cellular driving force of fibrosis, resulting in the activation of
contractile myofibroblasts which mediate deposition of extracellular matrix
(ECM) components. There is experimental evidence to suggest that primary

cilia may be intrinsically linked with myofibroblast transition processes.

Studies have suggested that shortening or loss of the primary cilium may prime
progenitor cells to undergo transition. For example, embryonic endothelial cells
from IFT88 knockout mice which lacked primary cilia were demonstrated to
show heightened EndoMT in response to fluid shear stress, marked by
increased expression of markers including aSMA, and activation of SMAD2
signalling (Egorova et al., 2011). In canine kidney epithelial cells, experimental
knockout of ciliary components ARL13B and IFT20 led to shortened primary
cilia, and these cells exhibited increased expression of EMT markers under
basal conditions, as well as more significantly in response to treatment with
exogenous TGFB compared to control (Han et al., 2018). This suggests that
there may be positive feedback between TGF signalling, ciliary shortening or

loss, and myofibroblast transition.

There is also evidence to suggest that primary cilia may be necessary to sense
the initial signal to drive myofibroblast transition, and that cilia themselves then
undergo structural transition during the myofibroblast transition process. The
primary cilia of porcine kidney epithelial cells were shown to undergo a dynamic
biphasic transition during EMT, with a short period of initial lengthening followed
by loss of the primary cilium (Rozycki et al., 2014). In adipocyte progenitor cells
from adipose tissue and skeletal muscle, myofibroblast transition induced by

TGFB was shown to be associated with shortening of the primary cilium (Arrighi
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et al., 2017). In both of these studies and cell types, the authors showed
through experimental inhibition of ciliogenesis that the presence of a primary
cilium was required to induce myofibroblast transition (Rozycki et al., 2014,

Arrighi et al., 2017).

Further elucidation of the specific role of the primary cilium during myofibroblast
transition from different cell types may shed more light on the link between cilia
and fibrosis, and how aberrations to primary cilia may contribute to fibrotic

disease.

In the context of systemic sclerosis, the primary cilium remains to be explored.
Recently, two studies have highlighted a potential link between primary cilia and
the pathogenesis of SSc. Skin biopsies taken from SSc patients were subjected
to RNA-sequencing analysis and a significant decrease in the expression of
SPAG17 was identified compared to healthy controls (E. D. O. Roberson et al.,
2023). SPAG17 is a poorly characterised component of motile cilia which has
also been implicated in the structure and function of primary cilia, with
experimental knockdown of SPAG17 shown to induce ciliary shortening in
chondrocytes, osteoblasts, and mouse embryonic fibroblasts (Teves et al.,

2015).

In a subsequent study, SPAG17 was shown to be downregulated in SSc skin
sections and cultured dermal fibroblasts explanted from SSc patients compared
to healthy controls, though primary cilia were not analysed (Sapao et al., 2023).
In experimental knockdown of SPAG17 in human dermal fibroblasts, Sapao et
al. showed an increase in the expression of aSMA and procollagen |, as well as
spontaneous skin fibrosis in a conditional SPAG17 knockout mouse model,

where explanted fibroblasts were enriched in transcript levels of profibrotic
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markers and had heightened nuclear accumulation of SMAD2/3, indicative of
activation of the TGF signalling pathway. Taken together, these studies
provide the first tentative evidence that defective primary cilia might be

implicated in the pathogenesis of SSc.

1.4 Project rationale and aims

Primary cilia are sensory organelles which play important roles in cellular and
tissue homeostasis, particularly with respect to cellular signalling regulation,
including that of the Wingless-related integration site (Wnt), Hedgehog (HH),
and Transforming Growth Factor Beta (TGF) signalling pathways. A number of
human diseases are driven by ciliary dysfunction, with diverse molecular

pathogenesis and clinical manifestations, including fibrosis.

Systemic sclerosis (SSc), a rare autoimmune disease of unknown aetiology,
which presents with chronic progressive fibrosis and vasculopathy of the skin
and internal organs, is characterised on a molecular level by dysregulated
cellular signalling, particularly of the Wnt, HH, and TGF[ pathways. In
particular, activation of the TGFf signalling pathway is recognised as a
fundamental driving factor of the pathogenesis of SSc fibrosis, as well as that of
other human fibrotic diseases, where an aberrantly persistent activation of the
tissue repair process leads to scarring, disrupting normal tissue and organ

architecture.

Maintenance of the primary cilium on mammalian cells is a dynamic process,
with a stable ciliary length established by an intricate balance struck between
processes which elongate the cilium, and those that shorten it. As well as being

implicated in the pathogenesis of SSc, and being coordinated at the primary
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cilium, TGFp signalling has been shown to directly alter primary cilium structure
in a number of cellular contexts, inducing ciliary shortening through diverse

molecular mechanisms.

There is also a poor understanding of the role of the membrane scaffolding
protein Caveolin-1 (CAV1) in SSc pathogenesis, where CAV1 downregulation
has been demonstrated to contribute to fibrosis. Additionally, at the primary
cilium, it has been proposed that CAV1 localisation to the cilium may be
implicated in ciliary signal transduction, as well as ciliogenesis and cilia length

regulation.

The molecular and cellular driving forces of human fibrotic conditions remain to
be completely elucidated. There is a growing collective body of evidence which
suggests that dysfunctional primary cilia may be a hallmark of fibrotic

pathogenesis, through diverse aberrations to ciliary incidence, length, structure,

and function.

Primary cilia have not been investigated in the context of SSc specifically.
Recent work associated loss of the ciliary component sperm associated antigen
17 (SPAGL17) with SSc. Preliminary work carried out in our research group
identified that dermal fibroblasts explanted from skin biopsies of two SSc
patients displayed primary cilia which appeared shortened compared with those
of healthy controls. Furthermore, treatment with exogenous TGF[3 appeared to

induce shortening of the primary cilium in dermal fibroblasts.

Consideration of these factors collectively led to the formation of the following
hypotheses: first, that defective, shortened primary cilia may be found on SSc
dermal fibroblasts, which could contribute to the disease phenotype through

aberrant regulation of ciliary signal transduction. Second, that activation of
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TGF signalling characteristic of SSc could lead to this shortened cilia

phenotype.

To begin to address these hypotheses, this research had the following aims,

using in vitro experimental analysis of dermal fibroblasts:

1)

2)

3)

4)

5)

6)

To characterise primary cilium length reduction in SSc patient dermal
fibroblasts as well as very early diagnosis of systemic sclerosis

(VEDOSS) dermal fibroblasts, compared to healthy control fibroblasts.

To characterise the effect of TGF on cilium length in dermal fibroblasts.

Explore the contribution of several known mediators of ciliary length
modulation to both TGFB-mediated and stable SSc ciliary shortening
phenotypes, and determine if the mechanisms are shared or

independent.

To characterise the effect of experimental CAV1 downregulation on

dermal fibroblast cilium length.

To explore the phenotypic effects of experimental cilium length
restoration, in particular on the profibrotic phenotype of dermal

fibroblasts.

To characterise the expression of SPAGL17 at the primary cilia of healthy

and SSc dermal fibroblasts.
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Chapter 2. Materials and Methods

2.1 Cell lines

All work in this thesis was conducted on human dermal fibroblasts in in vitro
culture. Fibroblast lines were isolated from full thickness forearm punch biopsies
from healthy control (HC) donors or from patients satisfying either the ACR-
EULAR classification criteria for diffuse cutaneous SSc (dcSSc) (van den
Hoogen et al., 2013), or VEDOSS classification criteria (Avouac et al., 2011).
Biopsies were obtained after receiving written informed consent from
participants for research use with HRE Research Ethics Committee approval
(reference number 15/NE/0211). Fibroblasts were expanded out of cut biopsies,

with primary cell lines established after two passages.

In cases where experiments were carried out using primary fibroblasts,
experiments were performed within five passages. Primary lines were also
immortalised by transduction with a retrovirus expressing human telomerase

reverse transcriptase (hnTERT), as previously described (Gillespie et al., 2018).

Single cell clonal lines were isolated from one heterogeneous parental hnTERT
SSc fibroblast cell line. A cell resuspension was serially diluted into 96-well
plates to isolate single cells. Verified by light microscopy, wells which contained

individual fibroblasts were subsequently expanded to generate clonal cell lines.

Patient and cell line information for all cultured lines used in this work can be

found in Table 1.
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Table 1: Patient and cell line information

Cell Line Cell Line | hTERT/ | Age | Sex | Disease | MRSS | Disease
Name Code Primary Type Score | duration
(months)
SSc1 Strike66 | hTERT | 67 F dcSSc 35 97
SSc 2 Strike262 | hTERT | 43 M dcSSc 43 13
SSc 3 Strike279 | hTERT | 35 F dcSSc 1 1
SSc Primary | Strike262 | Primary | See Strike262
VEDOSS 1 | FDG289 | Primary |33 F VEDOSS |0 N/A
VEDOSS 2 | FDG268 | Primary | 34 F VEDOSS | 0 N/A
VEDOSS 3 | FDG189 | Primary | 39 M VEDOSS |0 N/A
VEDOSS 4 | FDG201 | Primary | 66 F VEDOSS |0 N/A
SSc Clone 1 | FDG81 hTERT | See Strike66 (parental line). See materials
and methods section 2.1 for details of cell line
SSc Clone 2 | FDG126 | hTERT generation.
SSc Clone 3 | FDG80 hTERT
SSc Clone 4 | FDG28 hTERT
SSc Clone 5 | FDG127 | hTERT
HC 1 FDG111 | hTERT |41 M N/A N/A N/A
HC 2 FDG129 | hTERT | Data N/A N/A N/A
unavailable
HC 3 FDG300 | hTERT | Data N/A N/A N/A
unavailable
HC Primary | FDG300 | Primary | See FDG300
HC SCR FDG111 | hTERT | See FDG111 (parental line). See materials
SCR and methods section 2.14 for details of cell
HC shCAV | FDG111 | hTERT | line generation.
shCAV

2.2 Cell culture

Cells were cultured in 1 g/L Glucose Dulbecco’s Modified Eagle Medium

(DMEM) (Thermo Fisher) with 10 % FBS (Thermo Fisher), 1 %

Penicillin/Streptomycin (Merck), and 250 ug/mL Geneticin (Thermo Fisher) as

selection for hTERT transduction. Geneticin was not included in culture medium

while performing experiments. Cells were grown in adherent monolayers in
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culture flasks (Corning), incubated at 37 °C with 5 % COZ2. Culture media was
refreshed every 48-72 h, and cells were regularly passaged at 80-90 %
confluence by aspirating media, washing with 1 X PBS (Sigma), treating with 1
X Trypsin (Merck) for 5 minutes at 37 °C to detach cells from plastic ware, and
resuspension in fresh culture medium containing 10 % FBS to deactivate
Trypsin. Cells were appropriately diluted in medium and seeded into culture

flasks.

For long-term storage, cell suspension aliquots were prepared in filtered
complete DMEM supplemented with 10 % extra FBS and 10 %
dimethylsulphoxide (DMSO) (Sigma), and frozen at -80 °C before transfer to

storage in liquid nitrogen.

For experimental work, cell seeding density was controlled by counting cells

using a haemocytometer after Trypsin treatment and resuspension.

2.3 Treatment of fibroblasts with ligands and inhibitors

Unless otherwise stated, all experimental treatments were administered after
fibroblasts reached confluence and were subjected to 24 h of serum starvation
in DMEM (Thermo Fisher) with 0.5 % FBS (Thermo Fisher) and 1 %
Penicillin/Streptomycin (Merck). Ligands or small molecule inhibitors were then
added to fibroblasts at their appropriate concentrations in serum starved media

for 24 h or 48 h.

To activate the Transforming Growth Factor Beta (TGF[) pathway, fibroblasts
were treated with recombinant TGF( ligand (10 ng/mL, Merck). Small molecule
inhibitors used were TGFBRI inhibitor SD208 (1 uM, Selleckchem), pan-ROCK

inhibitor Y27632 (2 uM, MedChemExpress), ROCK2 inhibitor KD025 (5 uM,
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Cayman Chemical), PI3K inhibitor BKM120 (2 uM, Selleckchem), HDAC6
inhibitor Tubacin (10 uM, Sigma), and AURKA inhibitor MLN8054 (10 uM,
APEXBIO). For controls, fibroblasts were treated with an equal volume of
vehicle (DMSO, Sigma). In cases where cells were treated with both an inhibitor
and with TGF, inhibitor treatment was introduced two hours before stimulation

with TGFP.

2.4 siRNA transfection

To inhibit the canonical TGF pathway, a pool of four FlexiTube GeneSolution
siRNA (Qiagen) oligos specific to SMAD3 were used for post-transcriptional
gene silencing. The four target sequences were as follows:
AGCCTATACTTTGGCAGGTTA, AAGGAGCACCTTGACAGACTT,
AAGAGATTCGAATGACGGTAA, and ATCAAGGGATTTCCTATGGAA. Oligos
were combined to a total concentration of 40 nM, and transfected into
fibroblasts at 70 % confluence with Lipofectamine 2000 (1 ug/mL, Thermo
Fisher) before incubation for 72 h, including any additional treatments, before
protein harvest or fixation for immunofluorescence. As a negative control,
fibroblasts were transfected with a scrambled (SCR) siRNA oligo (Qiagen) with
the following sequence: AATTCTCCGAACGTGTCACGT. Knockdown was

monitored by Western Blot for SMADS3.

2.5 Protein extraction and quantification
For the harvest of protein, cells were seeded and subjected to experimental
treatments in 6-well culture plates. Media was aspirated, cells were washed in

ice cold 1 X PBS, then lysed in ice cold protein lysis buffer comprising of RIPA
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Buffer (Merck) with 1 X Protease Inhibitor (Merck) and 1 X Phosphatase
Inhibitor (Merck). Lysates were collected using a cell scraper, vortexed briefly
and centrifuged for 15 minutes at 16,000 g at 4 °C to remove cellular debris,

before further analysis or storage at -20 °C (short-term) or -80 °C (long-term).

Protein concentration was determined by colorimetric assay using the Pierce
Bicinchoninic Acid (BCA) Protein Assay kit (Thermo Fisher) as per the
manufacturer’s instructions. Briefly, the total protein concentration of each
sample was determined by comparison of its absorbance after incubation with
working reagent to a standard curve generated from the absorbance of a serial
dilution of known protein concentration of Bovine Serum Albumin (BSA).
Absorbance was measured at 540 nm using the Agilent BioTek Cytation 5

microplate reader (BioTek).

2.6 Western Blotting

Comparative quantification of target protein levels was carried out via Western
Blotting. In each experiment, the total protein concentration loaded was
normalised across each sample, with volumes adjusted based on the results of
the BCA Assay. Lysates diluted in Laemmli Sample Buffer (Bio-Rad) with -
Mercaptoethanol were boiled for 5 minutes at 95 °C, then separated by sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) alongside
Precision Plus Protein Dual Colour Standards (Bio-Rad) using the Mini-
PROTEAN Tetra electrophoresis system (Bio-Rad). Gels were run at 120 V for
10 minutes then 150 V for 45 minutes in 1 X running buffer (Thermo Fisher),

then proteins were transferred to Hyperfilm™ nitrocellulose membrane
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(Amersham) using the Mini-PROTEAN wet transfer apparatus (Bio-Rad) in 1 X

transfer buffer (Thermo Fisher) for 2 h at 50 V.

Membranes were then blocked in 5 % milk (Applichem) or 5 % BSA (Sigma) in
TBS (Thermo Fisher) 0.1 % Tween20 (Sigma) (TBS-T) for 45 minutes at room
temperature with gentle shaking, before incubation with primary antibody
solutions diluted in 5 % milk or BSA in TBS-T overnight at 4 °C with gentle
shaking. Membranes were then washed and incubated with HRP-linked
secondary antibody solutions in 5 % milk in TBS-T for 1 hour at room
temperature with gentle shaking. After washing again, membranes were
developed using SuperSignal West Pico PLUS Chemiluminescent Substrate
(Thermo Fisher) and visualised using the ChemiDoc™ Touch Imaging System

(Bio-Rad).

Densitometry analysis was carried out using Image Lab Software (Bio-Rad),
with B-Actin used for normalisation across samples. Details of primary and

secondary antibodies used for Western Blotting can be found in Table 2.

Table 2: Western Blot antibody information

Antibody Target Antibody Antibody
(Western Blotting) Manufacturer Catalogue Number
aSMA Abcam ab7817
B-Actin Sigma A5441
Acetylated-a-Tubulin | Cell Signalling 5335
AKT Cell Signalling 9272
PAKT (Ser473) Cell Signalling 4060
PAKT (Thr308) Cell Signalling 4056
CAV1 Santa Cruz sc894
CTGF Abcam ab20980
HEF1/NEDD9 Cell Signalling 4044
MLC2 Cell Signalling 8505
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pMLC2 (Serl9) Cell Signalling 3671
ppMLC2 (Serl9, Cell Signalling 3674
Thrl8)

SMAD3 Cell Signalling 9523
pSMAD3 Abcam ab52903
SPAG17 Bioss bs9596
p53 Santa Cruz scl26
Anti-Mouse IgG HRP- | Cell Signalling 7076
linked

Anti-Rabbit IgG HRP- | Cell Signalling 7074
linked

2.7 RNA extraction and quantification

For the harvest of RNA, cells were seeded and subjected to experimental
treatments in 6-well culture plates. Media was aspirated, cells were washed in 1
X PBS, then lysed with RNA lysis buffer (Zymo Research) and collected. RNA
was extracted from cell lysates using the Quick-RNA Miniprep Kit (Zymo
Research) according to the manufacturer’s instructions. Briefly, samples were
processed by a series of filtration and washing steps to remove genomic DNA —
including an incubation with DNase | — and purify RNA. RNA was eluted in
DNase/RNase-Free water (Invitrogen). RNA concentration was determined
using a NanoDrop 1000 Spectrophotometer (Thermo Fisher) which measures
sample light absorbance to quantify genetic material. Sample quality was
controlled by ensuring absorbance ratios of 260/280 nm and 260/230 nm were
within the range of 1.8-2.2, indicating that the RNA is pure and clear of chemical
contaminants. Compliant samples were either immediately taken to further

processing or stored at -80 °C.
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2.8 cDNA synthesis
RNA was transcribed into complementary DNA (cDNA) by reverse transcription.
Based on the RNA concentration determined using NanoDrop analysis, RNA
concentration before cDNA synthesis was normalised across all samples by
dilution with an appropriate volume of DNase/RNase-Free water (Invitrogen).
cDNA synthesis was carried out using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) according to the manufacturer’'s
instructions. Briefly, diluted RNA samples were added to a master mix
consisting of an RT buffer, random primers, Deoxynucleoside Triphosphates
(dNTPs), and Multiscribe Reverse Transcriptase. The reaction was processed
in the Veriti 96 Well Thermal Cycler (Applied Biosystems) with the following
conditions: 25 °C for 10 minutes, 37 °C for 120 minutes, then 85 °C for 5

minutes. cDNA was used for further analysis or stored at -20 °C.

2.9 Quantitative polymerase chain reaction

For the detection and quantification of cDNA, real-time quantitative polymerase
chain reaction (QPCR) assays were carried out using the PowerUp™ SYBR™
Green Master Mix (Applied Biosystems) as per the manufacturer’s instructions.
Briefly, a master mix was prepared for each target transcript to consisting of
SYBR™ Green Master Mix, a forward and reverse primer mix solution using
primers specific to the target transcript, and nuclease-free water (Qiagen), to
which either the cDNA sample or water control was added. Samples were run in
triplicate for each primer master mix. Assays were run on the QuantStudio 7
Real-Time PCR System (Applied Biosystems) with the following conditions: 50
°C for 2 minutes x 1 cycle, 95 °C for 2 minutes x 1 cycle, 95 °C for 15 seconds

followed by 60 "C for 1 minute x 40 cycles, and a dissociation step of 1.6
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*C/second to 95 °C for 15 seconds, 1.6 ‘C/second to 60 °C for 1 minute, and

0.15 "C/second to 95 °C for 15 seconds. Data was obtained and analysed using

Thermo Fisher Connect software (Thermo Fisher), according to the AA Ct

method, with GAPDH serving as a house-keeping gene for normalisation.

Details of primer sequences used for g°PCR can be found in Table 3.

Table 3: gPCR primer sequence information

Target Forward Sequence (5’-3’) Reverse Sequence (5’-3’)

ACTA2 TGT ATG TGG CTATCC AGA GTC CAG CAC GAT
AGG CG GCC AG

CAV1 CGA CCCTAAACACCT TCCCTTCTG GTT CTG CA
CAA CGA

CCN2 GTG TGC ACT GCC AAA TTG GAA GGA CTC ACC
GAT GGT GCT G

COL1A1 CCT CCA GGG CTC CAA TCTATC ACTGTCTTG
CGAG CCCCA

COL1A2 GAT GTT GAACTT GTT TCT TTC CCC ATT CAT
GCT GAG C TIGTCTT

FN1 ACA ACA CCG AGG TGA GGA CAC ACC GAT GCT
CTGAGAC TCCTGA G

GAPDH ACC CAC TCC TCC ACC CTG TTG CTG TAG CCA
TTT GA AATTCGT

SPAG17 GGC CTCCATTGC TTT GTT TAC GCT GAG GGA
TGT GG CCT GG

2.10 Immunohistochemistry

Immunohistochemistry for the visualisation of SPAG17 protein within tissue was

carried out on formalin-fixed and paraffin-embedded 5 uM thickness HC and

SSc skin sections mounted on slides. Sections were rehydrated in baths of

xylene and serial dilutions of ethanol before boiling with 10 mM sodium citrate

for 3 minutes for antigen retrieval, then BLOXALL blocking solution (Vector

Laboratories) for 10 minutes to quench peroxidase activity, followed by 10 %

normal horse serum (Vector Laboratories) for 20 minutes to block non-specific

binding. Sections were stained with a SPAG17 primary antibody (Bioss) in an

overnight incubation at 4 °C, followed by ImMmPRESS™ Polymer Anti-Rabbit
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IgG Reagent (Vector Laboratories) for 30 minutes, and visualised with 3,3-
diaminobenzidine (DAB) (Vector Laboratories). Slides were counterstained with
haematoxylin. Images were obtained on an Olympus BX50 light microscope

(Optronics) at 20 x magnification.

2.11 Immunofluorescence

For the visualisation of intracellular proteins via Immunofluorescence, cells were
seeded in Nunc™ Lab-Tek™ Il Chamber Slides (Thermo Fisher) and subjected
to experimental treatments. Cells were fixed with 4 % paraformaldehyde in PBS
for 15 minutes at room temperature while protected from light, then
permeabilised with 0.2 % Triton X-100 (Sigma) in PBS for 15 minutes at room
temperature. Non-specific binding was blocked with 1 % BSA (Sigma) in PBS
blocking solution for 10 minutes at room temperature. Cells were then incubated
overnight at 4 °C with primary antibody solutions made up in 1 % BSA blocking
solution, then incubated with secondary antibody solutions made up in 1 % BSA
blocking solution for 2 hours at room temperature, protected from light. Cells
were washed with 1 X PBS between all incubations. Coverslips were mounted
to slides using Prolong Anti-Fade Mounting Medium with DAPI (Life
Technologies) before storage at 4 °C prior to imaging. Details of primary and

secondary antibodies used for Immunofluorescence can be found in Table 4.

Table 4: Immunofluorescence antibody information

Antibody Target Antibody Antibody
(Immunofluorescence) | Manufacturer Catalogue Number
Acetylated-a-Tubulin Cell Signalling 5335

Ki67 Proteintech 27309-1-AP
PAURKA (Thr288) Abcam ab83968
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Phalloidin (Alexa Fluor | Invitrogen A12379
488)

SPAG17 Bioss bs9596
Anti-Mouse (Alexa Invitrogen A21200
Fluor 488)

Anti-Rabbit (Alexa Fluor | Invitrogen A21442
594)

2.12 Confocal microscopy and image analysis

Immunofluorescence was visualised and images acquired with an LSM880
upright laser scanning confocal microscope (Zeiss) (Bioimaging Facility,
University of Leeds) with ZEN microscopy software, using a 40 x magnification
Plan-Apochromat DIC oil immersion objective lens (Zeiss). Images were taken
at 0.2 um intervals through the entire depth of the cell monolayer, then

combined into Z-stacks.

Quantitative analysis of microscopy images for the measurement of primary cilia
length and incidence, quantification of Ki67-positive nuclei, and measurement of
SPAG17 fluorescence intensity and incidence was conducted using ImageJ
software. Results presented in this thesis based on Immunofluorescence
analysis comprise of manual analysis of a minimum of 100 individual cells from

a minimum of three randomly selected fields of view per experimental replicate.

2.13 Cell contraction assays

The contractile ability of fibroblasts was measured using a Cell Contraction
Assay kit (Cell Biolabs) as per the manufacturer’s instructions. Briefly, 200,000
fibroblasts per condition were resuspended in the kit's collagen solution, and the
subsequent cell-collagen gel mixture was allowed to polymerise in a 24-well cell

culture plate at 37 °C for 1 h in the absence of CO2. DMEM with 0.5 % FBS and



55
1 % Penicillin/Streptomycin containing the appropriate treatments was then
added on top of the polymerised gels before incubation for 16 h at 37 °C with 5
% CO2. The edges of the cell-collagen gels were then released from the wells
using a sterile scalpel, and images of each gel were takenatOh, 1 h,2h,4h, 6
h, 8 h, 24 h, and 48 h post-release. At 48 h, the weight of each gel was
recorded. Images were analysed using ImageJ software to measure the area of
each gel at each time point and to calculate the percentage of gel contraction

relative to the Oh time point area.

2.14 Generation of shCAV knockdown line

To study the effect of Caveolin-1 (CAV1) downregulation in SSc, healthy dermal
fibroblasts were transduced with short hairpin RNA (shRNA) GIPZ plasmid
lentiviral vector systems (Open Biosystems) containing either scramble control
shRNA (Catalogue Number RHS4348, sequence proprietary) or CAV1
sequence specific ShRNA (Catalogue Number V3LHS 312897, mature
antisense sequence TCGTCACAGTGAAGGTGGT) to induce long-term stable
knockdown of CAV1. Constructs were introduced to fibroblasts at 60 %
confluence at an initial titre of 1 x 10 ~8 TU/mL and incubated for 6 h before a
1:2 dilution of medium and incubation for a further 72 h. Stably transduced
fibroblasts were selected with 1 uyg/mL Puromycin (Life Technologies) for 10
days, as previously described (Liakouli et al., 2018). During culture, selection
was maintained with 0.5 pg/mL Puromycin, and continuation of knockdown

monitored by Western Blot for CAV1.
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2.15 Statistical analysis
Results presented as continuous variables are reported as mean + standard
error or mean + standard deviation, as noted in figure legends. Categorical
variables are reported as percentages. Tests used to determine statistical
significance are described in figure legends, with significance shown on data
graphs as * for P<0.05, ** for P<0.01, *** for P<0.001, and **** for P<0.0001. All
statistical analyses were carried out in GraphPad Prism software (version 9.2.0

332).
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Chapter 3. Characterisation of primary cilia of dermal
fibroblasts in Systemic Sclerosis, and their regulation by TGF@

signalling

3.1 Introduction

Preliminary data from our research group showed that the primary cilia of
dermal fibroblasts isolated from two SSc patients appeared shorter than those
isolated from healthy controls (HC) (unpublished data). Subsequently, based on
the well-studied importance of the primary cilium as a sensory organelle and the
fact that ciliary dysfunction is known to contribute to a range of human diseases,
we formed the research hypothesis that an aberrant primary cilium could
contribute to the pathogenesis of SSc. To investigate this hypothesis, we firstly
decided to characterise primary cilia length and incidence with a comprehensive
analysis including HC, SSc, VEDOSS and clonal SSc fibroblast lines obtained
by single cell dilution. This characterisation included work to support the use of
our chosen experimental conditions for cilia analysis. Secondly, since TGF3 has
been shown to shorten cilia in a range of cell types (Kawasaki et al., 2015,
Ehnert et al., 2017, Arrighi et al., 2017, Rowson et al., 2018, Han et al., 2018),
we also set out to investigate the hypothesis that the chronic TGFf signalling

characteristic of SSc could be the cause of the abnormal ciliary phenotype.
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3.2 Results

3.2.1 Primary cilia are shorter in SSc and VEDOSS dermal fibroblasts

compared to healthy controls

To investigate the length and incidence of primary cilia in immortalised SSc and
VEDOSS dermal fibroblasts compared to HC, confluent fibroblasts were
cultured in 0.5 % serum-containing media for 48 h to induce cell cycle
synchronization at GO/G1, to allow for complete ciliogenesis (Kasahara &
Inagaki, 2021). Visualisation and analysis of cilia incidence and length was
carried out by immunofluorescence of Acetylated-a-Tubulin (Ac-a-Tub) to label
primary cilia, and confocal microscopy (Fig. 3.1A). Primary cilia were shorter in
SSc dermal fibroblasts compared to HC, with a mean length of 2.8+0.1 ym
(MeantSEM) vs 4.4+0.2 ym (p<0.0001) (Fig. 3.1B, C). Surprisingly, the same
phenotype was observed in dermal fibroblasts from VEDOSS patients, with a
mean length of 2.5£0.1 ym, compared to HC (P<0.0001) (Fig. 3.1B, C). SSc
cilia length was not significantly different to VEDOSS cilia length (Fig. 3.1B, C),
suggesting that the shortened cilia phenotype is present even in very early

stages of disease, where there is no clinically detectable skin fibrosis.

Studies have highlighted the diversity of fibroblast subsets found in the skin,
including that of SSc, proposed to play different roles in tissue homeostasis
(Tabib et al., 2018, Philippeos et al., 2018, Zhu et al., 2024). To assess if cilia
length may differ between distinct subpopulations of heterogeneous fibroblast
populations isolated from patient skin biopsies, five SSc single cell clonal lines
generated from one parental line (SSc 1) were included in the analysis. These
clones have different proliferation rates, and differential gene expression

patterns (data not shown). However, the mean cilia lengths of all clonal lines
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were similar to each other and to the parental line, all shorter than HC (parental
SSc 1 =3.1£0.9 ym (MeantSTDEV), vs Clone 1 = 3.0+0.8 ym, Clone 2 =
2.920.6 pm, Clone 3 = 3.1£0.7 um, Clone 4 = 2.7£0.6 um, Clone 5 = 2.8+0.6
pm) (Fig. 3.1B). The combined mean cilia length of the clonal lines at 2.9+0.07
pm (Mean+SEM) did not differ from that of SSc at 2.8+0.1 um, but was

significantly shorter compared to HC at 4.4+0.2 um (p<0.0001) (Fig. 3.1C).

Cilia incidence was comparable between HC, SSc, VEDOSS, and clonal SSc
lines (Fig. 3.1D), suggesting that the cause of the shortened cilia phenotype in
SSc and VEDOSS does not also lead to an inhibition of the ability of fibroblasts

to develop cilia.

Categorising cilia lengths taken from the individual HC and SSc fibroblast lines
into 0.5 ym interval length ‘bins’, and calculation of the percentage of total cilia
that fit into each ‘bin’, allowed for visual representation of the distribution of cilia
length within each population. The distribution of SSc cilia length shows a
narrower dispersion around shorter length categories compared to HC (Fig.
3.1E). Interestingly, the distribution of cilia length in the SSc Clone lines (Fig.
3.1F) was similar in appearance to that of the SSc lines (Fig. 3.1E). This
suggests that cilium length variability is found at the population level even in

fibroblasts that are epigenetically identical.

In addition, the distribution of cilia length in each HC and SSc fibroblast line was
found to be normal (Fig. 3.1G), justifying further data analysis by combining the
means of biological replicate cell lines and using parametric tests for statistical

significance.
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Figure 3.1: Primary cilia are shorter in dermal fibroblasts from SSc and
VEDOSS patients compared to healthy controls

Confluent fibroblasts were cultured in 0.5 % serum media for 48 h, and cilia
measured using immunofluorescence for Ac-a-Tub. A) Representative
immunofluorescence images taken at 400 x magnification showing cilia (stained for
Ac-a-Tub in red) of individual fibroblasts (DAPI nuclear staining in blue). Scale bar

shown at 10 um. B) Mean and standard deviation of cilia length in each of the
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individual fibroblast lines. Each point represents a single cilium, with a minimum of
100 cilia measured per cell line, taken from a minimum of 3 independent fields of
view. C) Mean cilia length observed in each group of (B). D) Mean cilia incidence, as
the percentage of total fibroblasts that are ciliated in (C). HC and SSc n=3, VEDOSS
n=4, SSc clones n=5. Error bars show standard error of the mean. P values were
calculated by one-way ANOVA with Tukey’s multiple comparisons test
(****P<0.0001). E) Distribution of cilia length in each of the individual HC and SSc
lines (n=3), showing the percentage of total cilia in each 0.5 ym length category. F)
As for (E), but showing the distribution of cilia length in each of the SSc Clone lines.
G) Normal QQ plot for the individual HC and SSc replicate lines, and results of the

D’Agostino and Pearson test for normality.

Taken together, these data suggest that despite the existence of heterogeneous
fibroblast subpopulations within the dermis, a shortened cilia phenotype may be
a defining characteristic of all SSc dermal fibroblasts, regardless of subtype,

appearing early in disease pathogenesis.

3.2.2 The difference in cilia length between SSc and healthy control

fibroblasts is not a consequence of immortalisation nor serum starvation

The shorter cilia phenotype in SSc vs HC (Fig. 3.1) was observed in
experiments carried out on hTERT fibroblasts, due to the ease of their
maintenance and use for in vitro work compared to primary fibroblasts. These
experiments were also carried out after 48 h of serum starvation in 0.5 % serum
media at cell confluence, to induce growth arrest and cell cycle synchronisation
at GO/G1 during which cells assemble a primary cilium, in order to facilitate
experimental analysis of cilia length and incidence. In order to verify that
experiments using immortalised serum-starved cells faithfully reflect cilia

phenotype differences and that these experiments could be used for future
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work, the cilia phenotype was compared in primary fibroblasts vs hTERT
fibroblasts, and in hTERT fibroblasts cultured in 10 % serum vs 0.5 % serum

(Fig. 3.2A), using immunofluorescence for Ac-a-Tub.

Cilia incidence was unaffected by hTERT-mediated immortalisation of HC and
SSc fibroblasts and was similar in all tested conditions (Fig. 3.2B). As for cilia
length, there was no significant difference in mean cilia length when comparing
primary fibroblasts to hTERT, while the significant reduction in cilia length in
SSc compared to HC was observed in both primary and hTERT fibroblasts

(p<0.0001) (Fig. 3.2C).

Due to the intrinsic link between cilia and the cell cycle, in which ciliogenesis
occurs during GO/G1 and cilia resorption occurs prior to cell division,
asynchronous cell cycling means that fewer cells in a population will possess a
fully established primary cilium, and will instead be either unciliated, or partway
through either ciliogenesis or cilia resorption (Plotnikova et al., 2009).
Therefore, as expected, cilia incidence in fibroblast populations that were
asynchronous was significantly lower in both HC and SSc fibroblasts, when
cultured in 10 % serum compared to 0.5 % serum (p<0.05). There was no
difference in cilia incidence between HC and SSc in either serum percentage
(Fig. 3.2D). Also as expected, mean cilia length was significantly lower in both
HC (p<0.001) and SSc (p<0.05) when cultured in 10 % serum media compared
to 0.5 % (Fig. 3.2E). Despite this, SSc cilia length was still significantly shorter

than HC even when cells were cultured in 10 % serum (p<0.05) (Fig. 3.2E).
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Figure 3.2: Differences in the cilia phenotype between SSc and healthy control

fibroblast cilia are retained regardless of hTERT immortalisation or serum

starvation

Confluent primary and hTERT fibroblasts were cultured in 0.5 % or 10 % serum

media for 48 h. Cilia were measured using immunofluorescence for Ac-a-Tub in each
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experimental condition. A) Representative immunofluorescence images taken at 400
x magnification showing cilia (stained for Ac-a-Tub in red) of individual fibroblasts
(DAPI nuclear staining in blue) in each cell type and serum percentage. Scale bar
shown at 10 um. B) Cilia incidence in primary vs hTERT HC and SSc fibroblasts. C)
Cilia length in primary vs hTERT HC and SSc fibroblasts. D) Cilia incidence in
hTERT HC and SSc fibroblasts cultured in 0.5 % serum vs 10 % serum media. E)
Cilia length in hTERT HC and SSc fibroblasts cultured in 0.5 % serum vs 10 %
serum media. For all data shown, HC and SSc n=3, with bars showing the mean and
error bars showing standard error of the mean. P values were calculated by two-way
ANOVA with Tukey’s multiple comparisons test (*P<0.05, ***P<0.001, ****P<0.0001).

From this data, it can be concluded that the shortened cilia phenotype found in
hTERT SSc fibroblasts is not a consequence of hnTERT immortalisation, and
mirrors the phenotype of primary fibroblasts, justifying the use of nTERT
fibroblast lines for this research. Additionally, the shortened cilia phenotype
seen in SSc is evident regardless of serum starvation, although more obvious in
starved conditions. This justified the use of serum starvation for this research, in
order to better examine the cilia phenotype in a population of fibroblasts that are

expressing a mature primary cilium.

3.2.3 TGFB shortens primary cilia and reduces cilia incidence in all

fibroblast lines

In order to investigate the effect of TGF on the cilia phenotype, fibroblasts
were treated with TGF( for 24 h and cilia examined by immunofluorescence
(Fig. 3.3A). Both primary and hTERT immortalised HC and SSc fibroblasts were
included in the analysis in order to determine if any effect of TGF on cilia was
affected by immortalisation. TGFf treatment caused a small but significant

reduction in the incidence of ciliated cells in all lines (p<0.05 for all except SSc
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hTERT at p<0.01) (Fig. 3.3B). TGFp treatment also significantly shortened cilia
in all lines (p<0.0001) (Fig. 3.3C). Cilia length was reduced from 4.5+0.02 ym to
1.940.01 ym in HC primary, 4.2+0.1 ym to 1.6+0.02 ym in HC hTERT, 2.5+0.05
pm to 1.8+0.08 pm in SSc primary, from 2.6£0.07 um to 1.6£0.1 ym in SSc
hTERT, and from 2.4+0.1 ym to 1.6+0.07 pm in VEDOSS. None of the post-
TGFp treatment lengths were significantly different from each other between
any cell lines (Fig. 3.3C). The effect of TGF on cilia incidence and length was
determined not to be affected by fibroblast immortalisation, as significant
reductions in both parameters were observed regardless of whether cells were
primary or immortalised (Fig. 3.3B, C), justifying the continued use of hTERT

immortalised fibroblasts in work further exploring this phenotype.
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Figure 3.3: TGFB decreases primary cilia incidence and length

Confluent primary HC and SSc, hTERT HC and SSc, and primary VEDOSS
fibroblasts were cultured in 0.5 % serum media for 24 h, followed by 24 h in the
presence or absence of 10 ng/mL TGF. Cilia were measured using
immunofluorescence for Ac-a-Tub. A) Representative immunofluorescence images
taken at 400 x magnification showing cilia (stained for Ac-a-Tub in red) of individual
fibroblasts (DAPI nuclear staining in blue) with and without TGF[3. Scale bar shown
at 10 um. B) Cilia incidence changes in each cell type with and without TGFB. C)
Cilia length changes in each cell type with and without TGF[. For all data shown,
primary and hTERT HC and SSc n=3, VEDOSS n=4. Bars show the mean and error
bars show standard error of the mean. P values were calculated by two-way ANOVA
with Tukey’s multiple comparisons test (*P<0.05, **P<0.01, ***P<0.001,
****P<(0.0001).

These data show that TGFf is able to reduce both cilia incidence and length in
all dermal fibroblasts analysed, regardless of cell line origin. Interestingly, cilia

length was reduced to a similar final length in all fibroblast lines.

3.2.4 TGFB shortens the established primary cilium present during growth

arrest, rather than inducing cell cycle-linked ciliary resorption

Cells possess fully established mature primary cilia only during growth arrest, in
the GO/G1 phase of the cell cycle. When cells proliferate and enter S phase,

ciliary disassembly is initiated, and the cilium is completely lost during G2 and M
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phases when the basal body duplicates to form two centrioles for formation of
the mitotic spindle (Fabbri et al., 2019) (Fig. 3.4A). TGFp is known to be able to
induce fibroblast proliferation. Our data showing that TGFf treatment reduces
the incidence and length of primary cilia (Fig.3.3) were obtained from fibroblasts
that were serum starved (cultured in 0.5 % serum media) in order to
synchronise the cell cycle of all cells in the population at interphase, as
previously discussed, but it is a possibility that the addition of TGF3 could cause
cells to re-enter the cell cycle. It was therefore pertinent to this study to
determine whether the effects of TGFf on cilia incidence and length observed
previously were due to the potential proliferative effect of TGF inducing cell-
cycle linked ciliary disassembly, or if TGFJ is able to alter the phenotype of fully

established mature primary cilia, without inducing proliferation.

In order to do this, cellular proliferation was investigated by
immunofluorescence for Ki67. Ki67 is a cellular proliferation marker which is not
expressed during quiescence (GO0) but is upregulated during the active phases
of the cell cycle (G1, S, G2, and M) (Fig. 3.4A), enabling experimental
determination of the proportion of cells in the active phases. This was done by
counting the number of cells that were positive for Ki67 expression, and
comparing to the total number of cells based on DAPI staining. Fibroblasts were
cultured using the same experimental parameters as the experiments presented
in Fig. 3.3 with 0.5 % serum media and TGF at 10 ng/mL, in order to
determine whether this concentration of TGF3 could ‘override’ the cell cycle
synchronisation effect of serum starvation and induce proliferation. For
comparison, fibroblasts cultured in 10 % serum media, which facilitates normal

and asynchronous cell cycling in a population, and in which we would expect to
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see a higher proportion of cells in the active phases of the cell cycle, were

included in the analysis.

In fibroblasts cultured in 10 % serum media, 23.2 % of cells imaged were Ki67-
positive, whereas as expected far fewer (2.1 %) were Ki67-positive in 0.5 %
serum media (Fig. 3.4B). TGF treatment in 10 % serum media increased the
proportion of Ki67-positive cells to 29.8 % (p<0.01) (Fig. 3.4B), suggesting that
TGFp is able to promote cellular proliferation in this condition. However, this
effect was not observed in serum starved conditions, where the proportion of
Ki67-positive cells after TGF treatment at 10ng/mL was 1.7 % vs 2.1 % in
control fibroblasts (Fig. 3.4B). This indicates that in serum starved conditions,
TGFp at the chosen experimental concentration is not able to induce
proliferation, confirming that 10 ng/mL TGF can be used in further experiments

to explore its effect on the mature primary cilium.
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Figure 3.4: TGFf treatment under chosen experimental conditions does not
affect cell cycle progression

Confluent healthy dermal fibroblasts were cultured in either 10 % or 0.5 % serum
media for 24 h, followed by 24 h with or without 10 ng/mL TGF. The percentage of
cells expressing Ki67 was measured by immunofluorescence, measuring a minimum
of 100 cells per experimental condition. A) Cell cycle schematic (adapted from Fabbri
et al., 2019) showing the link between ciliogenesis, cilia resorption, and the cell
cycle. Schematic also shows the presence and absence of Ki67 expression at
different stages of the cell cycle, with representative immunofluorescence images of
the appearances of each of those states in individual fibroblast nuclei (DAPI nuclear
staining in blue, Ki67 stained in red). Scale bar shown at 10 um. B) Percentage of

total cells that were Ki67 positive in each condition, quantified by manual counting of
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the number of Ki67 positive cells against the total number of cells. N=3 for each
condition. Bars show the mean and error bars show standard error of the mean. P
values were calculated by two-way ANOVA with Tukey’s multiple comparisons test
(**P<0.01). C) Representative immunofluorescence images taken at 200 x
magnification showing Ki67 expression (stained in red) of individual fibroblasts (DAPI
nuclear staining in blue) with and without TGFf at the two serum percentages. Scale

bar shown at 30 pm.

Taken together, these data suggest that the observed effect of TGF[3 on the
cilia phenotype is not a consequence of ciliary resorption caused by re-entry
into the cell cycle, but that TGF is able to affect the established primary cilium

present during growth arrest.

3.2.5 SSc cilia are primed for TGFB-induced shortening

After 24 h treatment with TGF, cilia incidence and length were reduced in both
HC and SSc dermal fibroblasts, with length reduced to a similar length in all
fibroblast lines (Fig. 3.3). In order to investigate the kinetics of TGFB-induced
ciliary shortening in HC and SSc dermal fibroblasts, TGF[3 time course
experiments were conducted over a 24 h period. Cilia were measured using
immunofluorescence for Ac-a-Tub. Protein was also harvested at each time
point, and the levels of pPSMAD3, total SMADS3, and aSMA were assessed by
Western Blotting (Fig 3.5A), as a positive control to confirm a TGF[3 response.
Indeed, as expected, there was a sharp initial increase in pPSMADS levels
relative to total SMAD3 at 2 h post-TGFf3, followed by a gradual increase up to
24 h (Fig. 3.5A, B), and an induction of aSMA expression evident by 18 h and

24 h post-TGFB (Fig. 3.5A, C).
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In both HC and SSc fibroblasts, TGF[ treatment significantly reduced cilia
incidence by the 18 h time point (p<0.05 for both) (Fig. 3.5D). TGFp treatment
shortened cilia in both HC and SSc gradually over the time course but, notably,
ciliary shortening occurred as early as 4 h in SSc fibroblasts (p<0.01),

compared to 18 h of TGFf treatment in HC cells (p<0.0001) (Fig. 3.5E).

It is interesting to note that the abundance of phosphorylated SMADS relative to
total SMADS over the TGFf time course follows a similar pattern in both HC
and SSc, with a sharp increase at 2 h followed by similar fluctuations between 2
h-4 h and 4 h-6 h, and higher levels by 18 h and 24 h (Fig. 3.5B). This does not
align with the difference in the temporal response of cilium length between SSc
and HC, with SSc cilia shortening reaching statistical significance at 4 h vs 18 h
in HC (Fig. 3.5E). This could suggest that TGFB-induced cilia shortening might

not be a canonical TGF response dependent on SMAD3 phosphorylation.
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Figure 3.5: Temporal analysis of the response to TGFB in healthy vs SSc
fibroblasts shows SSc cilia are primed for TGFB-induced shortening

Confluent HC and SSc fibroblasts were cultured in 0.5 % serum media for a total of
48 h, with 10 ng/mL TGFf added for indicated periods of time before cilia
measurement using immunofluorescence for Ac-a-Tub, and protein harvest for
quantification by Western Blot. A) Western Blots showing response to TGFf3 over
time, determined by activation of pSMAD3 and aSMA induction. B-Actin included as
a loading control. B) pPSMAD3/total SMAD3 densitometry of (A). C) aSMA
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densitometry of (A). For protein data, HC and SSc n=1. D) Time course reduction of
cilia incidence in response to TGF[. E) Length of cilia observed in (D). For cilia data,
HC and SSc n=3. Bars show the mean and error bars show standard error of the
mean. P values were calculated by two-way ANOVA with Dunnet’s multiple
comparisons test (*P<0.05, **P<0.01, ****P<0.0001).

Taken together, these data suggest that although TGFf shortens cilia in dermal
fibroblasts in both SSc and HC fibroblasts to a similar final length, SSc
fibroblasts behave as if they are ‘primed’ for TGFB-induced ciliary shortening, as
cilia length reduction is initiated more quickly following stimulation compared to

HC.

3.2.6 The effect of TGFB on cilia length is lost after cells re-enter the cell

cycle

In order to investigate the stability of the TGFB-induced cilia phenotype in
fibroblasts, cilia were examined after 24 h of TGFf3 treatment followed by either
media change to eliminate TGF3 from culture medium (Fig. 3.6A), or by

passaging cells in regular growth medium to resume cell cycling (Fig. 3.6D).

After TGF is removed from culture medium (Fig. 3.6A), the TGFB-induced
reduced cilia incidence phenotype (Fig. 3.6B) and shortened cilia phenotype
(Fig. 3.6C) both persist. There was no significant difference in cilia incidence or
length regardless of whether cilia were measured immediately after 24 h of
TGFp treatment and 24 h or 48 h post-removal of TGF, in neither HC nor SSc

fibroblasts.

However, when cells are allowed to resume the cell cycle by a return to 10 %

serum media and two passages following TGFf treatment (Fig. 3.6D), both the
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TGFB-induced reduced cilia incidence phenotype (Fig. 3.6E) and the shortened
cilia phenotype (Fig. 3.6F) are lost, with no significant difference between these
fibroblasts and their respective controls which were never exposed to TGFf3

stimulation. This is true in both HC and SSc fibroblasts.
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Figure 3.6: The TGFB-induced shorter cilia phenotype is only partially stable
and is lost upon cell cycle re-entry

Confluent HC and SSc fibroblasts were cultured in 0.5 % serum media for 24 h
followed by 24 h treatment with 10 ng/mL TGFB in 0.5 % serum media. Cells were
then either returned to 0.5 % serum media with no TGF for a further 24 h or 48 h, or
they were returned to 10 % serum media and passaged twice over the following 6
days. Cilia were measured by immunofluorescence for Ac-a-Tub in each

experimental condition. A) Experimental schematic demonstrating that cells were
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treated with TGF, then TGF3 removed from culture medium for 24 h or 48 h. 0.5 %
serum starvation was maintained throughout this experiment. B) Cilia incidence
changes after treatment with TGFf followed by removal of TGFB. C) Cilia length
changes after treatment with TGFf followed by removal of TGF(. D) Experimental
schematic demonstrating that cells were treated with TGFf in 0.5 % serum
starvation, then returned to regular cell cycling in 10 % serum media with no
additional TGFf3, before an additional 24 h of starvation to induce ciliogenesis before
cilia measurement. E) Cilia incidence changes after treatment with TGFf followed by
return to cell cycle. F) Cilia length changes after treatment with TGFf followed by
return to the cell cycle. HC and SSc n=3. Bars show the mean and error bars show
standard error of the mean. P values were calculated by two-way ANOVA with

Tukey’s multiple comparisons test (ns = non-significant).

These data suggest that as long as fibroblasts remain in growth arrest, a single
‘hit’ of TGF stimulation is sufficient to trigger a decrease in both cilia incidence
and length that remains stable even once the TGFp ligand is no longer
physically present. However, the effect is transient in cells that undergo
proliferation, and it can be inferred that no long-term epigenetic changes passed

to daughter cells that affect the cilia phenotype are induced by TGFf.

3.3 Discussion

This study found that primary cilia are shorter in SSc dermal fibroblasts than HC
dermal fibroblasts, a characteristic that was observable even in VEDOSS
fibroblasts. This suggests a potential association between ciliary shortening and
the pathogenesis of the disease possibly from its onset, prior to clinically
detectable fibrosis. While an extensive body of research, reviewed in the
introduction to this thesis, suggests a link between aberrant primary cilia and
various fibrotic diseases, collaboration between our group and other

researchers has now produced the first manuscript to show that shortened
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primary cilia are characteristic of not only SSc fibroblasts, but also of fibroblasts
in two other diseases with characteristic fibrosis: idiopathic pulmonary fibrosis
(IPF) and thyroid-associated ophthalmopathy (TAO) (Verma et al., 2024). This
supports the hypothesis that the primary cilium should be considered as an
organelle which may play a key role in the cellular mechanisms which drive
fibrotic activation regardless of disease context, and one for which further
research is certainly warranted to elucidate the cellular and molecular
mechanisms underpinning fibrosis further. This growing evidence also warrants
consideration of the primary cilium as a potential therapeutic target for disease

intervention, both in SSc and in other fibrotic diseases.

The observation that shortened primary cilia were present in all SSc single-cell
derived clonal fibroblast lines analysed also provides a notable insight into the
phenotype. Single cell studies revealing the extent of dermal fibroblast
heterogeneity within the skin have highlighted the diversity of fibroblast subsets,
proposed to play differing roles in tissue homeostasis (Tabib et al., 2018,
Philippeos et al., 2018). Indeed, in explanted SSc dermal fibroblasts, marked
variability in expression levels of markers such as aSMA between individual
cells has been demonstrated, and single cell studies have confirmed distinct
subpopulations of dermal fibroblasts in SSc patient skin (Wasson, Abignano, et
al., 2020, Zhu et al., 2024). In accordance with this, the clonal lines used in this
study were isolated from one patient biopsy but show notable differences in
gene and protein expression profiles, and functional characteristics (data not
shown). Despite this, all clonal lines were found to possess shortened primary
cilium of a very similar length, suggesting that a shortened primary cilium may
be characteristic of all SSc dermal fibroblasts regardless of subset, and may

therefore be intrinsically linked with pathogenesis of the disease.
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The discrepancy in cilium length between HC and SSc fibroblasts in this study
was mostly examined in hTERT immortalised dermal fibroblast lines, but was
also found in primary fibroblast lines, which adds strength to the validity of the
observation. Additionally, despite most of the work in this study being carried
out in serum starved cells to facilitate ciliary examination, the finding was also
validated in cells grown in full serum culture media, which suggests that the
observation is not simply a consequence of experimental parameters. However,
it is important to note that all work in this study was carried out in vitro in
cultured cells. Despite cultured cells providing a commonly used, simple, and
accessible system in which to study primary cilia, it would be interesting to also
examine primary cilia length and morphology in the context of the skin itself.
Cilia can be examined using immunofluorescence in fixed and embedded tissue
sections, a technique which could be applied to SSc patient skin sections in
order to observe primary cilia in situ (Deane et al., 2013). While visualisation of
primary cilia in vivo is challenging, the development of novel imaging techniques
such as a window chamber-based methodology developed and utilised recently
to observe cilia in live mouse kidneys could facilitate in vivo characterisation of

cilia in animal models of SSc (Revell & Yoder, 2019).

While this study focussed on the skin, all of these techniques could also be

applied to cells or tissues from other organs which also develop fibrosis during
SSc pathogenesis, such as the lungs, kidneys, and gastrointestinal tract. This
would provide interesting insight into the role of the primary cilium in fibrosis in

diverse organ contexts.

It is also important to note that cultured fibroblasts used in this study were
initially isolated using standard explant culture of skin biopsies. Recent work

has highlighted that this method favours the isolation of ‘migratory’ fibroblast
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populations, while ‘resident’ fibroblasts require additional collagenase digestion
to be extracted from biopsies (Clark et al., 2023). Clark et al. suggest that these
two populations of SSc fibroblasts have distinct phenotypes with differential
gene expression patterns and functional behaviours, and hypothesise that they
may contribute to disease pathogenesis in different ways. Therefore, it would be
pertinent to apply the same ‘resident’ fibroblast extraction methodology to SSc
skin biopsies and examine the primary cilia to ascertain whether a shortened
primary cilium is characteristic of both ‘migratory’ and ‘resident’ fibroblast

populations.

Changes to primary ciliary length alone, in the absence of aberrations to its
ultrastructure, have been reported to be able to modify its ability to sense and
coordinate extracellular signals, altering ciliary function (Macarelli et al., 2023).
Therefore, it could be proposed that the discrepancy in primary cilium length
between HC and SSc observed in this study could be sufficient to contribute to
the dysregulated signalling coordination and subsequent fibrotic activation
characteristic of SSc. However, it would be interesting to assess the
ultrastructure of SSc primary cilia to see if their shorter length correlates with
any structural defects in ciliary organisation, for example at the ciliary gate
region at the base of the cilium, or whether they are defective in length only.
The ciliary gate plays key roles in proper ciliary function (Garcia-Gonzalo &
Reiter, 2017). Electron microscopy (EM) and super-resolution microscopy
provide high resolution methods for visualisation of ciliary ultrastructure. These
technigues have even been elegantly combined, by overlapping coordinate-
defined super-resolution images and EM images of the ciliary gate region (Yang
et al., 2015). Such methodology could be employed to assess the structural

integrity of shortened SSc primary cilia at high resolution.
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High resolution microscopy could also be used to investigate the localisation of
signalling pathway components in shortened SSc primary cilia. The primary
cilium is able to contribute to the coordination of a number of signalling
pathways due to specific spatio-temporal mechanisms of signal detection and
transduction, during which pathway components localise to specific regions of
the ciliary membrane and cilioplasm (Anvarian et al., 2019). Therefore,
immunofluorescence experiments to assess any discrepancies in spatio-
temporal localisation of signalling components upon pathway stimulation
between HC and SSc fibroblast cilia could further our understanding of the
specific mechanisms by which shortened SSc cilia may contribute to the

dysregulated signalling observed in the disease.

While TGFB-induced ciliary shortening has been previously demonstrated in
various cell types including chondrocytes (Kawasaki et al., 2015), osteoblasts
(Ehnert et al., 2017), adipocyte progenitors from adipose tissue and skeletal
muscle (Arrighi et al., 2017), tenocytes (Rowson et al., 2018), and MDCK cells
(Han et al., 2018), this study is the first to confirm that the effect is also
observed in dermal fibroblasts, with cilia shortening to a similar final length in all
fibroblasts analysed regardless of disease state. Importantly, experimental
analysis of cell cycle progression confirmed that TGF acts to alter the length of
the established and mature post-mitotic primary cilium, rather than the effect

being a consequence of cell-cycle linked ciliary resorption.

Interestingly, SSc primary cilia were ‘primed’ to TGFB-induced shortening
compared to HC in time course experiments. This aligns with the previously
described notion that SSc fibroblasts may be hyper-responsive to TGFf3
signalling (Asano et al., 2004, Asano et al., 2011, Lu et al., 2017, Lomeli-Nieto

et al., 2022). It would be interesting to assess if the shortened primary cilia
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found on SSc fibroblasts may contribute to this phenomenon, as TGFf
signalling is known to be coordinated at the primary cilium (Clement et al., 2013,
Monnich et al., 2018, Koefoed et al., 2018). It is clear that TGFf signalling leads
to ciliary shortening, but could this mechanism also exist in reverse, with shorter
cilia leading to an increase in TGFf signalling? Indeed, it has been
hypothesised that normally functioning and normal length cilia may exhibit a
‘dampening’ effect on certain signalling pathways (Truong et al., 2021), and
thus it could be hypothesised that shortened primary cilia could be defective in
this ability in its regulation of TGFf signalling. Comparative investigation of the
spatio-temporal dynamics of ciliary TGF pathway coordination in healthy and
SSc primary cilia could also shed light on this hypothesis. For example, TGFf3
stimulation immediately followed by live imaging of fluorescently labelled TGF[3
receptor has been successful in visualising intracellular dynamics downstream
of TGFB (He et al., 2015), and a similar method could be employed to see if the
ligand-receptor complex is perhaps internalised at a different speed, or is less
or more susceptible to degradation at the SSc primary cilium. Or, any
aberrations to the normal localisation of the TGF[ receptor at the ciliary tip

(Clement et al., 2013) could be investigated using super-resolution microscopy.

One initial hypothesis of this work was that TGFB-induced ciliary shortening
could be the reason for the shorter cilia of SSc dermal fibroblasts, due to the
heightened TGF[ pathway activation characteristic of the disease (Varga &
Abraham, 2007, Ayers et al., 2018). However, this study showed that while
fibroblast cilia remain shortened after TGFf ligand is removed from
experimental culture medium, the phenotype is lost after cells re-enter the cell
cycle. This provides evidence against this hypothesis, as the shortening effect

of TGFP on primary cilia appears not to be a stable phenotype, suggesting that
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SSc fibroblasts may possess shortened primary cilia via a TGFB-independent
mechanism. It would, however, be interesting to stimulate a population of
actively cycling fibroblasts with TGFf3 for longer durations than the 24 h time
point used in this study, in order to fully rule out the notion that TGFf is able to

induce any stable ciliary re-programming.

3.4 Summary

SSc dermal fibroblasts show shortened primary cilia compared to HC in vitro.
This observation is consistent even at the VEDOSS stage of disease, before
clinically detectable fibrosis, suggesting that cilium shortening may be linked to
the onset of disease. Activation of the TGFf signalling pathway shortens the
established cilium, present during growth arrest, of dermal fibroblasts. SSc
fibroblasts appear to be ‘primed’ for TGFB-induced ciliary shortening compared
to HC. However, the TGFB-induced shortened cilia phenotype is only partially
stable, suggesting that the stable shorter cilia phenotype observed in SSc may

be independent of TGFf3 signalling.
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Chapter 4. Investigation of the mechanism of TGFB-induced
cilia shortening, and its role in the cilia phenotype of Systemic

Sclerosis

4.1 Introduction

The experimental results discussed so far showed that SSc dermal fibroblasts
have shorter primary cilia compared to HC. They also showed that in dermal
fibroblasts, activation of the TGF[ signalling pathway leads to a partially stably
induced reduction in the incidence and length of mature primary cilia, in a
response that SSc fibroblasts appear primed to in comparison to HC. Therefore,
we next decided to address the two following research aims. Firstly, to examine
the specific downstream mechanism by which TGF pathway activation alters
the ciliary phenotype in dermal fibroblasts. And secondly, to continue to
examine the hypothesis that endogenous TGFf signalling pathway activation
and the activities of its downstream effectors in SSc could be the reason that

SSc fibroblasts have shorter primary cilia than HC.

4.2 Results

4.2.1 Inhibition of the TGF signalling cascade does not rescue SSc cilia

length

To begin to investigate these research questions, the entire TGF signalling
pathway was blocked by inhibition of TGFBRI with small molecule inhibitor
SD208 (Uhl et al., 2004) (Fig. 4.1A). Treatment with TGF[3 for 24 h led to an

increase in phosphorylation of SMAD3 and increased aSMA levels, which was
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lessened when cells were treated with SD208 in combination with TGF3,

confirming the action of the inhibitor in blocking the activation of TGFBRI (Fig.

4.1B-D).
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Figure 4.1: Blockade of TGFBRI activity using inhibitor SD208 reduces
activation of the TGF@ pathway

Confluent HC and SSc fibroblasts were cultured in 0.5 % serum media for 24 h
followed by 24 h treatment with 10 ng/mL TGF and/or 1 yM SD208 or DMSO
control in 0.5 % serum media. Protein was harvested for quantification by Western
Blot to validate inhibitor activity. A) Schematic showing the components of the TGF(
signalling pathway relevant to this study, and the inhibition of TGFBRI by SD208. B)
Western Blots showing pSMAD3, total SMAD3, and aSMA protein expression in
response to treatments comprising of TGF and/or SD208 or DMSO control in three
HC donor and three SSc donor fibroblast lines. B-Actin included as a loading control,
and values normalised to each group’s CTR. C) pSMAD3/total SMAD3 densitometry
of (B). D) aSMA protein densitometry of (B). HC and SSc n=3. Bars show the mean
and error bars show standard error of the mean. P values were calculated with

paired two-tailed t-tests (ns = non-significant, *P<0.05).

Inhibition of TGFBRI alongside stimulation with TGF3 was sufficient to block the
TGFB-induced reduction in cilia incidence in both HC (TGFf at 86.0 % vs
SD208 + TGFp at 94.3 %, p<0.05) and SSc (TGFp at 80.4 % vs SD208 + TGFf
at 93.9 %, p<0.001) (Fig. 4.2A), and to abolish TGFB-induced ciliary shortening
in both HC (TGFB at 1.8+0.1 um (MeantSEM) vs SD208 + TGFf3 at 4.5+0.2
pMm, p<0.0001) and SSc (TGFp at 1.8£0.1 ym vs SD208 + TGF@ at 3.0+£0.2 pm,
p<0.001) (Fig. 4.2B). This provides further experimental evidence to the

previous observations that activation of the TGFf signalling pathway leads to a
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reduction in the incidence and length of primary cilia, as blockade of the
pathway is sufficient to prevent the effect. As for the mechanism by which TGFf3
alters the ciliary phenotype, this data confirms that this mechanism depends

upon activation of its receptor kinase.

This data also provides evidence against the hypothesis that SSc cilia are
shorter in length than HC because of TGF3 pathway activation. Blockade of the
TGFBRI-dependent signalling pathway does not rescue SSc cilium length —
there was no significant difference in length between SSc CTR at 2.8+0.1 ym
and SSc SD208 at 3.1+£0.2 ym, and the difference in length between HC and
SSc cilia was maintained whether cells were treated with SD208 or not (HC
CTR at 4.4+0.2 ym vs SSc CTR at 2.840.1 ym, p<0.0001; HC SD208 at 4.5+0.2
pMm vs SSc SD208 at 3.1+£0.2 um, p<0.0001) (Fig. 4.2B). The same result was
observed even when TGFBRI was continuously inhibited with SD208 over two
passages for five days in 10 % serum media, which did not affect cilia length
nor incidence in HC or SSc (Fig. 4.2C, D). Thus, even over an extended period
of time in a population of proliferating cells, inhibition of the TGFB pathway was

not able to rescue SSc cilia length.
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Figure 4.2: TGFBRI inhibition with SD208 blocks the effect of TGFB on cilia but
does not rescue SSc cilialength

Confluent HC and SSc fibroblasts were cultured in 0.5 % serum media for 24 h
followed by 24 h treatment with 10 ng/mL TGF and/or 1 yM SD208 or DMSO
control in 0.5 % serum media. Fibroblasts were also cultured in the presence of
SD208 in 10 % serum media for two passages over the course of 5 days. Cilia were
measured using immunofluorescence for Ac-a-Tub. A) Cilia incidence changes in
response to TGFB/SD208 treatment. B) Cilia length changes in response to
TGFB/SD208 treatment. C) Cilia incidence changes in response to SD208 treatment
over two passages. D) Cilia length changes in response to SD208 treatment over
two passages. HC and SSc n=3. Bars show the mean and error bars show standard
error of the mean. P values were calculated by two-way ANOVA with Tukey’s

multiple comparisons test (ns = non-significant, *P<0.05, ***P<0.001, ****P<0.0001).

Taken together, these data imply that the biological mechanism by which SSc
dermal fibroblasts possess shorter cilia may be independent of TGF[3 activation,

despite the ability of TGF to shorten cilia.
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4.2.2 Inhibition of canonical TGFf signalling effector SMAD3 does not

rescue SSc cilia length, nor prevent TGFB-induced cilia shortening

In order to further investigate the downstream mechanism by which TGFf3
signalling activation alters the ciliary phenotype, we next aimed to ascertain
whether the mechanism is part of the canonical or non-canonical arm of the
TGFp signalling pathway. Firstly, the canonical TGF signalling pathway, which
depends upon phosphorylation of SMADS3, was inhibited by siRNA-mediated
post-transcriptional gene silencing of SMAD3 (Fig. 4.3A). The success of this
knockdown was evident in the significantly reduced protein levels of total
SMADZ3 in fibroblasts transfected with siSMAD3 vs siSCR control (p<0.001 for
HC, p<0.0001 for SSc) (Fig. 4.3B, C). Treatment with TGF[ stimulated an
increase in pSMAD3 abundance in both siSCR and siSMAD3-treated cells;
however, the total TGFB-induced pSMAD3 level was reduced by siSMAD3 (Fig.
4.3B, D).

TGFBRI'

Canonical Non-canonical
signalling signalling

(®Jsmaps) [Hpacs| (Rock](AxT)

T

siSMAD3




HC 1

SSc 1

HC 2

SSc 2

HC3

SSc 3

0

-
o
J

S
2]
1

Total SMAD3 normalised to
B-Actin normalised to CTR
.'o‘ s
1

HC SSc
+ + = - + - = - SiSCR
- ” + o " + + SiISMAD3
- - - - - e + TGFB
pSMAD3 — P w | 50kDa
Total
SMAD3 .50kDa
B-actin |- —— W — —y W=y SNy =g —
pSMAD3 b oA — v Ls0kDa
Total S I
SMAD3 s | 50kDa
B-actin | D NN W ---I-.’i?kDa
PSMALS - - — s | 50kDa
Total
SMAD3 . 50kDa
B-actin | w— w— — -l— S —— o o
D ns ns
ns E ns ns
2 G 300~
ge
= HC Tég 200 = HC
=31 SSc 55 =3 SSc
gE
© S 100
9-3 07771 T L
X LR KR LRPR LRI KR
‘-’@o/\é \‘y'o«c’« (}Q’O«éi\@«é ‘}6(’/\(3“3963
x \9 x x \9 x x .\‘9 x
0% e 0'5 OQ- ) o‘b OQ- 2 0'5
& & B\ F &
P P &

Figure 4.3: Blockade of SMAD3 with siRNA-mediated knockdown

HC and SSc fibroblasts treated with siRNA oligos to knockdown SMAD3 expression
(SiISMAD3), or SCR control siRNA (siSCR), were cultured in 0.5 % serum media for
24 h followed by treatment with 10 ng/mL TGF in 0.5 % serum media for a further

24 h. Protein was harvested for quantification by Western Blot to validate siRNA

knockdown. A) Schematic showing the components of the TGFf signalling pathway
relevant to this study, and the inhibition of SMAD3 by siRNA-mediated post-

transcriptional gene silencing. B) Western Blots showing pSMAD3 and total SMAD3

protein expression in response to treatments comprising of TGFB and/or
SiSMAD3/siSCR in three HC donor and three SSc donor fibroblast lines. B-Actin
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included as a loading control, and values normalised to each group’s CTR. C) Total
SMAD3 densitometry of (B). D) pSMAD3 densitometry of (B). HC and SSc n=3. Bars
show the mean and error bars show standard error of the mean. P values were

calculated with paired two-tailed t-tests (ns = non-significant, *P<0.05).

Partial reduction of pPSMAD3 abundance via sSiSMAD3 alongside stimulation
with TGFB had no preventative effect on the ability of TGFf to induce a
reduction in cilia incidence in both HC (siSCR + TGFf3 at 83.0 % vs siSMAD3 +
TGFp at 87.3 %) and SSc (siSCR + TGFp at 79.8 % vs siSMAD3 + TGFp at
83.8 %) (Fig. 4.4A), and also had no preventative effect on the ability of TGFf
to induce ciliary shortening in both HC (siSCR + TGF( at 1.4+0.04 uym vs
SiSMAD3 + TGFf at 1.5+0.07 ym) and SSc (siSCR + TGF at 1.5+0.02 ym vs
SiSMAD3 + TGFB at 1.5+0.1 pym) (Fig. 4.4B). This suggests that the
downstream mechanism by which TGFf reduces cilia incidence and length may
not rely on canonical, pPSMAD3-mediated TGFf signalling, and instead the

mechanism may be part of the non-canonical TGF signalling pathway.

Additionally, partial reduction of pPSMAD3 abundance with sSiSMAD3 did not
rescue SSc cilium length. There was no significant difference in length between
SSc siSCR at 2.4+0.1 ym and SSc siSMAD3 at 2.5+£0.1 ym, and the difference
in length between HC and SSc cilia was maintained whether cells were treated
with sSiSMAD3 or siSCR (HC siSCR at 3.8+0.2 uym vs SSc siSCR at 2.4+0.1 ym,
p<0.0001; HC siSMAD3 at 3.7+0.2 ym vs SSc siSMAD3 at 2.5+0.1 ym,

p<0.0001) (Fig. 4.4B).
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Figure 4.4: siRNA-mediated SMAD3 knockdown does not block the effect of
TGFB on cilia nor rescue SSc cilia length

HC and SSc fibroblasts treated with siRNA oligos to knockdown SMAD3 expression
(siSMAD3), or SCR control siRNA (siSCR), were cultured in 0.5 % serum media for
24 h followed by 24 h treatment with 10 ng/mL TGFf in 0.5 % serum media. Cilia
were measured using immunofluorescence for Ac-a-Tub. A) Cilia incidence changes
in response to TGF /siSMAD3/siSCR treatment. B) Cilia length changes in
response to TGF /siSMAD3/siSCR treatment. HC and SSc n=3. Bars show the
mean and error bars show standard error of the mean. P values were calculated by
two-way ANOVA with Tukey’s multiple comparisons test (ns = non-significant,
***P<0.001, ****P<0.0001).

These data imply that the mechanism by which TGFf alters the ciliary
phenotype may not be dependent on pSMAD3-mediated canonical signalling,
and support the notion that the biological mechanism by which SSc dermal
fibroblasts possess shorter cilia may be independent of TGFf3 activation.
However, it is important to note that there was variable silencing efficiency of
SMAD3 between fibroblast lines and the reduction of TGFB-induced pSMAD3 in
siSMAD3 vs siSCR was not significant. Therefore, an additional approach

would be needed in order to reach these conclusions confidently to rule out
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canonical TGFf signalling. We next set out to investigate the effect of non-

canonical mediators of TGF signalling in TGFB-induced ciliary shortening.

4.2.3 Inhibition of non-canonical TGF@ effector ROCK2 does not rescue

SSc cilia length, but partially prevents TGFg-induced cilia shortening

Next, the ROCK kinases, which are known to be activated by TGFf including in
SSc (Korol et al., 2016, Mendoza & Jimenez, 2022), were investigated as
potential downstream effectors of non-canonical TGFB-induced alterations to
the ciliary phenotype. While both ROCK1 and ROCK2 have been implicated in
negative regulation of cilia length through alterations to the cytoskeleton (Smith
et al., 2020), there is evidence to suggest that the two kinases have distinct
molecular targets (Newell-Litwa et al., 2015), and that ROCK2 is more heavily

involved in cilia length regulation than ROCK1 (Lake et al., 2020).

Two small molecule inhibitors were used, one pan-ROCK inhibitor (Y27632) to
inhibit both ROCK1 and ROCK2 (Ishizaki et al., 2000), and one ROCK2-specific
inhibitor (KD025) (Boerma et al., 2008) (Fig. 4.5A). ROCK kinases, when active,
facilitate Myosin Light Chain 2 (MLC2) mono-phosphorylation at Ser19
(PMLC2), and di-phosphorylation at Thrl8 in addition to Ser19 (ppMLC2)
(Kimura et al., 1996) (Fig. 4.5A). This readout was utilised to validate the activity
of the ROCK inhibitors by Western Blot using two antibodies specific to the two
differentially phosphorylated forms of MLC2. ROCK inhibitor efficacy was
evident in the reduced MLC2 phosphorylation levels of pMLC2 and ppMLC2
when cells were treated with the inhibitors in combination with TGF3, compared
to treatment with TGFf3 alone (Fig. 4.5B-D). As expected, this effect was more

obvious in fibroblasts treated with the pan-ROCK inhibitor Y27632 in
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comparison to those treated with the ROCK2-specific inhibitor KD025. Also of
note was an observed reduction in the protein levels of CTGF and aSMA in
some of the fibroblast lines when treated with ROCK inhibitors and TGF3,
compared to TGFf alone, which suggests that inhibition of ROCK kinases
lessens the profibrotic response to TGFf, providing experimental evidence to
support the previously described role of ROCK kinases as downstream

effectors of TGFf signalling in dermal fibroblasts (Fig. 4.5B, E, F).
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Figure 4.5: Blockade of ROCK kinases using inhibitors Y27632 and KD025
reduces ROCK kinase activity

Confluent HC and SSc fibroblasts were cultured in 0.5 % serum media for 24 h
followed by 24 h treatment with 10 ng/mL TGFB and/or 2 uM Y27632, 5 yM KD025
or DMSO control in 0.5 % serum media. Protein was harvested for quantification by
Western Blot to validate inhibitor activity. A) Schematic showing the components of
the TGF signalling pathway relevant to this study, and the inhibition of ROCK
kinases by Y27632 and KD025. Also shown is the mechanism of MLC
phosphorylation by ROCK kinases. B) Western Blots showing pMLC2, ppMLC2, total
MLC2, CTGF, and aSMA protein expression in response to treatments comprising of
TGFB and/or Y27632, KD025 or DMSO control in three HC donor and three SSc
donor fibroblast lines. B-Actin included as a loading control, and values normalised to
each group’s CTR. C) pMLC2/total MLC2 densitometry of (B). D) ppMLC2/total
MLC2 densitometry of (B). E) aSMA protein densitometry of (B). F) CTGF protein
densitometry of (B). HC and SSc n=3. Bars show the mean and error bars show
standard error of the mean. P values were calculated with paired two-tailed t-tests
(ns = non-significant, *P<0.05, **P<0.01).

Treatment with the pan-ROCK inhibitor Y27632 alongside stimulation with
TGFB had no preventative effect on the ability of TGF to reduce cilia incidence
in both HC (CTR + TGFB at 85.2 % vs Y27632 + TGF( at 88.9 %) and SSc
(CTR + TGFB at 86.0 % vs Y27632 + TGF[3 at 89.7 %) (Fig. 4.6A). There was a
mild preventative effect on the ability of TGF to induce ciliary shortening in

both HC (CTR + TGFB at 1.3+0.1 ym vs Y27632 + TGFB at 1.9+0.1 ym) and
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SSc (CTR + TGFB at 1.3£0.1 uym vs Y27632 + TGFR at 1.9+0.1 ym), although
this did not reach statistical significance (Fig. 4.6B). Treatment with ROCK2-
specific inhibitor KD025 alongside stimulation with TGF similarly did not
prevent the ability of TGF( to reduce cilia incidence in both HC (CTR + TGFp at
83.4 % vs KD025 + TGF( at 85.6 %) and SSc (CTR + TGFf at 80.1 % vs
KD025 + TGFB at 75.6 %) (Fig. 4.6C). Remarkably, KD025 treatment alongside
TGFB was able to partially prevent ciliary shortening by TGF in both HC (CTR
+ TGFB at 1.3£0.04 uym vs KD025 + TGFf at 2.1+0.1 pm, p<0.0001) and SSc
(CTR + TGFp at 1.3£0.1 um vs KD025 + TGF at 2.2+0.2 ym, p<0.0001) (Fig.
4.6D). Taken together, these data suggest that the downstream mechanism by
which TGF reduces cilia length may be at least partially dependent on

ROCK2-mediated non-canonical TGFf signalling.

Pan-ROCK inhibition with Y27632 did not rescue SSc cilium length — there was
no significant difference in length between SSc CTR at 2.8+0.1 ym and SSc
Y27632 at 3.0+0.2 um, and the difference in length between HC and SSc cilia
was maintained whether cells were treated with Y27632 or not (HC CTR at
4.140.3 ym vs SSc CTR at 2.8+0.1 ym, p<0.001; HC Y27632 at 4.0+0.2 ym vs

SSc Y27632 at 3.0+0.2 um, p<0.001) (Fig. 4.6B).

ROCK2 inhibition with KD025 did increase SSc cilium length from 2.7+£0.1 uym to
3.2+£0.04 ym (p<0.05) (Fig. 4.6D). However, the same effect was observed in
HC where KD025 increased cilium length from 4.0+£0.1 pm to 4.4+0.03 um
(p<0.05) (Fig. 4.6D). Furthermore, the difference in length between HC and SSc
cilia was maintained whether cells were treated with KD025 or not (HC CTR at
4.0£0.1 ymvs SSc CTR at 2.7+£0.1 um, p<0.0001; HC KD025 at 4.4+0.03 uym
vs SSc KD025 at 3.2+0.04 um, p<0.0001) (Fig. 4.6D). Therefore, the increase

in cilia length in response to ROCK2 inhibition was not an SSc-specific ‘rescue’
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of cilia phenotype, but a reflection of ROCK2’s involvement in the shortening

function of ciliary homeostasis in dermal fibroblasts, unrelated to disease status.

i ns ns i *okk
1
ns ns * %k
Z 100+
E . = > - o ns ns
‘S 80—
= ns ns
o 60+ = HC 591
8 i ‘ |
é 40 D SSc ‘g; 4
S al £ 34 HC
g2 20 g,3 |
g L o e | R R ora 2 2+ 03 SSc
9 @R AR QR g
L& R R Q& RAV L = 4
oV o 0-
£° &° ERIR &R R
SIS Tl
oV oV
Y2 Y2
kKK
| [ |
e e i B *ok kK
| I |
_ ns ns *okk ok *okkk
2 100 : ' I |
o n = = PS * *
S 80+ 5 |—|
£ 3
3 60— = HC 5 4
S 40- 3 SSc £ 3 1 HC
]
T c
2 204 8 2 =31 SSc
‘© =
:'5 0 T T T-7T o1
o«Q‘ éQ Qfﬁ’ (‘)QQ (}Q OQQ qu’ OQQ 0-
BN RN BN TN
v T Q& RP R QR PR
O O PO & PO
v g CE A L@ A
® ® o
& &
> ™)
§ §

Figure 4.6: Inhibition of ROCK kinases using Y27632 and KD025 does not
rescue SSc cilia length, but partially prevents TGFB-induced cilia shortening
Confluent HC and SSc fibroblasts were cultured in 0.5 % serum media for 24 h
followed by 24 h treatment with 10 ng/mL TGF and/or 2 yM Y27632, 5 yM KD025
or DMSO control in 0.5 % serum media. Cilia were measured using
immunofluorescence for Ac-a-Tub. A) Cilia incidence changes in response to
TGFB/Y27632 treatment. B) Cilia length changes in response to TGFp/Y27632

treatment. C) Cilia incidence changes in response to TGFB/KD025 treatment. D)
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Cilia length changes in response to TGFBR/KD025 treatment. HC and SSc n=3. Bars
show the mean and error bars show standard error of the mean. P values were
calculated by two-way ANOVA with Tukey’s multiple comparisons test (*P<0.05,
***pP<0.001, ****P<0.0001).

These data suggest that although ROCK2 may have a role as a downstream
effector of TGF in TGFB-induced ciliary shortening, and under basal conditions
ROCK?2 also influences ciliary length homeostasis, this is independent of the
mechanism by which SSc dermal fibroblasts possess shorter cilia than HC. It is
unlikely that SSc cilia are shorter due to aberrant activity of ROCK2 in SSc

dermal fibroblasts.

Additionally, the observation that the pan-ROCK inhibitor was not able to alter
ciliary phenotype in these experiments to the same degree as the ROCK2-
specific inhibitor corroborates the notion that ROCK2 plays a more prevalent

role in ciliary length homeostasis than ROCK1 (Lake et al., 2020).

4.2.4 Inhibition of the non-canonical TGF effector AKT does not rescue

SSc cilia length, nor prevent TGFB-induced cilia shortening

PI3K-AKT signalling, which is also known to be activated by TGFB (H. Liu &
Chen, 2022) and to be implicated in shortening of primary cilia (Nishimura et al.,
2021), was investigated as an alternative potential downstream effector of the
non-canonical TGFf signalling pathway in the TGFB-induced alterations to the
ciliary phenotype. Small molecule inhibitor BKM120 was used to inhibit PI3K
and subsequently reduce its ability to activate AKT (Brachmann et al., 2012)
(Fig. 4.7A). The efficacy of BKM120 to prevent AKT activation was validated by

monitoring levels of pAKT(Ser473) and pAKT(Thr308) — key phosphorylation
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sites for AKT activity (Alessi et al., 1996). Indeed, levels of pAKT(Ser473) were
significantly reduced when cells were treated with BKM120 compared to control,
and with BKM120 in combination with TGF compared to TGF( alone (Fig.
4.7B, C), confirming the action of BKM120 in reducing AKT activation.
Reduction in the level of pAKT(Thr308) with BKM120 treatment was also

observed (Fig 4.7B), but this did not reach statistical significance (Fig 4.7D).
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Figure 4.7: Blockade of PI3K with inhibitor BKM120 reduces AKT signalling
activation

Confluent HC and SSc fibroblasts were cultured in 0.5 % serum media for 24 h
followed by 24 h treatment with 10 ng/mL TGFB and/or 2 yM BKM120 or DMSO
control in 0.5 % serum media. Protein was harvested for quantification by Western
Blot to validate inhibitor activity. A) Schematic showing the components of the TGF(
signalling pathway relevant to this study, and the blockade of AKT activation via PI3K
inhibitor BKM120. Also shown is the role of PI3K in the AKT phosphorylation
mechanism. B) Western Blots showing pAKT (Ser473), pAKT (Thr308), and total
AKT protein expression in response to treatments comprising of TGF and/or
BKM120 or DMSO control in two HC donor and two SSc donor fibroblast lines. 8-
Actin included as a loading control, and values normalised to each group’s CTR. C)
pAKT(Ser473)/total AKT densitometry of (B). D) pAKT(Thr308)/total AKT
densitometry of (B). HC and SSc n=2. Bars show the mean and error bars show
standard error of the mean. P values were calculated with paired two-tailed t-tests
(ns = non-significant, *P<0.05, *P<0.01).

Inhibition of the PISK-AKT pathway did not prevent the ability of TGFf to reduce
cilia incidence in both HC (CTR + TGF( at 83.3 % vs BKM120 + TGFf3 at 81.0
%) and SSc (CTR + TGFf at 80.9 % vs BKM120 + TGFf at 72.9 %) (Fig. 4.8A),
and also had no preventative effect on the ability of TGFf to induce ciliary
shortening in both HC (CTR + TGF at 1.5£0.1 ym vs BKM120 + TGFf at
1.540.2 ym) and SSc (CTR + TGFf at 1.5£0.1 ym vs BKM120 + TGF at

1.5+0.1 pym) (Fig. 4.8B). This implies that the downstream non-canonical
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mechanism by which TGFf signalling reduces cilia incidence and length does

not depend on PISK-AKT pathway activation.

PISK-AKT inhibition with BKM120 did increase SSc cilium length from 2.6+0.1
pm to 3.4+0.1 ym (p<0.05) (Fig. 4.8B). However, the same effect was observed
in HC where BKM120 increased cilium length from CTR (from 3.9£0.3 pm to
4.9+0.4 uym, p<0.01) (Fig. 4.8B). Additionally, the statistically significant
difference in cilia length between HC and SSc was maintained under BKM120
treatment (HC CTR at 3.9+0.3 ym vs SSc CTR at 2.6£0.1 ym, p<0.001; HC
BKM120 at 4.9+0.4 ym vs SSc BKM120 at 3.4+0.1 ym, p<0.001) (Fig. 4.8B).
Therefore, the increase in cilia length in response to PISK-AKT inhibition was
not a disease-specific ‘rescue’ of cilia phenotype, but a reflection of the

involvement of PI3K-AKT signalling in ciliary length regulation in dermal

fibroblasts.
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Figure 4.8: Blockade of AKT signalling using PI3K inhibitor BKM120 does not
block the effect of TGF on cilia nor rescue SSc cilia length

Confluent HC and SSc fibroblasts were cultured in 0.5 % serum media for 24 h
followed by 24 h treatment with 10 ng/mL TGF and/or 2 yM BKM120 or DMSO

control in 0.5 % serum media. Cilia were measured using immunofluorescence for
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Ac-a-Tub. A) Cilia incidence changes in response to TGFBR/BKM120 treatment. B)
Cilia length changes in response to TGFBR/BKM120 treatment. HC and SSc n=3.
Bars show the mean and error bars show standard error of the mean. P values were
calculated by two-way ANOVA with Tukey’s multiple comparisons test (*P<0.05,
**P<0.01, **P<0.001, ****P<0.0001).

Thus, although under basal conditions PISK-AKT activity influences ciliary
length homeostasis, this does not explain why SSc dermal fibroblasts possess
shorter cilia than HC, and it is unlikely that SSc cilia are shorter due to aberrant

activity of PI3BK-AKT in SSc.

4.2.5 Inhibition of the TGF effector HDACG6 does not block TGFB-induced

shortening, but partially rescues SSc cilia length

HDACSEG is another known contributor to ciliary length reduction (Pugacheva et
al., 2007) and has been shown to mediate TGFB-induced ciliary shortening in
other human cell types (Ehnert et al., 2017, Rowson et al., 2018), although it is
not known whether the activation of HDAC6 by TGF@ is via the canonical or
non-canonical pathway. HDACG6 was therefore investigated as an alternative
potential downstream effector of TGFB-induced alterations to the ciliary
phenotype in dermal fibroblasts. Small molecule inhibitor Tubacin (Haggarty et
al., 2003) was used to inhibit HDAC6 and subsequently reduce its ability to
deacetylate Acetylated-a-Tubulin (Ac-a-Tub) (Fig. 4.9A). The functionality of this
inhibitor was validated by monitoring levels of Ac-a-Tub. Treatment with
Tubacin led to increased levels of Ac-a-Tub, with stronger increases observed
at higher Tubacin concentrations (Fig. 4.9B, C), confirming the efficacy of

Tubacin in reducing Ac-a-Tub deacetylation by HDACS.
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Figure 4.9: Blockade of HDACG6 activity with inhibitor Tubacin

Confluent HC and SSc fibroblasts were cultured in 0.5 % serum media for 24 h
followed by 24 h treatment with 2, 5 or 10 yM Tubacin or DMSO control in 0.5 %
serum media. Protein was harvested for quantification by Western Blot. A)
Schematic showing the components of the TGFf signalling pathway relevant to this
study, and the inhibition of HDACG6 via Tubacin. Also shown is the mechanism of Ac-
a-Tub deacetylation by HDACG6. B) Western Blots showing Ac-a-Tub levels in
response to treatment with 2, 5 or 10 yM Tubacin or DMSO control in an HC and
SSc fibroblast line. B-Actin included as a loading control, and values normalised to
each group’s CTR. C) Ac-a-Tub densitometry of (B) in response to Tubacin

treatment.
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Inhibition of HDACG6 had no preventative effect on the ability of TGFf3 to induce
a reduction in cilia incidence in both HC (CTR + TGFf at 85.2 % vs Tubacin +
TGFB at 89.6 %) and SSc (CTR + TGFB at 83.6 % vs Tubacin + TGFf3 at 86.5
%) (Fig. 4.10A), and also had no preventative effect on TGFB-induced ciliary
shortening in both HC (CTR + TGFB at 1.6+£0.02 pym vs Tubacin + TGF at
1.6+0.1 ym) and SSc (CTR + TGFp at 1.6£0.1 um vs Tubacin + TGFJ at
1.5+£0.1 ym) (Fig. 4.10B). This suggests that TGF3 does not reduce ciliary
incidence or length in dermal fibroblasts via a mechanism which is dependent

upon activation of HDACS.

Interestingly, HDACSG inhibition with Tubacin increased SSc cilium length from
2.620.1 pym to 3.320.03 pym (p<0.01), while HC cilia length was unaffected
(4.2+£0.1 pm vs 3.9£0.2 um) (Fig. 4.10B). Thus, the difference in length between
HC and SSc cilia was reduced after Tubacin treatment (HC CTR at 4.2+0.1 um
vs SSc CTR at 2.6£0.1 ym, p<0.0001; HC Tubacin at 3.9+0.2 ym vs SSc
Tubacin at 3.3+£0.03 ym, p<0.05) (Fig. 4.10B). Visual representation of the
distribution of cilia lengths within each population shows a shift to the right
towards higher lengths in SSc cilia upon treatment with Tubacin, but no change

in HC cilia length distribution (Fig. 4.10C).
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Figure 4.10: Inhibition of HDACG6 activity with Tubacin does not block TGFf-
induced shortening, but partially rescues SSc cilia length

Confluent HC and SSc fibroblasts were cultured in 0.5 % serum media for 24 h
followed by 24 h treatment with 10 ng/mL TGFB and/or 10 uM Tubacin or DMSO
control in 0.5 % serum media, and cilia were measured using immunofluorescence
for Ac-a-Tub. A) Cilia incidence changes in response to TGFB/Tubacin treatment. B)
Cilia length changes in response to TGFB/Tubacin treatment. C) Distribution of cilia
length in HC and SSc with and without Tubacin treatment, showing the percentage of
total cilia in each 0.5 ym length category. HC and SSc n=3. Bars show the mean and
error bars show standard error of the mean. P values were calculated by two-way
ANOVA with Tukey’s multiple comparisons test (*P<0.05, **P<0.01, ****P<0.0001).

These data show an SSc-specific ‘rescue’ of cilia phenotype in response to

HDACSG inhibition. Thus, the mechanism by which SSc dermal fibroblasts
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possess shorter cilia than HC may be at least partially due to aberrant activity of

HDACSG in SSc.

4.3 Discussion

Importantly, this work demonstrated that inhibition of the TGFf signalling
pathway, even over the course of several passages, was not sufficient to
increase primary cilium length to normal levels in SSc dermal fibroblasts.
Therefore, it can be concluded that SSc fibroblast cilia are not shorter than HC
cilia due to hyperactivation of the TGFf signalling pathway as originally
hypothesised. Instead, this work shows that the mechanism by which TGF_
signalling shortens primary cilia, and the mechanism by which SSc fibroblasts
possess stably shortened cilia, are independent. This sheds further light on the
mechanistic understanding of the SSc shorter cilia phenotype, necessary to
inform future research into how therapeutic targeting of aberrant SSc cilia may

be possible.

Although TGF signalling is not responsible for the shortened primary cilia
phenotype of SSc, TGFf is a known driver of fibrotic activation, and
coordination of its downstream signalling is known to be influenced by the
primary cilium (Clement et al., 2013, M6nnich et al., 2018, Koefoed et al., 2018).
This work provides important insight into the relationship between TGF and the
dermal fibroblast primary cilium by showing that TGFp is able to alter ciliary
length, but does not provide direct evidence that a shortened primary cilium in
turn may lead to an aberrant response to the TGF( signal. Interestingly, such a
relationship has been suggested. Experimental knockdown of ciliary component

SPAG17 was shown to shorten cilia in multiple cell types, including mouse
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embryonic fibroblasts (Teves et al., 2015). SPAG17 was shown to be
downregulated in SSc skin, and explanted dermal fibroblasts from mice with
experimental knockdown of SPAG17 showed increased nuclear accumulation
of SMAD2/3 and heightened expression of profibrotic markers (Sapao et al.,
2023). Together, these data suggest that shortened primary cilia may induce
aberrant activation of the TGF signalling pathway. Further investigation to
elucidate this relationship will lead to a greater understanding of the regulation
of the TGFB pathway in fibrosis, and any ciliary involvement. It would be
interesting, for example, to experimentally shorten the primary cilia of HC
dermal fibroblasts, and investigate any differences in the way that these

fibroblasts respond to TGFf signalling.

TGFB-induced ciliary shortening has been previously demonstrated in various
cell types, with different downstream mechanisms proposed. In chondrocytes,
TGFB was shown to shorten primary cilia by decreasing mRNA stability of
IFT88 (Kawasaki et al., 2015). In osteoblasts, TGFB-induced ciliary shortening
was attributed to HDACG6 activation (Ehnert et al., 2017), with the same
mechanism proposed in tenocytes (Rowson et al., 2018). Despite no
mechanism being proposed in a study which showed that adipocyte progenitor
cells undergo ciliary shortening in response to TGFf3, the study did suggest that
the mechanism did not involve IFT88 or HDACG6, and must be via an alternative
mechanism (Arrighi et al., 2017). The current study is the first to provide
evidence to suggest that in dermal fibroblasts, the mechanism by which TGFf3
shortens cilia is likely at least partially due to the activation of non-canonical
TGFp effector ROCK2 — differing from the downstream TGFf effectors

implicated in ciliary shortening in other cell types. This addition to the field of
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research adds evidence to the notion that the effect of TGFf signalling on

primary cilia may occur via cell-type specific mechanisms.

The implication of ROCK2 in TGFB-induced ciliary shortening aligns with
published data which has shown that ROCK2 activation impedes ciliary
assembly, shifting the balance of ciliary length homeostasis to favour
disassembly, leading to ciliary shortening (Smith et al., 2020, Lake et al., 2020).
In order to validate this finding, an additional method of ROCK2 inhibition could
be employed in further experiments, such as siRNA-mediated knockdown.
Ciliary shortening has been shown to occur with two morphologically distinct
appearances — either taking place gradually via ciliary resorption, or rapidly via
ciliary ‘decapitation’ (Mirvis et al., 2019). With ROCK2 activation proposed to
shift ciliary length homeostasis to favour disassembly rather than induce ciliary
‘decapitation’, it would be expected that ROCK2-mediated ciliary shortening
should appear to be gradual. Indeed, the TGFf time course experimental data
presented in the previous chapter demonstrating a gradual reduction in ciliary
length over a 24 h time period following TGF@ stimulation are concordant with
TGFB-ROCK?2 induced shortening. It could also be interesting to visualise
primary cilia of TGFB-treated fibroblasts in real time to observe disassembly.
Live-cell imaging of fluorescently labelled cilia has been used to observe ciliary
loss (Mirvis et al., 2019), and such techniques could be employed to gain an
even more informative insight into the dynamics of this mechanism in dermal

fibroblasts.

It is important to note, however, that inhibition of ROCK2 was only able to
partially prevent TGFB-induced ciliary shortening. This could be due to
incomplete experimental inhibition of ROCK2 by the inhibitor used in this study,

KDO025. Additional optimisation of experimental application of KD025 to confer
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greater inhibition efficiency, as well as the inclusion of an additional method of
ROCK?2 inhibition as mentioned above, would be required in order to assess
whether ROCK2 inhibition alone is sufficient to prevent TGFB-induced ciliary
shortening in dermal fibroblasts. Such work would be important to determine
whether additional downstream TGFf effectors work in tandem with ROCK2 in

this process.

Successful inhibition of PISK-AKT activation with BKM120 and of HDAC6 with
Tubacin did not affect TGFB-induced ciliary shortening, ruling out involvement of
either of these downstream effectors of TGF in the ciliary shortening
mechanism in dermal fibroblasts. As TGF[3 has also been shown to shorten
chondrocyte cilia by decreasing IFT88 mRNA stability (Kawasaki et al., 2015), it
would be interesting to investigate IFT88 expression after TGF[ treatment in
dermal fibroblasts, in order to rule out involvement of IFT88 in the TGF(-

induced ciliary shortening mechanism in this cell type.

While the data presented in this study showed that SIRNA mediated inhibition of
SMADZS did not prevent TGFB-induced ciliary shortening, suggesting that TGFj3-
induced ciliary shortening is dependent only on non-canonical downstream
effectors rather than canonical signalling, it is important to note that SIRNA
knockdown of SMAD3 had variable efficiency in different experimental repeats,
and in none of them was it sufficient to completely banish phosphorylation of
SMADS in response to TGFf stimulation. Therefore, in order to prove that the
mechanism is entirely independent of canonical signalling, these experiments
should be optimised for greater knockdown efficiency and repeated, or
alternative methods of pPSMAD3 inhibition employed, such as with small

molecule pSMAD3 inhibitor SIS3 (Jinnin et al., 2006).
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In this study, there was a notable variability of response to inhibitors used
experimentally between dermal fibroblast lines obtained from different donors,
at the level of the proteins assessed during inhibitor validation, likely reflective
of the patient-to-patient heterogeneity of the disease (Allanore et al., 2015).
However, despite the heterogeneity in signalling response, differences in cilia
length were minimal between the different fibroblast lines within HC and SSc.
Additionally, the ciliary shortening response to TGF3 was very similar between
all HC and all SSc fibroblast lines. This suggests that cilia length — both basal
and post-stimulation — is subject to the same tight regulation regardless of
fibroblast heterogeneity. This adds strength to the argument that cilium length

may be a key aspect in the control of its functionality.

A crucial observation from this work was that while TGF3 does not shorten
dermal fibroblast primary cilia via HDACG6 activation, inhibition of HDAC6 with
Tubacin led to a partial increase of SSc primary cilium length, while not affecting
HC cilium length. This provides novel evidence that the mechanism by which
SSc fibroblasts possess stably shortened primary cilia is at least partially
dependent on the activity of HDACG6, a known negative regulator of ciliary
length, predominantly as part of the AURKA-HDACS6 axis (Pugacheva et al.,

2007). This observation informed the next step of our investigation.

4.4 Summary

The data in this chapter suggest that TGF@ shortens primary cilia in dermal
fibroblasts through a non-canonical mechanism which is at least partially
dependent on the activation of ROCK2. However, while TGFf is able to shorten

cilia, inhibition of the TGFf signalling cascade did not rescue cilia length in SSc
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fibroblasts, strengthening the notion that the SSc-specific short cilia phenotype
is independent of TGFf signalling. Inhibition of HDACG6, however, was able to
partially rescue cilium length in SSc fibroblasts without altering HC cilium length,
suggesting that the mechanism by which SSc cilia are shorter may involve an

aberrant activation of HDACSG.
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Chapter 5. Characterisation of the role of Aurora A Kinase

activity at the primary cilium in Systemic Sclerosis

5.1 Introduction

The experimental results discussed so far suggest that the shortened primary
cilia phenotype observed in SSc dermal fibroblasts compared to HC is at least
partially dependent on HDACS6 activity. HDACG6 is known to facilitate ciliary
shortening in mammalian cells by deacetylation of microtubules leading to
resorption of the ciliary axoneme (Pugacheva et al., 2007). In this ciliary
disassembly mechanism, HDACSG is directly activated by upstream
serine/threonine kinase, Aurora A Kinase (AURKA). Aberrant activation of this
AURKA-dependent ciliary shortening pathway has been implicated in
pathogenic primary cilia defects in other human diseases, including von Hippel-
Lindau disease (Dere et al., 2015, Hasanov et al., 2017). Therefore, we set out
to investigate the hypothesis that aberrant HDACG6 activity in SSc and the
resulting shortened cilia phenotype could be associated with AURKA. To do
this, we inhibited AURKA and studied the effect on primary cilia, and on the

fibrotic phenotype of the fibroblasts.

5.2 Results

5.2.1 Validation of MLN8054, a small molecule inhibitor of Aurora A Kinase

To begin to investigate this hypothesis, we set out to validate the activity of
MLNB8054, a selective small molecule AURKA inhibitor, in dermal fibroblasts.

MLNB8054 prevents autophosphorylation of the Thr288 residue in the activation
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loop of AURKA, required for its kinase activity (Manfredi et al., 2007). Due to the
difficulty of assessing phosphorylated AURKA via Western Blot due to low
protein abundance (data not shown) and antibody suitability to this assay, we
instead stained HC and SSc fibroblasts treated with MLN8054 by
immunofluorescence with an antibody specific to AURKA phosphorylated at its
Thr288 residue (pPAURKA(Thr288)). Cells were co-stained with DAPI to stain
the nucleus and Phalloidin to stain actin fibres, to confirm that observed nuclei
belong to intact cells and are not simply cellular debris. Initial attempts to
observe pAURKA(Thr288) localising specifically to the ciliary basal body were
not successful (data not shown), and so we opted to study pAURKA(Thr288) in
the nuclei of dividing cells, where it is known to localise to mitotic spindle poles.
Staining at these poles was clearly identifiable in dividing nuclei, and
fluorescence intensity was visibly reduced in cells treated with MLN8054
compared to DMSO control, suggesting that the inhibitor is able to reduce the

abundance of pAURKA(Thr288) in dermal fibroblasts (Fig. 5.1A, B).
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Figure 5.1: Immunofluorescence analysis of the effect of MLN8054 to validate
inhibitor activity shows reduced levels of pAURKA(Thr288)

HC and SSc fibroblasts at confluence were cultured in 10 % serum media for 24 h
with 10 yM MLN8054 or DMSO control. Immunofluorescence was used to visualise
PAURKA(Thr288) (stained red), Phalloidin (stained green) and nuclei (DAPI staining
in blue). Cells were imaged at 400 x magnification. A) Representative
immunofluorescence images showing individual colour channels and combined red-
blue-green colour channels of images of individual healthy and SSc fibroblasts
treated with MLN8054 or DMSO control. Scale bar shown at 5 um. B) Representative
red-blue colour channel images of three further individual fibroblasts per

experimental condition. Scale bar shown at 10 ym.
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We also investigated other indirect readouts of AURKA activity (Fig. 5.2A) after
MLN8054 treatment at the protein level, to give further insight into the efficacy
of the inhibitor in dermal fibroblasts. In a preliminary investigation, we observed
increased protein levels of total AURKA upon MLN8054 treatment (Fig. 5.2B).
There is some evidence that AURKA phosphorylated at Thr288 becomes a
preferential target for degradation (Walter et al., 2000) (Fig. 5.2A). Increased
AURKA protein levels following inhibition of AURKA kinase activity with
MLN8054 could be consistent with reduced phosphorylation-mediated
degradation. AURKA is also known to induce ubiquitination and consequent
destruction of p53 (Katayama et al., 2004) (Fig. 5.2A). Consistent with this,
inhibition of AURKA with MLN8054 led to an increase in p53 protein levels (Fig.
5.2B). Interestingly, treatment with MLN8054 also led to reduced levels of
NEDD?9 protein (Fig. 5.2B). NEDD9 is an important co-activator of AURKA and
the two interact when AURKA is phosphorylated, with NEDD9 impeding
proteasomal degradation of AURKA (Shagisultanova et al., 2015). It has not
been shown that this mechanism exists in reverse and that binding confers
mutual stability to NEDD9, but it is an interesting observation nonetheless that
inhibition of AURKA phosphorylation with MLN8054 leads to a reduction in

NEDDS9, suggesting that such an interaction could be occurring in fibroblasts.

Finally, we assessed the effect of MLN8054 on Acetylated-a-Tubulin (Ac-a-Tub)
levels. AURKA phosphorylates HDACG6 leading to its activation and
deacetylation of Ac-a-Tub (Pugacheva et al., 2007) (Fig. 5.2A). In both HC and
SSc dermal fibroblasts, treatment with MLN8054 led to a significant increase in
Ac-a-Tub levels compared to control as expected (p<0.05) (Fig. 5.2C, D),
suggesting that the inhibitor is able to reduce AURKA-dependent activation of

HDACG6. TGF signalling is also known to induce HDAC6 expression in an



117
AURKA-independent manner (Ehnert et al., 2017). As expected, treatment with
recombinant TGF reduced Ac-a-Tub levels in HC and SSc fibroblasts.
Consistent with the independence of TGFB-mediated HDACG6 upregulation from
AURKA-mediated HDACG6 activation, this reduction was only mildly ameliorated

when TGFf treatment was delivered in the presence of MLN8054 (Fig. 5.2C,

D).
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Figure 5.2: Analysis of the effect of MLN8054 on protein expression supports

validation of inhibitor activity

HC and SSc fibroblasts at confluence were cultured in 0.5 % serum media for 24 h
followed by 24 h treatment with 10 yM MLN8054 or DMSO control in 0.5 % serum
media. In a second experiment, fibroblasts were treated with the same conditions
with or without the addition of 10 ng/mL TGF for the final 24 h. Protein was

harvested for quantification by Western Blot. A) Schematic showing the molecular
interactions of AURKA relevant to this study, and the inhibition of AURKA
autophosphorylation by MLN8054. B) Western Blots showing total AURKA, NEDD?9,

and p53 protein expression in response to treatments comprising of MLN8054 or

DMSO control in one HC and one SSc fibroblast line. B-Actin included as a loading

control. C) Western Blots showing Ac-a-Tub levels in response to treatments
comprising of MLN8054 or DMSO control with or without TGFf3 in three HC and SSc

fibroblast lines. B-Actin included as a loading control. D) Ac-a-Tub densitometry of

(C), normalised to each group’s CTR. HC and SSc n=3. Bars show the mean of three
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donor lines with error bars showing the standard error of the mean. P values were

calculated with paired two-tailed t-tests (ns = non-significant, *P<0.05).

These data provide indirect evidence to support the notion that MLN8054
treatment efficiently inhibits AURKA kinase activity in dermal fibroblasts,
justifying the continued use of MLN8054 for further research to investigate the

potential role of AURKA in the short cilia phenotype of SSc fibroblasts.

5.2.2 Inhibition of Aurora A Kinase rescues cilia length in SSc fibroblasts

In order to determine whether AURKA activity is involved in an HDAC6-
mediated ciliary shortening phenotype in SSc, AURKA was inhibited in HC and
SSc dermal fibroblasts with MLN8054 and primary cilia were studied by
immunofluorescence for Ac-a-Tub (Fig. 5.3A). AURKA inhibition had no effect
on primary cilia incidence (Fig. 5.3B), but increased SSc cilium length from
2.8+0.2 ym (MeantSEM) to 3.9+0.3 uym (p<0.01), while having no effect on
cilium length in HC (4.2+0.2 pm vs 4.1+0.2 uym, not significant) (Fig 5.3C). The
difference in length between HC and SSc cilia in control conditions (4.2+0.2 ym
vs 2.8+0.2 ym, p<0.0001) was nullified upon treatment with MLN8054 (4.1+0.2
pm vs 3.920.3 um, not significant) (Fig 5.3C). Visual representation of the
distribution of cilia lengths within each population shows a shift in the length
distribution of SSc cilia towards longer lengths upon treatment with MLN8054,

but no change in HC cilia length distribution (Fig. 5.3D).

Inhibition of AURKA had no preventative effect on TGFB-induced ciliary
shortening in neither HC (TGFB at 1.5+0.1 ym vs Tubacin + TGF at 1.7+0.1

pm) nor SSc (TGFB at 1.5+0.1 ym vs Tubacin + TGFB at 1.5+0.1 ym) (Fig.
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5.3C). This suggests that TGF does not reduce ciliary length in dermal

fibroblasts via an AURKA-dependent mechanism.
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Figure 5.3: AURKA inhibition with MLN8054 rescues cilia length in SSc
fibroblasts
HC and SSc fibroblasts at confluence were cultured in 0.5 % serum media for 24 h
followed by 24 h treatment with 10 yM MLN8054 or DMSO control with or without 10

ng/mL TGFB in 0.5 % serum media. Cilia were measured using immunofluorescence
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for Ac-a-Tub. A) Representative immunofluorescence images taken at 400 x
magnification showing cilia (stained for Ac-a-Tub in red) of individual fibroblasts
(DAPI nuclear staining in blue). Scale bar shown at 10 um. B) Cilia incidence
changes in response to MLN8054/TGFf treatment. C) Cilia length changes in
response to MLN8054/TGF[ treatment. D) Distribution of cilia length in HC and SSc
with and without MLN8054 treatment, showing the percentage of total cilia in each
0.5 ym length category. HC and SSc n=3. Bars show the mean and error bars show
standard error of the mean. P values were calculated by two-way ANOVA with

Tukey’s multiple comparisons test (ns = non-significant, **P<0.01, ****P<0.0001).

These data, consistent with the observations upon HDACG inhibition, show an
SSc-specific ‘rescue’ of cilia phenotype in response to AURKA inhibition, and
suggest that aberrant activity of AURKA and subsequent activation of HDAC6
may be responsible for the shorter cilia phenotype of SSc dermal fibroblasts.
They also support the notion that this stable ciliary phenotype may be

independent of the influence of TGFf on ciliary length.

5.2.3 The effect of Aurora A Kinase inhibition on the fibrotic phenotype of

SSc fibroblasts at transcript level

In order to study the pathological relevance of AURKA-dependent ciliary
shortening in SSc dermal fibroblasts, we first investigated the effect of AURKA
inhibition with MLN8054 on gene expression by quantifying the expression of
transcripts recognised in the literature as characteristic of SSc fibroblasts, and
known to be induced by TGFB during myofibroblast activation in SSc (Mouawad
& Feghali-Bostwick, 2023). We selected a panel of genes comprising of ACTA2,

CCN2, FN1, COL1A1, and COL1A2, and quantified expression using gPCR.
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We first characterised basal expression levels of these transcripts in three HC
and three SSc fibroblast cell lines from different donors. When results from
these triplicate lines were combined, expression of all transcripts was higher in
SSc compared to HC as expected, but not to statistical significance (Fig. 5.4A-
E), due to high variability between donor lines. Basal expression levels of all five
transcripts studied was higher in two of the three SSc fibroblast lines compared
to all three of the HC lines. However, in one SSc fibroblast line (SSc 1), the
expression of these transcripts was similar to HC (Fig. 5.4A-E). These results
show variability between fibroblast cell lines obtained from different donors, with
gene expression profiles which do not consistently align with the classical
differences in transcript expression that might be expected in SSc vs HC but do

reflect the heterogeneity of SSc in different patients (Sargent & Whitfield, 2011).
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Figure 5.4: Transcript levels of classic fibrotic markers vary between individual
donor fibroblast lines under basal conditions

HC and SSc fibroblasts at confluence were cultured in 0.5 % serum media for 48 h.
RNA was harvested for quantification by qPCR, with normalisation to housekeeping
gene GAPDH. A) Transcript levels of ACTA2. B) Transcript levels of CCN2. C)
Transcript levels of FN1. D) Transcript levels of COL1AL. E) Transcript levels of
COL1A2. HC and SSc n=3. Bars show the mean of triplicate well results for each
transcript analysed in each donor line, or the mean of the three donor lines in
combined triplicate graphs. Error bars show standard error of the mean. P values

were calculated with unpaired two-tailed t-tests (ns = non-significant).
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We next studied the effect on expression of these genes upon AURKA inhibition
with MLN8054 compared to control in each donor cell line. As previously
mentioned, these genes are not only myofibroblast-associated, but also known
to be TGFB-inducible. Numerous studies have suggested that the primary cilium
plays a role in the fine-tuning of TGF signalling (Christensen et al., 2017).
Therefore, we also quantified gene expression upon fibroblast stimulation with
TGFp alone, as well as TGFB in combination with MLN8054, to investigate the
possibility that inhibition of AURKA and subsequent rescue of SSc cilia length

may change the way that fibroblasts respond to TGF(.

For ACTAZ2, the response was varied between the cell lines (Fig. 5.5A). In SSc
2 and SSc 3, MLN8054 alone and in combination with TGF8 reduced ACTA2
transcript levels compared to their respective controls. The same was not
observed in SSc 1, interestingly the cell line with the lowest basal expression of
all the SSc cell lines (Fig. 5.4A). MLN8054 treatment had little effect in HC cell
lines, except for a reduction of ACTA2 transcript levels with MLN8054 and

TGFB compared to TGFf alone, in HC 2 alone.

Basal levels of CCN2 transcript were reduced by MLN8054 treatment in all HC
and SSc cell lines, while TGFB-induced expression was reduced slightly by co-
treatment with MLN8054 in all three SSc lines vs two of the three HC lines (Fig.

5.5B).

There was very little change observed in FN1 transcript levels in any individual
HC line, and a variable response between individual SSc lines, with MLN8054
causing a slight reduction of basal expression and TGFB-induced expression in

SSc 3, but a slight increase of TGFB-induced expression in SSc 1 (Fig. 5.5C).
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For COL1A1, we observed a slight and variable decrease in basal transcript
expression in all HC and SSc lines with MLN8054, and a variable response to
TGFB plus MLN8054, with all lines showing a slight decrease in COL1A1l
transcript levels compared to TGF[ alone except for SSc 3 which remained

roughly the same, and SSc 1 which showed a slight increase (Fig. 5.5D).

Changes in COL1A2 transcript levels were highly variable between individual
cell lines (Fig 5.5E). Basal expression compared to expression after treatment
with MLN8054 stayed roughly the same in HC 3, SSc 1, and SSc 3, while
decreasing in HC 1 and more obviously in SSc 2, and increasing in HC 2.
Expression upon stimulation with TGF alone compared to TGF with
MLN8054 was similarly variable, remaining roughly the same in HC 1, HC 2,

and SSc 3, but increasing in HC 3 and SSc 1, and decreasing in SSc 2.
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Figure 5.5: The effect of inhibition of Aurora A Kinase on the fibrotic phenotype
of SSc fibroblasts at transcript level is varied, with some partial rescue of basal
and TGFB-induced expression in some cell lines

HC and SSc fibroblasts at confluence were cultured in 0.5 % serum media for 24 h
followed by 24 h treatment with 10 yM MLN8054 or DMSO control in 0.5 % serum
media, with or without the addition of 10 ng/mL TGFB. RNA was harvested for
quantification by gPCR, with normalisation to housekeeping gene GAPDH. A)
Transcript levels of ACTA2. B) Transcript levels of CCN2. C) Transcript levels of FN1.
D) Transcript levels of COL1A1. E) Transcript levels of COL1A2. HC and SSc n=3
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donor lines. Bars show the mean of triplicate well results for each transcript analysed

per condition in each cell line. Error bars show standard error of the mean.

Overall, inhibition of AURKA with MLN8054 did lead to partial reduction of both
basal and TGFB-induced expression of typical fibrosis-associated transcripts in
SSc cell lines. However, this was variable between cell lines, with a lesser effect
observed in general in the SSc 1 cell line, which showed basal expression more
similar to HC cell lines than the other two SSc lines studied. Additionally, rescue
was also not always SSc-specific. Therefore, it cannot be clearly demonstrated
that inhibition of AURKA with MLN8054 is able to rescue the SSc phenotype at

the level of gene expression, despite some data supporting this notion.

5.2.4 The effect of Aurora A Kinase inhibition on the fibrotic phenotype of

SSc fibroblasts at protein level

Next, we studied the effect of AURKA inhibition with MLN8054 on the level of
proteins well established in the literature as characteristic of SSc fibroblasts,
and known to be induced in SSc by TGF3 during myofibroblast activation
(Mouawad & Feghali-Bostwick, 2023). We selected a panel of these proteins
comprising of aSMA, encoded by the ACTA2 gene, CTGF, encoded by the
CCNZ2 gene, and the phosphorylated form of SMAD3 (pSMAD3), and quantified

expression via Western Blot (Fig. 5.6A).

We first characterised basal levels of these proteins in three HC and three SSc
fibroblast cell lines from different donors. When results from these triplicate lines
were combined, expression of CTGF and abundance of pSMAD3 was higher in

SSc compared to HC as expected, but not to statistical significance due to
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variability between donor lines, while expression of aSMA was higher in HC

than SSc (Fig. 5.6A-D).

Consistent with transcript expression analysis and reflective of the
heterogeneity of SSc in different patients (Sargent & Whitfield, 2011), basal
levels of all three proteins were highly variable between fibroblast cell lines
obtained from different donors, and did not consistently align with the classical
differences in protein levels that may be expected in SSc vs HC. CTGF protein
expression was highest in SSc 3, with SSc 2 and HC 2 showing similar basal
levels. SSc 1 basal levels were lower than HC 2, with the lowest levels in HC 3
and HC 1 (Fig. 5.6A, B). aSMA protein expression was highly variable, similar
between HC 2, HC 3, and SSc 3. The next highest expression was in SSc 1,
followed by HC 1 and SSc 2 (Fig. 5.6A, C). Levels of phosphorylated SMAD3

were higher in SSc 2 and 3 than in all HC lines, but lowest in SSc 1 (Fig. 5.6A,

D).
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Figure 5.6: Levels of classic fibrotic marker proteins vary between individual
donor fibroblast lines under basal conditions

HC and SSc fibroblasts at confluence were cultured in 0.5 % serum media for 48 h.
Protein was harvested for quantification by Western Blot. A) Western Blots showing
CTGF, aSMA, pSMAD3 and total SMAD3 protein in three HC and SSc fibroblast
lines. B-Actin included as a loading control. B) CTGF densitometry of (A). C) aSMA
densitometry of (A). D) pSMAD3/total SMAD3 densitometry of (A). HC and SSc n=3.
Bars show the quantified protein levels from each individual donor line, or the mean
of the three donor lines in combined triplicate graphs. Error bars show standard error
of the mean. P values were calculated with unpaired two-tailed t-tests (ns = non-

significant).
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With this variability considered, we next studied the effect of MLN8054
treatment over 24 h and 48 h in each individual donor fibroblast line. Fibroblasts
were also treated with TGF[3 alone or in combination with MLN8054, to study
any effect that AURKA inhibition and subsequent cilia length rescue may have

on cellular response to TGF stimulation.

MLN8054 treatment for 24 h caused no real change to protein levels of aSMA
under basal conditions in any individual cell line, but did reduce aSMA protein
levels induced by TGFB in HC 1 and HC 2, as well as in all three SSc lines (Fig.

5.7A, B).

CTGF protein levels after 24 h showed a similar trend to aSMA, with expression
largely unchanged between CTR and MLN8054 conditions. A small reduction in
CTGF when TGFp stimulation was coupled with MLN8054 treatment compared
to TGFf alone was observed in HC 1 and HC 2, and in all three SSc lines (Fig.

5.7A, C).

Levels of phosphorylated SMAD3 (pSMAD?3) after 24 h were varied in CTR vs
MLN8054 conditions in different cell lines, with pPSMADS3 levels increasing
slightly in HC 1 and SSc 1, decreasing slightly in HC 2 and SSc 2, and staying
roughly the same in HC 3 and SSc 3. Comparing co-treatment with TGF plus
MLN8054 vs TGFf alone, there was very little difference in any of the HC
fibroblast lines, but there was a small reduction of pPSMAD3 in all three SSc cell

lines, of varying degrees (Fig. 5.7A, D).



HC 1
&
SSc 1

HC 2

SSc 2

HC 3

SSc 3

CTGF
aSMA
pSMAD3
Total SMAD3

B-actin

CTGF
aSMA
pSMAD3
Total SMAD3

B-actin

CTGF

aSMA
pSMAD3
Total SMAD3

B-actin

135

HC SSc
+ + - - + + - - DMSO
o = + + - - + + MLN8054
- + < + - - - - TGFB
—

— - e ,.37kDa
— »_— = | 37kDa
— -— § w1 50kDa

— e e— — ee—
-50kDa
- o R TS | G uEEy TSNS e 37D
Rl - - . | 37kDa

WS .. s e W
L.37kDa

- &_-SOKDa

-50kDa

~37kDa

e e

. 37kDa

L. 37kDa

L. 50kDa

— R —— ——

-50kDa

-37kDa




136

- &
= %o,
x
. —
a Yo %
| g, ¥
%
T«
I LA Ll g
S w < w S
o~ - - o o

LD 0} pasijeursou updy-g
0} pasjjeuiou YWSP

HC 1

e,

U 1 J T

- L] o~ - o

1D 0} pasijeuriou updy-g
03 pas|jeuLiou YINSD

§Sc2

HC 2

C t«
Ve
Q.
_ P
Qe&vv &vev
[ Lo, % ?
0.\
e,
I L] Ll
0 e w o
— - o o

¥LD 0} pasijeuriou updy-g
03 pas||ewuou YINSP

T,

! 1 1 T 1

woo w9 v 9

o~ ~N - - o o

¥LD 0} pasijeuriou updy-g
03} pasjjewuou YWSP

x
o _ - <)
@ wv&vv “,
n _ Hr ’ Y% 4
%
- <,
I T L)
0 o 0 o
- - o =
LD 0} pasijeuwriou undy-g
0} pas|jewou YINSo
2
Ve
©)
«..u.o
%, %
o %, &v»\v
I &«.o %
£4
%
I T T 1
0 e 0 S
- - o o

LD 0} pasijewtiou ugay-g
0] pasjjewou YNSD



137

SSc1

e, %

%,
W, Y
[ Lo % %
Qo«
- &,
-«
I T T ik | L
o © o nw o wn o
®© ¥ « - v~ o o
¥1D 0} pasijewiou ugoy-g
0} pas|jewou 4919
= %
—_—t %
== -
-4 %%
%, M
_ E sk
6\0«
- &,
Te,
—r— 71— T
owwEeNO

(=3 = o
S S P e e )

¥LD 0} pasijeuiou undy-g
0} pasjjewou 4910

S§Sc2

HC 2

YLD 0} pasijewou updy-g
0} pasj[euLiou 4919

VO WOoWw ORVINS
$Q Ve wn ounogaNe

¥LO 0} Pasi|ewliou uRoY-g
0} pasjjewliou 4919

-
_ ” Qo«
x
a - 8 %,
3 %y, ¥y
7] % %
[ g
%
CFe,
T T 1 U
= ™ o~ - o
¥1D 0} pasijewou unay-g
0} pasjjeuuou 4910
-
— QO.\
x
. 5,
g Lo % %
QO:\
e,
[ 2 v TR, Koo e A XL L
oo oco0o©0C owowo

n T o N v~
¥1D 0} pasijewou unoy-g
0} pasjjewsou 4910



138

D HC 1 p SSc1
O 140 e o 140
2 o 120 [ S o 120 ]
= 100 5 100
232 80 22 ‘s
- 0 -— 0
Z= 60 == 60
£ g 40 E“ 40
SE 20 EE 20
2 c 2
0 20 0 20
Q2 15 Q9 15
== 10 == 10
25 o5 |_| 25 05 |_|
g 'a 1 ] 1 ] g o'e 1 ] 1 ]
e & R & K& < Q& K FH K
(&) «(’ eQ,Q ,\0 (@) ‘(9 éﬁg «0
N x ) x
&~ &
& &
\“\’\; \‘*\’e
o 20 o 10
Le 22 g —
L 45 )
2 BT
gg 10 28 ¢
[ eF 4
EE s EE
S5 85 2
cg =&
0 e 1.0 0 e 1.0
2o o8 2o o8
25 Z2¢e i
25 02 29 o2
£ 00 £ 0.0 T T T T
e & & R e R
& L & & & K &S
Vé x \re x
W > ¥ &
& &
&
W &
O 60 e O 64
Le ™ Le =
40 T
23 83
2z 2 S 5§ 47
§E EE
€2 2s
e 1.0 =S
Q3 o8 23 7
=3 0¢ =3
25 o2 Rw I I I I
g 0.0 T T T T go T T T T
R Q& R
= & L & & A e@a’ &
é\, 0?! é\, ‘?!
& N

Figure 5.7: The effect of inhibition of Aurora A Kinase for 24 h on the fibrotic
phenotype of SSc fibroblasts at protein level is varied, with some partial
rescue of TGFB-induced expression in some cell lines

HC and SSc fibroblasts at confluence were cultured in 0.5 % serum media for 24 h
followed by 24 h treatment with 10 uM MLN8054 or DMSO control in 0.5 % serum
media, with or without the addition of 10 ng/mL TGF. Protein was harvested for
guantification by Western Blot. A) Western Blots showing CTGF, aSMA, pSMAD3
and total SMADS3 protein expression in response to treatments comprising of
MLN8054 or DMSO control with or without TGFp in three HC and SSc fibroblast
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lines. B-Actin included as a loading control. B) aSMA densitometry of (A). C) CTGF
densitometry of (A). D) pSMAD3/total SMAD3 densitometry of (A). HC and SSc n=3
donor lines. Bars show the levels of each protein analysed per condition in each cell

line.

The effects of MLN8054 treatment on protein levels were more evident after 48
h. For aSMA, while there was no real difference in any individual cell line under
basal conditions, there was a reduction in TGFB-induced aSMA expression with
MLN8054 co-treatment in all cell lines except for SSc 1, with the most dramatic

reduction evident in SSc 2 and SSc 3 (Fig. 5.8A, B).

CTGF protein expression differences after 48 h MLN8054 treatment under
basal conditions were minor but highly variable between donor lines, while a
reduction in TGFB-induced CTGF expression was observed in all six cell lines

(Fig. 5.8A, C).

There was little change in TGFB-induced pSMADS3 levels in any cell line after 48
h MLN8054 treatment, except for a slight reduction in HC 2 and SSc 2. For all
HC lines, pSMADZ3 level changes after 48 h MLN8054 treatment under basal
conditions were varied, with a decrease in HC 1, an increase in HC 2, and HC 3
remaining roughly the same, while a reduction in pPSMAD3 levels was observed

in all three SSc lines (Fig. 5.8A, D).
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Figure 5.8: The effect of inhibition of Aurora A Kinase for 48 h on the fibrotic
phenotype of SSc fibroblasts at protein level is varied, with some partial
rescue of basal and TGFB-induced expression in some cell lines

HC and SSc fibroblasts at confluence were cultured in 0.5 % serum media for 24 h
followed by 48 h treatment with 10 uM MLN8054 or DMSO control in 0.5 % serum
media, with or without the addition of 10 ng/mL TGFf. Protein was harvested for
quantification by Western Blot. A) Western Blots showing CTGF, aSMA, pSMAD3
and total SMAD3 protein expression in response to treatments comprising of
MLN8054 or DMSO control with or without TGFp in three HC and SSc fibroblast
lines. B-Actin included as a loading control. B) aSMA densitometry of (A). C) CTGF
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densitometry of (A). D) pSMAD3/total SMAD3 densitometry of (A). HC and SSc n=3
donor lines. Bars show the levels of each protein analysed per condition in each cell

line.

In summary, these results confirm that inhibition of AURKA with MLN8054 leads
to partial reduction of typical fibrosis-associated markers at the protein and
transcript level under basal conditions and after TGF-stimulation in SSc cell
lines. However, this effect varied among different donor cell lines, and rescue
was not consistently SSc-specific. Therefore, these results do not provide
conclusive evidence that AURKA inhibition with MLN8054 is able to rescue the

SSc profibrotic phenotype at the protein and transcript level.

5.2.5 The effect of Aurora A Kinase inhibition on TGFB-induced SSc

fibroblast contractility

Although the effect of AURKA inhibition at the level of transcript and protein
expression did not show a clearly consistent SSc-specific ‘rescue’ of fibrotic
markers, the genes and proteins investigated were a selected panel that do not
give a full and comprehensive representation of the fibrotic phenotype of these
fibroblasts, especially considering the high variability of baseline marker
expression between different donor cell lines. Therefore, we next carried out a
functional collagen-cell contraction assay as a way to investigate the effect of
AURKA inhibition on fibrotic phenotype at the functional level. In this assay,
fibroblasts are cultured in a three-dimensional collagen matrix (Fig. 5.9A), which
mimics tissue conditions, and in which fibroblast-mediated contraction can be
studied by measuring the decrease in area of the gels over time. This gives a

readout of contractile ability (Dallon & Ehrlich, 2008), reported as the gel area
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(%) compared to the 0 h time point. In these experiments, stimulation with TGF3
was used to induce cell contraction mimicking the pathological TGFB-induced
fibrotic contraction of myofibroblasts in SSc skin. In this setting, stimulation with
TGFp treatment in the presence of MLN8054 was included to determine
whether AURKA inhibition and subsequent cilia length rescue could reduce cell

contractility.

While unstimulated SSc fibroblasts in basal, starved conditions (CTR)
contracted only slightly more than HC after 48 h culture (Fig. 5.9B, C), and
AURKA inhibition via MLN8054 in basal conditions gave rise to little change in
the contraction of HC or SSc fibroblasts (Fig. 5.9C), upon stimulation with
exogenous TGFf, SSc fibroblasts contracted significantly more than HC
(78.2+1.9 % vs 87.1+0.8 %, p<0.01) (Fig. 5.9B, C). Treatment with MLN8054 in
combination with TGF@ had no effect in HC fibroblasts (85.9 £1.5 %, not
significantly different from TGF[ alone), but led to a significant amelioration of
contraction in SSc fibroblasts (87.5+1.9 %, p<0.0001 compared to TGFf alone).
The increased contraction of SSc fibroblasts compared to HC fibroblasts in
response to TGFB was effectively rescued by co-treatment with MLN8054 (85.9

+1.5 % for HC vs 87.5+1.9 % for SSc, not significantly different) (Fig. 5.9B, C).
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Figure 5.9: Inhibition of AURKA rescues the SSc fibroblast contractile
phenotype in response to stimulation with TGF@

HC and SSc fibroblasts at confluence were cultured in 0.5 % serum media for 24 h
followed by 2 h pre-treatment with 10 yM MLN8054 or DMSO control in 0.5 % serum
media. Fibroblasts were seeded into cell-collagen gels which were allowed to set,
then incubated for 16 h in 10 yM MLN8054 or DMSO control in 0.5 % serum media,
with or without the addition of 10 ng/mL TGFB. Gels were released from the wells,
and gel area measured at the indicated time points over a time course of 48 h. A)
Representative images of cell-collagen gels taken at 48 h. B) Cell-collagen gel
contraction in each of the experimental conditions, shown as the area of the gel at
each time point, as a percentage of the gel area at 0 h. Each point plotted shows the
mean and bars show standard error of the mean (HC and SSc n=3, carried out in
duplicate). C) Gel areas of the 48 h time point of (B), with each replicate shown as an
individual point. Box and whisker plots show the mean and standard error of the
mean. P values were calculated with paired or unpaired two-tailed t-tests (ns = non-
significant, **P<0.01, ****P<0.0001).

These data suggest that inhibition of AURKA reduces the contractile phenotype
of SSc fibroblasts stimulated with TGF(3, in an in vitro model of the functional

fibrotic capacity of fibroblasts in SSc patient skin.
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5.3 Discussion
The results presented in this chapter suggest that the shortened primary cilia
characteristic of SSc dermal fibroblasts are likely a consequence of
hyperactivation of the AURKA-HDACG6 axis, which promotes ciliary
disassembly. Additionally, as inhibition of either AURKA or HDACG6 activity
(Chapter 4) did not interfere with the ability of TGF to shorten primary cilia, this
work also adds evidence to support the notion explored in the previous chapter
that the mechanism by which cilia are shortened in SSc is independent to the
mechanism of TGFB-induced shortening. It is, of course, important to note that
all of the findings presented in this chapter are from experimental application of
a single AURKA inhibitor. To validate these findings, it will be important to
employ an additional method of inhibition of AURKA, such as with other

commercially available inhibitors including MLN8237 (Gorgin et al., 2010).

The proposed link between AURKA and primary cilia in SSc in this work is
novel. In a genome-wide gene expression study across three independent
cohorts of SSc patients, AURKA was found in a set of upregulated genes
identified as a conserved core expression signature (Mahoney et al., 2015).
Beyond this, however, no previous research has directly linked AURKA to the
pathogenesis of SSc. Therefore, the current study is the first to demonstrate a
potential role for AURKA in SSc, and to implicate the kinase in an aberrant

primary cilia phenotype.

The suggestion that AURKA-HDACG6 dysregulation can cause pathogenic ciliary
defects is human disease is not novel. Such a mechanism has been explored
most extensively in von Hippel-Lindau syndrome (VHL) in recent years. VHL is
a hereditary condition resulting from loss-of-function mutations in the VHL

tumour suppressor gene, and is marked by the development of both benign and
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malignant cysts and tumours in various organs, including clear cell renal cell
carcinoma (ccRCC) (Varshney et al., 2017). Immunohistochemistry of ccRCC
tissue first identified a correlation between loss of VHL and overexpression of
AURKA (Ferchichi et al., 2012). Soon after, an investigation into primary cilia
frequency — but not length — in renal epithelia from patients with VHL-associated
ccRCC identified primary cilia loss as characteristic in these tissues (Basten et
al., 2013). A follow-up study investigated the mechanism by which loss of VHL
leads to ciliary loss in VHL-deficient ccRCC cell lines (Dere et al., 2015). It was
found that VHL deficiency leads to activation of the transcription factor -
catenin, and that B-catenin transcriptionally induced AURKA expression, leading
to a reduced frequency of primary cilia as well as reduction of cilium length by
around 50-60 %. Additionally, inhibition of B-catenin was demonstrated to
reduce AURKA and HDACSG levels and restore normal cilia frequency and
length in VHL-knockdown cells. Several subsequent studies expanded on these
findings, showing that VHL deficiency also reduces proteasomal degradation of
AURKA, leading to reduction in ciliary frequency and length, which was
prevented by inhibition of both AURKA and HDACG6 (Hasanov et al., 2017).
Since then, a screening of small molecule compounds which rescued cilia
defects in VHL-deficient cells identified Bexarotene (Chowdhury et al., 2018).
Crucially, here the authors demonstrated that treatment with Bexarotene
rescued cilia defects by decreasing AURKA phosphorylation, and that this
correlated with reduced malignancy in a mouse model of RCC. Similar results
were again obtained in a study utilising an alternative compound to modulate
AURKA expression and restore defective cilia in VHL-deficient cells
(Chowdhury et al., 2021). Application of some of these findings to the evaluation

of primary cilia in SSc, for example with inhibition of B-catenin, which is a known
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mediator of SSc fibrosis (Beyer et al., 2012), or with compounds identified in

these studies, would be extremely interesting.

A role for AURKA-HDACSG in pathogenic ciliary defects has also been proposed
in cancers other than those associated with VHL. Cholangiocarcinoma (CCA),
has been associated with defective primary cilia, and a recent study showed
that inhibition of HDACG6 lengthened primary cilia in the CCA cell line HUCCT1,
which correlated with decreased cell proliferation and invasion (Peixoto et al.,
2020). A reduction in cilia incidence was also recently demonstrated in oral
squamous cell carcinoma (OSCC) tissues, along with abnormal activation of
AURKA by EGFR (Yin, Chen, et al., 2022). In this study, lentiviral silencing of
AURKA restored primary cilia and decreased tumour growth in vivo.
Interestingly, the length of primary cilia in OSCC was not different from control,
only the incidence, and thus Yin et al. proposed that HDAC6 was not involved in
this particular mechanism in OSCC. This suggests that the involvement of
AURKA in pathogenic ciliary defects may be varied in both presentation and
mechanism in different disease contexts. Analysis of primary cilia-deficient cells
in bladder cancer also recently implicated AURKA as a mediator of cilia
disassembly induced by SCL/TALL1 interrupting locus (STIL) (J. Li et al., 2023).
Li et al. suggest that this contributes to dysfunctional cilia, malignancy, and
interestingly to aberrant SHH signalling activation — a morphogen signalling

pathway also dysregulated in SSc (Horn, Palumbo, et al., 2012).

Recently, reduced ciliary incidence was demonstrated in cardiac tissue from
patients with the cardiac condition atrial fibrillation (AF), which can present with
cardiac fibrosis, compared to healthy controls, along with elevated expression of
AURKA and its coactivator NEDD9 (Kawasaki et al., 2024). Pharmacological

inhibition of AURKA in atrial fibroblasts isolated from AF patients increased
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ciliary incidence and length, and reduced expression of fibrotic markers, leading
Kawasaki et al. to suggest that aberrant AURKA hyperactivity in AF may
contribute to its fibrotic pathogenesis in a cilia-dependent manner. The shared
implication of aberrant activation of AURKA and subsequent ciliary aberrations
in AF by Kawasaki et al, and in SSc in this study, warrants its investigation in

other fibrotic diseases.

Collectively, this research demonstrates that aberrant AURKA activity can be
associated with pathogenic ciliary defects in human diseases including cancer
and the cardiac condition AF. The current study is the first to suggest that SSc
may be one such disease, and highlights the need for more extensive research
to elucidate the role that AURKA may play in the shortened primary cilia
phenotype in SSc and importantly, what pathogenic relevance this may have.
Therefore, in addition to investigating the effect of AURKA inhibition on cilia
length, this study also assessed its effect on the fibrotic phenotype of SSc
dermal fibroblasts, by investigating expression of fibrosis-associated genes and

proteins, and fibroblast contractility.

At the gene and protein level, inhibition of AURKA and/or rescue of cilia length
correlated with a small reduction in the expression and abundance of some
typical fibrosis-associated transcripts and proteins in some donor lines. In
particular, the induction of these in response to TGFB-treatment was reduced in
some experimental data. These findings may, in part, be reflective of the
experimental conditions. While cilia rescue was evident after 24 h of inhibition of
AURKA in 0.5 % serum culture media, the knock-on effect on gene and protein
expression may not be evident until later and, perhaps, would require re-entry
into the cell cycle. It is possible that ciliary length rescue for longer time periods

or in cells in complete media which are actively cycling may give a more
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informative insight into the consequences of AURKA inhibition-mediated ciliary
length rescue. While long-term inhibition of AURKA in cultured cells presents
experimental challenges due to its central role in facilitating mitosis (Nikonova et
al., 2013), as well as additional non-mitotic functions (Bertolin & Tramier, 2020),
long-term HDACSG inhibition could present an alternative approach. To gain
clarity on the effect of AURKA inhibition on gene and protein expression, it
would also be useful to increase the number of donor fibroblast lines subjected

to these analyses.

It is also important to note that the transcripts and proteins assessed in this
study represent a narrow selection of the vast number that have been
implicated in fibrosis. Comprehensive analysis using techniques such as RNA-
Sequencing or proteomics after AURKA inhibition would give greater insight into

the consequences on gene and protein expression at a more global scale.

Despite the limited reduction of fibrosis-associated genes and proteins,
inhibition of AURKA and rescue of cilium length did correlate with a reduction of
the increased contractile response of SSc dermal fibroblasts to TGFp, to the
same level as healthy controls. It is therefore pertinent to consider that
shortened SSc dermal fibroblast primary cilia associated with AURKA activity
may contribute to their heightened fibrotic response to TGF[. It would be
interesting to use similar experiments to those described in this chapter to
explore any effect of AURKA inhibition on other signalling pathways, which are
known to be dysregulated in SSc and coordinated by the primary cilium, such
as the Sonic Hedgehog and Wnt pathways (Horn et al., 2012, Dees & Distler,

2013).
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While it is possible that our findings upon inhibition of AURKA could be
associated with inhibition of cilia-independent functions of AURKA (Nikonova et
al., 2013, Bertolin & Tramier, 2020), the fact that HDACS6 inhibition with Tubacin
also lengthened SSc primary cilia without affecting HC cilia supports the notion
that hyperactivation of the AURKA-HDACSG6 axis is implicated in the ciliary
phenotype of SSc. Furthermore, data from our collaborators showed that both
lithium chloride-mediated and Tubacin-mediated elongation of primary cilia in
SSc dermal fibroblasts correlated with reduced expression of aSMA (Verma et
al., 2024). Additionally, AF patient-derived fibroblasts treated with PHA-680632,
a selective AURKA inhibitor, showed reduced expression of fibrotic markers
including FN1, CTGF, and COL1A1, particularly that which was induced by
exogenous TGFf treatment (Kawasaki et al., 2024). Together, these data
provide independent corroboration to suggest that the AURKA-HDACG6-fibrotic
phenotype link is cilia-dependent, and that it may also be implicated in fibrotic
conditions other than SSc. To prove that reduced cilium length is implicated in
increased fibrotic gene expression and function, specific modulation of
structural or functional components of primary cilia independent of AURKA
could be explored as experimental means to artificially lengthen cilia, followed
by assessment of functional ‘rescue’. For example, inhibition of a negative
regulator of cilia length, ciliogenesis-associated kinase 1 (CILK1), has recently
been demonstrated to experimentally increase cilia length (E. X. Wang et al.,

2022).

While it will be important to fully understand whether the phenotypic effects of
AURKA inhibition which ameliorate the fibrotic phenotype are indeed a direct

result of ciliary length rescue, further research to understand the role of AURKA
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in fibrosis independently of its role in cilia regulation may provide important

insight to inform our understanding of the disease.

It is interesting that ciliary length in SSc fibroblasts is consistently similar
between the different donor cell lines utilised in this study, despite the
heterogeneity of their gene and protein expression phenotypes typical of patient
heterogeneity within SSc (Allanore et al., 2015), and that the cilia length of all
SSc lines was restored to normal levels by AURKA inhibition. This could
indicate that AURKA-HDACG6 mediated ciliary shortening may be intrinsically
linked to SSc pathogenesis. Recently, elegant single-cell studies have begun to
establish that in SSc pathogenesis distinct roles are carried out by
heterogeneous dermal fibroblast subpopulations, with some proposed to be
more profibrotic, others proposed to be more proinflammatory, and others
proposed to regulate vascular processes (Zhu et al., 2024). It is therefore
interesting to consider whether a shorter cilium may correspond with other
functional characteristics of SSc, outside of the profibrotic phenotype which was
the focus of this study. Therefore, an interesting future direction for this
research could be to evaluate the effect of AURKA inhibition and ciliary length
rescue in functionally distinct single-cell derived clonal lines, such as those for

which cilium length was analysed in this study (Chapter 3).

The work presented in this chapter provides evidence that SSc dermal fibroblast
primary cilia may be shortened due to aberrant AURKA activity, and suggests
that this phenotype could have a potential contribution to pathological fibrosis.
Further research is required to elucidate this finding, and to begin to explore the
potential benefits of making primary cilia a candidate for therapeutic
intervention. The AURKA-specific inhibitor Alisertib, deemed the safest

available AURKA inhibitor for clinical use, is currently in several Phase 2 and 3
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clinical trials in different types of cancer, but these studies have been impeded
by off-target side effects in patients (Liewer & Huddleston, 2018, Haddad et al.,
2023). While AURKA itself may therefore not be an ideal candidate for
therapeutic intervention, furthering our understanding of how its activity in SSc
may be dysregulated could reveal other, more appropriate candidate targets for

intervention.

5.4 Summary

Taken together, these data show that inhibition of AURKA activity rescues the
shortened cilia phenotype of SSc dermal fibroblasts. Although study of the
effect of AURKA inhibition on SSc dermal fibroblasts at the level of gene and
protein expression did not provide consistent evidence of SSc-specific rescue of
‘classical’ SSc expression profiles, AURKA inhibition reduced TGFB-induced
fibroblast contractility in SSc-derived fibroblasts. This provides evidence that
further supports a potential pathogenic contribution of the short cilia phenotype

in SSc, which warrants further investigation.
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Chapter 6. Characterisation of the effect of Caveolin-1

downregulation in Systemic Sclerosis on the primary cilium

6.1 Introduction

Caveolin-1 (CAV1) downregulation in SSc dermal fibroblasts has been shown to
contribute to pathogenesis (Del Galdo et al., 2008). While the most prominent
localisation of CAV1 is in caveolae, it has also been shown to localise to the
primary cilium of mammalian cells, where it is proposed to be important for the
regulation of ciliary membrane composition and ciliary function (Schou et al.,
2017, Yamakawa et al., 2021). These factors led to the formulation of the
hypothesis that CAV1 downregulation in SSc could lead to aberrations of
primary cilium composition and function, which could contribute to SSc
fibroblast pathogenesis. Despite two previous studies demonstrating that
experimental depletion of CAV1 led to increased cilia length (Schou et al., 2017,
Rangel et al., 2019) — the opposite of the cilia phenotype observed in SSc
dermal fibroblasts — these studies were carried out in epithelial cells, and ciliary
dynamics are complicated and varied in different cellular settings (Mill et al.,
2023). Therefore, we aimed to investigate any contribution of CAV1
downregulation to the SSc dermal fibroblast cilia phenotype. The experimental
results discussed so far suggest that the shortened primary cilia phenotype in
SSc dermal fibroblasts is likely AURKA-HDACG6 dependent. Therefore, we also
aimed to investigate any link between CAV1 downregulation and AURKA-

HDACG6 dependent ciliary disassembly in dermal fibroblasts.
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6.2 Results

6.2.1 Short hairpin RNA knockdown of Caveolin-1 (shCAV1) as a model for

Caveolin-1 downregulation in SSc

To begin to investigate the hypothesis that CAV1 downregulation in SSc could
contribute to the shorter cilia phenotype, we first set out to confirm that the
fibroblast lines assessed for cilia length did indeed have reduced CAV1
expression. CAV1 was found to be downregulated at both the protein (Fig. 6.1A,

B) and mRNA level (Fig. 6.1C) in SSc compared to HC.
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Figure 6.1: Reduced CAV1 expression at protein and mRNA level in SSc
dermal fibroblasts compared to HC

Confluent HC and SSc fibroblasts were cultured in 0.5 % serum media for 48 h
before protein and RNA were harvested. A) Western Blots showing CAV1 protein
levels in three HC and SSc fibroblast lines. B-Actin included as a loading control. B)
CAV1 densitometry of (A). C) CAV1 mRNA levels normalised to housekeeping gene
GAPDH, quantified by g°PCR. HC and SSc n=3. Bars show the mean of three donor
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lines, and error bars show standard error of the mean. P values were calculated with

unpaired two-tailed t-tests (ns = non-significant, *P<0.05).

To study any pathological effect of CAV1 downregulation in SSc dermal
fibroblasts, a model was created by silencing of CAV1 in healthy fibroblasts.
Briefly, healthy dermal fibroblasts were transduced with short hairpin RNA
(shRNA) specific to the gene sequence of CAV1 in order to generate a long-
term stable CAV1 knockdown fibroblast line (Liakouli et al., 2018). Compared to
fibroblasts transduced with scramble control sequence shRNA (shSCR), those
transduced with CAV1-targeting shRNA (shCAV1) had significantly reduced
CAV1 protein levels (Fig. 6.2A, B). This knockdown was monitored over the
course of experimental use and remained stable — data shown in Fig 6.2B
comprises of results from independent experiments conducted over several
months, with continued Puromycin selection for successful shRNA transduction

and a maximum of 10 passages during culture of each batch of cells.
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Figure 6.2: Generation of a stable CAV1 knockdown healthy fibroblast line
using short hairpin RNA to reduce protein expression

Confluent shSCR and shCAV1 fibroblasts were cultured in 0.5 % serum media for 48
h before protein was harvested. A) Representative Western Blots showing CAV1
protein levels in shSCR vs shCAV1. B-Actin included as a loading control. B) CAV1
protein densitometry of shSCR vs shCAV1 (n=3 biological replicates). Bars show the
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mean and error bars show standard error of the mean. P value calculated by
unpaired two-tailed t-test (**P<0.01).

To characterise the effect of CAV1 downregulation, the expression of selected
transcripts and proteins recognised as characteristically upregulated in SSc
compared to HC (Mouawad & Feghali-Bostwick, 2023), considered to be
‘markers’ of fibrotic activity, were studied by gPCR and Western Blot. Although
MRNA levels of ACTA2 (Fig. 6.3A) and COL1A2 (Fig. 6.3E) were similar
between shSCR and shCAV1, shCAV1 fibroblasts showed increased
expression of CCN2 (Fig. 6.3B), FN1 (Fig. 6.3C), and COL1A1 (Fig. 6.3E)
MRNA. At the protein level, shCAV1 fibroblasts were found to have a
significantly increased abundance of CTGF, encoded by the CCN2 gene (Fig.
6.3F, G), aSMA, encoded by the ACTAZ2 gene (Fig. 6.3F, H), and
phosphorylated SMAD3 (Fig. 6.3F, I) compared to shSCR, suggesting
activation of the TGF[3 pathway. This data shows that knockdown of CAV1 in
healthy dermal fibroblasts induces a gene and protein expression profile which
largely mimics that of SSc, including genes and proteins of known pathological

contribution to the disease phenotype.
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Figure 6.3: shCAVL1 fibroblast lines show increased expression of classic

fibrotic markers at the mRNA and protein level
Confluent shSCR and shCAV1 fibroblasts were cultured in 0.5 % serum media for 48

h before RNA and protein were harvested. Transcript levels were quantified by gPCR

with normalisation to housekeeping gene GAPDH. A) Transcript levels of ACTA2. B)

Transcript levels of CCN2. C) Transcript levels of FN1. D) Transcript levels of
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COL1AL. E) Transcript levels of COL1A2. For mRNA data, n=1. Bars show the mean
of triplicate well results for each transcript analysed. Error bars show standard error
of the mean. F) Representative Western Blots showing protein levels of CTGF,
aSMA, pSMAD3 and total SMAD3 in shSCR vs shCAV1. $-Actin included as a
loading control. G) CTGF densitometry in shSCR vs shCAV1. H) aSMA densitometry
in ShSCR vs shCAV1. I) pPSMAD3/total SMAD3 densitometry in ShSCR vs shCAV1.
For protein data, n=3 biological replicates. Bars show the mean and error bars show
standard error of the mean. P values were calculated with unpaired two-tailed t-tests
(*P<0.05).

6.2.2 Primary cilia are shorter in shCAVL1 fibroblasts

Next, primary cilia of healthy shCAV1 dermal fibroblasts were examined by
immunofluorescence for Ac-a-Tub (Fig. 6.4A) and compared to that of healthy
shSCR fibroblasts, along with HC and SSc fibroblasts. There was no significant
difference in cilia incidence between any cell line (Fig. 6.4B), consistent with
findings presented previously that showed cilia incidence does not differ
between HC and SSc (Fig. 3.1). Primary cilia were shorter in shCAV1
fibroblasts compared to shSCR (3.1£0.3 ym (Mean+SEM) vs 4.4+£0.2 um,
p<0.01). There was no significant difference between shSCR primary cilium
length and HC cilium length at 4.4+0.1 ym. Interestingly, there was also no
significant difference between shCAV1 primary cilium length and SSc primary
cilium length at 2.8+0.1 ym (Fig. 6.4A, C). Visual representation of the
distribution of cilia lengths within each population shows close alignment
between the distribution profiles of HC and shSCR fibroblast cilia at longer
lengths, and of SSc and shCAV1 fibroblast cilia at shorter lengths (Fig. 6.4D).
These data suggest that CAV1 knockdown in healthy fibroblasts is sufficient to

induce a ciliary phenotype which mimics that of SSc.
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Figure 6.4: Primary cilia are shorter in healthy shCAV1 fibroblasts compared to
shSCR controls, and are similar in length to SSc fibroblast cilia

Confluent fibroblasts were cultured in 0.5 % serum media for 48 h, and cilia
measured using immunofluorescence for Ac-a-Tub. A) Representative
immunofluorescence images taken at 400 x magnification showing cilia (stained for
Ac-a-Tub in red) of individual fibroblasts (DAPI nuclear staining in blue). Scale bar
shown at 10 ym. B) Cilia incidence observed in each group. C) Length of cilia
observed in (B). HC and SSc n=3 donor lines, shSCR and shCAV1 n=3 biological
replicates. Bars show the mean and error bars show standard error of the mean. P

values were calculated by one-way ANOVA with Tukey’s multiple comparisons test
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(ns = non-significant, **P<0.01). D) Distribution of cilia length in a representative
replicate of each fibroblast line, showing the percentage of total cilia in each 0.5 ym

length category.

The effect of stimulation with exogenous TGFf in these fibroblast lines was also
studied. As observed in HC and SSc in earlier experiments (Fig 3.3), TGF[3 was
again able to induce a reduction in ciliary incidence in all cell lines (Fig. 6.5A).
Similarly, TGF treatment was also able to reduce ciliary length in all cell lines,
shortening HC to 1.6+0.02 um, SSc to 1.6£0.1 um, shSCR to 1.5+£0.05 ym, and
shCAV1 to 1.5+£0.02 pm, all significantly shorter than their respective untreated

controls (Fig 6.5B).

The effect of TGF treatment on primary cilia over a time course was also
studied in shSCR and shCAVL1 fibroblasts. The previously described results of
this experiment carried out on HC and SSc fibroblasts (Fig. 3.5) showed a
reduction in cilia incidence identifiable by 18 h in both HC and SSc fibroblasts,
but a faster reduction in length in SSc fibroblasts (by 4 h) than HC (by 18 h).
The same result was observed on cilia incidence in shSCR and shCAV1
fibroblasts, with TGFB-induced shortening evident in both by 18 h (Fig. 6.5C).
Ciliary length, as in SSc fibroblasts, was reduced by 4 h in shCAV1 fibroblasts.
However, unlike the HC fibroblasts, sShSCR cells also showed a faster reduction
in cilia length, evident at 4 h post-TGFf addition (Fig. 6.5D). Therefore, despite
shCAV1 fibroblast cilia shortening as quickly as SSc cilia in response to TGFf3
treatment, and more quickly than HC, this cannot be described as an effect of
CAV1 downregulation due to control shSCR fibroblast cilia shortening as

quickly.
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Figure 6.5: TGFB decreases primary ciliaincidence and length in shSCR and
shCAVL1 fibroblasts, with similar timing

For (A) and (B), confluent fibroblasts were cultured in 0.5 % serum media for 24 h,
followed by 24 h in the presence or absence of 10 ng/mL TGF. Cilia were measured
using immunofluorescence for Ac-a-Tub. A) Cilia incidence observed in each group.
B) Length of cilia observed in (A). HC and SSc n=3 donor lines, shSCR and shCAV1
n=3 biological replicates. Bars show the mean and error bars show standard error of
the mean. P values were calculated by two-way ANOVA with Tukey’s multiple
comparisons test (*P<0.05, **P<0.01, ***P<0.0001). For (C) and (D), confluent
fibroblasts were cultured in 0.5 % serum media for a total of 48 h, with 10 ng/mL
TGF( added for the indicated periods of time before cilia measurement. C) Time

course reduction of cilia incidence in response to TGF[3. D) Length of cilia observed
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in (C). shSCR and shCAV1 n=2 biological replicates. Bars show the mean and error
bars show standard error of the mean. P values were calculated by two-way ANOVA
with Dunnet’s multiple comparisons test (*P<0.05, **P<0.01, ****P<0.0001).

These data support the hypothesis that CAV1 downregulation characteristic of
SSc may contribute to the shortened cilia phenotype of SSc dermal fibroblasts,
as knockdown of CAV1 in healthy dermal fibroblasts causes cilia length to

shorten to that of SSc.

6.2.3 Inhibition of Aurora A Kinase and HDACG6 rescues cilia length in

shCAV1 fibroblasts

Previously described data showed an SSc-specific rescue of cilia length upon
inhibition of AURKA and HDACG6 (Fig. 4.10, Fig. 5.3). Since shCAV1 fibroblasts
possess primary cilia as short as SSc, the effect of inhibition of AURKA with
MLN8054 and of HDAC6 with Tubacin on primary cilia was also investigated in
a preliminary experiment in this model by immunofluorescence for Ac-a-Tub

(Fig 6.6A).

Mirroring the results shown for HC and SSc (Chapter 5), inhibition of either
AURKA or HDACG6 had no effect on ciliary incidence in shSCR and shCAV1
(Fig. 6.6B, E). Inhibition of AURKA or HDACG6 in combination with TGFf3
treatment also had no effect on the ability of TGFf to induce ciliary shortening in
shSCR and shCAV1 (Fig. 6.6C, F), as seen in HC and SSc (Chapter 5). This
supports the notion that the mechanism by which TGF[3 shortens cilia is

independent of the AURKA-HDACSG axis.
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Inhibition of AURKA increased cilia length in shCAV1 cells to the level of shSCR
control cells while leaving cilia length in shSCR cells unaffected — mean shSCR
cilia length after AURKA inhibition with MLN8054 was 4.3+0.2 ym
(Mean+STDEV), similar to the CTR length of 4.4+£0.3 uym, while shCAV1 cilia
length after MLN8054 treatment was 4.3+0.3 pm, increased from 3.4+0.1 ym in
CTR conditions (Fig. 6.6A, C, D). Similarly, HDACG6 inhibition with Tubacin

increased cilia length in shCAV1 cells but not in shSCR cells (Fig. 6.6A, F, G).
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Figure 6.6: AURKA inhibition with MLN8054 and HDACS6 inhibition with Tubacin
rescues cilia length in shCAV1 fibroblasts

Confluent fibroblasts were cultured in 0.5 % serum media for 24 h followed by 24 h
treatment with either 10 uM MLN8054, 10 uM Tubacin or DMSO control, with or
without 10 ng/mL TGFf in 0.5 % serum media. Cilia were measured by
immunofluorescence for Ac-a-Tub. A) Representative immunofluorescence images
taken at 400 x magnification showing cilia (stained for Ac-a-Tub in red) of individual
fibroblasts (DAPI nuclear staining in blue). Scale bar shown at 10 ym. B) Cilia
incidence changes in response to MLN8054/TGFf treatment. C) Length of cilia
observed in (B). D) Distribution of lengths of cilia observed in (C), showing the
percentage of total cilia in each 0.5 ym length category. E) Cilia incidence changes in
response to Tubacin/TGFf treatment. F) Length of cilia observed in (E). G) Distribution
of lengths of cilia observed in (F), showing the percentage of total cilia in each 0.5 ym
length category. shSCR and shCAV1 n=1. Bars show the mean.

These preliminary data show that shCAV1-induced reduction of primary cilia
length is dependent upon AURKA-HDACSG, mirroring the findings in SSc dermal

fibroblasts. This suggests that the AURKA-HDACG induced shortened cilia
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phenotype of SSc could be a direct consequence of downregulation of CAV1

characteristic of SSc fibroblasts.

6.2.4 Investigation of interaction between Caveolin-1 and AURKA

The results discussed so far suggest that AURKA hyperactivity and its effect on
primary cilium length in SSc may be a downstream consequence of CAV1
downregulation, as the shorter primary cilia of ShCAV1 fibroblasts are rescued
by AURKA inhibition. As the exact mechanism of CAV1 downregulation in SSc
remains elusive, we decided to investigate the hypothesis that this may be a
two-way interaction, and that AURKA hyperactivity could contribute to CAV1
downregulation. In order to do this, AURKA was inhibited with MLN8054 in HC,
SSc, shSCR and shCAV1 fibroblasts followed by assessment of CAV1 protein

levels.

Additionally, since TGFB has been shown to reduce the expression of CAV1 in
fibroblasts (Del Galdo et al., 2008, Hou et al., 2017, Liakouli et al., 2018),
stimulation with exogenous TGFf alone and in combination with MLN8054 was
also performed to determine the ability of TGFf to influence CAV1 expression in
the dermal fibroblast lines used in this study, and any involvement of AURKA in

this process.

Inhibition of AURKA did not affect CAV1 protein levels in any cell line (Fig. 6.7A-
C). TGFpB had no effect on CAV1 protein expression in HC nor in shSCR
fibroblasts (Fig. 6.7A-C). However, in SSc and shCAV1 fibroblasts, TGFf3
reduced CAV1 protein levels. This reduction was independent of AURKA

activity, as seen in samples treated with MLN8054 (Fig. 6.7A-C).
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Figure 6.7: Inhibition of AURKA has no effect on levels of CAV1, nor SSc and
shCAV1-specific TGFB-induced downregulation of CAV1
Confluent HC, SSc, shSCR and shCAV1 fibroblasts were cultured in 0.5 % serum

media for 24 h followed by 24 h treatment with 10 yM MLN8054 or DMSO control in

0.5 % serum media, with or without the addition of 10 ng/mL TGF. Protein was

harvested for quantification by Western Blot. A) Western Blots showing CAV1 protein

levels in response to treatments comprising of MLN8054 or DMSO control with or

without TGF[. B-Actin included as a loading control. B) Protein densitometry of CAV1

in HC vs SSc, quantified from (A), relative to each group’s CTR. HC and SSc n=3
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donor lines. Bars show the mean and error bars show standard error of the mean. P
values were calculated with paired two-tailed t-tests (ns = non-significant). C) Protein
densitometry of CAV1 in shSCR vs shCAV1, quantified from (A), relative to each
line’s CTR. shSCR and shCAV1 n=1.

Inhibition of AURKA in HC, SSc, shSCR and shCAV1 did not change the
abundance of CAV1, nor rescue SSc and shCAV1-specific TGFB-induced
CAV1 downregulation. This refutes the hypotheses that AURKA hyperactivation
in SSc could be the cause of CAV1 downregulation, and that AURKA may

mediate TGFB-induced CAV1 downregulation.

6.2.5 The effect of Aurora A Kinase inhibition on the fibrotic phenotype of

shCAVL1 fibroblasts at the transcript level

shCAVL1 fibroblasts show elevated levels of CCN2, FN1, and COL1Al
transcripts compared to shSCR (Fig. 6.3). These transcripts are also elevated in
SSc fibroblasts, along with ACTA2 and COL1A2 (Fig 5.4). AURKA inhibition led
to a partial reduction in levels of some of these fibrosis-associated and TGF-
inducible transcripts in some SSc fibroblast lines (Fig. 5.5). As inhibition of
AURKA in shCAV1 fibroblasts rescues cilia length (Fig. 6.6) as it does in SSc
fibroblasts (Fig. 5.3), the effect of AURKA inhibition on expression of these
transcripts in shCAV1 fibroblasts was next investigated by a preliminary gPCR

experiment.

Treatment of ShSCR or shCAV1 fibroblasts with MLN8054 did not alter basal
ACTAZ2, FN1, or COL1A1 expression (Fig. 6.8A, C, D), while COL1A2

expression was slightly increased in shCAV1 (Fig. 6.8E). Basal CCN2
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expression, however, was reduced by MLN8054 in both cell lines, to a greater

degree in shCAV1 than in shSCR fibroblasts (Fig. 6.8B).

All genes were, as expected, upregulated upon TGFf stimulation in both cell
lines. Comparing TGF[3-treated fibroblasts to those treated with TGF in the
presence of MLN8054, there was some shCAV1-specific rescue of TGF[3-
induced ACTAZ2, FN1, and COL1A1 expression (Fig. 6.8A, C, D). TGFB-induced
CCNZ2 expression was reduced slightly in both cell lines upon co-treatment with
MLN8054 (Fig. 6.8B), while TGFB-induced COL1A2 expression increased in

shSCR and remained similar in shCAV1 (Fig. 6.8E).
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Figure 6.8: Inhibition of Aurora A Kinase partially rescues the fibrotic
phenotype of shCAV1 fibroblasts and response to TGF at transcript level
Confluent shSCR and shCAV1 fibroblasts were cultured in 0.5 % serum media for 24
h followed by 24 h treatment with 10 yM MLN8054 or DMSO control in 0.5 % serum
media, with or without the addition of 10 ng/mL TGF@. RNA was harvested for
guantification by gPCR, with normalisation to housekeeping gene GAPDH, and
results presented relative to each line’s CTR. A) Transcript levels of ACTA2. B)
Transcript levels of CCN2. C) Transcript levels of FN1. D) Transcript levels of
COL1AL. E) Transcript levels of COL1A2. shSCR and shCAV1 n=1. Bars show the
mean of triplicate well results for each transcript analysed. Error bars show standard

error of the mean.

Overall, the response at the transcript level to AURKA inhibition with MLN8054
both alone and in combination with TGF was similar in shSCR and shCAV1
fibroblasts to the observations in HC and SSc fibroblasts (Fig 5.5), with a limited
effect on basal expression of fibrosis-associated transcripts, and some

reduction of TGFB-induced expression.

6.2.6 The effect of Aurora A Kinase inhibition on the fibrotic phenotype of

shCAVL1 fibroblasts at the protein level

Next, to compare with data of HC and SSc fibroblasts (Fig. 5.7, 5.8), we started

to explore the effect of AURKA inhibition with MLN8054 in shSCR and shCAV1
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fibroblasts, both alone and in combination with TGF3, was investigated after 24
h and 48 h on the same panel of typically fibrosis-associated and TGF[3-

inducible proteins by Western Blot in preliminary experiments.

After treatment with MLN8054 for 24 h, the basal CTGF protein level was
reduced in shCAV1 but remained unchanged in shSCR fibroblasts (Fig. 6.9A,
B), while aSMA protein levels remained largely the same in both cell lines (Fig.
6.9A, C). Phosphorylated SMAD3 was slightly increased in shSCR after
MLN8054 treatment, and slightly decreased in shCAV1 fibroblasts (Fig. 6.9A,

D).

Levels of all proteins were increased by TGF[ stimulation in both cell lines, as
expected. However, the upregulation of CTGF and aSMA was lowered by co-
treatment with MLN8054. Abundance of phosphorylated SMAD3 remained

largely unchanged in both cell lines (Fig. 6.9A-D).
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Figure 6.9: Inhibition of Aurora A Kinase for 24 h partially rescues the fibrotic
phenotype of shCAV1 fibroblasts and their response to TGFf8

Confluent shSCR and shCAV1 fibroblasts were cultured in 0.5 % serum media for 24
h followed by 24 h treatment with 10 yM MLN8054 or DMSO control in 0.5 % serum
media, with or without the addition of 10 ng/mL TGFf. Protein was harvested for
quantification by Western Blot. A) Western Blots showing CTGF, aSMA, pSMAD3
and total SMADS protein expression in response to treatments comprising of
MLN8054 or DMSO control with or without TGF. B-Actin included as a loading
control. B) aSMA densitometry of (A). C) CTGF densitometry of (A). D)
pSMAD3/total SMADS3 densitometry of (A). Densitometry presented relative to each
line’s CTR. shSCR and shCAV1 n=1.

After treatment with MLN8054 for 48 h, basal CTGF protein remained
unchanged in both cell lines (Fig. 6.10A, B), while aSMA protein decreased
slightly in both cell lines (Fig. 6.10A, C), and phosphorylated SMAD3

abundance also decreased in both cell lines (Fig. 6.10A, D).
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TGFB-induced upregulation of CTGF expression was slightly reduced in
shCAV1 but not shSCR fibroblasts (Fig. 6.10A, B), as was TGFB-induced aSMA
expression in both cell lines (Fig. 6.10A, C), while abundance of phosphorylated

SMADZ3 slightly increased in both cell lines (Fig. 6.10A, D).
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Figure 6.10: Inhibition of Aurora A Kinase for 48 h partially rescues the fibrotic

phenotype of shCAV1 fibroblasts and response to TGF at protein level
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Confluent shSCR and shCAV1 fibroblasts were cultured in 0.5 % serum media for 24
h followed by 48 h treatment with 10 yM MLN8054 or DMSO control in 0.5 % serum
media, with or without the addition of 10 ng/mL TGF. Protein was harvested for
guantification by Western Blot. A) Western Blots showing CTGF, aSMA, pSMAD3
and total SMADS protein expression in response to treatments comprising of
MLN8054 or DMSO control with or without TGF[3. -Actin included as a loading
control. B) aSMA densitometry of (A). C) CTGF densitometry of (A). D)
pSMAD3/total SMAD3 densitometry of (A). ). Densitometry presented relative to
each line’s CTR. shSCR and shCAV1 n=1.

These preliminary results mirror those observed in HC vs SSc fibroblasts, with
AURKA inhibition with MLN8054 conferring a partial reduction of fibrosis-
associated protein expression both at the basal level and in response to TGF,

though this was not specific to shCAV1 fibroblasts.

6.2.7 The effect of Aurora A Kinase inhibition on TGFB-induced shCAV1

fibroblast contractility

Previously described data showed that inhibition of AURKA with MLN8054 was
able to rescue the contractile phenotype of SSc fibroblasts in response to
TGF, in functional collagen-cell contraction assays (Fig. 5.9). Therefore, the
same experimental approach was used to study the effect of MLN8054 in
shSCR and shCAV1 fibroblasts in a preliminary experiment (Fig. 6.11A), to
determine whether CAV1 downregulation was sufficient to yield similar

experimental results at the functional level.

While unstimulated shSCR and shCAV1 fibroblasts exhibited similar contractility
over the time course (Fig. 6.11B) and by 48 h there was little difference in gel

contraction in CTR conditions or in fibroblasts treated with MLN8054 (Fig.
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6.11C), upon stimulation with exogenous TGF@, shCAV1 fibroblasts contracted
the gel more than shSCR fibroblasts (to 79.2+2.9 % vs 89.4+0.2 % respectively
by 48 h) (Fig. 6.11B, C). The increased contraction of shCAVL1 fibroblasts
compared to shSCR fibroblasts in response to TGF3 was effectively rescued by
co-treatment with MLN8054 (87.6+0.6 % for shSCR vs 87.8+2.1 % for shCAV1)

(Fig. 6.11B, C).
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Figure 6.11: Inhibition of AURKA rescues the contractile phenotype of shCAV1
fibroblasts in response to stimulation with TGFf

Confluent shSCR and shCAV1 fibroblasts were cultured in 0.5 % serum media for 24
h followed by 2 h pre-treatment with 10 yM MLN8054 or DMSO control in 0.5 %
serum media. Fibroblasts were seeded into cell-collagen gels which were allowed to
set, then incubated for 16 h in 10 yM MLN8054 or DMSO control in 0.5 % serum
media, with or without the addition of 10 ng/mL TGFf. Gels were released from the
wells, and gel area measured at the indicated time points over a time course of 48 h.
A) Representative images of cell-collagen gels taken at 48 h. B) Cell-collagen gel
contraction in each of the experimental conditions, shown as the area of the gel at
each time point, as a percentage of the gel area at 0 h. Each point plotted shows the
mean and bars show standard deviation of the mean (shSCR and shCAV1 n=2). C)
Gel areas of the 48 h time point of (B), with each replicate shown as an individual

point. Box and whisker plots show the mean and standard deviation of the mean.

As the observations in this preliminary experiment closely match those of
experimental comparison of HC and SSc, and can be modulated by AURKA
inhibition, these data suggest that the increased fibroblast contractility in
response to TGFB in SSc and shCAV1 dermal fibroblasts may share the same

AURKA-dependent mechanism.
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6.3 Discussion
The results presented in this chapter are the first to demonstrate that primary
ciliary shortening can be induced by CAV1 downregulation in dermal fibroblasts.
Thus, it is proposed that the shortened primary cilia characteristic of SSc dermal

fibroblasts may be a consequence of CAV1 downregulation.

This finding is novel, and is interestingly paradoxical to the results obtained in
limited previous work which has demonstrated a link between CAV1 and
primary cilia length in which experimental depletion of CAV1 in epithelial cell
lines was shown to lead to elongation of primary cilia (Schou et al., 2017,
Rangel et al., 2019). It was shown that two components of the ciliary transition
zone, NPHP4 and KIF13B, are required to establish a CAV1-enriched
microdomain at the transition zone of retinal pigment epithelial (RPE-1) cells,
required for functional SHH signalling at the primary cilium (Schou et al., 2017).
In this study, siRNA-mediated knockdown of CAV1 (siCAV1) in serum starved
RPE-1 cells was shown to reduce ciliary incidence, but increase cilia length.
However, this was supported by a single representative immunofluorescence
image of a cilium in siCAV1 conditions, and was not quantified. Nevertheless, in
a subsequent study, Rangel et al. showed that siRNA-mediated knockdown of
CAV1 in serum starved RPE-1 cells led to cytoskeletal impairments caused by
reduced RhoA GTPase activity at the apical membrane, along with slightly
decreased ciliary incidence, and increased ciliary length (Rangel et al., 2019).
The latter finding was replicated in both Madin-Darby canine kidney (MDCK)
and inner medullary collecting duct (IMCD3) epithelial cell lines, although the
scale of ciliary length increase was variable between the three cell lines.
Although these two studies in epithelial cells oppose the observations of the

current study conducted in dermal fibroblasts, they demonstrate that CAV1 can
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regulate ciliary morphology and, given that primary cilia are known to exhibit
cell-type specific diversity in their structure, composition, and functions (Mill et
al., 2023), it is plausible that downregulation of CAV1 may confer differential
effects on ciliary morphology depending on the cellular context. Taken together,
this highlights the need for more extensive research to elucidate the mechanism

by which CAV1 influences ciliary length.

Our preliminary data indicated that the shortened ciliary length observed in
shCAV1 dermal fibroblasts can be rescued by inhibition of AURKA and HDACS,
as was previously also shown in SSc dermal fibroblasts. Therefore, with the
caveat that experimental repeats are required, it is proposed that ciliary
shortening in both SSc and shCAV1 dermal fibroblasts may share the same
AURKA-HDACG6 dependent mechanism of ciliary disassembly, and that
downregulation of CAV1 in SSc may lead to aberrant increased activity of

AURKA and drive subsequent ciliary shortening.

Only one previously published study has linked both CAV1 and AURKA, and
the primary cilium. In contrast to the relationship suggested here, Jeffries et al.
showed that SIRNA and shRNA-mediated depletion of CAV1 in two foetal lung
fibroblast cell lines led to decrease of total AURKA protein levels, accompanied
by an increase in primary cilia incidence, although cilia length was not
measured (Jeffries et al., 2019). Based on these observations, the authors
suggested that CAV1 depletion in these cells may reduce the activity of AURKA
at the primary cilium. To give greater insight into the effect of CAV1 depletion on
AURKA stability and activity in dermal fibroblasts and other cell types, it would
be interesting to assess the abundance of active and phosphorylated AURKA
(PAURKA) in CAV1-depleted cells. Western Blots used to demonstrate AURKA

protein degradation after CAV1 depletion in the Jeffries et al. study only
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evaluated total AURKA protein levels, not of active pAURKA. During the course
of this study, we attempted to quantify pAURKA levels by Western Blot, but this
was impeded by the poor suitability of multiple pAURKA antibodies tested for
this assay. In order to circumvent this issue, we also begun to optimise the
conditions for immunoprecipitation of AURKA in order to enable analysis of
pAURKA by mass spectrometry. This method, once fully optimised, will allow

determination of the effect of CAV1 depletion on AURKA activity.

It is also possible that the mechanism of interaction between CAV1 and AURKA
and the subsequent effects on cilia morphology may differ depending on cellular
type and context. In support of this, the depletion of CAV1 in the Jeffries et al.
study led to a significant increase in cilia incidence in the foetal lung fibroblast
cell lines studied, whereas cilia incidence was unchanged in the shCAV1
dermal fibroblasts in our experiments, and in the two studies discussed
previously in epithelial cell lines, CAV1 depletion led to a slight decrease in

ciliary incidence (Schou et al., 2017, Rangel et al., 2019).

Jeffries et al. showed that pharmacological inhibition of AURKA increased cilia
incidence, but did not show the effect of this inhibitor in the context of CAV1
depletion, as we did. It is important to note, however, that the data presented in
the current study in which AURKA and HDACG6 were inhibited in shCAV1
fibroblasts are preliminary, and reproduction of results would be necessary to
verify the findings. To formally prove that CAV1 modulates cilia length through
AURKA-HDACSG in SSc, an alternative method of experimental downregulation
of CAV1 could be utilised, along with an additional method of AURKA inhibition
in CAV1-depleted fibroblasts. Additionally, it would be interesting to overexpress
CAV1, in SSc dermal fibroblasts, to see if cilium length could be increased to

healthy control levels, and if AURKA and HDACS6 activity are reduced.
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Since the simplest explanation of the regulation of AURKA by CAV1 is through
a direct physical interaction, co-immunoprecipitation (ColP) of AURKA with
CAV1 and other binding partners was attempted. While CAV1 did appear in
some ColP samples along with AURKA, it was also sporadically present in
some control conditions and therefore no conclusions regarding a specific
interaction between the two proteins could be drawn from this data, and further
optimisation would be required. In addition to this methodology, super-resolution
immunofluorescence microscopy at the primary cilium may identify whether
there is any overlap between the specific localisation of CAV1 and AURKA at
the ciliary base, with both proteins having been shown independently to localise
there (Schou et al., 2017, Pugacheva et al., 2007). Proximity ligation assays or
FRET analysis could also be employed to investigate whether there is a direct
protein-protein interaction between AURKA and CAV1 (Hochreiter et al., 2019,

Qin et al., 2021).

Once optimised, AURKA ColP will allow not only for the investigation of the
possibility that AURKA and CAV1 may interact, but also allow for investigation
by proteomic analysis of any alterations to the binding partners of AURKA in
control and CAV1-depleted conditions, and in healthy control and SSc dermal

fibroblasts, that may influence its activity in these different contexts.

While it is important to note that our investigation of AURKA inhibition in CAV1-
depleted fibroblasts was exploratory and requires recapitulation, we
hypothesise that CAV1 downregulation and subsequent aberrant AURKA
activity may contribute to the fibrotic phenotype of SSc dermal fibroblasts,
potentially via shortening of the primary cilium and dysregulation of signalling
pathways transduced at the cilium. This hypothesis was supported by

preliminary data showing a similar response after inhibition of AURKA in
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shCAV1 fibroblasts as was observed in SSc fibroblasts. Correlating with
increased ciliary length, there was a partial reduction in the levels of some
fibrosis-associated transcripts and proteins assessed by gPCR and Western
Blotting after AURKA inhibition, particularly that which was induced by treatment
with exogenous TGF, although this was sometimes also observed in control
shSCR fibroblasts. Importantly, inhibition of AURKA reduced the increased
TGFB-induced fibroblast contraction in shCAV1 fibroblasts to the level of ShSCR

fibroblasts, as it did in SSc fibroblasts compared to HC.

CAV1 is known to act as a negative regulator of TGFp signalling (Razani et al.,
2001, Di Guglielmo et al., 2003), and TGFf signalling is known to reduce CAV1
expression (Del Galdo et al., 2008, Liakouli et al., 2018). Our data showing
increased TGFB-induced contraction of SSc and shCAYV fibroblasts compared to
controls, in addition to SSc- and shCAV1-specific TGFB-induced
downregulation of CAV1 protein levels, supports the existence of a feedback
loop between CAV1 downregulation and TGF amplification in dermal
fibroblasts. We speculate that a differential coordination of TGFJ signalling by
the shortened primary cilium of SSc dermal fibroblasts could also be implicated

in this feedback mechanism.

Along with TGF signalling, hyperactivation of both the SHH and Wnt signalling
pathways is known to be implicated in SSc fibrosis (Horn et al., 2012, Dees &
Distler, 2013). The primary cilium has long been implicated in the coordination
and balance of these signalling pathways, being essential for full activation as
well as full repression of the SHH pathway, and inhibitory in the case of
canonical Wnt signalling (Zingg et al., 2018). Interestingly, ciliary sphingolipids
have been shown to facilitate the interaction between TGF[ receptors

(TGFBRs) and the inhibitory SMAD7, which prevents TGFBR recycling to the
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primary cilium and instead targets them for degradation (Gencer et al., 2017).
Additionally, siRNA-mediated knockdown of ciliary protein Alstrom Syndrome-1
(ALSM1) in RPE-1 cells was recently shown to induce cilium elongation, and
reduced TGFB-mediated SMAD2 phosphorylation (Alvarez-Satta et al., 2021). It
is therefore interesting to consider that such a signalling fine-tuning role may
also exist for the cilium in its coordination of TGFJ signalling, and that
aberrations to the primary cilium such as those observed in SSc may contribute
to constitutive pathway activation. Further investigation into this possibility will
be important to fully understand the pathological relevance that the primary
cilium may have in the molecular pathogenesis of SSc, and other fibrotic

diseases.

Overall, the results presented in this chapter, if recapitulated, could support the
existence of a hierarchical relationship among CAV1, AURKA, and the primary
cilium in the pathogenesis of SSc. Future studies to understand their
mechanistic relationship will confer greater insight into a disease for which the
cellular and molecular mechanisms of pathogenesis are still poorly understood,
and allow for determination of the potential for CAV1 or defective primary cilia

as targets for future therapeutic intervention strategies in SSc.

6.4 Summary

The data discussed in this chapter show that CAV1 downregulation is sufficient
to produce a ciliary phenotype in HC fibroblasts which mimics the SSc
shortened cilia phenotype, coupled with an increase in fibrotic marker
expression. This model of the SSc cilia phenotype was rescued in preliminary
experiments by the inhibition of AURKA and HDACSG6, coupled with a reduction

in fibrotic characteristics including fibroblast contractility in response to TGF,
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suggesting that CAV1 may be upstream of AURKA. If recapitulated, these
findings could suggest that hyperactivity of AURKA-HDACG6 and consequent
increased ciliary disassembly in SSc fibroblasts may be a result of CAV1
downregulation, and data supports the possibility that this could contribute to
the pathogenesis of SSc myofibroblasts. This warrants further investigation in
order to elucidate the mechanism by which CAV1 may influence AURKA activity
to modulate primary cilium length, the influence that this has on SSc fibroblast
phenotype in disease, and the potential scope for therapeutic intervention which

could target ciliary length rescue in SSc in order to ameliorate fibrosis.
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Chapter 7. Characterisation of SPAG17 expression and

localisation at the Systemic Sclerosis primary cilium

7.1 Introduction

The experimental results discussed so far have shown that a shortened primary
cilium is characteristic of SSc dermal fibroblasts, with previously described work
focussing on analysis of ciliary length. However, changes to the composition of
the primary cilia proteome were not investigated. Sperm Associated Antigen 17
(SPAGL17) is an essential component of the central pair complex of motile cilia
(Zhang et al., 2005, Zhang et al., 2007), and has also been implicated in the
formation and function of primary cilia, in a study which demonstrated that
SPAG17 knockdown in a murine model led to shortened primary cilia in
chondrocytes, osteoblasts, and mouse embryonic fibroblasts (Teves et al.,
2015). It was recently reported that SPAG17 is downregulated in SSc skin, and
that its deficiency is sufficient to induce myofibroblast transition (Sapao et al.,
2023). Based on the implications of these studies, we investigated SPAG17 in
HC and SSc dermal fibroblasts to gain insight into the primary cilium outside of
length alone, focussing on a ciliary component with evidence to suggest a link

to SSc pathogenesis.

7.2 Results

7.2.1 SPAG17 expression and localisation

To investigate SPAG17 expression levels in skin, fixed and mounted skin

sections from an SSc patient and HC donor were stained using
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immunohistochemistry. Within the epidermis, expression levels appeared
similar between HC and SSc, with staining most intense in the upper regions of
the epidermis. In the SSc dermis, however, expression appeared to be reduced

compared to HC dermis (Fig. 7.1).

HC

Figure 7.1: SPAG17 expression is reduced in the SSc dermis compared to HC
Immunohistochemistry staining of SPAG17 in skin sections from one HC donor and

one SSc patient. Images taken at 20 x magnification. Scale bar shown at 100 pm.

In order to investigate SPAG17 expression in dermal fibroblasts specifically,
transcript and protein levels were quantified in immortalised dermal fibroblast
cell lines from three HC and three SSc donors. At the transcript level, SPAG17

was variable between fibroblasts from different donors (Fig. 7.1A). Expression
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was lower in HC 1 and HC 3 than in all three SSc lines, while HC 2 and SSc 1 —
the lowest of the three SSc lines — showed comparable expression levels.
When results from these triplicate lines were combined, SPAG17 expression
was overall lower in HC than SSc, but this was not statistically significant. At the
protein level, SPAG17 was again variable between cell lines from different
donors (Fig. 7.2B, C), though differences in protein levels between cell lines did
not seem to match the variability observed at the transcript level (Fig. 7.2A).
SSc 1 had the highest level of SPAG17 of all the cell lines, while HC 1 and HC
3 had greater levels of SPAG17 than SSc 2 and SSc 3, and HC 2 was
comparable to SSc 3. When triplicate results were combined, there was no

significant difference in SPAG17 protein abundance between HC and SSc.
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Figure 7.2: SPAG17 expression at the transcript and protein level vary between
fibroblasts from different HC and SSc donors

Confluent HC and SSc fibroblasts were cultured in 0.5 % serum media for 48 h. RNA
was harvested for quantification by gPCR, and protein harvested for quantification by
Western Blot. A) Transcript levels of SPAG17 normalised to housekeeping gene
GAPDH. Bars show the mean of triplicate well results for each transcript analysed in
each donor line, or the mean of the three donor lines in the combined triplicate
graph. Error bars show standard error of the mean. B) Western Blots showing
SPAG17 protein levels with B-Actin included as a loading control. C) SPAG17
densitometry of (B). Bars show the quantified protein levels from each individual
donor line, or the mean of the three donor lines in the combined triplicate graph.
Error bars show standard error of the mean. HC and SSc n=3. P values were

calculated with unpaired two-tailed t-tests (ns = non-significant).

Next, the subcellular localisation of SPAG17 in dermal fibroblasts was
investigated using immunofluorescence, with co-staining for nuclei and primary
cilia using Ac-a-Tub. With standard confocal microscopy, SPAG17 was
observed with some nuclear localisation in addition to distinct localisation of

SPAG17 at the base of primary cilia (Fig. 7.3A, first panel). Airyscan detection
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allowed for this ciliary base localisation to be observed with increased image
resolution, revealing the presence of clearly visible SPAG17 localisation in

puncta around the ciliary base (Fig. 7.3A, second panel).

SPAG17 localisation in HC fibroblasts was quantified and compared to SSc
fibroblasts (Fig. 7.3B). The total number of cells were counted as well as the
proportion of those cells that were identified as having a SPAG17-positive
region at the ciliary base. SSc fibroblasts had a lower percentage of total cells
with a SPAG17-positive ciliary base region than HC (P<0.05) (Fig. 7.3C).
Furthermore, after fluorescence intensity of SPAGL17 at the ciliary base was
guantified, the intensity of SPAG17 at those regions was found to be lower in

SSc than in HC (P<0.05) (Fig. 7.3D).

DAPI SPAG17 AcTub
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Figure 7.3: Ciliary base specific localisation of SPAG17 is reduced in SSc
fibroblasts compared to HC

Confluent HC and SSc fibroblasts were cultured in 0.5 % serum media for 48 h to
induce ciliogenesis, then fixed for SPAG17 staining by immunofluorescence. A)
Representative immunofluorescence images taken at 400 x magnification showing
cilia (stained for Ac-a-Tub in green) of individual healthy fibroblasts (DAPI nuclear
staining in blue), and the subcellular localisation of SPAG17 (stained red). Scale bar
shown at 20 um for one image taken using standard confocal microscopy, and at 5
pum for one image taken using Airyscan detection to increase image resolution. B)
Representative immunofluorescence images taken at 400 x magnification showing
SPAG17 (stained in red) localisation foci in HC and SSc fibroblasts. Scale bar shown
at 20 ym. C) Proportion of total cells imaged that had a SPAG17-positive region at
their ciliary base in HC and SSc, from a minimum of 100 cells imaged across three
fields of view per donor line. D) Fluorescence intensity of the SPAG17-positive ciliary

base regions identified in (C) relative to HC. Bars show the mean and error bars



192

show standard error of the mean. HC and SSc n=3 donor lines. P values were

calculated with unpaired two-tailed t-tests (*P<0.05).

Taken together, these data show a reduction of SPAG17 in the SSc dermis
compared to HC at the whole skin level, while in fibroblasts specifically, both
MRNA and protein expression were found to be variable between cell lines from
different donors at the whole cell level, with no significant difference between
HC and SSc when triplicate lines were combined. However, the subcellular
localisation of SPAG17 at the ciliary base region was consistently and
significantly reduced in all SSc fibroblast lines compared to all HC fibroblast
lines. This suggests that loss of SPAG17 from the ciliary base could be another

characteristic of the SSc-specific primary cilia phenotype.

7.2.2 The effect of TGF on SPAG17 expression and localisation

The effect of TGFB on SPAG17 expression and subcellular localisation in
dermal fibroblasts was also of interest, due to the ability of TGF to influence
cilia incidence and length. TGFf treatment significantly downregulated SPAG17
MRNA expression in both HC and SSc (P<0.01) (Fig. 7.4A), consistent in all
three HC and all three SSc donor fibroblast lines. However, at the protein level,
the response to TGF[3 was varied between cell lines from different donors, with
SPAGL17 increasing in some cell lines and decreasing in others after TGF(3
treatment. When triplicate HC and SSc data were combined, there was an
increase in SPAG17 protein abundance in response to TGFf in both HC and

SSc, although this was not statistically significant (Fig. 7.4B, C).
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TGFp reduced the proportion of cells with a SPAG17-positive region at the
ciliary base in both HC (P<0.01) and SSc (P<0.05) (Fig. 7.4D). It also reduced
the fluorescence intensity of SPAG17 at the base region in both HC (<P<0.01)

and SSc (P<0.05) (Fig. 7.4E).
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Figure 7.4: Despite variable response at the protein level, TGFB reduces
SPAG17 mRNA and ciliary base-specific localisation of SPAG17 in HC and SSc

fibroblasts
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Confluent HC and SSc fibroblasts were cultured in 0.5 % serum media for 24 h,
followed by 24 h in the presence/absence of 10 ng/mL TGFB. RNA was harvested for
guantification by gPCR, protein harvested for quantification by Western Blot, and
cells fixed for SPAG17 staining and quantification by immunofluorescence. A)
Transcript levels of SPAG17 normalised to housekeeping gene GAPDH, relative to
each group’s CTR. B) Western Blots showing SPAG17 protein levels with 3-Actin
included as a loading control. C) SPAG17 densitometry of (B), relative to each
group’s CTR. D) Proportion of total cells imaged that had a SPAG17-positive region
at their ciliary base in HC and SSc, from a minimum of 100 cells imaged across three
fields of view per donor line. E) Fluorescence intensity of the SPAG17-positive ciliary
base regions identified in (D) relative to each group’s CTR. HC and SSc n=3 donor
lines. Bars show the mean and error bars show standard error of the mean. P values
were calculated with unpaired two-tailed t-tests (ns = non-significant, *P<0.05,
**P<0.01).

The data presented in previous chapters strongly suggest that the mechanism
by which TGFB shortens primary cilia is independent of the mechanism by
which SSc fibroblasts possess a stably shortened primary cilia phenotype. Due
to the fact that SPAG17 localisation at the ciliary base region is lessened in the
shorter cilia of SSc compared to HC, and that TGF reduces SPAG17 ciliary
localisation alongside shortening cilia, this could be indicative that SPAG17 loss

at the cilium is central to both SSc and TGFB-induced ciliary shortening.

7.2.3 Characterisation of SPAG17 expression and localisation in Caveolin-

1 knockdown fibroblasts

Next, we begun to investigate SPAG17 in preliminary experiments in the
shCAV1 model of SSc, which possess shorter primary cilia. At the transcript
level, knockdown of Caveolin-1 led to a reduction of SPAG17 (Fig. 7.5A).
Western Blot results did not show any SPAG17 protein in shCAV1 (Fig. 7.5C),

but its detection by immunofluorescence in this condition, though lower than
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control (Fig 7.5G), suggests that complete absence is unlikely and that this
result is likely a consequence of insufficient detection sensitivity in the Western
Blot assay. In both shSCR and shCAV1, treatment with TGF( led to a reduction
in SPAG17 mRNA expression (Fig. 7.5B), as well as a reduction of SPAG17
protein levels in shSCR fibroblasts, though lack of detection of SPAG17 protein
in shCAV1 fibroblasts by Western Blot made assessment of the effect of TGFf3

impossible (Fig. 7.5C).

Subcellular ciliary localisation of SPAG17 in shCAV1 was found to mimic the
phenotype observed in SSc fibroblasts, with fewer cells possessing a SPAG17
positive region at the ciliary base (Fig. 7.5D, G), and the fluorescence intensity
of SPAG17 at these regions being reduced in shCAV1 compared to shSCR
(Fig. 7.5E, G). In both cell types, as observed in HC and SSc, TGF again

exacerbated both of these observations (Fig. 7.5D, F).
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Figure 7.5: SPAG17 mRNA levels, SPAG17 protein levels, and ciliary base
localisation of SPAG17 are reduced in shCAVL1 fibroblasts compared to shSCR

Confluent shSCR and shCAV1 fibroblasts were cultured in 0.5 % serum media for 24

h, followed by 24 h in the presence/absence of 10 ng/mL TGFB. RNA was harvested
for quantification by gPCR, protein harvested for quantification by Western Blot, and
cells fixed for SPAG17 staining and quantification by immunofluorescence. A)
Transcript levels of SPAG17 normalised to housekeeping gene GAPDH in shSCR
and shCAVL1. Bars show the mean of triplicate well results for each transcript
analysed in each cell line, error bars show standard error of the mean. B) As for (A),
but showing transcript level changes in response to TGF, relative to each line’s
CTR. C) Western Blots showing SPAG17 protein levels with B-Actin included as a
loading control. D) Proportion of total cells imaged that had a SPAG17-positive
region at their ciliary base, from a minimum of 100 cells imaged across three fields of
view per cell line. E) Fluorescence intensity of the SPAG17-positive ciliary base
regions in shSCR and shCAV1 identified in (D) relative to shSCR. F) As for (E), but
showing fluorescence intensity changes in response to TGF, relative to each line’s

CTR. G) Representative immunofluorescence images taken at 400 x magnification
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showing SPAGL17 (stained in red) localisation foci in shSCR and shCAV1 fibroblasts.
Scale bar shown at 20 ym. shSCR and shCAV1 n=1.

As inhibition of AURKA with MLN8054 was sufficient to rescue shortened ciliary
length in SSc and shCAV1 fibroblasts, the effect of MLN8054 on SPAG17
subcellular localisation in shSCR and shCAV1 fibroblasts was also studied in a
preliminary experiment. There was little effect on the proportion of cells which
possess a SPAG17-positive region at the ciliary base in any cell line (Fig. 7.6A).
However, AURKA inhibition did increase the fluorescence intensity of SPAG17
at these regions in shCAV1 fibroblasts, while in shSCR fibroblasts, intensity was
decreased (Fig. 7.6B). This could suggest that the ciliary SPAGL17 localisation
induced by CAV1 knockdown may be at least partially dependent on AURKA

activity, as is its shorter cilia phenotype.

A = _ B 8 o
Q = 100- 3O 1.2+
55 i3
5% 80— § ° 1.04
) =T -
25 60 ~ g0
38 Bl shSCR O3 0.64 Bl shSCR
S°S 40~ Bl shCAV1 aE B shCAV1
S v % S 0.4
c8 o
9 204 g 2‘ 0.2
£ ag Y
2= &% an:l
8 ° 0o~ < E 0.0
o o™ * %
()«Q.QQ‘? 0«@ QQ‘? (8] CI« é@‘? C}‘\@‘?
& & W W

Figure 7.6: Inhibition of AURKA partially ameliorates the reduced SPAG17
localisation at the ciliary base in shCAV1 fibroblasts

Confluent shSCR and shCAV1 fibroblasts were cultured in 0.5 % serum media for 24
h followed by 24 h treatment with 10 yM MLN8054 or DMSO control in 0.5 % serum
media. Cells were fixed for SPAG17 staining and quantification by
immunofluorescence. A) Proportion of total sShSCR and shCAV1 cells imaged that
had a SPAG17-positive region at their ciliary base, from a minimum of 100 cells
imaged across three fields of view per cell line. B) Fluorescence intensity of the
SPAG17-positive ciliary base regions in shSCR and shCAV1 identified in (A), in CTR
and MLN8054-treated conditions, relative to shSCR. shSCR and shCAV1 n=1.
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7.3 Discussion
In this chapter, we show novel evidence of reduced localisation of SPAG17 at
the base of primary cilia in SSc dermal fibroblasts. Research into the ciliary role
of SPAG17 has primarily been conducted in the context of motile cilia, where it
has been shown to be a component of the central pair complex (Zhang et al.,
2005, Zhang et al., 2007), and to be essential for motile cilia ultrastructural
integrity (Teves et al., 2013). In a subsequent study, Teves et al. demonstrated
that experimental depletion of SPAGL17 led to significantly shortened primary
cilia in chondrocytes, osteoblasts, and mouse embryonic fibroblasts (MEFS)
(Teves et al., 2015), leading the authors to propose a role for SPAG17 in the
structural integrity of immotile primary cilia as well as in motile cilia. The current
study adds to the still limited understanding of the role of SPAG17 at the
primary cilium, by being the first to show specific localisation foci of SPAG17 at

the base of the primary cilium in dermal fibroblasts by immunofluorescence.

Our data also adds evidence to the association of SPAG17 with primary cilia
morphology proposed by Teves et al., by demonstrating that ciliary shortening
consistently correlated with loss of SPAG17 localisation to the ciliary base in
both SSc fibroblasts and CAV1-depleted fibroblasts with shorter cilia, as well as
during TGFB-induced cilia shortening. The latter is an interesting observation
since our data indicates an alternative mechanism of cilia shortening by TGFf3
compared to that regulating cilia length in SSc and shCAV1 dermal fibroblasts.
It would be interesting to examine SPAG17 expression and localisation in other

contexts of ciliary shortening.

A recent study linked SPAG17 to SSc, where RNA-sequencing analysis of skin
biopsies from SSc patients found a marked decreased in SPAG17 expression

compared to healthy controls (E. D. O. Roberson et al., 2023). Our observation
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of reduced SPAGL17 staining by immunohistochemistry in SSc skin biopsies
compared to healthy control skin sections is in accordance with this finding. In a
subsequent study, single-cell RNA-sequencing of skin biopsies showed that
SPAG17-expressing microvascular endothelial cells and fibroblasts were less
frequent in SSc compared to HC, and reduced SPAG17 protein in skin biopsy
sections and in cultured SSc dermal fibroblasts was identified by
immunofluorescence (Sapao et al., 2023). While our analysis of SPAG17
expression at the transcript and protein level did not find significantly reduced
SPAG17 expression in SSc donor dermal fibroblast lines compared to HC, the
loss of SPAGL17 fluorescence at the ciliary base was consistently observed in
each SSc line, and we propose that SPAG17 loss specifically at its ciliary

localisation foci may be of importance in any contribution to SSc pathogenesis.

Sapao et al. went on to demonstrate that CRISPR-mediated knockout of
SPAG17 in human dermal fibroblasts led to increased expression of aSMA and
procollagen I. Additionally, in a conditional SPAG17 knockout mouse model,
animals developed spontaneous skin fibrosis which phenocopied characteristic
observations of SSc patient skin. By unbiased transcriptome profiling, explanted
dermal fibroblasts from these mice were shown to have an enrichment of fibrotic
hallmarks which consistently overlapped with those expressed in explanted SSc
patient dermal fibroblasts. Interestingly, explanted SPAG17 deficient mouse
fibroblasts displayed constitutive activation of the TGFf signalling pathway, with
heightened nuclear accumulation of SMAD2/3. Both nuclear SMAD2/3
accumulation, along with upregulation of aSMA and procollagen |, was
ameliorated by treatment with TGF pathway inhibitors, leading the authors to
propose that the observed profibrotic phenotype resulting from SPAG17

depletion was mediated by TGF pathway activation. While ciliary length and
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morphology was not assessed by Sapao et al., previously published work
showed that SPAG17 knockout can induce ciliary shortening (Teves et al.,
2015). Additionally, our current study shows ciliary shortening in SSc associated
with SPAG17 loss at the ciliary base and as demonstrated in previous chapters,
we showed that rescue of SSc cilia length correlated with some reduction of
TGFB-induced fibrotic marker expression and fibroblast contractility.
Considering these results together, we propose that shortened primary cilia may
be implicated in the TGFB-mediated profibrotic phenotype that Sapao et al.
reported in their SPAG17 deficient animal model. Collectively, this data
warrants consideration of the hypothesis discussed in the previous chapter: that
primary cilia may exert negative regulation of TGFf signalling, and their
shortening may contribute to the pathogenesis of fibrotic diseases such as SSc.
It would be extremely interesting to overexpress SPAGL17 in SSc dermal
fibroblasts and assess any effect on both ciliary length and the fibrotic

phenotype.

ATAC-sequencing conducted by Sapao et al. in microvascular endothelial cells
explanted from skin biopsies showed significantly reduced chromatin
accessibility at the SPAG17 locus in SSc compared to HC, which they suggest
may be responsible for loss of SPAG17, but the same experiment in explanted
SSc and HC dermal fibroblasts yielded mostly insignificant results. Preliminary
data obtained in the current study, if recapitulated in experimental repeats,
could suggest an alternative mechanism for aberrant SPAG17 in dermal
fibroblasts driven by CAV1 downregulation and aberrant AURKA activity. While
it is important to note that this data requires replication, shCAV1 fibroblasts had
reduced SPAG17 expression at both the transcript and protein level, and a

reduced SPAGL17 localisation to the ciliary base, mimicking the observation in
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SSc. While the effect of AURKA inhibition on SPAG17 localisation was not
examined in HC and SSc dermal fibroblasts and would be important to
establish, AURKA inhibition increased SPAG17 ciliary base localisation in
shCAV1 fibroblasts in a preliminary experiment, to similar levels observed in

shSCR control fibroblasts.

Replication of this experiment in both shCAV1 fibroblasts and shSCR
fibroblasts, in addition to SSc and HC fibroblasts, will be crucial to elucidate
whether SPAG17 loss at the primary cilium is a consequence of ciliary
shortening in SSc and CAV1-depleted fibroblasts, which in this study are
suggested to be a consequence of aberrant AURKA activity, or whether it plays
a driving role in ciliary disassembly, with previous research showing that
SPAG17 depletion is sufficient to induce ciliary shortening by itself (Teves et al.,
2015). To further understand this, it would be interesting to overexpress
SPAG17 in SSc and shCAV1 dermal fibroblasts as previously mentioned, and
to inhibit AURKA in SPAG17-depleted cells, followed by assessment of primary
cilia morphology. While the data shown here is exploratory, further investigation
into the roles of SPAG17, AURKA, CAV1, and primary cilia in dermal
fibroblasts, and the mechanisms of their interactions, could shed significant

insight into the molecular pathogenesis of SSc.

7.4 Summary

These data show for the first time that SPAG17 localises at the base of primary
cilia in healthy dermal fibroblasts, and provides evidence of reduced ciliary
localisation of SPAG17 in SSc. This phenotype was also observed in the
shCAV1 fibroblast model of SSc, which suggests that downregulation of

Caveolin-1 is able to induce SPAG17 downregulation, as well as in cilia
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shortened by TGF treatment. Thus, SPAG17 loss at the primary cilium is
consistently correlated with ciliary shortening, but whether SPAG17 loss is an
initiator of ciliary shortening in these cells or a consequence of it remains to be
elucidated. Deeper understanding of this mechanism and of the relevance of
SPAG17 loss to proper ciliary function will provide interesting insight to better
understand the role of an aberrant primary cilium in SSc, and potentially other
fibrotic conditions, as well as help to guide efforts to assess the potential
therapeutic benefits of making the primary cilium a target for medical

intervention.
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Chapter 8. Concluding remarks

In this study, we identified that primary cilia of systemic sclerosis (SSc) dermal
fibroblasts are significantly and stably shorter than those of healthy controls.
Cilia length was remarkably consistent between fibroblasts in explanted cultures
consisting of heterogeneous fibroblast populations, suggesting that this
phenotype is a tightly regulated, stable hallmark of these cells. Shortened
primary cilia were found even in very early diagnosis of systemic sclerosis
(VEDOSS) patient fibroblasts, a diagnosis made before the appearance of
clinically detectable fibrosis. This suggests that shortened primary cilia may be
implicated in the development of the disease, rather than a consequence of it.
As well as increasing sample sizes, future work to elaborate on these findings
should include high resolution imaging such as electron microscopy to
investigate the structural integrity of these shortened cilia. It would also be
interesting to investigate cilium length in cells of other organs implicated in SSc

pathogenesis, such as the lungs.

Consistent with studies in other cell types, we also showed that TGF treatment
significantly shortens cilia in healthy and SSc-derived dermal fibroblasts. We
suggest that in dermal fibroblasts — different to the various previously reported
mechanisms in other cell types — TGFB-induced ciliary shortening is at least
partially dependent on activation of ROCK2, and is not mediated by activation of
HDACSG. It would be interesting to explore the effect of TGF( treatment on the
expression and activity of IFT88 in dermal fibroblasts, another proposed

mechanism of TGFB-induced ciliary shortening in other cell types.

Importantly, we show that despite the demonstrated activation of TGFf

signalling as a fibrotic hallmark in SSc and the ability of TGFf to shorten cilia
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length, this shortening effect is not stably maintained, and inhibition of the TGFf
signalling pathway does not restore the shortened cilia phenotype of SSc
dermal fibroblasts to normal length. Therefore, we demonstrate that the stable
reduced primary cilium length phenotype of SSc is maintained by a TGF3-

independent mechanism.

Furthermore, we showed that inhibition of the AURKA-HDACG6 axis, a known
negative regulator of ciliary length, restored the cilia of SSc dermal fibroblasts to
normal length, while leaving healthy control cilia unaffected. Therefore, we
propose that the stable reduction of ciliary length in SSc may be mediated by
aberrant activity of the AURKA-HDACG6 axis. Future work should employ
additional methods of inhibition of the AURKA-HDACSG axis to validate these
findings, and it would also be interesting to explore the effect of experimental

AURKA or HDACG6 overexpression in healthy dermal fibroblasts.

Interestingly, along with increased expression of profibrotic markers typical of
SSc, dermal fibroblasts with experimentally induced silencing of CAV1 —
reported to be downregulated in SSc and reported to play poorly defined roles
in ciliary structure and function — was sufficient to induce a stably shortened
cilium phenotype which mimics that of SSc. Preliminary data showed that
inhibition of the AURKA-HDACSG6 axis restored cilium length in CAV1-depleted
fibroblasts to the same length as control, suggesting that ciliary shortening in
SSc and in CAV1-deficiency may share the same AURKA-HDACG6 dependent
mechanism. It is therefore pertinent to consider that CAV1 downregulation may
drive ciliary shortening in SSc by inducing aberrant activity of AURKA. The
molecular mechanism of this proposed interaction remains to be elucidated, and

should be a focus of future work.
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In our experiments, restoration of cilium length in SSc and CAV1-depleted
dermal fibroblasts by AURKA inhibition correlated with some reduction of the
expression of profibrotic gene and protein expression, particularly that which
was induced by treatment with exogenous TGF[3. Crucially, in an experimental
model of fibroblast contractility, a key TGFB-inducible feature of fibrotic
myofibroblasts, inhibition of AURKA reduced the increased contractility of both

SSc dermal fibroblasts and CAV1-depleted fibroblasts in response to TGF(.

Finally, we demonstrated for the first time that SPAG17 localises at the base of
the primary cilium in healthy fibroblasts and that the shortened cilia of SSc
dermal fibroblasts, CAV1-depleted fibroblasts, and TGFB-treated fibroblasts
share markedly reduced ciliary localisation of SPAGL17. It will be interesting to
further explore the poorly defined role of SPAG17 at the primary cilium, the
consequences of its loss, and how this protein may be implicated in the

proposed model of cilium length modulation by CAV1 and AURKA.

Based on these findings, we propose that it is pertinent to consider that an
aberrant primary cilium may be implicated in the pathogenesis of fibrosis in
SSc, particularly that which is mediated by the activation of TGF[ signalling,
and propose that a functional primary cilium may be essential for balancing
TGFp signalling output. In order to elaborate on these findings, further research
should explore the effects of experimental modulation of cilium length on
cellular signalling output and the fibrotic phenotype. Organotypic skin culture
models and in vivo mouse models such as the bleomycin model of fibrosis,
should be employed in combination with experimental modulation of AURKA
and CAV1, to explore their contribution to fibrosis in contexts that will be more

representative of complex physiological tissue homeostasis. Models such as
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these will be more informative than the fibroblast culture models employed in

this study.

The Wnt and HH signalling pathways are both coordinated by the primary cilium
and dysregulated in SSc, but were not explored in this study. Future work
should investigate the effects of experimental modulation of dermal fibroblast
cilium length on the signalling output of these pathways. It would be interesting,
for these pathways and for TGFf signalling, to employ super-resolution
microscopy and live imaging to observe specific spatio-temporal regulation of
signalling pathway components at the shortened primary cilia of both SSc and
CAV1-depleted fibroblasts, as well as in cells with restored cilium length after

inhibition of AURKA.

It is well known from the study of human diseases driven by genetic ciliary
defects — the ciliopathies — that defective primary cilia can contribute to human
diseases. However, their implication in diseases outside of the ciliopathies,
including fibrotic diseases, is only beginning to be explored. We propose that
SSc may be one such disease, characterised from early onset by shortened
cilia of dermal fibroblasts, which may contribute to the pathogenesis of SSc
fibrosis. In SSc, a disease of unknown aetiology for which there remains no
cure and limited treatment options, the identification of potential pathogenic
contributors is crucial to direct the search for effective therapeutic targets. We
propose that the primary cilium should be explored as one such potential target.
The cilium is known to be important in the transduction of a multitude of
interacting signalling pathways, including those known to be dysregulated in
SSc. Therefore, therapeutic targeting of this organelle could prove uniquely
beneficial to restore normal regulation to a number of signalling pathways,

compared to therapeutic targeting of individual signalling components.
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Additionally, the dysregulated cellular behaviour of fibrosis is shared between its
presentations in numerous clinical contexts. With fibrosis known to be a clinical
characteristic of several ciliopathies, and recent studies such as ours proposing
pathogenic roles for aberrant primary cilia in fibrotic diseases, the hypothesis
that primary cilia may be implicated in the pathogenesis of a broad range of
fibrotic conditions which contribute to significant human morbidity and mortality

warrants further investigation.
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