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Abstract

The importance of cholesterol in hair follicle (HF) biology is underscored via links between
cholesterol and both the pathogenesis of alopecias and hair growth. Defects in at least one ATP
binding cassette (ABC) transporter (ABCAD5) alter intracellular cholesterol distribution, leading to
congenital hypertrichosis. The underlying mechanisms by which cholesterol levels, and
cholesterol transport and compartmentalisation, influence keratinocyte behaviour within HF cell
populations is largely unknown. The aim of this study was to characterise the routes of cholesterol
transport within the HF and the effects for modulation of cholesterol levels on hair growth and
cycling.

Primary keratinocytes isolated from the outer root sheath (ORS) of plucked human HFs were
utiised as a model cell system, along with organ cultured human HFs, to examine their
responsiveness to cholesterol loading via free cholesterol and depletion via methyl-B-cyclodextrin.
Exogenous cholesterol loading in addition to siRNA-mediated knockdown of ABCA5 was
performed in ORS keratinocytes. Exploration into cholesterol-sensitive target genes, cholesterol
compartmentalisation and cellular behaviour were identified via numerous assays.

Liver X receptor (LXR) agonism demonstrated active regulation of ABCA1 and ABCG1, but not
ABCAS5 or SCARB1, in human HFs and ORS keratinocytes via qPCR, in addition to LXR
regulating cholesterol efflux to apolipoprotein A1 and high-density lipoprotein. ABCA5 co-
localised to intracellular organelles with cholesterol loading. Western blotting analysis of ABCA5
revealed additional isoforms at 300 and 400 kDa. The HFs capability to handle excess cholesterol
and cholesterol depletion, along with small increases and decreases in Wnt signalling targets,
respectively was detected. Methyl-B-cyclodextrin revealed a reduction in cell viability and cellular
senescence via [B-galactose staining, but no changes in proliferation. Immunofluorescence
microscopy in human HF sections revealed differential expression of ABC transporters across the
hair cycle. SCARB1 was highly expressed in the dermal papilla basement membrane. Staining
for free cholesterol (filipin) revealed prominent cholesterol striations within the basement
membrane of the hair bulb. ABCAS siRNA revealed a dysregulation in cholesterol homeostasis,
and partial recovery of cholesterol homeostatic genes with LXR agonist T0901317 was detected.
Filipin staining and live BODIPY cholesterol immunofluorescence microscopy revealed reduction
of endo-lysosomal cholesterol with ABCAS knockdown. Analysis of oxysterols via liquid
chromatography mass spectrometry revealed significant differences in 25-hydroxycholesterol and
7-B-hydroxycholesterol following cholesterol loading in ORS keratinocytes with ABCAS5
knockdown.

The maintenance of cholesterol homeostasis is vital for normal cellular function. As a pre-cursor
for steroid hormone synthesis and regulator of signalling pathways associated with HF growth
and cycling (i.e. Wnt/B-catenin, Shh), changes in cellular cholesterol could have wide-ranging
implications for skin and hair biology. These results demonstrate the capacity of human HFs for
cholesterol transport and trafficking. Furthermore, data shown here demonstrate a role for ABCA5
in the intracellular compartmentalisation of free cholesterol in primary HF keratinocytes. Reduced
movement of cholesterol to APOA1 could indicate an indirect role for ABCAS5 in the delivery of
free cholesterol for ABCA1-mediated efflux. Crucially, the loss of normal homeostatic response
to excess cholesterol delivery, following ABCAS knockdown, suggests an impact on LXR-
mediated transcriptional activity. We therefore speculate that the loss of ABCAS leads to impaired
endo-lysosomal cholesterol transport and thus alterations in signalling pathways such as
JAK/STAT and Shh which could lead to alterations in hair growth. Further research should
investigate the role of ABCAS in modulating cholesterol homeostasis with a focus on signalling
pathways associated with HF morphogenesis and cycling.
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Introduction
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1.1 Rationale

Cholesterol is vital to the functioning of all animal cells and has particular importance in cutaneous
tissues. Cholesterol functions in the regulation of membrane fluidity through partitioning into the
phospholipid bilayer, therefore forming an essential component of cell membranes (Ohvo-Rekila
et al., 2002), in addition to regulation of cell signalling via for example, activation of the Wnt/3-
catenin pathway and modulation of hedgehog protein (Hh) biogenesis (Incardona and Eaton,
2000, Sheng et al., 2014).

The importance of cholesterol is emphasized by the capability of all vertebrate cells in de novo
biosynthesis (Cortes et al., 2014). Furthermore, circulatory lipoproteins (i.e. high density
lipoprotein [HDL] or low density lipoprotein [LDL]) provide additional sources of cholesterol, and
membrane efflux pumps facilitate the removal of excess cholesterol (by for example ATP-binding
cassette transporter (ABC) A1 and ABCGH1). Physiological feedback loops are integral in
maintaining the narrow concentration range for a balance in cellular cholesterol levels, through

control of cholesterol efflux, biosynthesis, and uptake.

Within peripheral tissues the roles for cholesterol have been previously reported. In the skin,
cholesterol is a precursor for the synthesis of local steroid hormones (Thiboutot et al., 2003, Inoue
et al., 2012, Payne and Hales, 2004), influences keratinocyte differentiation (Elbadawy et al.,
2011, Jiang et al., 2005, Sporl et al., 2010), melanogenesis (Schallreuter et al., 2009, Lee et al.,
2016), barrier repair (Tsuruoka et al., 2002), corneocyte desquamation (Jiang et al., 2005), and
is important in maintaining epidermal permeability barrier (Feingold, 2009, Wertz, 2000). Yet
investigations into the role of cholesterol in the hair follicle (HF) have yet to be fully explored.
Whereas the impact of lipids on HF biology are recognized, through the association of the HF with
the lipid-rich sebaceous gland (SG), the precise functions regulated by cholesterol are not as well
understood. Reports of both hair loss and hair growth with cholesterol-modulatory drug therapies
have been made, along with associations between sterol levels and certain hair disorders (Ali and
Martin, 2010, Lattouf et al., 2015, Robins, 2007, Cervantes et al., 2018, Lee, 2000, Robb-
Nicholson, 1998).

A greater understanding of the control of cellular cholesterol in the HF and the potential impact
on the hair cycle may identify novel targets for regulating hair growth and the treatment of hair
disorders linked to disordered sterol homeostasis or sterol-sensitive signalling pathways
(DeStefano et al., 2014, Evers et al., 2010, Panicker et al., 2012).
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This chapter will introduce the following topics:

o~ w0 bd =

HF anatomy and cycling

Mechanism of cholesterol homeostasis

The role of cholesterol in signaling pathways associated with HF cycling
The role of cholesterol in keratinocyte biology

Cholesterol associated hair pathologies
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1.2 The human hair follicle

1.21 Anatomy of the hair follicle

The human HF is a cyclical mini organ, which along with the SG and arrector pili muscle makes
up the pilosebaceous unit of the skin. HFs are composed of a series of concentric keratinocyte
layers with a central hair shaft (HS), all of which are encapsulated by a mesenchymal connective
tissue sheath (CTS) (Schneider et al., 2009) (Figure 1.1). The HF is comprised of an upper
permanent portion which is continuous with the epidermis in the infundibulum, along with the
isthmus containing a resident population of adult stem cells, residing within a region known as the
‘bulge’ (Cotsarelis et al., 1990). In addition, there is a lower portion that undergoes remodelling

during the hair cycle, which can be split into the suprabulb and bulb (Schneider et al., 2009).

Within the deepest portion of the HF located within the hypodermis, the bulb region contains
transient amplifying cells known as matrix keratinocytes, which rapidly proliferate and differentiate
to produce the various layers of the inner root sheath (IRS) and keratinised HS itself (Hsu et al.,
2014) (Figure 1.1 red box). These hair matrix cells must undergo a tightly regulated process of
differentiation as they proliferate and migrate upwards, establishing the IRS and trichocytes that
form the HS.

In human HFs, the bulge region can be defined as CD200 and keratin (KRT) 15 positive as well
as Connexin 43 negative region (Purba et al., 2014). These slow cycling cells are predominantly
quiescent (Lyle et al., 1998). In the mouse Sox9 expression is essential in maintaining the HF
stem cell niche (Kadaja et al., 2014), whereas human studies have shown that in addition to the
bulge Sox9 expression is predominantly in the sub-bulge region along with the matrix (Purba et
al., 2015). Formation of the outer root sheath (ORS), the outermost keratinocyte cell layer of the
HF, differs in that the bulge cells migrate in a downwards manner and proliferate (Oshima et al.,
2001, Purba et al., 2017) to repopulate the ORS in both human and mouse. In addition murine
studies suggest the bulge region slowly repopulates the germinative pool of matrix keratinocytes
(Huang et al., 2019a). Furthermore, human melanocyte stem cell population is found within the
bulge region of HFs. (Gola et al., 2012).

The companion layer (Figure 1.1 red box) is a single layer of cells residing between the ORS and
IRS, in the mouse it has been shown that the companion layer is transcriptionally similar to the
ORS (Joost et al., 2020), yet is highly associated with Henle’s layer (He). Morphologically it is

distinct with specific KRT75 expression in both human and mouse (Wang et al., 2003, Winter et
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al., 1998) and appears to function in the movement of the IRS with the hair growth against the
immobile ORS (Harland and Plowman, 2018).

The IRS is comprised of three layers (Figure 1.1 red box), He, Huxley’s layer (Hu) and the IRS
cuticle (Cu). He is a single layer of cells, that undergoes terminal cornification at the distal portion
of the bulb (Joshi, 2011). These plate-like cells form a structural support of the IRS, and differ
morphologically to the elongated Hu, which contains approximately 2-4 layers of cells which
cornify at the Adamson’s fringe (Harland and Plowman, 2018). As the IRS layers differentiate
trichohyalin granules accumulate, which disappear during cornification (Harland and Plowman,
2018, Joshi, 2011). Together with the Cu, the IRS functions in the structure and shape of the HS
(Harland and Plowman, 2018, Joshi, 2011, Hashimoto, 1988).

The HS is comprised of the HS cuticle (HC), cortex (Co) and the medulla (Figure 1.1 red box),
which express KRT85, a specific HF keratin. The HC cells are originally oval in shape, which
elongate and produce a greater number of trichohyalin granules as they move distally (Hashimoto,
1988). The overlapping structure of HC cells is highly associated with the Cu (Harland and
Plowman, 2018, Hashimoto, 1988). Additionally, within the bulb the dendritic processes of
melanocytes come into contact with the Co cells (and to a lesser extent the medulla) (Slominski
et al., 2005). Here pigmentation of the HS occurs through the transfer of melanin granules from
mature melanosomes to the HS keratinocytes (Slominski et al., 2005) through phagocytosis
(Harland and Plowman, 2018).

In the human HF, the dermal papilla (DP) is an onion shaped ball of densely packed inductive
fibroblasts, surrounded by the matrix keratinocytes (Figure 1.1). These specialised fibroblasts
communicate with the HF epithelium to influence both hair growth and cycling (Schneider et al.,
2009). The DP is classified as the signalling centre of the HF, and cross talk between the DP and
secondary hair germ initiates new hair growth. In addition signalling occurs between the DP and

the transient amplifying cells which defines the fate of the matrix keratinocytes (Lei et al., 2017).

Separating the mesenchymal and epithelial portions of the HF is the basement membrane, a
region rich in extracellular matrix proteins (Joubeh et al., 2003). The basement membrane can be
broken down into two components, the keratinocytes connect with the lamina lucida containing
a6 and B4 integrins along with collagen XVII (Beiu et al., 2019), and the lamina densa containing
collagen IV, laminin-332 and laminin-551 (Gao et al., 2008, Imanishi et al., 2010, Sugawara et al.,

2007) which anchor to collagen VIl filaments within the dermal fibroblast population (Beiu et al.,
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2019). A thickening of the basement membrane surrounding the DP distally is present along with

thickening during catagen (Couchman and Gibson, 1985).
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Figure 1.1 Schematic representation of the human hair follicle. The anagen VI HF is comprised of
concentric layers of keratinocytes encompassing of the hair shaft, IRS and ORS. Surrounded by a fibroblast
layer, the CTS, containing the vasculature supply to the HF. The bulb region of the HF is located proximally
and contains the signalling centre of the HF, DP, and highly proliferative matrix keratinocytes. Distal to the
bulb the HF can be broken down into the suprabulb, isthmus and infundibulum regions. Within the isthmus
the ORS contains the K15/CD200+ bulge region of keratinocytes, proximal to the sebaceous gland. Red
dashed box represents the differences in cell morphology of the individual HF layers (image generated in
Adobe lllustrator®)
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1.2.1.1 The hair cycle

As detailed in Figure 1.2, the HF is a cyclically regenerating mini-organ that undergoes regular
periods of growth (anagen), regression (catagen) and relative quiescence (telogen) (Oh et al.,
2016). This process of initial hair growth and cycling is tightly regulated by numerous signalling
pathways (Schneider et al., 2009), and it is therefore important to gain an understanding of how
both the anatomy of the HF is altered and the signalling involved to give insight into how

cholesterol may alter HF growth and cycling.

1.21.2 Hair follicle morphogensis

Initial HF growth occurs in utero with the formation of the placode; this process is driven through
Whnt/B-catenin, noggin and transforming growth factor 3 (TGF) signalling (Schneider et al., 2009).
Subsequently the formation of the DP occurs through sonic Hh (Shh) signalling, along with the
hair germ formed through increased fibroblast growth factor (FGF) (Chiang et al., 1999).
Furthermore, proliferation and differentiation are driven through numerous signalling pathways
including Wnt/B-catenin, Shh, noggin and notch in the HF peg to produce a keratinous HS
(Schneider et al., 2009).

1.2.1.3 Catagen

Following initial hair growth, apoptosis-mediated regression occurs. Catagen can be broadly
subcategorised into three stages: early, mid and late (Kloepper et al., 2010). This period of hair
growth results in the rapid regression of the HF and is present in 5-10% of scalp hair (Oh et al.,
2016). Initiated through FGF5 signalling in mice (Suzuki et al., 2000), early catagen can be
identified through a loss of melanin production in the pre-cortical matrix (PCM) and melanin
incontinence where leaking of pigmentation into the DP occurs (ectopic melanin) (Oh et al., 2016,
Stenn and Paus, 2001, Tobin, 2011). The previously onion shaped DP reduces to become an
almond shape through migration of DP fibroblasts into the DP stalk (Oh et al., 2016). The
surrounding matrix keratinocytes undergo apoptosis (Stenn and Paus, 2001) and a general
reduction in cell number and volume of the HF bulb is noted (Kloepper et al., 2010). A progression
of apoptosis occurs during mid-catagen where a reduction to few matrix keratinocytes encasing
the DP takes place. The remnants of the ORS and IRS form the epithelial strand and the HS
begins the formation of the brush-like club hair (Oh et al., 2016). Late catagen reveals a shortened
epithelial strand which draws the now rounded DP towards the bulge, leaving a CTS trail behind
(Oh et al., 2016). Migration of the bulge stem cell region to encapsulate the club hair also occurs.

In addition to FGF5, many other factors have been identified as catagen inducing such as; Wnt
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inhibition through dickkopf WNT signalling pathway inhibitor 1 (DKK1) (Kwack et al., 2012), TGFf3
(Hibino and Nishiyama, 2004) and bone morphogenetic protein (BMP) inhibition through Noggin
(Guha et al., 2004).

1.2.1.4 Telogen

A period of relative “quiescence” occurs following catagen, where predominantly neither
proliferation nor apoptosis is occurring, and equates for 1-2% of human scalp hairs (Oh et al.,
2016). The HF, now two thirds the size during Anagen VI, has condensed to lie within the dermis.
The HF epithelium can be characterised into the KRT15 and CD200 positive outer bulge, and the
inner bulge which surrounds the club hair (Hawkshaw et al., 2020). Additionally, the formation of
the secondary hair germ (SHG) separates the club hair from the DP.

Previously thought to be entirely quiescent, the telogen stage of the hair cycle is now known to
be integral to maintenance of the HF stem cell niche and preparation for the regeneration of the
HF (Geyfman et al., 2015). Telogen can be separated into two phases, refractory and competent
telogen. Refractory telogen is defined by high BMP and FGF signalling, with TGF signalling
absent. In comparison, during competent telogen BMP and FGF signalling switches to low, with
high levels of TGFf present (Geyfman et al., 2015).

1.2.1.5 Anagen

Initiation of new anagen, and therefore new hair growth is induced through Wnt signalling
(Hawkshaw et al., 2020). Anagen can be categorised into 6 stages (Oh et al., 2016), starting with
proliferation of the bulge and SHG in Anagen |, leading to development and differentiation of the
concentric HF layers (Oh et al., 2016). Pigmentation occurs by Anagen |V, the distinct onion
shaped DP being detectable by Anagen V (Oh et al., 2016). The majority of HF in situ are in

Anagen VI where they remain for a number of years (Stenn and Paus, 2001).

28



Anagen Early Catagen Mid-Catagen Late Catagen Telogen

£
=
S
=2
o Plucked
c . Sebaceous i
g gland
W e N v @ B P e e
= Hair
£ 1
£~ Shaft
= || .. | ieeee-
@

Epithelial

strand
o S) """"""""""""""""
B OR
E Matrix
ISR | PN | | O N S——
>
0 Matrix
==
=)
m

Figure 1.2 Schematic representation of the hair cycle. The cyclical mini-organ goes through periods of
growth (anagen), apoptosis-mediated regression (catagen) and relative quiescence (telogen). Early
catagen is represented by a loss of pigmentation in the hair shaft, loss of matrix keratinocytes and a
transition from the onion shaped DP in anagen to an almond shape for early catagen. Further regression
occurs during mid-catagen to reveal the epithelial stand and formation of the club hair, along with migration
of bulge keratinocytes. The development of the CTS trail occurs during late catagen. During telogen the DP
is condensed, bulge keratinocytes have migrated and surrounded the club hair (outer bulge) along with the
production of the secondary hair germ and a CTS trail present. Plucked telogen follicles are represented
by the dashed green line, in which the fibroblast layers, sebaceous gland and secondary hair germ are
retained in the scalp (image generated in Adobe lllustrator®).
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1.3 Cholesterol homeostasis

Cellular cholesterol metabolism has been covered in detail in many excellent reviews (Aye et al.,
2009, Ikonen, 2008, Incardona and Eaton, 2000, Klappe et al., 2009, Quazi and Molday, 2011).
This section is therefore restricted to summarising the generic mechanisms involved in the

regulation of cellular cholesterol levels.

1.31 De novo cholesterol synthesis

As summarised in Figure 1.3 the initial steps in cholesterol synthesis start in the mitochondria with
the formation of Acetoacetyl-CoA from two molecules of Acetyl-CoA initiated by Acetyl-CoA
acetyltransferase (ACAT) 2. 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) is produced through the
modification of Acetyl-CoA and Acetoacetyl-CoA by HMG-CoA synthase (HMGCS) in the
mitochondria (Ikonen, 2008, Incardona and Eaton, 2000).

The remaining steps predominantly occur in the endoplasmic reticulum (ER) where the rate-
limiting enzyme HMG-CoA reductase (HMGCR) forms mevalonic acid. A series of further
enzymatic reactions in the mevalonate pathway are required to produce Squalene (Goldstein and
Brown, 1990). Squalene is transformed into squalene 2,3-epoxide by squalene epoxidase (SQLE)
Another series of enzymatic reactions occur and lanosterol synthase (LSS) generates lanosterol
(Sharpe and Brown, 2013, Hubler et al., 2018).

Here two pathways are available, in the Bloch pathway cytochrome P450 cleaving enzymes
(CYP) CYP51A1 (Bloch, 1992) facilitates the next step, whereas 24-dehydrocholesterol
reductase (DHCR24) in initiates the Kandutsch-Russell pathway (Kandutsch and Russell, 1960).
In both pathways EBP cholestenol delta-isomerase (EBP) is utilised in the reduction of zymosterol
(Mitsche et al., 2015). Further reductions by sterol-C5-desaturaseare (SC5D) form either
dehydrodesmosterol or 7-dehydrocholesterol (7DHC). In the Kandutsch Russell pathway the
cholesterol precursor 7DHC is reduced by 7DHC reductase (7DHCR) to form cholesterol (lkonen,
2008), whereas desmosterol is formed in the Bloch pathway requiring an additional step by
DHCR24 to form cholesterol (Mitsche et al., 2015). An alternative pathway for cholesterol
synthesis can be achieved in peroxisomes from the initial Acetyl-CoA step up to the mevalonate
pathway, where squalene will move into the ER for the remainder of the synthesis pathway

(Thompson and Krisans, 1990).
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Figure 1.3 Cholesterol biosynthesis pathways. De novo cholesterol synthesis occurs through a series
of defined reactions in the endoplasmic reticulum, enzymes outlined in pink, dashed grey arrows show
cross over paths mediated by DHCR24 between the Bloch and Kandutsch Russell pathways.
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1.3.2 Cholesterol uptake

Uptake in the peripheral tissues occurs primarily through the binding of LDL to the LDL receptor
(LDLR) on cell membranes and undergoes receptor-mediated endocytosis (lkonen, 2008).
Scavenger receptor class B member 1 (SCARB1) primarily functions in the uptake of free
cholesterol (FC) and cholesterol esters (CE) from circulating HDL (Rhainds and Brissette, 2004).
CD36 belongs to the same family as SCARB1 and is also involved in the uptake of cholesterol in
enterocytes (Nassir et al., 2007), though expression in the skin is less well defined (Westergaard
et al., 2001). There is evidence that both of the receptors can mediate bi-directional cholesterol
trafficking, and SCARB1 has been shown to increase cholesterol to the lipid rafts (Rhainds and
Brissette, 2004). Niemann-Pick disease, type C (NPC) 1 like intracellular cholesterol transporter
1 is a dominant cholesterol transporter in the intestine, however expression is unknown in the skin
or hair (Davies et al., 2005).

1.3.3 Cholesterol efflux

ABC transporters play an important role in the transport of lipids, with the ABCA family involved
in cholesterol efflux. ABCA1 is a well characterised cholesterol transporter and is ubiquitously
expressed. It meditates the efflux of excess cholesterol from cells to apolipoproteins (APO), in
particular APOA1, for the formation of nascent HDL for reverse cholesterol transport (Klappe et
al., 2009, Quazi and Molday, 2011). ABCAT is another cholesterol transporter known to be located
in the skin, particularly in late differentiating keratinocytes (Quazi and Molday, 2011, Kielar et al.,
2003). ABCG1, another ubiquitous ABC transporter known to be expressed in the skin, is
characterised in transport of cholesterol to HDL (Jiang et al., 2010). Other ABC transporters
known to transport cholesterol are ABCB1, ABCG4, and the heterodimeric ABCG5/ABCGS8
(Quazi and Molday, 2011). ABCAS5 (DeStefano et al., 2014, Ye et al., 2010) and ABCA2 (Mack et
al.,, 2007) have putative roles in cholesterol movement. In addition to cholesterol uptake,
cholesterol efflux to HDL via SCARB1 is also known (Shen et al., 2018b).

1.34 Intracellular cholesterol transport

Intracellular trafficking of cholesterol can occur through two mechanisms: vesicular and non-
vesicular. Vesicular transport requires a cytoskeleton along with ATP to facilitate the movement.
Non-vesicular transport occurs through hydrophobic cavity transporter proteins, such as

steroidogenic acute regulatory protein (STAR) and through spontaneous resorption which is
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thought to be processed through as yet unidentified specialist proteins (Soccio and Breslow,
2004).

Although the ER is the site of cholesterol synthesis, it is a cholesterol poor environment. Nascent
cholesterol is rapidly exported from the ER to the plasma membrane, a cholesterol-rich site. A
small amount of the export occurs through vesicular mechanisms produced by the Golgi.
However, the transport is more likely to occur through non-vesicular mechanisms. Caveolin 1 and
2 along with sterol carrier protein 2 have been shown to facilitate this, in addition with caveolin
like cholesterol chaperones (Incardona and Eaton, 2000). Lipid droplet formation occurs from

excess cholesterol produced from the ER (lkonen, 2008, Soccio and Breslow, 2004).

Excess cholesterol accumulated in the plasma membrane returns to the ER for esterification,
through a different route other than nascent cholesterol. Sphingomyelinase facilitates the release
of cholesterol from the plasma membrane through the formation of vesicles. This can occur
without ATP; however, ATP is required for the vesicles to become late endosomes and lysosomes
which can be transported back to the ER. Mediated through the Golgi, this can be achieved both

by non- vesicular or vesicular routes (Soccio and Breslow, 2004).

Mitochondria are also cholesterol poor organelles, however they contain two important P450 type
enzymes within the inner membrane which are integral to the function of cholesterol in hormone
synthesis. CYP11A1 converts cholesterol to pregnenolone which is post modified to create sterol
hormones. CYP27A1 converts cholesterol into 27-hydroxycholesterol which functions in reverse
cholesterol transport due to being an LXR agonist, represses sterol regulatory element binding
protein (SREBP) intermediates in the synthesis of bile acid and is a more soluble form of
cholesterol to be transported within the plasma. Multiple sources of cholesterol are presented to
mitochondria, some of which are: lipid droplets, late endosomes and lysosomes (lkonen, 2008,
Soccio and Breslow, 2004). STAR-related lipid transfer domain protein (STARD) 3 is located on
the surface of late endosomes and interacts with NPC intracellular cholesterol transporter 2
(NPC2) to assist transport into the mitochondria (Wustner and Solanko, 2015). STARD4 is said
to transport cytoplasmic FC and cholesterol oxides from lysosomes to the outer membrane of
mitochondria (Elbadawy et al., 2011, Ikonen, 2008). STAR facilitates the movement from the outer
to the inner membrane of the mitochondria, through the binding of cholesterol with the peripheral

benzodiazepine receptor (Ikonen, 2008, Soccio and Breslow, 2004).
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1.3.5 Regulation

Regulation of cholesterol homeostasis occurs through numerous nuclear receptors, two main
mechanisms are: SREBPs, or ligand-activated retinoid X receptor (RXRs) heterodimerising with

liver X receptor (LXRs), as summarised in Figure 1.4.

In cholesterol poor environments SREBP cleavage-activating protein (SCAP) facilitates transport
of SREBP2 from the ER to the Golgi for processing. The proteolytic fragmented SREBP2 is
produced through two enzymatic reactions by membrane bound transcription factor peptidase
(MBTPS)1 and MBTPS2. SREBP2 then moves to the nucleus, initiating the transcription of
HMGCR and the LDLR, amongst other genes which increase cellular cholesterol levels (Figure
1.4A). SREBP-mediated transcription is downregulated through Insulin-induced gene (INSIG) and
SCAP binding in sterol-rich environments. This is initiated through the binding of FC to SCAP and
oxysterols to INSIG. SREBP transport is blocked and expression of downstream targets inhibited
(Figure 1.4B) (Shimano and Sato, 2017). Additionally INSIG can also act through binding to the

sterol sensing domain of HMGCR, resulting in enzyme degradation (Sever et al., 2003)

In cholesterol-rich environments activation of the LXR/RXR pathway occurs, through oxysterols
and retinol binding respectively, initiating the transcription of ABC transporters and APO, along
with the downregulation of transcription of cholesterol synthesis genes. Two isoforms of LXR
exist, LXRa and LXR}, both of which are expressed in the skin and hair (Russell et al., 2007,
Schmuth et al., 2004). Ligand activated LXR binds to the LXR response element (LXRE) in target
genes to initiate transcription (Zhao and Dahlman-Wright, 2010).

In addition RXR can also heterodimerise with peroxisome proliferator-activated receptor (PPAR),
which in turn initiates binding to the peroxisome proliferator response element (PPRE) (Gupta et
al., 2015, Ramot et al., 2015), initiating the transcription of numerus downstream target genes
including those associated with gluconeogenesis, ketogenesis, mitochondrial oxidation,
lipoprotein metabolism and cholesterol catabolism (Mandard et al., 2004). In addition PPAR
activation functions in enhancing proliferation of peroxisomes, which act as secondary sites for
cholesterol synthesis (Gupta et al., 2015, Karnik et al., 2009). Furthermore, PPAR activation has
been shown to increase ABCA1 expression, although this is likely to be in an LXR-mediated

manner (Ogata et al., 2009).
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Figure 1.4 Regulation of cholesterol homeostasis. Schematic representation of SREBP2-mediated
regulation (A) during low cholesterol leading to SREBP2 processing and transcription of cholesterol
synthesis and uptake genes, whereas (B) during high levels of cholesterol INSIG prevents the movement
of SCAP/SREBP2 to the Golgi. (C) LXR/RXR-mediated regulation is inactive with low sterol levels, (D)
during high cholesterol activation of LXR/RXR with oxysterol and retinols initiates the transcription of
cholesterol efflux genes.

1.3.6 Cholesterol metabolism

Oxysterols have many functions including transcriptional regulation of cholesterol homeostasis
through SREBP2 and LXR (Olkkonen et al., 2012), keratinocyte differentiation (Hanley et al.,
2000), apoptosis (Lordan et al., 2009), and 25-hydroxycholesterol has been shown in Shh
signalling through interactions with smoothened (Corcoran and Scott, 2006). The generation of
oxysterols can occur through either enzymatic synthesis in the ER and mitochondria, or through

autoxidation through reactive oxygen species (Olkkonen et al., 2012) as shown in Figure 1.5.
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In the mitochondria, CYP27A1 facilitates the addition of a hydroxy group to the 27th carbon to
form 27-hydroxycholesterol, and is important both in bile acid production (Chiang, 1998) and
vitamin-D metabolism (Nemazannikova et al., 2019). In addition, 27-hydroxycholesterol is a

selective oestrogen receptor modulator (DuSell et al., 2008).

Within the ER multiple enzymes which facilitate cholesterol metabolism are present. For example;
CYP3A4 forms 4-B-hydroxycholesterol, CYP46A1 generates 24-hydroxycholesterol, and
cholesterol 25-hydroxylase (CH25H) forms 25-hydroycholesterol, which is further oxidised to form
7-a-dihydroxycholesterol by CYP7B1 (Olkkonen et al., 2012).

Autoxidation of the 7" carbon atom of cholesterol can produce 7-B-hydroxycholesterol, 7-
ketohydroxycholesterol, in addition autoxidation of the 5" and 6™ carbon atoms forms 5-6-
epoxycholesterol. Moreover accumulation of these oxysterols can lead to apoptosis (Lordan et
al., 2009).

In addition to oxysterols, esterification of cholesterol through ACAT1 and ACATZ2 is one
mechanism cells apply to reduce high ER cholesterol levels (lkonen, 2008). Sulfation of 25-
hydroxycholesterol is achieved through sulfotransferase family 2B member 1 isoform b
(SULT2B1b) to produce 25-hydroxycholesterol 3-sulfate, which is further sulphated by the
sulfotransferase family 2A member 1 (SULT2A1) to produce 25-hydroxycholesterol di-sulfate
(Ren et al., 2014). This process is reversible by steroid sulfatase (Elias et al., 2014), and
cholesterol sulfate (CS) has been shown to induce differentiation in the skin (Elias et al., 2014,
Hanley et al., 2001, Hanyu et al., 2012).

Synthesis of pregnenolone in the mitochondria by CYP11A1 is the initial first step in
steroidogenesis. Further enzymatic reactions occur in the ER with CYP17A1 (Payne and Hales,
2004, Hu et al., 2010). Indeed steroidogenic enzymes are present in the HF (Slominski et al.,
2013) as discussed further in Section 1.5.3 Hu et al. (2010) have reviewed the utilisation of
cholesterol sources in the production of steroid hormones, which will not be covered in as much

detail here.
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Figure 1.5 Cholesterol metabolism. Structure of cholesterol and its oxysterol metabolites, along with
steroid precursor pregnenolone. Green arrows indicate autoxidation, red arrows enzymatic reactions within
the ER and blue arrows within mitochondria.
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1.3.7 Specific cholesterol transporters

In characterising cholesterol homeostasis in the HF, investigations will focus on three ABC
transporters, two of which are ubiquitously expressed and known in the skin: ABCA1 (Deng et al.,
2019, Jiang et al., 2006) and ABCG1 (Jiang et al., 2010, Marko et al., 2012). Along with
examination of ABCAS5, a putative cholesterol transporter implicated in congenital hypertrichosis
(DeStefano et al., 2014, Hayashi et al., 2017). Additionally, the bi-directional cholesterol
transporter SCARB1, which has also been identified in the skin (Crivellari et al., 2017, Muresan
etal., 2018, Sticozzi et al., 2012) will be explored. Therefore, this section focuses on these specific

transporters in more detail.

1.3.7.1 ABCA1

ABCA1 is the first member of the ABCA family, characterised for their transport of lipids (Quazi
and Molday, 2011). The large 254 kDa membrane protein contains six transmembrane domains
for both the N-terminal and C-terminal, two nuclear binding domains and two extracellular
domains between the first and second transmembrane domain of each terminal containing
disulfide bonds which is essential for the APOA1 binding region (Hozoji et al., 2009).

ABCAT1 plays a role in the formation of nascent HDL in conjunction of cholesterol efflux to APOA1
(Denis et al., 2004b). In addition to cholesterol, ABCA1 can also facilitate the movement of
sphingomyelin, phosphatidylcholine, phosphatidylserine, sphingolipid-I-phosphate and 25-
hydroxycholesterol (Quazi and Molday, 2011).

Cellular localisation is predominantly noted in the plasma membrane, however intracellular
localisation of ABCA1 to endosomes (Neufeld et al., 2001), ER and Golgi (Quazi and Molday,
2011) is also known, which facilitates the movement of intracellular cholesterol to the plasma
membrane for efflux (Neufeld et al., 2001). ABCA1 expression in anagen HFs has been previously
detected (Haslam et al., 2015) in addition to murine epidermis, foreskin keratinocytes (Jiang et
al., 2006) and HaCaT cells (Sticozzi et al., 2010).

Tangier disease results from loss-of-function mutations in ABCA1, phenotypically patients present
with an accumulation of CE within macrophages and low levels of circulating HDL and APOA1
(Ceccanti et al., 2016).

1.3.7.2 ABCG1

Unlike the ABCA family, ABCG family contains half transporters, these half transporters homo- or

heterodimerise to form a functioning transporter (Quazi and Molday, 2011). ABCG1 is a 75 kDa
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protein composed of six transmembrane domains and a nucleotide binding domain located within
the N-terminal containing walker A and walker B motifs (Hardy et al., 2017). Post-translational
modifications include cystine palmitoylation, which is important for the trafficking of ABCG1 from

the ER to the plasma membrane (Gu et al., 2013)

Contrasting evidence has been reported for LXR agonism enhancing plasma membrane
localisation of ABCG1 (Wang et al., 2006, Xie et al., 2006). Intracellular ABCG1 has also been
suggested to participate in endosomal transport, facilitating the movement of cholesterol from the
ER to the plasma membrane (Tarling and Edwards, 2011). In addition to functioning in efflux of
cholesterol to HDL (Wang et al., 2008), ABCG1 can also efflux oxysterols (Engel et al., 2007). It
is hypothesised that ABCG1 enhances cholesterol efflux to HDL without direct binding, but

through increases of plasma membrane pools to enable desorption to HDL (Phillips, 2014).

Currently there are no mutations of ABCG1 linked to disease, however overexpression of ABCG1
does occur in Tangier disease, a mechanism to counteract the loss of ABCA1 function (Lorkowski
et al., 2001).

1.3.7.3 ABCA5

ABCAS5 is a lesser known ABC transporter, part of the subcluster of ABCA family of proteins on
chromosome 17g24.3 including ABCA6, ABCA8, ABCA9 and ABCA10. The function and allocrite
have yet to be determined, however the putative cholesterol transporter is implicated in congenital
hypertrichosis (DeStefano et al., 2014, Hayashi et al., 2017) making it the most physiologically

relevant cholesterol transporter to study in the HF.

Although crystal structural analysis has yet to be investigated, three splice variants are known
including a 187 kDa full transporter and two half transporters of 99 kDa and 104 kDa. Structural
analysis in rat revealed sixteen transmembrane domains, an N terminal comprised of two
sections, where a cytoplasmic loop separates the first two transmembrane domains, followed by
a subsequent six transmembrane domains. In addition two nuclear binding domains are present,
the first separated from the second by eight transmembrane domain C terminal (Petry et al.,
2003). 90% homology between the rat and human ABCAS is documented, including highly
conserved walker A and walker B motifs (Petry et al., 2003). Studies revealed 200 and 220 kDa
protein expression in rat (Petry et al., 2006) and 215 kDa in human (DeStefano et al., 2014),
suggesting post-transcriptional glycosylation modifications, with predictions of three N-linked

glycosylation sites of asparagine (www.uniprot.org, 2020).
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Transcriptional control of ABCA5 has been detected with PPAR agonist pioglitazone (Mak, 2014)
but not LXR agonism (Mak, 2014, Fu et al., 2015), and indeed PPAR binding sites are predicted
(www.genecards.org, 2020). Furthermore miR-205, a putative PPARYy target (John et al., 2012),
has been found to reduce ABCA5 expression. Extracellular signal-regulated kinases (ERK)-
mediated silencing of ABCAS has also been found (Shukla et al., 2010). Arsenite induced
oxidative stress has shown a decrease in ABCA5 expression (Zhao et al., 2019), and Huang et
al. (2019b) hypothesise a role for ABCAS5 in detoxification metabolism. ABCAS5 is decreased in
sorcin knockdown, a calcium homeostasis protein (Gao et al., 2015), and therefore calcium levels

may be important in ABCA5 expression.

Sphingomyelin treatment in neuroblastoma cell line SK-N-SH increases ABCAS expression, and
therefore ABCA5 may play a role in the transportation of sphingomyelin (Kim and Halliday, 2012).
ABCAS5 capacity in APOE-mediated cholesterol efflux has been measured in SK-N-SH cells (Fu
et al., 2015), furthermore, Abca5” mice show no change in APOA1 efflux but a reduction in

cholesterol efflux to HDL (Ye et al., 2008), demonstrating a role for ABCA5 in cholesterol efflux.

In disease, ABCAS is upregulated in cancer stem-like cells (Huang et al., 2009), overexpression
is correlated to prostate cancer (Karatas et al., 2016), and presence in urine can be used as a
premalignant detection of prostate cancer (Hu et al., 2007). High expression of ABCAS5 can be
used as a prognostic marker in acute myeloid lymphoma (Niu et al., 2019, Varatharajan et al.,
2017), whereas Wu et al. (2009) report a lower expression of ABCAS in acute myeloid lymphoma
than in normal bone marrow. Low ABCA5 expression in conjunction with high ABCA1 is
associated with a poor prognosis in ovarian cancer (Hedditch et al., 2014), and post treatment in
breast cancer ABCAS5 is down regulated (Hlavac et al., 2013). Expression of ABCAS increases
with age in Parkinson’s disease (Kim and Halliday, 2012), in addition to associations with

lysosomal disease (Kubo et al., 2005).

Tissue expression is ubiquitous, with high levels of expression being reported in the testis, (Annilo
etal., 2003, Petry et al., 2006), brain (Fu et al., 2015, Ohtsuki et al., 2007, Tachikawa et al., 2018),
liver (Quezada et al., 2008, Ohtsuki et al., 2007, Takenaka et al., 2013), pancreas (Ohtsuki et al.,
2007) and skin (DeStefano et al., 2014, Tachikawa et al., 2018, Takenaka et al., 2013, Haslam et
al., 2015). Intracellular localisation has previously been documented for ABCA5 with distribution
to lysosomes (Kubo et al., 2005) and Golgi (Petry et al., 2006).
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1.3.7.4 SCARB1

SCARBH1 is a bi-directional cholesterol transporter (Shen et al., 2018b) composed of 520 amino
acids (isoform 3), with an eleven amino acid cytoplasmic N terminal, a twenty amino acid
transmembrane domain, a large extracellular ectodomain with eleven N-linked glycosylation sites,
multiple cystine residues and a HDL binding region. The second transmembrane domain and
large C terminal is integral for oligomerisation (Shen et al., 2018a). Predominantly the protein is
detected as monomers in rats (Shen et al., 2018b), however homo-dimers and oligomers have
been noted (Sahoo et al., 2007). Furthermore, oligomerisation has been shown to increase
functional capacity of cholesterol efflux. Specifically, SCARB1 can facilitate the movement of both
FC and CE to and from HDL (de la Llera-Moya et al., 1999, Luo et al.,, 2010) in addition to
triglycerides and phospholipids. The protein has several additional functions, including bacterial
detection (Guo et al., 2014), transport of carotenoids (Shyam et al., 2017) and vitamins (Reboul
et al., 2011, Reboul et al., 2006).

The promoter region of SCARB1 contains multiple transcription factor binding sites including
SREBP1 (Shen et al., 2018a), LXR (Malerad et al., 2002) and NR5A1 (nuclear receptor subfamily
5 group A member 1) (Cao et al.,, 1997). Contrasting evidence has been provided for LXR
activation of SCARB1 where both increases and decreases of expression have been shown
(Komaromy et al., 1996). Amongst steroidogenic tissues trophic hormones have been shown to
be integral in inducing the transcription of SCARB1 (Rigotti et al., 1996), which is mediated
through NR5A1 (Lopez et al., 1999). Indeed these transcription factors have been previously
detected in HFs, and the HF contains enzymes that indicate it may be capable of steroidogenesis
(Patel et al., 2001, Slominski et al., 2013), therefore SCARB1 may be regulated by numerous

mechanisms in the HF.

SCARB1 expression in skin (Muresan et al., 2019), sebocytes (Crivellari et al., 2017) and
keratinocytes (Sticozzi et al., 2012, Tsuruoka et al., 2002) have been previously studied.
Expression is prominent in basal layer of the epidermis (Tsuruoka et al., 2002), and may function

in epidermal barrier function (Muresan et al., 2019) and wound healing (Muresan et al., 2018).
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1.4 Links between cholesterol and common signalling

pathways which regulate hair follicle growth and cycling

As discussed in Section 1.2, HF growth and cycling are tightly regulated by numerous signalling
pathways. Furthermore, cholesterol modification of these pathways and cholesterol-rich lipid rafts
are important for signal transduction (Incardona and Eaton, 2000). Disruption of these pathways
are associated with hair pathologies, for example hypertrichosis simplex is correlated with a
mutation in a Wnt inhibitor (APC down regulated 1) (Shimomura et al., 2010), downregulation of
Wnt/B catenin signalling has been reported in alopecia universalis, alopecia areata (AA) (Lim et
al.,, 2014) and androgenic alopecia (AGA) (Lu et al., 2016), and the treatment of basal cell

carcinoma with Hh inhibitors results in alopecia (Fecher and Sharfman, 2015).

Lipid modification of Wnt/BCatenin and Notch pathways are important in membrane targeting of
these proteins (Stenn and Karnik, 2010, Incardona and Eaton, 2000). Furthermore selection of
the Wnt/B-catenin pathway over non-canonical Wnt (Sheng et al., 2014) is associated with
cholesterol binding to dishevelled through membrane localisation of Wnt (Sheng et al., 2014). In
fact simvastatin treatment results in reductions to Wnt inhibitor and catagen inducer (Kwack et
al., 2012) DKK1 (Pontremoli et al., 2018) along with enhanced Wnt signalling (Gao et al., 2016).

A mouse model of Smith-Lemli-Opitz syndrome, a condition with mutated DHCR7, which
demonstrates a parallel decrease in Shh transduction is associated with reduction in cholesterol
levels (Cooper et al., 2003). In addition cholesterol acts downstream of Hh at the level of
smoothened and patched 1, and ligand binding of cholesterol to smoothened activates the
transcription of downstream Hh targets (Tang et al., 2007, Huang et al., 2016). Furthermore,
cholesterol is associated with post-translational modification of Hh proteins (Porter et al., 1996)
and the secretion of Hh ligands (Burke et al., 1999). As Hh signalling is important to HF
morphogenesis and cycling, with the onset of anagen alterations to interfollicular cholesterol

levels may affect the hair cycle through delayed anagen onset.

TGFB1 treatment in keratinocytes resulted in increase of HMGCR and cholesterol levels (Yamane
et al., 2016), as TGF is associated both with catagen induction and the switch from refractory to
competent telogen, induction of cholesterol synthesis may be important for initiation of hair cycle

stages.

Cholesterol depletion through methyl-B-cyclodextrin (MBCD) results in an upregulation of BMP6
through the disruption of lipid rafts (Mathay et al., 2011). BMP family is associated with delayed
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anagen onset (Hsu et al., 2011) and the inhibition of bulge cell proliferation during telogen (Lee
and Tumbar, 2012). In addition inhibition of ABCA1 and ABCGH1, resulting in the reduction of
cholesterol efflux in macrophages is associated with the upregulation of BMP signalling (Feng et
al., 2014). Furthermore BMP signalling is important in bulge stem cell activation (Plikus et al.,
2008) and regulating postnatal hair cycle (Guha et al., 2004), thus cholesterol levels may play an

important role in BMP signalling during the hair cycle.
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1.5 Roles of cholesterol in keratinocyte behaviour

The roles of cholesterol have not yet been explored in the HF, and although epidermal
keratinocyte differentiation is distinct from HF keratinocyte populations it can be used to provide
insight. Therefore, this section focuses on the physiological response of epidermal keratinocytes

to modulation in cholesterol.

1.51 Cholesterol regulates keratinocyte proliferation and differentiation

Lipids are integral factors in epidermal barrier function and as such, extensive investigations have
explored the role of lipid metabolism in epidermal keratinocytes (see Feingold and Elias (2014)).
The influence of cellular cholesterol levels on both keratinocyte differentiation and proliferation
has been explored in many studies (Hanley et al., 2000, Hanley et al., 2001, Hanyu et al., 2012,
Jans et al., 2013, Ponec et al., 1985, Ponec et al., 1987). Disruption of membrane cholesterol in
lipid raft formation through cyclodextrin-mediated cholesterol depletion, increases keratinocyte
proliferation along with causing a loss of early and late differentiation markers KRT1, KRT2 and
KRT10 (Sporl et al., 2010). In correlation Mathay et al. (2011) demonstrate a downregulation of
filaggrin gene expression with MBCD disruption of lipid rafts. Fundamentally, these studies show

that normal keratinocyte behaviour is inherently linked to cholesterol status.

In contrast neither FC nor its precursor mevalonate were able to induce keratinocyte
differentiation. Furthermore, oxysterols (25-hydroxycholesterol and 22R-hydroxycholeserol) have
been shown to upregulate involucrin and transglutaminase 1 (Hanley et al., 2000). As oxysterol
activates LXR, which has previously been detected in regulation of keratinocyte differentiation
(Hanley et al., 2000, Schmuth et al., 2004), it is important to distinguish between different sterol
forms. Culture of human HFs ex vivo with LXR agonist T0901317 has previously been reported
to reduce hair growth, in addition to reducing proliferation of epidermal keratinocytes (Russell et
al., 2007).

CS is present in the stratum granulosum at high levels and regulates desquamation in the stratum
corneum. CS increases the expression of differentiation markers, involucrin, filaggrin,
transglutaminase 1 and loricrin (Feingold and Jiang, 2011, Strott and Higashi, 2003, Elias et al.,
2008). Mild impairment of barrier function is detected with X-linked ichthyosis, a disease
associated with loss-of-function mutation in steroid sulfatase, an enzyme responsible for the
removal of sulfate from sterols. Inhibition of cholesterol synthesis and reduction of cholesterol

levels is detected with excess CS (Elias et al., 2008). In addition to controlling cellular cholesterol
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levels and keratinocyte differentiation, agonism of LXR and PPAR has been shown to regulate
SULT2B1b, an enzyme involved in CS synthesis (Jiang et al., 2005). No hair phenotype is
reported for autosomal recessive congenital ichthyosis, which is linked to a mutation in
SULT2B1b, (Heinz et al., 2017).

The maintenance of skin health therefore relies on maintenance of sterol isoforms and cholesterol
metabolism, however the regulatory activity of CS and oxysterols within HF keratinocytes has yet
to be defined. Indeed, CS is an integral lipid of hair fibres (Wertz and Downing, 1988), HMGCR
activity in human HFs is reduced with 25-hydrocholesterol treatment (Smythe et al., 1998), yet
the functional significance is unclear. Hair clippings from patients with elevated serum LDL
revealed no change in total cholesterol, yet an increase in CS levels (Brosche et al., 2001). As
desquamation does not occur in the HF, there must be an alternative role for CS in the HF (i.e.

adhesion and/or differentiation of the trichocytes within the HS).

The evidence from epidermal keratinocyte demonstrates that cholesterol and its products are
associated with differentiation, moreover dysfunction can lead to impairment of the epidermal
barrier. It is therefore reasonable to hypothesise an important role of cholesterol-mediated
differentiation in the HF and formation of the HS. Indeed, some reports into the indirect or direct

influence of cholesterol on HF biology have been made, which are outlined below.

1.5.2 Sources of cholesterol in the hair follicle: uptake versus de novo
biosynthesis

The predominant route for increasing cellular cholesterol levels in peripheral tissues is through
uptake from circulatory lipoproteins. Indeed, the HFs proximity to multiple sources of exogenous
cholesterol is demonstrated in Figure 1.1, yet it remains unclear if this is of importance for HF
biology. Both the SG and adipocytes surrounding the HF contain stores of cholesterol (Table 1.1)
and are capable of de novo cholesterol synthesis. In fact Nicu et al. (2019) suggest cholesterol
efflux from adipocytes could be capable of modulating the hair cycle. It should be noted that
although the expression of HMGCR in sebocytes is known, the cholesterol biosynthesis pathway

is ceased at squalene, with high levels of squalene present (Picardo et al., 2009).

Microvasculature runs throughout the CTS and capillary loops are present within the DP (Ellis
and Moretti, 1959), providing the HF with a potential source of circulatory lipoproteins. Although
expression of LDLR in HFs has been previously shown, Brannan et al. (1975) suggest these are
non-functional, as no differences were detected for HMGCR activity in healthy versus

hypercholesterolemic patients. However, it cannot be ruled out that when intrafollicular cholesterol

45



levels are lacking, the presence of LDLR may indicate that uptake of exogenous cholesterol from
LDL can occur. Furthermore, it is suggested that de novo synthesis is the predominant pathway
for the epidermis to increase cellular cholesterol levels (Slominski et al., 2013). Therefore, despite
multiple surrounding sources of exogenous cholesterol, it is likely that the HF also replenishes

intrafollicular cholesterol in the same manner.

All cells are capable of de novo cholesterol biosynthesis, and the HF is likely to increase
intrafollicular cholesterol in this manner. High expression is reported in the HF for the enzyme
DHCR24 (Brannan et al., 1975, Mirza et al., 2009, Smythe et al., 1998), which facilitates the
conversion of desmosterol to cholesterol in the Bloch pathway (Figure 1.3). Furthermore, both
cholesterol and desmosterol are present in the HS of mice, in fact at a higher level than in the
skin (Evers et al., 2010, Mirza et al., 2009, Serra et al., 2010). The authors suggest that during
HS formation cholesterol is incorporated opposed to coating via secretions from the SG,
suggesting synthesis is occurring in the HF during formation of the HS.

Table 1.1 Composition of sterols as percentage of total lipids in the human hair follicle and
sebaceous gland (Palmer et al., 2020)

Lipid Hair Shaft IRS HF Sebum SG

Cholesterol 3.9-5.5% 2.5% 3.7% 7.0% 3.4%

Cholesterol esters 8.5-19.1% 27.8%

Cholesterol sulfate 5.7-17.0% 1.4%

Squalene 2.9% 19.0%

References (Lee, 2011, Coderch et al.,  (Lee, (Lee, (Coderch et (Puhvel et
2008, Masukawa et al., 2011) 2011) al., 2008) al., 1975)
2005, Cruz et al., 2013,
Wertz, 2000)

1.5.3 Importance of cholesterol homeostasis in steroid hormone

biosynthesis

Steroidogenesis is predominantly observed in the gonads and adrenal glands, and although the
skin is also reported to be a steroidogenic tissue, it is important to note that this activity is
considerably lower (less than 1%) (Slominski et al., 2013). Crucially, numerous steroidogenic
enzymes are expressed in the HF (Figure 1.7), most importantly CYP11A1, which catalyses the
rate-limiting step (conversion of cholesterol into pregnenolone) in steroid hormone production
(Thiboutot et al., 2003, Slominski et al., 2013). This initial step in steroid biosynthesis occurs in
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the inner mitochondrial membrane, where cholesterol levels are comparatively low. Members of
the STAR family facilitate the delivery of cholesterol to this inner membrane (Figure 1.7) leading
to a concomitant increase in pregnenolone synthesis, which can then be utilised by steroidogenic

enzymes in the ER (Slominski et al., 2013).

Androgens, oestrogens and glucocorticoids are the major steroid hormone products of cholesterol
in the skin (Inoue et al., 2012, Zouboulis, 2009, Zouboulis et al., 2007, Feingold et al., 1983). In
particular, the testosterone metabolite dihydrotestosterone (DHT), which plays a role in the onset

of AGA, is formed in the cutaneous tissues, including the HF.

The significance between uptake of endocrine-produced circulating steroid hormones, which are
subsequently metabolised in situ (for example to DHT) and de novo steroidogenesis within the
HF has yet to be concluded. A large reduction in plasma androgens is detected in pre-pubertal
castrated patients, correlating to the lack of secondary sexual hair growth (vellus to terminal
formation driven through androgens), and these patients do not develop AGA (Hamilton, 1960,
English, 2018). Furthermore, AGA can be induced through testosterone injection in pre-pubertal
castrated patients, suggesting intrafollicular DHT levels arise predominantly from metabolism of
circulating androgens. In this respect, the role of cholesterol in de novo steroidogenesis as a
replacement of circulatory testosterone does not appear to be adequate to drive AGA or formation

of secondary hair.

Taves et al. (2011) suggest that within peripheral tissues de novo steroid hormone synthesis
functions in autocrine or paracrine signalling. In this case, regulation of hair growth and cycling
from modulatory signals could occur from relatively low levels of intrafollicular androgen synthesis.
In fact, Kretzschmar et al. (2015) report crossover of androgen receptor (AR) and Wnt/B-catenin
signalling, where a concomitant reduction of Wnt/B-catenin signalling is detected from high levels
of DHT induced AR activity in the balding scalp. In this way, links between signalling pathways
associated with hair growth and cycling could be modulated by fluctuations in steroidogenesis
because of alterations to intrafollicular cholesterol levels. Indeed, preliminary evidence reported
by Nicu et al. (2019) suggested that cholesterol release from dermal adipocytes during catagen
is increased, leading to the hypothesis that increased cholesterol uptake may lead to an increase

in steroidogenesis in the HF and has impact on anagen to catagen transition (Nicu et al., 2019).

Increased expression of 5a-reductase (5aR) isoforms have been detected in female patterned

hair loss with normal circulating androgen levels (Sanchez et al., 2018). 5aR function in the
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formation of DHT from testosterone, suggesting metabolism of steroid hormones rather than de

novo synthesis is linked with the onset of female patterned hair loss.

Inoue et al. (2012) detected an association between decreased hair density and increased
expression of STAR within the frontal area of the scalp. In addition, higher testosterone and
oestrogen levels are correlated to higher expression of STAR (Inoue et al., 2012). Furthermore,
HF localisation of the steroidogenesis regulatory nuclear receptors NR5A1 and NROB1 (nuclear
receptor subfamily 0 group B member 1) have been found in the DP, ORS, IRS and matrix (Patel
et al., 2001) (Figure 1.6). In addition, the authors speculate that conversion of sterols into DHT
may be induced by oxysterol activation of NR5A1 and NROB1 (Patel et al., 2001). Although
intrafollicular androgen production does not appear to be sufficient to cause DHT-sensitive AGA,
little to no difference in circulatory DHT levels were detected in patients with AGA (Hannen et al.,
2011, Nikolakis et al., 2016, Slominski et al., 2013, Zhang et al., 2018, Urysiak-Czubatka et al.,
2014). Therefore, it cannot be fully determined if cholesterol plays a role in intrafollicular
steroidogenesis or oxysterol induced metabolism of testosterone to DHT in androgen-sensitive

alopecias.

Given that cutaneous tissues have the ability to utilise cholesterol for steroid hormone synthesis,
and in conjunction with the reliance on rate-limiting cholesterol trafficking, alterations in
cholesterol homeostasis have the capacity to dysregulate normal HF biology. However, the role
of in situ metabolism of circulating sterols (i.e. androgens, oestrogens, or glucocorticoids) versus

de novo steroidogenesis within the HF remains to be elucidated.
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Figure 1.6 Hair follicle expression of cholesterol homeostatic and steroidogenesis proteins. Filled
boxes indicated known localisation of gene/protein. Striped boxes indicated that the gene/protein is known
to be present in pilosebaceous unit but the pattern of expression is yet to be defined. Empty boxes indicate
the expression of a specific gene/protein is yet to be reported (Adapted from Palmer et al. (2020)).
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1.6 Associations between cholesterol and hair pathologies

1.6.1 Cholesterol synthesis is dysregulated in primary cicatricial alopecia

Altered cholesterol status has been associated with primary cicatricial alopecias (PCA), a group
of inflammatory hair loss disorders characterised by permanent HF loss and formation of scar-
like fibrous tissue (Panicker et al., 2012). The hallmarks of PCA include inflammation and the
influx of immune cells, yet the underlying mechanisms remain unclear. Recently evidence pointing

towards dysregulation in lipid homeostasis has been shown to have a role.

In particular, both lesional and non-lesional scalp tissue from PCA patients demonstrated a
significant downregulation of genes involved in cholesterol biosynthesis (Panicker et al., 2012).
This included DHCRY7, which catalyses the final step in cholesterol biosynthesis (Figure 1.3) as
well as EBP. Furthermore, mutations in EBP cause Conradi-Hunermann syndrome, a disorder
where scarring hair loss is seen (see section 1.6.6). A pro-inflammatory response was noted with
either the addition of exogenous 7DHC or inhibition of DHCR7 to human primary ORS
keratinocytes or via topical application to mouse back skin, including upregulation of toll-like
receptor and interferon signalling networks. Additionally TGF(, an established inducer of catagen
(Hibino and Nishiyama, 2004) and fibrosis (Imanishi et al., 2018), was also upregulated with the

inhibition of cholesterol biosynthesis (Panicker et al., 2012).

Ultimately, in these murine models abnormal cycling and loss of HF growth resulted from inhibition
of cholesterol synthesis, with an increase in markers associated with catagen induction (TGF(1),
a downregulation of stem cell markers (SOX9) alongside epidermal thickening and follicular
plugging (Panicker et al., 2012). Therefore, the conclusion is drawn that the inflammatory
response associated with macrophage recruitment and, ultimately, HF destruction in PCA patients
is mediated through the accumulation of cholesterol precursors (Panicker et al., 2012).

Consequently, a direct link between PCA and HF sterol status is evident.

Of relevance to this is the evidence linking sex steroid responses to frontal fibrosing alopecia
(FFA), a form of PCA primarily observed in women (Harries et al., 2018). Indeed, a predisposition
in post-menopausal women to the development of FFA is associated with oestrogen activity levels
or the decline in dehydroepiandrosterone (Tziotzios et al., 2016, Gaspar, 2016, Harries et al.,
2018).

The steroid hormone metabolising enzyme CYP1B1 plays a role in the oxidative metabolism of

oestradiol and oestrone, but may also metabolise xenobiotics such as the oral contraceptive
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(Tziotzios et al., 2016). Furthermore, a recent GWAS identified a missense mutation in CYPB1
linked with pathogenesis of FFA (Tziotzios et al., 2016). Additionally, in Pomeranian dogs,
CYP1B1 has been associated with alopecia X (Brunner et al., 2017). Although this could indicate
a role for metabolism of steroid hormones in the development of hair disorders such as FFA,
direct evidence of steroidogenesis within the HF is still required. Whether reduced de novo
steroidogenesis is directly related to changes in intrafollicular cholesterol levels in FFA has yet to

be determined but remains a possibility.

1.6.2 Peroxisome proliferator-activated receptor dysregulation in primary

cicatricial alopecia pathogenesis

The development of PCA has also been associated with the dysregulation or dysfunction in the
PPAR family (Karnik et al., 2009, Harnchoowong and Suchonwanit, 2017). Expression and
function of specific PPAR isoforms in the HF have been made, PPARa is associated with HF
survival (Billoni et al., 2000), PPARB/? is linked with HF morphogenesis (Di-Poi et al., 2004, Icre
et al., 2006), in addition PPARy agonism is involved with keratinocyte differentiation through
increased KRT15 in the bulge, reduction of IL-6 as well as catagen induction (Ramot et al., 2015).

A significant reduction in PPARy expression has been detected in scalp tissue from patients with
lichen planopilaris (LPP; a form of PCA characterised by follicular inflammation and fibrosis) both
for affected and unaffected HFs (Karnik et al., 2009). This is associated with a downregulation of
the cholesterol homeostasis genes HMGCR, HMGCS1 and ACAT, as well as decreased
peroxisome numbers, resulting in reduced cholesterol synthesis (Karnik et al., 2009).
Furthermore, a downregulation of cholesterol homeostasis genes Hmgcr, Hmgcs1, sterol O-
acyltransferase 1 and Dhcr24 has been detected in Ppary knockout mice, which phenotypically
develop scarring alopecia (Karnik et al., 2009). This evidence supports the role of dysregulation

to cholesterol homeostasis as a potential factor in the pathogenesis of LPP.

Although PPAR activation is associated with lipid homeostasis, other properties of PPARYy activity
such as anti-inflammatory effects and a role in immune regulation (Straus and Glass, 2007), along
with epithelial to mesenchymal transition inhibition (Reka et al., 2010, Imanishi et al., 2018), also
likely play an important role in disease development (Harries et al., 2018). Interestingly,
pioglitazone (a PPARy agonist) is now successfully being used to treat LPP, with over 50%

response rates recorded (Mesinkovska et al., 2015).
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1.6.3 Mutations in cholesterol synthesis cause autosomal-recessive
hypotrichosis simplex

Recently, whole exome sequencing in autosomal-recessive hypotrichosis simplex identified
mutations in cholesterol biosynthesis enzyme LSS (see Figure 1.3) (Romano et al., 2018). Five
separate mutations were detected which resulted in either loss of protein or cytoplasmic
localisation of the ER enzyme, causing loss-of-function. Romano et al. (2018) hypothesise that
inflammation from accumulation of cholesterol precursors and lipid modifications of Wnt or Hh
proteins may be causative of the sparse scalp hairs, which may include eyebrows and eyelashes

in some patients.

1.6.4 Accumulation of cholesterol precursors causes abnormal hair growth

in mice
Abnormal murine HF morphogenesis occurs in epidermal-specific double knockout of Insig (epi-
Insig-DKO). Histological examination revealed the dissociation of the DP from the hair bulb, along
with hair kinking and keratin plugging (Evers et al., 2010). As discussed in Section 1.3.5, INSIG
is integral in the regulation of cholesterol synthesis through both inhibition of SREBP2
translocation and proteolytic degradation of HMGCR (Sever et al., 2003). Furthermore, the
significant increase in sterol precursors detected was hypothesised to be the causative factor
(Evers et al., 2010). Statin treatment resulted in the reversal of the morphological HF defects,
along with significantly reducing sterol precursors. Given the similarities in hair phenotype
between the epi-Insig-DKO and Shh-- mice, Evers et al. (2010) suggest an impairment of Shh
signalling. As discussed in Section 1.4, this hypothesis fits well with cholesterol modification of

Shh pathway, and therefore effecting hair growth and morphogenesis.

Mirza et al. (2009) report a reduction in HFs and epidermal thickening is present, along with the
accumulation of desmosterol in the epidermis in Dhcr24’- mice, although this model resulted in
fatality within 24-hours. In comparison a viable Dhcr24”- mouse with no hair or skin phenotype
was reported by Wechsler et al. (2003), with very low levels of cholesterol and an accumulation
of both liver and circulatory desmosterol. Dhcr7 deficient mice show a significant accumulation in
7-dehyrodesmosterol and reduction in both desmosterol and cholesterol levels within the hair,

however no hair phenotype was reported (Serra et al., 2010).
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Table 1.2 Mutations in cholesterol homeostasis leading to hair and skin diseases (Palmer et al., 2020)

Mutation

Gene function

Disease

Hair Phenotype

References

ABCA12

ABCAS5

EBP

LSS

MBTPS2

Steroid
Sulfatase
SULT2B1b

Ceramide transporter,
regulatory function in
ABCA1 expression
Putative cholesterol
transporter

Conversion of
Zymosterol in cholesterol

biosynthesis pathway

Synthesis of lanosterol
from squalene-2,3-
epoxide

Cleavage of SREBP2

Reduces cholesterol
sulfate levels
Synthesis enzyme of

cholesterol sulfate

Harlequin Ichthyosis

Congenital
Hypertrichosis
Conradi—-HUnermann

syndrome

Autosomal-recessive

hypotrichosis simplex

IFAP

KFSD

X-linked ichthyosis

Congenital ichthyosis

Sparse and brittle hair

shafts

Excessive hair growth
throughout the body
Follicular atrophoderma
and patchy scarring

alopecia
Sparse scalp hair, may
include eyebrows and

eyelashes

Non-progressive alopecia

Cicatricial alopecia

Normal

Normal
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(Ahmed and O'Toole, 2014)

(DeStefano et al., 2014, Hayashi et al., 2017)

(Has et al,, 2000, lkegawa et al., 2000,
Lambrecht et al., 2014, Martanova et al.,
2007, Morice-Picard et al., 2011, Steijlen et
al., 2007, Braverman et al., 1999)

(Romano et al., 2018)

(Araujo et al., 2015, Bornholdt et al., 2013,
Fong et al, 2015, 2013,
Megarbane and Megarbane, 2011, Ming et
al., 2009, Nemer et al., 2017, Oeffner et al.,
2009, Wang et al., 2014b)

(Aten et al., 2010, Fong et al., 2012, Zhang
et al., 2016a)

(Elias et al., 2014)

lzumi et al.,

(Heinz et al., 2017)



1.6.5 Congenital hypertrichosis and cholesterol

Mutations in ABCA5 have been identified in congenital hypertrichosis, a condition resulting in
excessive hair growth across the body (DeStefano et al., 2014, Hayashi et al., 2017). As
discussed in Section 1.3.7.3, ABCA5 is a putative cholesterol transporter and indeed a

dysregulation of cholesterol homeostasis was also observed (DeStefano et al., 2014).

DeStefano et al. (2014) reported cholesterol accumulation in the lysosomes, along with lysosomal
dysfunction in patient derived keratinocytes. Additionally, ABCA5 was highly expressed in the HF,
which was significantly reduced in patient HFs. Although direct mechanistic studies were not
performed, DeStefano et al. (2014) hypothesise that cholesterol modifications of signalling
pathways (i.e. Wnt or Shh) may be a causative factor in the hair overgrowth. Furthermore, an
enlargement of HFs was detected in patients leading to similarities to HF bulbs from Noggin-
overexpressing mice (DeStefano et al., 2014). Indeed, the likely importance of cholesterol
transport and trafficking needed for maintenance of intrafollicular cholesterol levels for normal hair

growth is highlighted through this study.

1.6.6 Other hair phenotypes

Conradi-Hunermann syndrome is caused by mutations to cholesterol biosynthesis enzyme EBP
(see Figure 1.7A) (Braverman et al., 1999, |kegawa et al., 2000, Morice-Picard et al., 2011,
Steijlen et al., 2007), resulting in the accumulation of cholesterol intermediates, causing patients
to develop patchy scarring alopecia (lkegawa et al., 2000, Lambrecht et al., 2014, Martanova et
al., 2007, Morice-Picard et al., 2011, Steijlen et al., 2007).

Mutations in MBTPS2 (cleavage of SREBP2 see Figure 1.7B) have been found in multiple rare
skin disorders; X-linked form of Olmsted syndrome (Haghighi et al., 2013) where patients have
sparse, brittle hair (Duchatelet and Hovnanian, 2015). Ichthyosis follicularis with alopecia and
photophobia (IFAP) syndrome (Araujo et al., 2015, Bornholdt et al., 2013, Fong et al., 2015, Izumi
et al., 2013, Megarbane and Megarbane, 2011, Ming et al., 2009, Nemer et al., 2017, Oeffner et
al., 2009, Wang et al., 2014b, Haslam et al., 2015) patients present with non-progressive non-
cicatricial alopecia. Keratosis follicularis spinulosa decalvans (KFSD) (Aten et al., 2010, Fong et

al., 2012, Zhang et al., 2016a) has a progressive cicatricial alopecia phenotype.

Progressive hair loss is found with mutations in glycerol kinase 5 (GK5) in mice and is associated
with increased cholesterol levels, the mechanism is thought to be through inhibition of SREBP
(Zhang et al., 2017).
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Mutations in ABCA12 result in a rare skin condition, Harlequin ichthyosis (Ahmed and O'Toole,
2014, Thomas et al., 2006), with sparse, brittle hair (Basel-Vanagaite et al., 2007). In addition to
transporting ceramide, ABCA12 has also been associated with post-transcriptional regulation of
cholesterol transporter ABCA1 (Fu et al., 2013).

Furthermore, links between circulatory cholesterol levels and AGA have been explored in a

number of studies, in particular focusing on cardiovascular disease risk and metabolic syndrome
(Arias-Santiago et al., 2010a, Arias-Santiago et al., 2010b, Ellis et al., 2001, Guzzo et al., 1996,
Sasmaz et al., 1999, Sharma and Jindal, 2014, Sharma et al., 2013, Trevisan et al., 1993, Acibucu
etal., 2010, Agamia et al., 2016, Bakry et al., 2015, Banger et al., 2015, Chakrabarty et al., 2014,
El Sayed et al., 2016, Thakare, 2016, Kim et al., 2017).
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Figure 1.7 Cholesterol homeostasis in the hair follicle: identification of known mutations and
knockout mouse models associated with hair disorders. (A) A summary of cholesterol biosynthesis,
(B) SREBP2-mediated cholesterol regulation, C) Representation of putative cholesterol transport and
trafficking routes in hair follicle keratinocytes, including known mutations (as indicated by stars) or mouse
models with a hair phenotype (indicated by mouse) (Palmer et al., 2020).
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1.7 Modulation of cholesterol homeostasis in the hair follicle

1.71 Associations between statin treatment and hair growth

Inhibition of HMGCR via statins is used to reduce serum cholesterol levels and contrasting links
have been made with both hair loss and the treatment of alopecias. Although links have been
made between statin use and hair loss, there is no definitive evidence. In one case study, a 38-
year-old female taking 10 mg daily oral atorvastatin (amongst other medications) reported hair
loss. Suspension of the medication resulted in a reversal of the hair loss, however it returned two
weeks after re-introduction of atorvastatin, therefore leading to the conclusion by Segal (2002)
that atorvastatin has a causal link to hair loss. Given the rapid pace of onset, it is likely that this
points towards anagen effluvium, as opposed to telogen effluvium (drug-induced hair loss).
Additionally, another case study reported alopecia with atorvastatin use in a female patient in the
parietal and vertex regions (Mohammad-Ali et al., 2015). In comparison a larger study by Smeeth

et al. (2009) had no conclusive evidence for the role of statins in hair loss.

Whereas Lattouf et al. (2015) report regrowth of hair in patients with AA, universalis and totalis
with a combinational treatment of simvastatin and ezetimibe (inhibits enterocyte uptake of
cholesterol through Niemann-Pick C1-Like 1), a varied response of hair regrowth has also been
reported (Ali and Martin, 2010, Cervantes et al., 2018, Lattouf et al., 2015, Robins, 2007) and no
benefits have been shown for severe AA (Loi et al., 2016, Freitas Gouveia and Trueb, 2017). It
should be noted that as well as reducing cholesterol synthesis, statin treatment also results in an
inhibitory effect in the JAK/STAT pathway (Janus kinase family/ signal transducer and activator
of transcription family), along with an immunomodulatory effect (Cervantes et al., 2018).
Therefore, the direct mechanisms behind statin-induced hair regrowth cannot be fully determined

without further examination.
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1.8 Hypothesis, aims and experimental design

The importance of cholesterol to normal cell function is well established and recent evidence has
suggested a crucial role for cholesterol in maintaining normal hair growth. Given the
hydrophobicity of cholesterol, facilitated movement across and between membranes is essential
for this important molecule to fulfil its diverse roles. No study has yet described the mechanisms

for cholesterol uptake, trafficking and compartmentalisation in the HF.

1.8.1 Hypothesis

Altered cholesterol homeostasis can disrupt human hair growth and cycling.

1.8.2 Aims

This project has the following aims:

1. To determine the expression and activity of cholesterol transport proteins in human HF
keratinocytes, with a particular focus on the ABC transporter superfamily.

2. To investigate how modulation of cholesterol level impacts on HF biology, using human
HF keratinocytes and organ-cultured human HFs.

3. To determine the expression of cholesterol transport proteins and compartmentalisation
of cholesterol across the human hair cycle.

4. To investigate how modulation of ABCA5 impacts on HF biology, using human HF

keratinocytes to give insight into potential mechanisms of hypertrichosis.

1.8.3 Methodology and experimental design

Cell culture offers a pragmatic tool for testing preliminary hypotheses and generating experimental
cues that can then be further investigated in more complex model systems. In this project the
characterisation of specific target genes and proteins for cholesterol transport utilised the culture
of primary ORS keratinocytes that were isolated from plucked human HFs following a method
developed by Bodo et al. (2005). ORS keratinocytes create a cell model which can be specifically
applied to the HF. These primary cells require a specialised Epilife media and can only be cultured
for 3-5 passages before they begin to senesce. In addition, they lack the 3D complexity of the
human HF and the mesenchymal-ectodermal interactions that occur in the intact tissue.
Therefore, in addition, human HFs were cultured ex vivo in isolation, allowing the development of

this research within a tissue-specific model. Human HF organ culture therefore had the benefit of
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providing a more physiologically and clinically relevant model system than can be found in the 2D

cell culture models.

To determine the expression and activity of cholesterol transport proteins, the impact of
cholesterol loading (using exogenous FC), along with MBCD to deplete cholesterol levels, were
examined in ORS keratinocytes. The gene expression changes of specific proteins involved in
cholesterol transport (outlined in Section 1.3.7) were detected by qPCR, along with protein
expression via western blotting. In addition, LXR agonist T0901317 was utilised as positive control
to alter the transcription of cholesterol efflux genes. The cellular localisation of cholesterol
transport proteins were determined by immunofluorescence staining. The activity of these

transporters was measured using a fluorescence cholesterol efflux assay.

To investigate how modulation of cholesterol level impacts on HF biology, both ORS keratinocytes
and human HFs were cultured with FC and MBCD. Alterations in cholesterol distribution were
measured using filipin to detect changes in FC, and cholera toxin-FITC (CTX-FITC) conjugate
was utilised to measure lipid raft abundance. Investigations in the cellular proliferation, apoptosis,

senescence, hair cycling and Wnt signalling were performed.

To determine the expression of cholesterol transport proteins and compartmentalisation of
cholesterol across the hair cycle, freshly isolated HFs were staged in accordance to Oh et al.
(2016), and immunofluorescence staining of ABCA1, ABCG1, ABCA5, SCARB1 and HMGCR, in
addition to filipin staining for FC, were performed. In addition, gene expression changes were
detected via gPCR following T0901317, FC and MBCD treatments.

Finally, to investigate how modulation of ABCAS impacts on HF biology, using primary HF
keratinocytes to give insight into potential mechanisms of hypertrichosis, siRNA transfections
were performed in primary ORS keratinocytes. Investigations into intracellular cholesterol
distribution were performed using filipin and BODIPY cholesterol in conjunction with organelle
markers. Gene expression changes were investigated in ABCA5 knockdown keratinocytes
following exogenous FC loading. Furthermore, oxysterol levels were detected using mass

spectrometry.
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Chapter 2: Materials and methods
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2.1 Isolation and culture of primary outer root sheath

keratinocytes

211 Human dermal fibroblasts

Human dermal fibroblasts (HDF) (gifted from Tamas Biro, University of Debrecen, Hungary) were
grown in Dulbecco’s Modified Eagle’s Medium (DMEM) — high glucose (Sigma-Aldrich, Dorset,
UK) supplemented with 10% FBS (heat inactivated; South American origin) (Gibco™,
Massachusetts, USA), 2 mM L-glutamine (Lonza, Basel, Switzerland) and 1%
penicillin/streptomycin (Lonza) (100 IU and 100 pg/ml), at 3000 cells/cm? until confluency. Sub-
culture was achieved via incubating with 0.25% trypsin-EDTA (Gibco™) for 5-minutes, followed

by centrifugation at 200 g for 5-minutes.

A 400 pl/ml stock of mitomycin C (Acros Organics, Geel, Belgium) was prepared by reconstitution
into serum-free DMEM. Confluent HDF cells were treated with 4 ug/ml mitomycin C for 24-hours
and sub-cultured into 35 mm petri dishes containing 35,000 cells per dish. Feeder layers were

used 2-6 days post seeding.

21.2 Preparation of outer root sheath keratinocyte isolation media

Penicillin G (Alfa Aesar™, Massachusetts, USA) was prepared at 6.7 mg/ml (10,000 units/ml) in
distilled water. Ascorbyl-2-phosphate (Sigma-Aldrich) was prepared at 29 mg/ml in serum-free
DMEM. Adenine (Alfa Aesar™) was prepared by adding 48.6 mg to 300 pul NaOH (4 M),
subsequently 1 ml of water and 1 ml of HCI (1 M) were added, then the solution was made up to
40 ml with distilled water. Human epidermal growth factor (Sigma-Aldrich) was prepared 10 ng/ml
in PBS with 1% bovine serum albumin (BSA) (Fisher Bioreagents™, Leicestershire, UK).
Hydrocortisone (Acros Organics) was prepared by adding 25 mg to 5 ml of 95% ethanol, 4 ml of
this solution was added to serum free DMEM. 13.65 mg of Triiodothyronine (Sigma-Aldrich) was
added to 1.5 ml NaOH (1 M), then made up to 100 ml with distilled water. 1 ml of this solution was
added to 99 ml of PBS. Cholera toxin (Sigma-Aldrich) was prepared by adding 1 mg to 1.18 ml of
sterile water. 1 ml of the previous solution was added to 99 ml of DMEM supplemented with 10%

FBS. All solutions were filter-sterilised and stored at -20°C.
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Table 2.1 Composition of outer root sheath keratinocyte isolation media

Component Final concentration Supplier
'DMEM 431%  Sigma-Aldrich
DMEM : Ham’s F12 (1:1) 43.1% Lonza
FBS 10% Gibco™
Insulin 10 mg/ml 5.0 yg/mi Sigma-Aldrich
Hydrocortisone 0.4 mg/ml 0.4 ug/mi Acros Organics
Adenine 1.215 mg/ml 2.4 ug/mi Alfa Aesar™
Triiodothyronine 2 uM 2nM Sigma-Aldrich
Cholera Toxin 0.1 uM 0.1 nM Sigma-Aldrich
Epidermal growth factor 10 pg/ml 10 ng/ml Sigma-Aldrich
Ascorbyl-2-phosphate 100 mM 1 mM Sigma-Aldrich
Penicillin G 10000 Ul/ml 100 Ul/ml Alfa Aesar™
Gentamycin 50 mg/ml 25 pg/ml Gibco™
L-Glutamine 1% Lonza
213 Isolation of outer root sheath keratinocytes

5-10 HFs were plucked from consenting donors (in accordance with ethical review via the School
of Applied Sciences, University of Huddersfield) and incubated for 30-minutes at 37°C in fully
supplemented ORS keratinocyte media (Table 2.1). Follicles were washed twice with PBS
containing 100 pg/ml gentamycin. Follicles were incubated with 0.25% trypsin-EDTA (Gibco™)
for up to 60-minutes, periodic agitation with vigorous pipetting and vortexing was performed every
10-minutes until the ORS keratinocytes were removed from the HF (Figure 2.1B). Trypsin was
inactivated using fully supplemented ORS keratinocyte media, and the suspension spun at 200 g
for 8-minutes. Cells were seeded onto HDF feeder layers in 35 mm petri dishes. Media was
changed after 5-6 days, as previously described (Aasen and Izpisua Belmonte, 2010, Bodo et al.,
2005, Haslam et al., 2017, Limat and Noser, 1986). Subculture was achieved through incubation
with 1x TrypLE Express (Gibco™) and subsequent growth performed in Epilife media (Gibco™)

supplemented with human keratinocyte growth supplement (HKGS) (Gibco™).
214 Subculture

Cells were washed two times with PBS-gentamycin, then incubated with TrypLE Express

(Gibco™) for 5-10-minutes. Inactivation was achieved through dilution and cells were centrifuged
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for 8-minutes at 200 g. Cells were re-suspended in Epilife media supplemented with human

keratinocyte growth supplement (HKGS) (Gibco™) and seeded at 1 x10* cells per cm?.

A B

Figure 2.1 Isolation of outer root sheath keratinocytes from plucked hair follicles.
(A) Plucked HF showing ORS and IRS. (B) ORS removed by incubation with TrypLE.
(C) Colony formation of freshly isolated ORS keratinocytes on feeder layers. (D)
Passage 3 ORS keratinocytes.

215 Cell culture treatments

FC (Sigma-Aldrich) was reconstituted in 100% ethanol to form a 10 mM stock. Cells were treated
for 24 or 72-hours.

MBCD was prepared fresh in media at 1 mM or 5 mM concentration. Cells were treated for 1-hour

and then fresh media was replaced for a 23-hour recovery period.

T0901317 (Sigma-Aldrich) stock was prepared at 10 mM in DMSO, cells were treated at 5 uM for
24 or 72-hours.

2.1.6 siRNA transfections

10 ml of 5x siRNA buffer solution was prepared in the following procedure to final concentrations
of 60 mM KCL, 6 mM HEPES-pH 7.5 and 0.2 mM MgCl,. 3 ml of nuclease-free water was added
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to 224 mg of potassium chloride, 72 mg HEPES (Sigma-Aldrich) and 2 mg magnesium chloride.
2 M nuclease-free potassium hydroxide was prepared using 600 mg of potassium hydroxide
pellets dissolved in 5 ml of nuclease-free water. The pH of the 5x siRNA buffer solution was
adjusted to 7.5 using 2 M potassium hydroxide and the volume adjusted to 10 ml using nuclease-

free water. The solution was sterile-filtered prior to use.

Pre-designed SMARTpool ON-TARGETplus siRNA were obtained from Dharmacon (Horizon,
Cambridge, UK). Non-targeting (NT) #1 5 nmol (D-001810-01-05) and Human ABCAS5 (L-004345-
01-0005) siRNA were resuspended in 1x siRNA buffer to form a 10 uyM stock, aliquoted and stored
at -20°C.

Cells were seeded at 2x10° per ml into respective wells and incubated overnight. Subsequent to
transfections Lipofectamine™ RNAIMAX Transfection Reagent (Invitrogen™, Massachusetts,
USA) and siRNA were diluted in Opti-MEM™ | Reduced Serum Medium (Gibco™), complexed
together at 1:1 ratio and incubated for 5-minutes prior to transfection. Media was removed from
cells and replaced with fresh Epilife. siRNA Lipofectamine complexes were added dropwise to
wells to a final concentration of 10 nM siRNA and incubated for 8-hours. Media was aspirated and

replaced with fresh Epilife media.

A further 16-hour incubation was performed, then cells were treated with 25 yM FC or 5 pM
T0901317 for 24-hours (or appropriate vehicles) for RNA, lipidomic and immunocytochemistry
analysis. Alternatively, protein lysates were analysed 72-hours after initial transfection via western
blotting, or EdU (5-ethynyl-2'-deoxyuridine) incorporation was performed as described in Section
2.5.8.

21.7 MTT assays

Cells were seeded at 0.8x10* per well in 96 well plates and treated for 72-hours with FC or
T0901317, or 1-hour with MBCD with 23-hours recovery. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT) (Invitrogen™) was reconstituted at 5 mg/ml in PBS. Assay
was performed as per manufacturers’ instructions. Absorbance was measured using a Magellan

plate reader at 540 nm excitation.

21.8 Caspase 3/7 assay

Cells were seeded into black-walled 96 well plates at 1x10*cells per well and incubated overnight.
Next cells were treated with 1 mM MBCD for 1-hour either containing CellEvent™ Caspase-3/7

Green Detection Reagent (Invitrogen™) added at 1:1000 dilution, or media was replaced with
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fresh media containing the Caspase-3/7 reagent. Fluorescence was measured at 0, 12 and 24-

hours using 488 nm filter on BMG Labtech FLUOstar plate reader.
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2.2 Tissue Culture

Temporal scalp skin was obtained via surplus material from face lift surgeries (Caltag
Medsystems Ltd, Buckingham, UK). Samples were shipped overnight on ice and received within
24-hours of surgery. Storage of samples was in accordance with the Human Tissue Act 2004 in
the Huddersfield Skin & Hair Biobank. Donor information is provided in Table 2.2 and Table 2.3.

Table 2.2 Details of hair follicle donors for cultured follicles in Chapter 4

Donor FC MBCD T0901317
[Age (ID) Gender] [Age (ID) Gender] [Age (ID) Gender]
1 54 (001) M 32 (016) M 65 (017) F
2 60 (004) M * 65 (017) F 60 (018) F
3 64 (008) M * 69 (019) F 53 (021) F
4 65 (017) F 53 (021) F 64 (023) F
5 69 (019) F *

* indicates donor was on daily Atorvastatin treatment. 1 indicates culture was for sectioned tissue only. ¥
indicated culture was for RNA extraction only. ID is the donor number and gender is represented by M for

male and F for female.
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Table 2.3 Details of hair follicle donors for freshly isolated tissue in Chapter 5

Donor Anagen Early Catagen Mid-Catagen Telogen

[Age (ID) Gender] [Age (ID) Gender] [Age (ID) Gender] [Age (ID) Gender]

ABCA1 1 65 (002) M 65 (002) M 60 (018) F (007)*

2 69 (019) F 25 (003) M 69 (019) F (009) *

3 59 (022) F 55 (020) F - (013) *

4 - - - 30 (015) M
ABCG1 1 54 (001) M 25 (003) M 60 (018) F (013) *

2 69 (019) F 60 (004) M t 69 (019) F (014) *

3 59 (022) F 69 (019) F - 30 (015) M

4 - - - -
ABCA5 1 65 (002) M 25 (003) M 60 (018) F (005) *

2 69 (019) F 60 (004) M t 69 (019) F (009) *

3 59 (022) F 69 (019) F - 30 (015) M

4 - - - -
SCARB1 1 65 (002) M 65 (002) M 60 (018) F (007) *

2 60 (018) F 60 (004) M t 69 (019) F (013) *

3 69 (019) F 69 (019) F - (014) *

4 - - - -
HMGCR 1 65 (002) M 25 (003) 60 (018) F (009) *

2 69 (019) F 55 (006) 69 (019) F (012) *

3 59 (022) F 60 (018) - 30 (015) M

4 - - - -
Filipin 1 65 (002) M 25 (003) M 60 (018) F (005) *

2 69 (019) F 60 (004) M t 69 (019) F (009) *

3 59 (022) F 60 (018) F - 30 (015) M

4 - - - -

Bold text indicates the donor from which images in the manuscript are shown, * donor age not supplied.
indicates donor was on daily Atorvastatin treatment. ID is the donor number and gender is represented by
M for male and F for female.
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221 Microdissection

Scalp skin was pinned onto a cork dissection board (Figure 2.2A) and strips of HFs were obtained
using no.7 watchmakers’ forceps and a no.11 scalpel blades (Figure 2.2B). Strips were then
further dissected by removing the epidermis (Figure 2.2C) to amputate the HFs below the bulge.
Isolation of individual HF s was performed using no.15 scalpel blades and clean-up of surrounding

subcutaneous fat and dermis was achieved (Figure 2.2D).

Figure 2.2 Isolation of hair follicles from temporal scalp skin. (A) Dissection of skin
to form strips (B). (C) removal of the epidermis from strips. (D) removal of surrounding
dermis and subcutaneous fat from follicles.

2.2.2 Culture

HFs were cultured in accordance to (Langan et al., 2015, Philpott et al., 1989, Philpott, 2018) in
Williams E medium (Gibco™) supplemented with 1% penicillin-streptomycin, 1% L-glutamine, 10
pg/ml insulin and 10 ng/ml hydrocortisone. Prior to treatment HFs were incubated overnight to
acclimatise. The following day the media was replaced with fresh HF media containing either 25
MM FC and incubated for 24-hours, or 5 mM MBCD and incubated for 1-hour with 23-hours

recovery time.
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223 Staging

Prior to culture, isolated HFs were staged in accordance to Oh et al. (2016) and Kloepper et al.
(2010). Freshly isolated anagen, early catagen, mid-catagen and plucked telogen HFs were
frozen in Richard-Allan Scientific™ Neg-50™ Frozen Section Medium (Thermo Scientific™) using
liquid nitrogen, then stored at -80°C until sectioning. For RNA extraction HFs were placed into
RNAlater™ Stabilization Solution (Invitrogen™) and stored at 4°C prior to RNA extraction. For
culture anagen VI HFs were selected.
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2.3 Gene expression analysis

2.31 RNA extractions

Cells from 12 well plates were detached using TrypLE as described in Section 2.1.4. RNA was
extracted from cell pellets using ReliaPrep™ RNA Miniprep Systems (Promega, Wisconsin,
United States) as per manufacturers’ instructions. Alternatively, extraction using RNeasy mini plus
kit (QIAGEN, Hilden, Germany) was used per manufacturers’ instructions, including the addition
of B-mecapthoethanol (Sigma-Aldrich) to lysis buffer. RNA was eluted in 15 pl of nuclease-free

water.

For HFs RNeasy micro plus kit (QIAGEN) was used per manufacturers’ instructions, including the
addition of B-mecapthoethanol to lysis buffer. 5-10 HFs were used as starting material, tissue
disruption was performed using a 1.5 ml micro centrifuge tube and pestle (Fisher) with a pestle
pellet cordless motor (Kimble®, New Jersey, USA), followed by homogenisation via TissueRuptor

I (QIAGEN). Samples were eluted in 14 pl of nuclease-free water.

Concentrations were measured using a Nanodrop™ 2000 (Thermo Scientific™), along with purity
as measured by the 260/280 nm absorbance ratio. RNA was either stored at -80°C or proceeded
straight to Section 2.3.2.

2.3.2 cDNA Synthesis

Tetro™ cDNA synthesis kit (Bioline, London, UK) was used to convert between 100 ng to 1 pg of

RNA in DNA tetrad 2 thermocycler (Bio-Rad, California, USA) as per manufacturers’ instructions.

233 qPCR

TagMan™ gene expression assays (Applied biosciences™, Massachusetts, USA) (Table 2.4)
were used with either TagMan™ gene expression master mix (Applied biosciences™) or
PrecisionFast master mix (PrimerDesign, Southampton, UK). Each reaction used 1-10 ng of
cDNA (vehicle controls and treatment were consistent per donor) and cycling was set up
according to manufacturers’ guidelines. StepOnePlus™ real time PCR machine (Applied
biosciences™) was used to run qPCR. Expression levels were calculated using PPIA as the

reference gene, in accordance with the AACT method.
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Table 2.4 TagMan™ gene expression assays

Gene
ABCA1
ABCA5
ABCG1
AXIN2
HMGCR
LEF1
PPIA

SCARB1
SREBP2

Product code
Hs01059118_m1
Hs00363322_m1
Hs00245154 _mA1
Hs00610344_m1
Hs00168352_m1
Hs01547250_m1
Hs99999904_m1
Hs00969821_m1
Hs01081784_m1
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2.4 Cholesterol efflux assay

241 Preparation of solutions

1 M HEPES (Sigma-Aldrich) solution was prepared by diluting in distilled water and pH was
adjusted to 7.4 using NaOH. 10 mM HBSS (Lonza) HEPES solution was prepared. Cholic acid
solution was made at 1% in pure methanol. PSC833 (Sigma-Aldrich) stock was prepared at 4 mM
in DMSO. BLT-1 (Sigma-Aldrich) was prepared at 10 mM stock solution in DMSO. MBCD was
prepared at either 25 mM or 5 mM stock solution in HBSS+HEPES. APOA1 (Life Technologies™,
Massachusetts, USA) was supplied at a concentration of 2.12 mg/ml. HDL (Merck, Darmstadt,
Germany) was supplied at a concentration of 11.4 mg/ml. ACAT inhibitor stock solution was
prepared at 16 mg/ml in DMSO. BODPIY (Boron-dipyrromethene) Cholesterol (TopFluor®
Cholesterol; Avanti lipids, Alabama, USA) was complexed at a molar ratio of 1:10 with 25 mM
MBCD to make a 2.5 mM stock. Solution was sonicated in a water bath at 37°C for 30-minutes,
then placed into an orbital shaker for 2-hours. Stock solution was stored at -20°C and sonicated

in a water bath at 37°C for 30-minutes prior to use.

242 Assay

ORS keratinocytes were seeded at 2x10* cells per well in a 48 well plate and grown for 3 days,
with two replicate wells per treatment. Cells were washed in Epilife and then incubated with
BODIPY Cholesterol (25 uM) for 2-hours in the dark. Cells were washed in Epilife and equilibrated
for 24-hours with ACAT inhibitor (2 pug/ml). Cells were washed in HBSS+HEPES and efflux was
initiated by adding cholesterol acceptors, APOA1 (10 ug/ml) in HBSS+HEPES or HDL (25 pg/ml)
with or without PSC833 (5 uM) or BLT-1 (10 uM) for 4-hours. Positive control efflux was initiated
with 5 mM MBCD incubation. For background efflux, HBSS+HEPES was added to cells with or
without PSC833 (5 uM) or BLT-1 (10 yM). Media was removed and measured in black-walled 96

well plates (excitation filter 485/20 nm, emission filter 528/20 nm).

Time-0-monolayers were incubated with 1% cholic acid for 1-hour at room temperature on a plate
shaker. Cells were scraped using a pipette tip and fluorescence of the cell suspension was
measured (excitation filter 485/20 nm, emission filter 520/20 nm). Efflux calculations were
achieved through subtracting the fluorescence values of the background efflux from the cells

treated with the cholesterol acceptor and divided by the time-0-monolayers.
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2.5 Immunofluorescence and histochemical staining

251 Preparation of cells

Cells were seeded onto 13 mm tissue culture treated coverslips (Sarstedt, Nimbrecht, Germany)
by adding a 30 pl droplet of cell suspension containing 66.6x10* cells per ml and incubated for 2-
hours to ensure adherence to the centre of the coverslip. Next, 500 ul of media was added per
well and cells were incubated overnight prior to treatments or fixation (details below in Table 2.5).

Post fixation, cells were washed three times in PBS and stored at 4°C until staining.

2.5.2 Preparation of frozen tissue sections

Snap-frozen HFs as described above in Section 2.2.3 were mounted using Richard-Allan
Scientific™ Neg-50™ Frozen Section Medium (Thermo Scientific™) into a CM1900 cryostat
(Lecia, Wetzlar, Germany). Sections were made at 7 ym thickness and placed onto Superfrost™

Plus slides (Thermo Scientific™). Sections were stored at -80°C until use.

2.5.3 Antibody staining

All tissue sections were air-dried for 10-minutes before fixation in the following Table 2.5, blocking
was performed at room temperature with either 10% normal goat serum (NGS) (Sigma-Aldrich)
diluted in respective buffer or 2.5% normal horse serum (NHS) (Vector® Laboratories,
Peterborough, UK). Primary antibodies (see Table 2.5) were diluted in either 2% NGS or 2.5%
NHS (for vector) and incubated overnight at 4°C. Washes with PBS or TBS (see Table 2.5) were
performed three times for 5-minutes in tissue sections or three dip washes in 5 ml Bijou tubes for
coverslips. Secondary antibody incubations were performed for 45-minutes at room temperature
with Alexa Fluor Goat IgG (H+L) Cross-Adsorbed Secondary Antibody (Invitrogen™).
Alternatively, for ABCA1 and ABCG1, VectaFluor™ Excel Amplified DyLight® 488 IgG Kit
(Vector® Laboratories) was used. In the case of dual immunofluorescence staining Vector
secondary antibodies and subsequent blocking were performed prior to additional primary
antibody staining to prevent chances of cross reactivity. Nuclear counterstaining was performed

by incubating for 1-minute with 1 ug/ml 4',6-diamidino-2-phenylindole (DAPI).
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Table 2.5 Antibody protocols for immunofluorescence

Antibody Fixative Primary Secondary Secondary Product code

[clone] dilution Antibody dilution

[AB.H10] Methanol Mouse 488

ABCA5 100% Acetone 10% NGS PBS 1:200 Goat anti-Rabbit 594 1:200 ab99953 (abcam)

ABCG1 1:1 Acetone: 2.5% NHS TBS-T 1:50 VectaFluor excel anti- N/A ab52617 (abcam)

[EP1366Y] Methanol Rabbit 488

SCARB1 100% Acetone 10% NGS PBS 1:200 Goat anti-Rabbit 594 1:1000 ab217318 (abcam)

[EPR20190]

HMGCR 100% Acetone 10% NGS PBS 1:100 Goat anti-Rabbit 594 1:200 13533-1-AP
(proteintech®,
Manchester, UK)

Laminin-332 Any of the above or 10% NGS PBS 1:1000 Goat anti-Mouse 488 1:200 ab78286 (abcam)

[P3H9-2] 4% paraformaldehyde Goat anti-Mouse 568

CD200 10% NGS PBS/TBS 1:200 Goat anti-Mouse 488 1:200 MCA1960GA (Bio-

[OX-104] Rad, California,
USA)

ATPB [3D5] 10% NGS PBS/TBS 1:1000 Goat anti-Mouse 488 1:200 ab14730 (abcam)

PDI [RL90] T 10% NGS PBS/TBS 1:200 Goat anti mouse 488 1:500 ab2792 (abcam)

LAMP1 10% NGS PBS/TBS 1:200 Goat anti mouse 488 1:200 ab25630 (abcam)

[H4A3]

1 Official gene symbol: PH4B
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254 Filipin staining

In order to examine the localisation of cellular FC filipin iii streptomyces, a naturally fluorescent
antibiotic was utilised. The antibiotic filipin iii is a naturally fluorescent probe, which binds to the
3-B-hydroxy group of sterols, making it selective in detecting FC and not CE (Maxfield and
Woistner, 2012) (see Figure 2.3).

4% paraformaldehyde (Sigma-Aldrich) (w/v) was prepared in PBS and mixed on a heated stirrer
at 100°C for 2-hours. Solution was cooled prior to use. Filipin (F4767; Sigma-Aldrich) was
reconstituted at a concentration of 10 mg/ml in DMSO, aliquoted and stored at -80°C protected

from light.

Tissue sections were air-dried for 10-minutes before fixation, whereas coverslips were
immediately fixed. Filipin staining was performed subsequent to fixation in 4% paraformaldehyde
for 10-minutes, followed by washes in PBS. A 10-minute quenching step was performed with 1.5
mg/ml glycine. A working concentration of filipin was prepared at 100 pyg/ml in PBS with 10% FBS
added for 2-hours at room temperature. For dual immunofluorescence staining, quenching was
performed subsequent to secondary antibody staining as described in Section 2.5.3. Lastly,
coverslips or slides were mounted using Faramount agueous mounting media (DAKO, Agilent,
California, USA) and left to set until hardened. Images were acquired immediately, and all stages

were performed protected from light.

Cholesterol

OH OH OH OH OH OH

Fillipin BODIPY Cholesterol

Figure 2.3 Structure of cholesterol, cholesterol esters and fluorescent probes.
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255 Live cholesterol imaging

Cells were seeded into micro-Insert 4 Well in 35 mm p-Dish with ibidi treat polymer coverslips
(ibidi, Planegg, Germany) at 2x10* cells per ml. Cells were incubated overnight and siRNA
transfections were achieved as described above in Section 2.1.6. Following this, cells were
washed once in HBBS-Hepes and then incubated first with step 1 as per manufacturers’
instructions (outlined in Table 2.6), washed again with HBSS-Hepes and incubated with step 2
(diluted in HBSS-Hepes). A subsequent wash with HBSS-Hepes was performed, then in step 3
BODIPY cholesterol was diluted in HBSS-Hepes and added directly before imaging.

Table 2.6 Live cell imaging protocol

Step Product Product code Dilution Incubation
time
"1 ER Staining Kit - Red Fluorescence - ab139482 (abcam)  1:500  15-minutes

Cytopainter
Mitochondrial Staining Reagent - Blue - | ab219940 (abcam) 1:500 30-minutes

2 Cytopainter
LysoTracker™ Deep Red L12492 (Invitrogen™) 1:20000

3 TopFluor cholesterol 810255 (Avanti lipids) 25 uM N/A

2.5.6 Masson’s Fontana

Silver nitrate stock solution was prepared using 10% silver nitrate (Honeywell, North Carolina,
USA) in distilled water, ammonium hydroxide (Fisher) was added dropwise until the solution
turned brown and back to clear again. The stock solution was left in the dark for 24-hours to

develop. The working solution was used at 1:4 dilution in distilled water.

Slides were air-dried for 10-minutes, then fixed in a 2:1 ethanol: glacial acetic acid mixture for 10-
minutes. Slides were placed into silver nitrate working solution and microwaved for 2-3-minutes,
Followed by incubation with 5% sodium thiosulfate (Fisher) solution for 1-minute. Counter staining

with Mayer’s Haematoxylin (Sigma-Aldrich) was performed for 2-minutes.

2.5.7 Ki67 / TUNEL

Tissue sections were air-dried for 10-minutes. ApopTag® Fluorescein In situ Apoptosis Detection
Kit (Merck) was utilised to detect apoptosis via TUNEL (terminal deoxynucleotidyl transferase
dUTP nick end labelling). Fixation in 1% paraformaldehyde for 10-minutes was initially performed,
followed by post-fixation with ethanol-glacial acetic acid (2:1) for 5-minutes. Slides were washed
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with PBS and followed by incubating in equilibration buffer for 5-minutes. TdT enzyme was diluted
in reaction buffer 30/70, then tissue sections were incubated in a humidified chamber for 1-hour
at 37°C. Stop solution was prepared at 1:35 dilution and slides were incubated for 10-minutes at
37°C. Following washes with PBS, slides were blocked in 10% NGS for 20-minutes and incubated
with primary Rabbit anti-Ki67 antibody [SP6] (ab16667) at 1:200 dilution in 2% NGS in a
humidified chamber at 4°C overnight. Following washes with PBS, sections were incubated with
fluorescein-labelled anti-digoxigenin-antibody at 52% dilution in blocking solution provided in the
kit. Incubation was performed for 30-minutes at room temperature, followed by washes with PBS.
Alexa Fluor Goat anti-rabbit IgG 594 (H+L) Cross-Adsorbed Secondary Antibody (Invitrogen™)
was incubated for 45-minutes at room temperature in a 1:200 dilution in 2% NGS. Subsequent

washes in PBS and counterstaining with DAPI at 1 ug/ml was performed.

2.5.8 EdU click iT

Cells were seeded onto coverslips as described in section 2.1.4, then fixation media was
aspirated and fresh media containing 10 uM EdU was incubated for 4-hours. Following this, cells
were washed in PBS and fixed in 4% formaldehyde for 15-minutes. Click-iT™ reaction was
performed as per manufacturer’s instructions for Invitrogen™ Molecular Probes™ Click-iT™ EdU

Alexa Fluor™ 594 Imaging Kit.

259 B-galactosidase senescence staining

Chromogenic senescent staining was performed as described in Debacqg-Chainiaux et al. (2009),
using the optimal pH 6 conditions to detect senescence 3-galactosidase (3-gal) activity (Dimri et
al., 1995). Cells were seeded as described in Section 2.1.4, after treatment cells were washed
once in PBS and fixed in 2% formaldehyde with 0.2% glutaraldehyde (v:v) in PBS for 5-minutes
at room temperature. X-gal (Thermo Scientific™) was diluted in N, N-dimethylformamide
immediately before use (Acros Organics). X-gal solution was made up in distilled water as
described in Table 2.7 and incubated overnight at 37°C. Following PBS and methanol washes,
coverslips were mounted with Faramount aqueous mounting media onto glass slides before

imaging.
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Table 2.7 X-gal solution

Total Stock Working concentration
Citric acid/Sodium phosphate (1:5) pH 6.0 200 mM 40 mM

Potassium Hexacyanoferrate (ll) trihydrate (1:20) 100 mM 5mM

Potassium Hexacyanoferrate (lll) (1:20) 100 mM 5 mM

Magnesium Chloride (1:500) 1M 2mM

Sodium Chloride (1:10) 1.5M 150 mM

X-gal (1:20) 20 mg/mi 1 mg/ml
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2.6 Image acquisition and analysis

2.6.1 Widefield microscopy

Fluorescence widefield microscopy was used to image Ki67 TUNEL staining in HF tissue
sections, EdU staining ORS cells. Images were acquired on Axio observer Z1/7 microscope
(Zeiss, Oberkochen, Germany) using the Zen Blue software suite and a Plan-Aprochromat
63x/1.4 Oil DIC M27 objective. Images were acquired using the Zeiss AxioCam 305 mono

camera.

Masson Fontana brightfield images were acquired using either the above-mentioned microscope
or a fully automated Leica DM6000B (Leica Microsystems, Wetzlar, Germany) equipped with the
LAS X software, a HC PL FLUOTAR 10x/0.30 dry objective and a DCF 490 colour camera. Cell
senescence images were taken on the Lecia microscope or an EVOS™ XL Core Imaging system

(ThermoFisher™).

2.6.2 Confocal microscopy

Confocal microscopy was performed using a Zeiss laser scanning microscope 880 Axio-Observer
using Zen Black v2.3 software for acquisition (Zeiss). For HFs tile scan images were performed
with a Plan-Aprochromat 40x/1.4 Qil DIC M27 objective and 10% overlap between tiles. For all
images the following settings were used: digital gain 1.0, detector offset 0, binning 1x1 and
averaging 1. Scaling of either 0.04x0.04 ym or 0.07x0.07 pm per pixel was used. A diode 405
nm, the 488 nm-line of an Argon458/488/514nm, a diode 561 nm and a HeNe 594 nm laser were
used at a range of 1-3%, detector gain setting varied from 600-800. Images were acquired using
a 34-channel detector comprised of two high-sensitivity red and blue PMT confocal detectors and

a 32 channel GaAsP spectral detector.

2.6.3 Image processing

Airyscan processing was performed in Zen Black software. Zen Blue v2.3 was utilised for image
stitching; histogram image processing and gamma correction were applied to all images
universally. Regions of interests were selected from the tile scan images, scale bars donate 50,

10 or 5 uym as shown in figure legends.

2.6.4 Ki67 / TUNEL analysis

To analyse proliferation and apoptosis, the Imaged FIJI (Schindelin et al., 2012) cell counter tool

was utilised. Analysis was performed as described in Kloepper et al. (2010). Auber’s line was
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determined, and a line drawn at this level; numbers of cells below this line, along with the DP and
DP stalk were counted. Ki67+ DAPI were counted in the matrix cells below Auber’s line, whereas

TUNEL+ DAPI were counted in the whole bulb, DP and DP stalk.

Figure 2.4 Ki67 / TUNEL analysis. Representative image showing Ki67+ cells
counted below Auber’s line (yellow line). Epithelial region shown by white dashed

line.

2.6.5 Masson’s Fontana analysis

Images acquired for Masson’s Fontana staining were analysed in Imaged FlJI, by converting to
8-bit, then inverting grayscale. Epithelial components of the bulb were outlined using the polygon
line tool (Figure 2.5) and mean pixel intensity (arbitrary units; a.u.) was measured. Furthermore,

the number of Melanin clumps were counted, along with the presence of ectopic Melanin in the

DP or DP stalk.
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Figure 2.5 Masson Fontana analysis. Inverted image
showing epithelial region drawn with polygon tool in ImagedJ.

2.6.6 Image segmentation for counting cells and pixel intensity per cell

Image segmentation was performed using pixel classifier in ilastik (Berg et al., 2019). Annotations
for background and cells were performed manually (Figure 2.6) and batch processing applied to
the data set to produce probability scores. Binary processing, including close and fill hole
functions, were performed, and particles were analysed to produce ROlIs per cell, then number of
ROIs were recorded (Appendix 10). Alternatively, analyse particles was redirected to original
image to measure pixel intensity per cell (Appendix 11).
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2.6.7 Intracellular distribution

To determine the co-localisation of either ABCAS5, filipin or BODIPY to intracellular markers
ImagedJ FIJI was used. Macros were written to automatically determine the mean pixel intensity
within the masked area of the organelle. First the organelle images were converted to 8-bit, then
a threshold was set (normalised across each donor and staining). Images were converted to
mask, and then either the ABCADS5, filipin, BODIPY opened and converted to 8-bit. Measurements
were set to redirect the area to the signal image. Analyse particles was run to overlay mask and
summarise information (Figure 2.7). Mean pixel intensity measurements were taken per image

(Appendix 12), and averages taken per donor.

Organelle Mask / Signal

Threshlde binary

R

Figure 2.7 Co-localisation masking. Representation original organelle marker (red), binary image
from thresholding (white), Mask from analyse particles (Magenta) on signal image (grey).

The BIOP JaCoP plugin was utilised to generate Pearson and Mander’s co-efficients, image

analysis was performed using auto-thresholding (Appendix 13).

2.6.8 Live imaging and 3D image processing

To acquire live images, confocal airyscan microscopy was used and additional filters were applied
to prevent cross talk in quad staining as shown in Table 2.8. These settings were optimised using

single-stained cells to ensure correct localisation.

Table 2.8 Image acquisition settings for live cholesterol tracking

Mitochondria 350/490 405

BODIPY Cholesterol 495/507 488 BP 450/60 + BP 522.5/55
Endoplasmic Reticulum  ~560/650 561 BP 450/60 + LP 605
Lysosome 647/668 633
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Images were acquired with a LD LCI Plan-Aprochromat 40x/1.2 Imm Korr IC M27 objective with
a Z-stage Piezo and glycerol immersion using fast Airyscan. Z-stack settings for 20 um from the
centre were optimised for complete coverage of all 4 regions and allowed for changes in Z position
over time. Six time points were acquired over a period of 3-hours. 3D airyscan processing followed
using Zen Black. Image registration was performed using Zen Blue to correct for Z-drift. Images

were split into separate time points subsequent to image analysis.

Prior to running macros, the Bio-formats plugin was configured to open CZI images in windowless
mode with channel splitting selected following opening the images. Intensity of BODIPY
cholesterol per cell was measured using maximum intensity projections and mean pixel intensity
was measured and normalised to cell counts (Appendix 14). Image analysis for co-localisation

was performed as described in Section 2.6.7 on maximum intensity projections (Appendix 15).
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2.7 Western blotting

271 Protein lysis

Radioimmunoprecipitation assay (RIPA) buffer was prepared to final concentrations of 150 mM
sodium chloride, 0.1% (v/v) triton x 100 (Sigma-Aldrich), 0.5% (w/v) sodium deoxycholate (Alfa
Aesar™), 0.1% (w/v) sodium dodecyl sulphate (Fisher BioReagents™), 50 mM Tris-HCL pH 8.0
(Fisher BioReagents™) and protease inhibitor tablet (Pierce™, Massachusetts, USA). The

solution was aliquoted and stored at -20°C.

Cells were seeded into 3 wells of a 6 well plate prior to treatment. Following treatments, media
was aspirated, and cells were washed in ice-cold PBS. PBS was aspirated and cells were lysed
in 200 ul of RIPA buffer. Cell lysates were sonicated for six times 5-seconds on ice using a probe
sonicator. Samples were then centrifuged at 13539 g for 20-minutes at 4°C. Supernatants were

removed from pellets and proceeded to protein quantification.

Alternatively, siRNA knockdown samples were prepared from the cytosolic fraction prepared from

nuclear extraction kit as described in Section 2.9.1.

2.7.2 Bradford Coomassie assay

To quantify protein amounts samples were diluted 1:20 in ultrapure water. Pierce™ Coomassie
(Bradford) Protein Assay (Thermo Scientific™) was used as per manufacturers’ instructions. 5 pl
of samples were added to 96 well assay plates with 250 ul of Coomassie reagent and incubated
for 10-minutes. BSA was diluted to produce a set of standards ranging from 2 mg/ml to 25 pg/ml
as described in manufacturer’s instructions. Absorbance was measured at 595 nm on a FLUOstar
plate reader (BMG Labtech, Ortenberg, Germany). A 4-parameter fit standard curve was created

using MARS Data Analysis Software (BMG) to calculate sample concentrations.

273 SDS-Page

40-100 pg of cell lysates were prepared with NUPAGE™ LDS Sample Buffer (Invitrogen™) and
Bolt™ Sample Reducing Agent (Invitrogen™) for a final concentration of 50 mM dithiothreitol
(DTT), samples were not heated unless otherwise stated. Samples were separated on
NuPAGE™ 3-8% Tris-Acetate Protein Gels (Invitrogen™) at 150 V for 1-hour in 1x NUPAGE™
Tris-Acetate SDS Running Buffer (Invitrogen™) using a mini gel tank (Life Technologies™).
Adequate protein separation was monitored using Chameleon® Duo Pre-stained Protein Ladder
(Licor®, Nebraska, USA).
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2.7.4 Transfer

Transfer to PVDF membranes with iBlot™ 2 transfect stacks was achieved using iBlot™ 2 Gel
Transfer Device (Life Technologies™) following the modified PO protocol. 20 V for 1-minute,

followed by 23 V for 4-minutes and 25 V for 5-minutes were applied.

2.7.5 Western blotting

Membranes were blocked for 1-hour at room temperature using Intercept® TBS blocking buffer
(Licor®). Primary antibodies were incubated overnight at 4°C on a rocker, concentrations are
detailed in Table 2.9 below. Following three 5-minute washes in TBS, secondary antibodies Goat
anti-mouse 1gG (H+L) Alexa Fluor® 790 (Invitrogen™) or Goat anti-rabbit IgG (H+L) Alexa Fluor®
680 (Invitrogen™) were incubated for 1-hour at room temperature. Membranes were imaged

using an Odyssey scanner (Licor®).

Table 2.9 Western blot antibody dilutions

Antibody Primary dilution ‘ Species Product code
ABCA1 1:500 Mouse ab18180 (abcam)
ABCAS5 1:500 Rabbit ab99953 (abcam)
ABCG1 1:500 Rabbit ab52617 (abcam)

SCARB1 1:1000 Rabbit ab217318 (abcam)
B-actin 1:40000 Rabbit ab8227 (abcam)
B-actin 1:40000 Mouse MAB1501 (Merck)

2.7.6 Analysis

Densitometry analysis was performed using Image studio lite (Licor®). Blot scans were imported,
and the draw rectangle tool was utilised to calculate intensity of each protein of interest and f3-
Actin as reference protein. Background calculations are automatically subtracted, and the signal
values were taken. Final values of densitometry were acquired by normalising the protein amount
to B-Actin.
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2.8 Flow cytometry

2.8.1 Cholera toxin FITC

In order to examine lipid raft cholesterol, CTX-FITC was used as a tool to detect lipid raft marker
GM1 gangliosides (Kellie et al., 1983). CTX-FITC (Sigma-Aldrich) was reconstituted at 2.5 mg/ml
stock in water. Cells were seeded at 10x10* per ml in 24 well plates prior to siRNA transfection.
Cells were washed twice in ice cold PBS and then fixed with 1% PFA (w/v) for 5-minutes on ice.
Following fixation cells were washed twice in ice-cold PBS containing 3% BSA, then incubated
with 6 pg/ml CTX-FITC (Sigma-Aldrich) for 30-minutes at room temperature. Two more washes
in-ice cold PBS with BSA were performed before cells were scraped in 1x ice-cold PBS. Flow
cytometry analysis was performed using a Guava® easyCyte™ SL 5 flow cytometer (Merck).

2.8.2 Annexin V and propidium iodide

Cells were seeded at 10x10* cells per well in 24 well plates and treated with MBCD as described
in Section 2.1.5. In addition, a positive control of 2 mM hydrogen peroxide was used to induce
apoptosis. Cells were washed once in PBS, then incubated with TrypLE for 10-minutes and
centrifuged at 500 g for 5-minutes at 4°C. Cell pellets were washed in ice-cold PBS and then
centrifugation was repeated. Supernatant was removed and cell pellets were resuspended in 100
ul of ice-cold annexin V binding buffer. Samples were incubated with annexin V and propidium
iodide for 15-minutes as described in manufacturers’ instructions for TransDetect® Annexin V-
FITC/PI Cell Apoptosis Detection Kit (TransGen Biotech, Beijing, China). Cell suspensions were
made to a final volume of 500 pl before immediately detecting fluorescence via flow cytometry.
Individual single staining in positive and negative control cells was used to adjust quadrant
settings. Counts obtained for unstained cells were categorised alive, annexin V only-staining as
early apoptotic, dual annexin V as well as propidium iodide-staining as late apoptotic and necrotic

for propidium iodide only-stained cells.
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2.9 SREBP2 Transcription factor assay

291 Nuclear protein fractionation

Cells were seeded at 4x10* cells per cm? into three wells of a 6 well plate and scraped in ice-cold
PBS. Nuclear fractions were isolated using Nuclear Extraction kit (ab113474; abcam) as per
manufacturers’ instructions. Protein concentration was measured using Bradford Coomassie

(Section 2.6.2) and the isolate immediately frozen at -80°C.

2.9.2 Assay

Nuclear fractions were thawed and immediately used for the assay with 30 pug of protein per
reaction. SREBP2 assay was measured via ELISA method as per manufacturers’ instructions
using SREBP2 transcription factor assay kit (abcam; ab133111). Absorbance was measured at
450 nm on a BMG Labtech SPECTROstar Nano.
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2.10 Lipidomic analysis

Cells were seeded at 4x10* per cm? in three wells of a 6 well plate subsequent to transfection (as
described above in Section 2.1.6). After 48-hours incubation 25 yM FC was added for 24-hours.
Cells were lysed using 1xTrypLE for 10-minutes and centrifuged at 200 g for 8-minutes.
Supernatant was removed and pellets were immediately snap-frozen on dry ice. Samples were
shipped on dry ice to Dr Irundika Dias (Aston University, Birmingham, UK) for extraction.
Cholesterol and oxysterols were measured by liquid chromatography—mass spectrometry as
described in Dias et al. (2016).
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2.11 Statistical analysis

Graphs and statistical analysis were performed using Prism (GraphPad, California, USA).
Shapiro-Wilk test was performed to test for normality. One sample t-tests, unpaired t-test and
one-way ANOVA were used to detect statistical significance for data with a normal distribution.
Kruskal Wallis tests or Wilcoxon test was performed for data without a normal distribution.
Significance is denoted by * P<0.05, ** P<0.01, *** P<0.001.
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Chapter 3: Determining the expression and activity of
cholesterol transporters in human hair follicle

keratinocytes
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3.1 Introduction

As highlighted in Chapter 1, cholesterol has long been suspected in influencing hair growth
(Palmer et al., 2020). Yet the mechanisms by which cholesterol homeostasis are maintained have
not been explored in the HF. Cholesterol homeostasis is tightly regulated by a host of proteins
involved in efflux (Aye et al., 2009), intracellular trafficking (Soccio and Breslow, 2004), uptake,
synthesis and metabolism (Zhao and Dahlman-Wright, 2010, lkonen, 2008, Krisans, 1992,
Rhainds and Brissette, 2004). This study focused on ABC transporter-mediated cholesterol
movement, including two ubiquitously expressed and well documented cholesterol transporters;
ABCA1 and ABCG1 (Quazi and Molday, 2011, Tarling et al., 2013). The putative cholesterol
transporter ABCA5, which shows high expression levels in the skin and is implicated in a form of
congenital hypertrichosis (DeStefano et al., 2014, Hayashi et al., 2017) was also examined. The
functionality of bi-directional cholesterol transporter SCARB1, which facilitates movement of CE
to and from circulating HDL was measured (Shen et al., 2018b), alongside mRNA expression of
the rate-limiting cholesterol biosynthesis enzyme HMGCR to give insight into the HF capability to

synthesise cholesterol.

HF mRNA expression of ABCA1, ABCA5 and ABCG1 have been previously reported, and protein
localisation of ABCA1 has been explored in anagen HFs by Haslam et al. (2015). ABCAS protein

and mRNA location has been reported in anagen and late catagen HFs (DeStefano et al., 2014).

This chapter aims to determine the mechanisms by which primary HF-derived keratinocytes

modulate cholesterol transport activity. The following elements were examined:

1. The impact of cholesterol loading or depletion on transporter expression levels
2. Cellular localisation of transporters in ORS keratinocytes

3. The response of cholesterol transporters to LXR activation
4

The routes by which cholesterol efflux occurs in ORS keratinocytes
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3.2 Results

3.21 Characterising cholesterol transport genes in response to cholesterol

loading and depletion

Firstly, the transcriptional response of genes involved in cholesterol homeostasis was examined.
ORS keratinocytes were exposed to a physiological concentration of cholesterol (25 pM) (Shiigi
et al.,, 2008) for 24 or 72-hours (Figure 3.1 A,B respectively). A trend towards increased
expression of ABCA1, ABCG1 and SCARB1 was seen at both time points. Responses between
donors showed substantial variability and, as such, only the increase in SCARB17 expression
following 72-hours FC loading reached the level of significance (P=0.047). No changes were
observed for ABCAS or SREPB2. HMGCR did not respond to 24-hours of FC loading, however

significant reductions were detected at 72-hours (P=0.002).

To further investigate cholesterol homeostasis, cholesterol depletion was performed using 1 mM
MBCD for 1-hour, followed by a 23-hour recovery period (Figure 3.1C). All cholesterol transporters
(including ABCAS) were significantly reduced under these conditions. No change was detected in

the cholesterol synthesis gene HMGCR.

Following this, the effects of altering cellular cholesterol levels on protein expression and

cholesterol efflux were examined.
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Figure 3.1 Initial screening of cholesterol transporters in response to cholesterol loading and
depletion. Gene expression changes in ORS keratinocytes treated with 25 uM FC for (A) 24-hours, (B) 72-
hours or (C) 1 mM MBCD for 1-hour + 23-hours recovery. Gene expression reported relative to vehicle
control and normalised to PPIA. Data are mean £+ SEM for n=5 or 6 donors. One-sample t-test performed;
significance denoted by * P<0.05, ** P<0.01, *** P<0.001.

3.2.2 Quantification of protein expression and activity of cholesterol

transporters

Western blotting was used to examine total protein abundance following loading with FC for 72-
hours, or depleting cholesterol for 1-hour with MBCD (Figure 3.2). No changes in ABCA1, ABCG1

or SCARBH1 protein were detected following cholesterol loading, as confirmed by densitometry
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analysis (Figure 3.2A). Small increases were found in the glycosylated form of ABCA1 for both
FC and MBCD (Figure 3.2B).

ABCAS5 immunoblotting detected multiple bands (Figure 3.3). Predicted isoforms for ABCAS5 occur
at both 99 and 187 kDa, and previous studies have detected glycosylated bands at approximately
220 kDa in both human and rat (DeStefano et al., 2014, Petry et al., 2003). However, data
presented here shows bands at much higher molecular weights of approximately 300 and 400
kDa, of which the 400 kDa band increases in intensity with both FC loading and MBCD depletion
(Figure 3.3A). There is evidence that other ABC transporters form tetramers and oligomers in the
active forms in membranes (Denis et al., 2004a, Trompier et al., 2006, Xu et al., 2004). To further
investigate these additional high molecular weight proteins, additional western blots were
performed with or without a higher concentration of reducing agent (500 nM DTT), and heat was
applied to reduce oligomerisation. Figure 3.3B demonstrates that in the absence of both DTT and
heat, both 400 and 99 kDa bands were present. With the addition of either heat and/or DTT a

mixture of bands were present between 300 and 99 kDa, with a loss of the 400 kDa band.

Cholesterol loading resulted in no change in the 99, 187 and 300 kDa bands, however an increase
was detected for the 400 kDa band in 3 out of 4 donors (mean 3.16, + SEM 1.17). Whereas MBCD
treatment resulted in a significant reduction in the 187 kDa band, increases in the 300 plus and
the 400 kDa bands were detected, albeit with varied donor responses (fold change ranges 0.33-
5.7 and 0.32-14.13 respectively).

Next, the activity of cholesterol efflux transporters was measured using BODIPY-labelled
cholesterol, with efflux to the cholesterol acceptors APOA1 and HDL (Figure 3.2). Efflux to HDL
increased when cells were loaded with FC and reduced following MBCD treatment. In contrast, a
reduction in efflux to APOA1 was observed with FC loading and an increase following MBCD

treatment.

Subsequently, modulation of cholesterol transport following activation of LXR with the synthetic

agonist T0901317 was investigated.
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Figure 3.2 Western blot analysis and activity of cholesterol transporters in cholesterol loaded or
depleted outer root sheath keratinocytes. Protein expression changes in ORS keratinocytes treated with
25 uM FC for 72-hours, or 1 mM MBCD for 1-hour + 23-hours recovery (A). Protein densitometry values
relative to reference protein B-Actin. Cholesterol efflux changes in ORS keratinocytes treated with 25 uM
FC for 72-hours or 1 mM MBCD for 1-hour with a recover period of 23-hours (B). Data are mean + SEM for
n=4 donors. One-sample t-test performed; significance denoted by *** P<0.001.
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Figure 3.3 Western blot analysis of ABCAS5 in cholesterol loaded or depleted cells. ABCA5 protein
expression changes in ORS keratinocytes treated with 25 yM FC for 72-hours, or 1 mM MBCD for 1-hour
+ 23-hours recovery (A) or control samples either prepared with or without heating at 80°C and 500 yM
DTT. Protein densitometry values relative to reference protein B-Actin. Data are mean + SEM for n=4
donors. One-sample t-test performed; significance denoted by P *<0.05.
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3.23 Effects of liver X receptor activation and inhibition of cholesterol
transporters

The control of cholesterol homeostasis is tightly regulated by LXR, therefore ORS keratinocytes
were treated with 5 yM T0901317 (an LXR agonist) for 24-hours. Significant increases in the
expression of both ABCA71 and ABCG1 were seen, whereas ABCA5 and SCARB1 showed small,
non-significant increases in mRNA levels, and no change was seen for HMGCR (Figure 3.4A).
To confirm these gene expression changes at the protein level, ORS keratinocytes were treated
with T0901317 for 72-hours. Western blotting revealed a 9-fold increase in ABCA1 total protein
abundance (P=0.071), a 4-fold increase in ABCG1 (P=0.085) and no change for SCARB1 (Figure
3.4B). ABCAS5 showed no changes in the 99, 187 and 300 kDa isoforms, however the 400 kDa
tetramer showed a varied increase from 2.5-fold to 54.8-fold (n=4) following LXR agonism (Figure
3.4C).

Cholesterol efflux was measured following T0901317 treatment, with the addition of the non-
specific ABC transport inhibitor PSC899 and specific SCARB1 inhibitor BLT-1 (Raldua and Babin,
2007). ABCA1-mediated cholesterol efflux to APOA1 significantly increased with 72-hour LXR
activation and decreased with 5 yM PSC833 treatment (Figure 3.5A). Efflux to HDL was
significantly inhibited by both PSC833 and BLT-1 (Figure 3.5B), suggesting that both ABCG1 and
SCARB1 can function in cholesterol efflux to HDL in ORS keratinocytes. T0901317 treatment
significantly increased efflux to HDL, though to a lesser extent than that to APOA1.

These results suggest that all three transport proteins examined ABCA1, ABCG1 and SCARB1,
are involved in cholesterol efflux in ORS keratinocytes. As these proteins are known to be
expressed both intracellularly and within the plasma membrane in a cell-type dependent manner
(Tsuruoka et al., 2002, Schroder et al., 2007, Sticozzi et al., 2012, Sticozzi et al., 2010,
Santamarina-Fojo et al., 2001, Tarling and Edwards, 2011), immunolocalisation studies were next

performed to assess their subcellular distribution in ORS keratinocytes.
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Figure 3.4 Liver X receptor activation of cholesterol transporters in outer root sheath keratinocytes.
Gene expression changes in ORS keratinocytes treated with 5 yM T0901317 for 24-hours (A). Gene
expression reported relative to vehicle control and normalised to PPIA. Protein expression changes ORS
keratinocytes treated with 5 uM T0901317 for 72-hours (B, C). Protein densitometry values relative to
reference protein B-Actin. Data are mean + SEM for n=4 or 6 donors. One-sample t-test performed;
significance denoted by * P<0.05.
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Figure 3.5 Cholesterol efflux in outer root sheath keratinocytes. Cholesterol efflux changes in ORS
keratinocytes treated with 5 yM T0901317 for 72-hours, 5 yM PSC833 for 24-hours or 10 uM BLT-1 for 24-
hours to APOA1 (A) or HDL (B). Data are mean + SEM for n=4 or 6 donors. One-sample t-test performed;
significance denoted by * P<0.05.
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3.24 Immunolocalisation of cholesterol transporters in outer root sheath

keratinocytes

Figure 3.6 shows the intracellular distribution of ABCA1, with a similar pattern observed for
ABCG1. To more accurately determine the sub-cellular localisation of ABCG1, dual
immunocytochemistry was performed with endo-lysosomal marker LAMP1 (lysosomal associated
membrane protein 1) and ER marker PDI (Protein disulfide isomerases). Cells were loaded with

25 puM FC prior to staining to determine whether this altered transporter expression or localisation.

There was little to no localisation of ABCG1 to endo-lysosomes, however clear co-localisation to
ER was seen (Figure 3.7); FC loading did not alter the cellular localisation of ABCG1. Previous
reports have described conflicting data as to the impact of LXR agonism, describing increases in
plasma membrane localisation (Wang et al., 2006) or no impact (Xie et al., 2006). In this study,

treatment with T0901317 did not change co-localisation to the ER.

Merge

Figure 3.6 Immunocytochemistry staining of ABCA1 in outer root sheath keratinocytes. ABCA1
immunolocalisation (Green) in ORS keratinocytes, counterstained with DAPI (blue). Scale bars 2 ym.
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Figure 3.7 Immunocytochemistry detection of ABCG1 in outer root sheath keratinocytes co-
localises to endoplasmic reticulum. Dual immunocytochemistry staining of ABCG1 (green) with endo-
lysosomal marker LAMP1 (red) and ER marker PDI (red) in ORS keratinocytes treated with 25 uM FC or 5
MM T0901317 for 72-hours. Counterstained with DAPI (blue), white arrows represent co-localisation of
ABCG1 to ER. Scale bars 2 um.
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SCARB1 staining demonstrated substantial co-localisation with LAMP1 in the endo-lysosomal

compartment, as demonstrated by the white arrows (Figure 3.8).

SCARB1 Merge

Control

Endo-lysosomes

Figure 3.8 Immunocytochemistry detection of SCARB1 in outer root sheath keratinocytes co-
localises to endo-lysosomes. Dual immunocytochemistry staining of SCARB1 (red) with endo-lysosomal
marker LAMP1 (green) in ORS keratinocytes treated 25 uM FC for 72-hours. Counterstained with DAPI
(blue), white arrows represent co-localisation of SCARB1 to endo-lysosomes, scale bars represent 2 um.

Similarly, the intracellular localisation of ABCA5 was examined by dual immunostaining with
organelle markers: LAMP1, PDI and ATPB (ATP synthase subunit beta, mitochondrial marker).
Figure 3.9 demonstrates co-localisation to endo-lysosomes was apparent under control
conditions. Moreover, 72-hours FC loading increased the intensity of all three organelle markers.
Image analysis was performed through generating a threshold mask of these intracellular
organelle markers and intensity of ABCAS staining was measured within the masked area (Figure
3.10). This analysis resulted in a 1.99-fold increase detected for endo-lysosomal ABCAS5, with
2.65-fold increase in ER ABCA5 (P=0.044), and a 3.31-fold increase for mitochondrial ABCA5
following FC loading. Total ABCA5 pixel intensity resulted in a 2.76-fold increase (P=0.008
Wilcoxon rank test) with FC loading.
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Figure 3.9 Inmunocytochemistry detection of ABCAS in outer root sheath keratinocytes co-localises
to intracellular organelles with free cholesterol treatment. Dual immunocytochemistry staining of
ABCAS5 (red) with endo-lysosomal marker LAMP1 (green), ER marker PDI (green) and mitochondrial marker
ATPB (green) in ORS keratinocytes treated with 25 uM FC for 72-hours. Counterstained with DAPI (blue),
white arrows represent co-localisation of ABCA5 when treated with FC to endo-lysosomes, ER and
mitochondria. Scale bars represent 2 um.
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Figure 3.10 Quantification of ABCA5 immunocytochemistry. Image analysis for fold change in mean
pixel intensity of ABCA5 masked to organelle marker or total pixel intensity. Data are mean + SEM for n=3
or 9 (total). One-sample t-test performed; significance denoted by * P<0.05, *** P<0.001.
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3.3 Discussion

The homeostatic balance of cholesterol is essential for maintaining normal cellular function and
both sustained excess cholesterol levels (Yao and Tabas, 2000, Tabas, 2002) and cholesterol
depletion can lead to apoptosis (Bang et al., 2005, Park et al., 2009). Cholesterol has been
suspected of influencing HF growth and cycling, yet this has not been systematically explored.
Here, primary ORS keratinocytes were utilised as a relevant model cell type to characterise the

expression and regulation of cholesterol transporters in the HF epithelium.

In examining transcriptional changes following exogenous cholesterol addition or removal,
ABCG1 was observed to be consistently dynamically regulated. These results correlate with
previous studies in human foreskin keratinocytes, where ABCG1 was found to be upregulated
following 22-hydroxycholesterol treatment and downregulated with statin treatment (Jiang et al.,
2010). Cholesterol efflux from ABCG1 to HDL is well documented (Zanotti et al., 2008) and the
reported increase of cholesterol efflux to HDL with both FC loading and LXR activation correlate
to this function in the HF. ABCA1 expression increased by a numerically smaller magnitude of
increase in response to cholesterol loading compared with ABCG1, however donor variability in
response meant that differences were not significant. ABCA1 expression has also been
demonstrated in foreskin keratinocytes (Jiang et al., 2006) along with HaCaT cells (Sticozzi et al.,
2010) and is upregulated following addition of 22R-hydroxycholesterol and 25-hydroxycholesterol
(Jiang et al., 2006).

Following 72-hours LXR agonism, significant increases in both ABCA71 and ABCG1 gene
expression were observed. Whereas FC loading would be expected to increase levels of
oxysterols and therefore indirectly activate LXR (Bjérkhem, 2002, Fu et al., 2001), these data
suggest that direct targeting of the LXR pathway with a synthetic agonist results in a more robust
transcriptional response. Likewise, protein expression of ABCA1 and ABCG1 is upregulated,
which was not observed following FC loading alone. These data confirm the activity of the LXR
pathway in ORS keratinocytes, which has previously been shown to upregulate these transporters
in numerous cell and tissue types including primary keratinocytes (Jiang et al., 2010, Jiang et al.,
2006, Fu et al., 2001, Zanotti et al., 2008).

Protein localisation of ABCA1 was detected with a distribution peripheral to the nucleus; however,
as co-localisation studies were not explored, it is not possible to say to which compartments
ABCA1 is distributed within ORS keratinocytes. ABCA1 is known for both intracellular transport

and cholesterol efflux (Quazi and Molday, 2011, Tarling et al., 2013, Santamarina-Fojo et al.,
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2001), with additional work needed to explore its specific localisation and cholesterol transport

function within ORS keratinocytes.

ABCG1 was co-localised with the ER marker PDI. ABCG1 has been highlighted to be involved
with endosomal intracellular transport, and the hypothesis of Tarling and Edwards (2011)
suggests trafficking away from the ER. Indeed precipitation of ABCG1 and PDI did not occur
(Tarling and Edwards, 2011), however co-localisation to the ER has been reported with Brefeldin
A treatment (an antiviral which inhibits protein transport form ER-Golgi) (Neufeld et al., 2001). The
ER functions in both the packaging and degradation of ABC transporters (Nikles and Tampe,
2007), so this localisation of ABCG1 may be indicative of dimerisation occurring. Pandzic et al.
(2017) demonstrated ABCG1 localisation to actin filaments, and indeed cholesterol:MBCD
complex has been shown to significantly increase ABCG1 presence in the plasma membrane.
Previous studies have detected heterodimerisation of ABCG1 to ABCG4 (Hegyi and Homolya,
2016) and speculated that dimerization would occur within the ER prior to trafficking to the plasma
membrane. Furthermore, previous reports detected LXR agonism enhancing plasma membrane
localisation of ABCG1 (Wang et al., 2006), whereas this study did not detect changes in cellular
distribution following 72-hours treatment with T0901317, in correlation with results reported by
Xie et al. (2006). It remains unknown if ABCG1 is facilitating ER cholesterol transport, or indeed
co-localisation indicates quaternary processing and dimerization. Further work investigating loss

of ABCG1 function and ER cholesterol could aid in determining this.

Regulation of SCARB1 gene expression appears to be consistent in the function of cholesterol
efflux, with significant increases in gene expression with cholesterol loading (at 72-hours) and
significant reduction with cholesterol depletion. This bi-directional transporter has been shown to
efflux CE to HDL (Luo et al., 2010), and in previous studies regulation via 25-hydroxycholesterol
loading and statin-mediated cholesterol depletion in human foreskin keratinocytes is consistent
with the data reported in this chapter (Tsuruoka et al., 2002). However, the authors speculate that
SCARB1 can also have a role in CE uptake from HDL in the basal epidermis due to the increase
in mRNA following barrier disruption (Tsuruoka et al., 2002). LXR agonism did not alter gene or
protein expression of SCARB1; previous studies have shown both increases and decreases with
LXR agonism (Komaromy et al., 1996, Rigotti et al., 1996, Shen et al., 2018b). Here, SCARB1
did not localise to the plasma membrane, matching other data produced in keratinocytes
(Crivellari et al., 2017). Cholesterol loading in ORS keratinocytes did not alter the distribution of
SCARB1 and, as protein densitometry studies did not change either, it appears that the chosen

time course or concentration may have been insufficient to induce an LXR response. This
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confirms previous keratinocyte data with expression at the nuclear periphery (Sticozzi et al., 2012)

and endo-lysosomal localisation (Schroder et al., 2007).

To determine changes in the activity of these transporters in response to cholesterol levels, a
BODIPY-cholesterol efflux assay was utilised. APOA1 was used as the acceptor for measuring
ABCA1-mediated efflux, whereas HDL provided a relevant acceptor to determine
ABCG1/SCARB1-mediated efflux. The use of a specific SCARB1 inhibitor, BLT-1 (Raldua and
Babin, 2007), aided in determining if this transporter functions primarily in an efflux or uptake
capacity in this cell type. Individually, the inhibition of ABC transporters and SCARB1 reduced
cholesterol efflux to both APOA1 and HDL, with LXR activation increasing efflux to the acceptors.
This contrasts with the cholesterol loading and depletion experiments, which showed little impact
on cholesterol efflux. An explanation for this can be found in the expression data which, as
described, shows that direct LXR agonism has a more robust and consistent impact on ABCA1
and ABCG1 expression levels in comparison to the cholesterol loading and depletion

experiments.

The data showed very little alterations in protein expression following FC and MBCD treatments.
It may be that the conditions used in loading or depleting cholesterol were not optimal to produce
significant changes in cholesterol transporter expression. What is more, a reduction in cholesterol
synthesis, suggested by the reduced HMGCR expression at 72-hours could have counteracted
the impact of excess cholesterol, thereby reducing the dynamic regulation of the transporters.
Indeed, previous studies have demonstrated that cholesterol synthesis can be dynamically
regulated in both keratinocytes (Siefken et al., 2000, Harris et al., 2000) and the HF (Karnik et al.,

2009), the latter occurring specifically in patients with LPP, a form of cicatricial alopecia.

The results presented in this chapter are consistent with previous studies by Seeree et al. (2019),
where no significant changes in expression were detected with 10 yM FC loading, however a
slight drop in APOA1 efflux and increase in HDL efflux were observed. Also, the authors reported
that efflux to HDL was of a greater magnitude than APOA1, which is commonly reported within
other cell types (Daffu et al., 2015, Gu et al., 2016, Wang et al., 2014a, Seeree et al., 2019).

As previous studies in keratinocytes have used oxysterols to initiate alterations in ABC transporter
responses, concentrations for cholesterol loading were obtained from different cell types. Ranges
upwards from 10 ug/ml have been shown to increase protein expression (Spann et al., 2012).
However, in some cell types the concentrations have needed to be higher (Choi et al., 2003, Hsieh

et al., 2014, Seeree et al., 2019). Previous studies in HaCaT cells have included concentrations
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of 1-2% MBCD to disrupt lipid rafts and induce apoptosis. This study explored 1 mM MBCD
concentration to investigate alterations to cholesterol transporters, which is equivalent to a
concentration of 0.13%. Using a higher concentration to deplete cholesterol resulted in an inability
to obtain sufficient RNA or protein content to analyse. Studies using 1 mM MBCD have shown
reductions in ABCA1 and ABCG1 (mRNA and protein) but not SCARB1 in smooth muscle cells
(Coisne et al.,, 2016). Although Coisne et al. (2016) detected no change in percentage of
cholesterol efflux for smooth muscle cells, aortic bovine endothelial cells showed a significant
reduction. This suggests that modulation of cholesterol efflux in response to loading or depletion

can vary substantially between cell types and experimental conditions.

As the data in this chapter detected significant reductions in mRNA with MBCD it could be
postulated that a 24-hour time period was not sufficient enough to detect changes in protein
abundance or cholesterol efflux. Indeed, ABC transporters are large transmembrane proteins
which undergo post-translational modifications in which homodimerisation (e.g. ABCG1)
(Nakamura et al., 2004) and glycosylation occur (Czuba et al., 2018). In addition, processing and
degradation has been shown to take time and be integral to function, where the half-life of ABC
transporters (ABCB1 and ABCB4) are reported as 5 days in hepatocytes (Kipp et al., 2001).
SCARB1 largely exists as monomers, however oligomerisation has been detected (Landschulz
etal., 1996). ABCA1 functionally exists as homodimers (Denis et al., 2004a, Trompier et al., 2006)
and higher order oligomers are processed through ATP binding (Trompier et al., 2006). Both the
packaging of dimers and degradation of ABC transporters occurs within the ER (Nikles and
Tampe, 2007). Furthermore, phosphorylation via cAMP or protein kinases of ABC transporters
has been shown to be important to efflux functionality and protein stability (Haidar et al., 2002,
Watanabe et al., 2019). Palmitoylation is essential for ABCA1 membrane localisation and
therefore efflux capacity (Singaraja et al., 2009). Additionally, ABCAS5 is reported to be acetylated
at three lysine residues (K614, K620 and K1438) (Czuba et al., 2018, Lundby et al., 2012). Further
repeats should investigate additional FC and MBCD concentrations and time points for cholesterol
loading and depletion, along with investigations into the post-translational modification status, and

modulation via additional treatments such as cAMP.

Immunolocalisation studies reported in this chapter show no plasma membrane localisation for
any of the transporters investigated. In contrast, cholesterol efflux assays showed the functional
capacity for transporter-mediated efflux. It may be that cell-cell contact is needed to encourage
plasma membrane localisation, and in fact an increase in ABCG1 expression was reported with

keratinocyte differentiation both in vitro and in the murine epidermis. Yet, in contrast, neither gene
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(Kielar et al., 2003) nor protein expression of ABCA1 changes with keratinocyte differentiation
(Jiang et al., 2006). Addition of Ca?* to culture media would allow a longer culture developing
method, however this would induce differentiation in an epidermal phenotypic manner. ORS cells
have been noted to migrate into the epidermis during wound healing (Zhou et al., 2018), and HF
derived differentiation mechanisms are poorly understood in vitro. Further investigations with the
use of serum, lipoproteins or differentiation should be investigated to see if plasma membrane

localisation can be detected.

Little is known of the role of ABCA5 in keratinocytes or other cell types. Research by Ye et al.
(2010) showed an upregulation of ABCAS following addition of oxidised LDL but not 3-vLDL in
bone marrow derived-macrophages in vitro from Ldl- mice. Furthermore, cholesterol efflux to
HDL, but not APOA1 was reduced in macrophages derived from Abca5”" mice (Ye et al., 2010).
Keratinocytes derived from congenital hypertrichosis patients with ABCA5 mutations show
reduced ABCADS protein expression and endo-lysosomal cholesterol accumulation (DeStefano et
al., 2014). Results in this chapter show no change in ABCA5 expression following FC loading or

LXR activation, though a significant drop in mRNA levels was seen after cholesterol depletion.

There are three known isoforms of ABCA5, one encoding a full transporter of 187 kDa, and two
half transporters of 99 and 105 kDa. Bioinformatics analysis of the antibody epitope used here is
only predicted to detect both the 187 and 99 kDa isoforms. The detection of additional bands of
a higher molecular weight than anticipated for ABCA5 could suggest that the half transporter can
oligomerise to form trimers and tetramers. Although no previous studies on ABCA5 have reported
this, members of ABCD family (peroxisome) (Geillon et al., 2017), ABCG2 (Xu et al., 2004) and
ABCA1 (Denis et al., 2004a) have been shown to form oligomers. The presence of the half
transporter subunit alone was hypothesised by Petry et al. (2003) to either form a functioning
transporter as a homo or heterodimer, or be involved in regulatory functions. In correlation with
previous studies (Fu et al., 2015) these data shows that neither gene nor protein expression of
ABCAD5 is regulated by LXR agonism. However, loss of both the 300 and 400 kDa isoforms with
protein denaturation techniques indicate in a role of LXR agonism in post-translational

modification with the detection of an increase in the predicted tetramer band.

By investigating ABCA5 immunofluorescence, prominent intracellular localisation was observed.
Previous studies have shown co-localisation of Abcab5 to endo-lysosomes, amongst other
intracellular organelles, in mice (Kubo et al., 2005). Noticeably, only a low level of co-localisation

of ABCAS to intracellular organelles was detected under control conditions, with the addition of
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FC inducing co-localisation to endo-lysosomes, ER and mitochondria. This may indicate that
ABCAS5 is important in the intracellular trafficking and packaging of cholesterol in ORS
keratinocytes, rather than in cholesterol efflux. It is likely to function alongside other intracellular
sterol binding proteins, such as STARD4 (Elbadawy et al., 2011) amongst other StAR related
proteins, and NPC1 and NPC2 (Soccio and Breslow, 2004), which have similar roles in regulating

cholesterol movement.

Chapter 3 has demonstrated the presence of four cholesterol transporters, ABCA1, ABCA5,
ABCG1 and SCARBH1, within ORS keratinocytes. Functional efflux assays show efflux to APOA1
and HDL acceptors, and that LXR-mediated regulation of these processes can occur.
Immunofluorescence co-localisation studies have shown the presence of ABCG1 in the ER, and
SCARB1 amongst endo-lysosomes. Furthermore, the first evidence of oligomeric ABCAS5 is
presented, along with dynamic changes in localisation in response to cholesterol loading. Next
the impact of cholesterol levels on HF growth, cycling and keratinocyte behaviour will be

examined.
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Chapter 4: Determining the mechanisms by which
altered cholesterol levels impact keratinocyte

behaviour, and hair follicle organ culture
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4.1 Introduction

Chapter 3 demonstrated HF keratinocytes ability to modulate cholesterol homeostasis through
regulation of cholesterol transport proteins. Previous studies have shown that modulating
cholesterol levels can alter the differentiation and proliferation status in epidermal keratinocytes
(Jans et al., 2004, Mathay et al., 2011, Spdrl et al., 2010). In addition, cholesterol modification of
signalling proteins associated with hair cycling is reported to be integral to these signalling
cascades (Reis et al., 2016, Sheng et al., 2014).

This chapter focuses on how exogenous cholesterol loading and depletion impacts the behaviour
of primary ORS keratinocytes, specifically investigating cholesterol distribution, cellular
proliferation, apoptosis, and senescence. These experiments were repeated using human HF
organ culture, where anagen VI to catagen like transition, pigmentation, proliferation, and
apoptosis were examined. Preliminary analysis on the impact of cholesterol loading on Wnt

signalling was also performed.

This chapter aims to determine if altering cholesterol levels impacts on keratinocyte and HF

behaviour. The following elements were examined:

1. Does cholesterol loading or depletion alter subcellular cholesterol distribution?
2. Does cholesterol loading or depletion alter the intrinsic behaviour of ORS
keratinocytes?

3. Does cholesterol loading or depletion effect HF growth?
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4.2 Results

421 Excess cholesterol accumulates in endo-lysosomes and cholesterol
depletion alters lipid rafts

First the distribution of FC was measured using filipin staining. The antibiotic filipin iii is a naturally
fluorescent probe, which binds to the 3-B-hydroxy group of sterols, making it selective in detecting
FC and not CE (Maxfield and Wistner, 2012). ORS keratinocytes were treated with 25 yM FC for
24-hours (Figure 4.1A) and co-localisation with the endo-lysosomal marker LAMP1 was
investigated. FC loading increased filipin staining intensity, resulting in a 68.1 + 14.8 increase in
mean pixel intensity (a.u.) per cell (P=0.010). Endo-lysosomal cholesterol was quantified through
examining the co-localisation via measuring mean pixel intensity masked to endo-lysosomes
(Figure 4.1B); a 20.9 + 4 increase in mean pixel intensity (a.u.) was detected within endo-

lysosomes (P=0.006).

In addition, Pearson’s co-efficient was utilised to measure the correlation of pixels detected for
endo-lysosomes and cholesterol, where as Mander’s co-efficient was used to measure the co-
occurrence of the endo-lysosomes and cholesterol relative to pixel intensity (Aaron et al., 2018,
Mascalchi and Cordelieres, 2019). Mander’s 1 (M1) co-efficient detects the overlap of channel 1
(LAMP1) with channel 2 (filipin), and Mander’s 2 (M2) detects signal co-occurrence of channel 2
in channel 1. Pearson’s co-efficient (Figure 4.1C) revealed no significant changes in correlation,
whereas M1 showed a significant decrease (P=0.007) in proportional co-occurrence of LAMP1 to
filipin, and M2 showed a significant increase (P=0.036) in filipin in LAMP1 co-occurrence to FC

loading.
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Figure 4.1 Filipin staining in outer root sheath keratinocytes detects endo-lysosomal accumulation
with cholesterol loading. Filipin staining (blue) in ORS keratinocytes treated with 25 yM FC for 24-hours (A).
Dual immunocytochemistry staining with endo-lysosomal maker LAMP1 (red). Scale bars represent 10 um.
Image analysis for mean pixel intensity (a.u.) per cell (B) or masked to organelle marker (C). Pearson’s and
Mander’s (M1 & M2) co-localisation co-efficient (D). Data are mean + SEM for n=3. Unpaired t-test or two-way
ANOVA performed; significance denoted by * P<0.05 ** P<0.01.
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To investigate the effects of reduced cellular cholesterol, ORS keratinocytes were treated with 1
mM MBCD for 1-hour, and filipin staining was performed following a 23-hour recovery period

(Figure 4.2A). Figure 4.2B shows a mean, non-significant reduction of -7.7 £ 10.7 in mean pixel
intensity (a.u.) of filipin per cell.
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Figure 4.2 Filipin staining in outer root sheath keratinocytes with cholesterol depletion. Filipin
staining (blue) in ORS keratinocytes treated with 1 mM MBCD for 1-hour + 23-hours recovery (A). Scale

bars represent 10 ym. Image analysis for mean pixel intensity (a.u.) per cell (B). Data are mean + SEM for
n=3
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To detect changes in membrane cholesterol, cholera toxin conjugated to the fluorescent FITC tag
(CTX-FITC) was employed, allowing a measurement of ganglioside receptor-rich (and
cholesterol-rich) lipid rafts (Figure 4.3). FC loading showed no change in CTX-FITC-labelled lipid
rafts at either 24 or 72-hour treatments. However, a small non-significant increase (1.3-fold) was
detected following 1-hour MBCD treatment.
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Figure 4.3 Cholesterol depletion disrupts lipid rafts. CTX-FITC flow cytometry plots in ORS
keratinocytes treated with 25 uM FC (lilac) for 24-hours (A) or 72-hours (B), or 1 mM MBCD (pink) for 1-
hour + 23-hours recovery (C) detected by flow cytometry. Negative control (clear), vehicle control for FC
(green) control (blue). (D) Analysis is fold change of median values in comparison to control, data are mean
+ SEM for n=3.
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4.2.2 Cholesterol depletion reduces cell density but does not alter cellular

proliferation

Next, to determine changes in cell viability, MTT assays were performed in ORS keratinocytes
treated with 25 yM FC or 5 yM T0901317 for 72-hours, and MBCD for 1-hour with a 23-hour
recovery. No changes in viability were detected following FC or T0901317 treatment, however a

significant reduction was detected following cholesterol depletion by MBCD. (Figure 4.4A).

To examine whether changes in proliferation result from these treatments, EdU incorporation was
employed for 3-hours prior to the end of treatment times. FC loading did not alter cell numbers or
the percentage of proliferative cells (Figure 4.4C). MBCD revealed a small, non-significant
increase in the percentage of proliferative cells (Figure 4.4D), however a significant reduction
(P=0.046) in the total cell number was seen (Figure 4.4E). This corresponds with the MTT results

suggesting reduced viability following cholesterol depletion.
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Figure 4.4 Effects of cholesterol loading and depletion on proliferation. (A) Percentage change in
cellular viability represented by MTT assay in ORS keratinocytes cells loaded with 25 yM FC for 72-hour
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4.2.3 Cholesterol depletion induces apoptosis of senescent cells

In order to detect changes in cellular senescence, -gal activity was detected using chromogenic
X-gal staining (Dimri et al., 1995, Debacqg-Chainiaux et al., 2009). Addition of 25 uM FC for 72-
hours did not alter senescence levels with a fold change of 0.92 (Figure 4.5A). Following a 23-
hour recovery period, 1-hour MBCD treatment resulted in a significant reduction in -gal staining,
with a fold change of 0.39 (P=0.047) at passage 2-3 (Figure 4.5B). ORS keratinocytes undergoing
two more round of subculture (passage 5) displayed a smaller reduction in B-gal staining (0.75-
fold change; P=0.031). Given that senescence in primary cells increases with each round of
subculture, it may be that a greater proportion of senescent cells were present in the untreated
passage-5 cells, lowering the capacity to measure changes following cholesterol depletion (Figure
4.5C).
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Figure 4.5 Effects of cholesterol loading and depletion on senescence. (3-gal staining (blue) in ORS
keratinocytes treated with 25 yM FC for 72-hours (A) or 1 mM MBCD for 1-hour + 23-hours recovery at
passage 2-3 (P2-3) (B) or passage 5 (P5) (C). Scale bars represent 10 um. Percentage of 3-gal+ cells.
Data are mean £ SEM for n=3. One-sample t-test performed; significance denoted by * P<0.05
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A reduction in senescence following cholesterol depletion might suggest that cellular proliferation
would be higher, however EdU experiments (Figure 4B) showed that this was not the case. To
investigate this finding further, caspase 3/7 assays were employed to determine whether changes
in apoptosis were apparent. Figure 4.6A shows a small, non-significant increase in caspase 3/7
activity with both 1-hour MBCD treatment and prolonged exposure to MBCD over a period of 24-
hours. Next, to determine if apoptosis was higher in senescent ORS keratinocytes, experiments
were repeated at passage 5. Figure 4.6B shows an increase in apoptosis in 24-hour MBCD-
treated cells, whereas cells treated for 1-hour with MBCD prior to the assay reagent being added
showed a reduction in apoptosis, albeit the preliminary data (n=2) shows substantial inter-assay

variability.

To further investigate apoptosis, annexin and propidium iodide uptake were measured using flow
cytometry. A very low percentage of cells were detected in the live (unstained) group of cells for
both control and MBCD treated passage 5 ORS cells. A greater number of live cells were detected
in treatments with MBCD in correlation to the reduction in caspase 3/7 activity in 1-hour treated
cells after a 23-hour recovery period (n=2) (Figure 4.6C). It should be noted that these results are

preliminary as well and further repeats are needed.
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Figure 4.6 Effects of cholesterol on depletion apoptosis. Caspase 3/7 activity in ORS keratinocytes
with 1 mM MBCD 1-hour pre-treatment (green) or throughout assay (red). (A) time course readings in
passage 2-3 ORS keratinocytes (B) 24-hour endpoint reading in passage 5 (P5) ORS keratinocytes. (C)
annexin/propidium iodide (PI) staining measured by flow cytometry in ORS keratinocytes 1 mM MBCD for
1-hour + 23-hours recovery (passage 5). Data are mean + SEM for n=3 (A) n=2 (B,C).
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4.2.4 Cholesterol loading and depletion does not alter anagen to catagen
transition after 24-hours

Next, to investigate the effects of cholesterol loading and depletion in human HF, organ-cultured
follicles were treated with 25 uM FC for 24-hours. Furthermore, to enhance cholesterol depletion,
a higher concentration of 5 mM MBCD treatment was examined for 1-hour, followed by a 23-hour
recovery period. This was within the range of MBCD treatments previously performed in
keratinocytes (Jans et al., 2004, Sporl et al., 2010, Mathay et al., 2011). Following FC loading, a
small non-significant increase in the proportion of anagen follicles was observed (60% versus
57% in treated and control cells, respectively); however, this varied between donors (Figure 4.7).
In Figure 4.8 cholesterol depletion resulted in a slight increase in the percentage of early catagen
follicles (65.1% versus 51.2%). The large fluctuations in inter-donor variability was detected for
both treatments, including ~ 35% spontaneous catagen transition following 24-hour cultures, this

could therefore account for any changes in the proportion of anagen HFs.
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Figure 4.7 Proportion of anagen and catagen hair follicles with cholesterol loading. Anagen VI to
catagen like transition analysis of HFs cultured with 25 yM FC for 24-hours. Data are mean £ SEM for (A)
n=3, (B) n=4, (C) n=6 (Control) /9 (FC), (D) n=8 (control) /9 (FC) and(E) n=21 (control) /25 (FC) HFs pooled
from 4 donors.
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Figure 4.8 Proportion of anagen and catagen hair follicles with cholesterol depletion. Anagen VI to
catagen like transition analysis of HFs cultured with 5 mM methyl-B-cyclodextrin (MBCD) for 1-hour + 23-
hours recovery Data are mean + SEM for (A) n=9, (C) n=10, (B,D) n=12, (E) n=43 HFs pooled from 4
donors.
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4.2.5 Pigmentation in hair follicles following loading & depletion

To determine if cholesterol loading or depletion alters pigmentation, Masson Fontana staining
was performed on HF tissue sections. Neither FC loading nor cholesterol depletion were found to
alter pigmentation (Figure 4.9D and Figure 4.10D). A slight increase in the number of melanin
clumps was detected in FC treated follicles (Figure 4.9B,E; mean=7.45 versus 6, P=0.059).
Ectopic melanin was detected in the DP and DP stalk, however no differences were found
between follicles treated with vehicle control or FC (Figure 4.9F). Analysis of melanin clumping
revealed no significant differences in the number of clumps per follicle for MBCD treatment (Figure
4.10E), along with no change in the percentage of follicles with ectopic melanin in the DP stalk.
No control follicles had ectopic melanin present in the DP, whereas 10% of MBCD HFs displayed

ectopic melanin in this area (Figure 4.10F).
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Figure 4.9 Pigmentation analysis in hair follicles with cholesterol loading. Masson Fontana staining
in HF s treated with 25 uyM FC for 24-hours. Representative images of bulb (A), melanin clumping (B) ectopic
melanin (C). Mean pixel intensity of epithelial region of the bulb (a.u.) (D). Number of melanin clumps (E).
Data are individual follicles + SEM for n=18 (Control) /21 (FC) HFs pooled from 4 donors . Percentage of
follicles with ectopic melanin (F), Data are mean + SEM for n=4 donors. Scale bars represent 50 ym.
Unpaired t-test performed.
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4.2.6 Proliferation and apoptosis in hair follicles following loading &

depletion

To detect alterations in proliferation and apoptosis in the hair bulb, dual Ki67 and TUNEL
immunofluorescence staining was performed (Figure 4.11, Figure 4.13). Analysis revealed no
change in Ki67+ matrix keratinocytes below Auber’s line with FC loading (Figure 4.12A). Mean
number of TUNEL+ bulb cells with FC loading was greater than control treated follicles (21.9%
versus 6.5%), although a large range is detected, and median values are 1.9% (0-50%) and 2.4%
(0-100%) respectively Figure 4.12B). Likewise, no significant differences were detected for
TUNEL+ cells in the DP or DP stalk with FC loading (Figure 4.12C,D). The number of DAPI+
nuclei within the Bulb, DP and DP stalk remain unchanged following FC loading (Figure 4.12F-
H). A slight increase in the average number of DAPI+ nuclei below Auber’s line is detected with
FC treatment (100.6 versus 117.6), however this change is not significant (P=0.32) (Figure
4.12E).
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Figure 4.11 Proliferation and apoptosis analysis in hair follicles with cholesterol loading. Ki67 and
TUNEL dual immunofluorescence staining in HF treated with 25 yM FC for 24-hours.
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Figure 4.12 Analysis of ki67/TUNEL staining in hair follicles with cholesterol loading. Percentage of Ki67+ cells below Auber’s line (A),
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individual follicles £+ SEM for n=26 (control) /25 (FC) HFs pooled from 3 donors.

128



MBCD treatment revealed no changes in the number of Ki67+ matrix cells below Auber’s line
(Figure 4.14A). A slight reduction in the number of TUNEL+ cells was detected in the bulb
(P=0.27) (Figure 4.14B). There was no change in the median value of TUNEL+ DP cells, however
the mean values are 40.44% and 28.23% for Control and MBCD treatment respectively (Figure
4.14C). No significant differences are detected for the number of TUNEL+ DP stalk cells (Figure
4.14D). The number of nuclei detected below Auber’s line (Figure 4.14E), within the bulb (Figure
4.14F) and within the DP stalk (Figure 4.14G) did not change with cholesterol depletion. A non-
significant (P=0.174) reduction in the number of nuclei detected in the DP with cholesterol
depletion was also seen (44.4 versus 38.9) (Figure 4.14H).
Control MBCD

Figure 4.13 Proliferation and apoptosis analysis in hair follicles with cholesterol depletion. Ki67 and
TUNEL dual immunofluorescence staining in HF treated with 5 mM MBCD for 1-hour with 23-hour recovery.
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Figure 4.14 Analysis of ki67/TUNEL staining in hair follicles with cholesterol depletion. Percentage of Ki67+ cells below Auber’s line (A),
Percentage of TUNEL+ cells in bulb (B), DP (C), DP stalk (D), number of nuclei below Auber’s line (E), blub (F), DP (G), DP stalk (H). Data are
individual follicles £ SEM for n=15 (control)/21 (MBCD) from 2 donors.
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4.2.7 Cholesterol loading and depletion alters Wnt signalling

Given previous evidence suggesting a role for cholesterol in the modulation of signalling
pathways, Wnt signalling was examined by measurement of downstream target gene expression
(via qPCR). ORS keratinocytes and HFs were treated with 25 uM FC for 24 or 72-hours (ORS
keratinocytes) and either 1 mM or 5 mM (HFs) MBCD for 1-hour with a 23-hour recovery period.
Downstream Wnt/B3-catenin targets LEF1 (lymphoid enhancer binding factor 1) and AXINZ2 (only
detected in HFs) were measured by gPCR. Figure 4.15A demonstrates that 72-hour FC loading
increased LEF1 gene expression (P=0.016), whereas cholesterol depletion significantly reduced
LEF1 expression in ORS keratinocytes (P=0.023). Likewise, in the HFs FC loading showed an
increase in both LEF1 (P=0.019) and AXIN2 (P=0.071), whereas MBCD treatment resulted in no
change in LEF1 and only a non-significant decrease in AXIN2 levels (Figure 4.15B,C).
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Figure 4.15 Wnt signalling with cholesterol loading and depletion. Gene expression changes in ORS
keratinocytes treated with 25 uM FC for 24-hours, 72-hours or 1 mM MBCD for 1-hour + 23-hours recovery
of LEF1 (A) or HFs treated with 25 yM FC for 24-hours or 5 mM MBCD for 1-hour + 23-hours recovery for
LEF1 (B), AXIN2 (C). Gene expression reported relative to vehicle control and normalised to PPIA. Data
are mean * SEM for n=5 or 6 donors (ORS keratinocytes) n=3 (HFs). One-sample t-test performed;
significance denoted by * P<0.05
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4.3 Discussion

Previous studies in epidermal keratinocytes have shown that modulating cholesterol levels can
impact keratinocyte growth, differentiation and apoptosis (Jans et al., 2004, Mathay et al., 2011,
Sporl et al., 2010). Yet this effect has not been directly explored within the HF. Therefore, this
chapter provides the first evidence of the impact of cholesterol loading and depletion in both HF-

derived ORS keratinocytes and human HFs in organ culture.

The data presented here confirms that intracellular cholesterol levels can be modulated in ORS
keratinocytes through exogenous FC loading and MBCD-mediated depletion. Notably, FC loading
resulted in a clear redistribution of cholesterol to the nuclear periphery of ORS keratinocytes, as
shown with the filipin staining (Figure 4.1). Co-localisation with endo-lysosomal marker LAMP1
suggests accumulation of the exogenous cholesterol within endo-lysosomal compartments, as
has been shown previously in macrophages (Cox et al., 2007) and keratinocytes isolated from
patients with a form of congenital hypertrichosis (DeStefano et al., 2014). Consistent with the data
in this chapter Sporl et al. (2010) detected a 50% reduction in filipin intensity following 0.125%

MBCD treatment at both 2 and 24-hours in epidermal keratinocytes.

FC loading did not alter lipid rafts in ORS keratinocytes at 24 or 72-hours, as shown by the lack
of change in CTX-FITC labelling. Alternative cholesterol delivery methods include complexing the
lipid with MBCD, which can be used to facilitate more rapid uptake of cholesterol to the plasma
membrane (Holtta-Vuori et al., 2008). Addition of a 0.0125% MBCD : 20 pg/ml cholesterol complex
to epidermal keratinocytes shows a clear increase in plasma membrane cholesterol and results
in a 200% increase in cholesterol levels when measured via thin layer chromatography (Sporl et
al., 2010). As the delivery method used here involved dissolution of cholesterol in an organic
solvent, delivery may not have been rapid enough, or sufficient to alter membrane cholesterol to

a level that would disrupt lipids rafts.

Cholesterol depletion studies were consistent with previous studies in epidermal keratinocytes,
where 7.5 mM MBCD treatment for 1-hour showed a reduction in both total and plasma membrane
cholesterol (Jans et al., 2004). Although a lower concentration was used in this study alterations
to filipin staining were detected. The increase in lipid raft intensity with cholesterol depletion
detected is consistent with previous results in HaCaT cells with 1% MBCD, which was thought to

be cholesterol repletion following disruption of lipid rafts (Bang et al., 2005).
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Having observed changes in cholesterol content and localisation in response to cholesterol
loading and depletion, the impact this may have on cell viability was investigated. MBCD depletion
in ORS keratinocytes is consistent with previous results in epidermal keratinocytes (Spdrl et al.,
2010). Whereas Sporl et al. (2010) showed increases in proliferation with FC treatment, these
experiments did not reproduce this. A higher concentration of FC along with FC complexed with
MBCD was used by Sporl et al. (2010). In fact, FC-MBCD complex showed a greater increase in
proliferation than FC presented on its own (Spdrl et al., 2010). Concentrations of 5 ug/ml FC-
MBCD were sufficient to significantly increase proliferation in bone marrow derived mesenchymal

stem cells with 48-hours loading (Li et al., 2013).

Persistently high concentrations of oxysterols are known to initiate apoptosis through reactive
oxygen species and calcium influx induced BCL2 associated agonist of cell death (BAD)
phosphorylation (Vejux et al., 2008). 25-hydroxycholesterol has been shown to significantly
reduce cell viability in HaCaT cells at concentrations above 5 uM (Olivier et al., 2017). One
mechanism cells utilise to lower cholesterol levels is through metabolism into oxysterols, which
subsequently activates LXR and SREBP2 (Bovenga et al., 2015). Furthermore, LXR agonism has
been shown to reduce proliferation of epidermal keratinocytes (Russell et al., 2007), however
Russell et al. (2007) reported changes at two and five days post treatment. As no changes in
viability or proliferation were detected with FC loading, it could be presumed that short time-course
treatments at this concentration do not induce a significant change in cellular oxysterols to induce

apoptosis.

As was observed in the ORS keratinocytes, exogenous cholesterol loading in HF organ cultures
altered neither proliferation nor apoptosis. This may indicate that the HFs capacity to maintain
growth in response to exposure to this physiological concentration of excess cholesterol is not
exceeded. Further studies with increased concentrations of FC would be needed to investigate
the effects of supra-physiological cholesterol loading on HF keratinocyte proliferation.
Furthermore, although a 5-fold higher concentration of MBCD was used in HF organ culture
treatments compared with the ORS keratinocytes, this concentration revealed no effect on
proliferation or apoptosis. This result contrasts with the slight increase in preliminary apoptosis
results and reduction in cell numbers in vitro (Figure 4.6). Longer treatment times may be needed

to succeed in depleting cholesterol levels within the densely packed mini organ.

As with the proliferation studies, addition of FC did not alter cellular senescence levels in ORS
keratinocytes, however cholesterol depletion significantly reduced B-gal staining. Although the

investigations into the role of cholesterol on senescence are sparse, a reduction in cellular
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senescence with cholesterol loading in bone marrow was detected (Zhang et al., 2016b),
opposing to the results shown in this chapter. In the data presented here for ORS keratinocytes,
one could hypothesise that the decrease in cell viability following cholesterol depletion was due
to the preferential apoptosis of senescent cells, leading to reduced B-gal staining and apparently
lower levels of senescence. This was further investigated through use of the caspase 3/7 assay

to look at changes to apoptosis.

Investigation of apoptosis in senescent ORS keratinocytes revealed a trend of increased caspase
apoptosis with continuous MBCD treatment for 24-hours. However, in comparison when media
was changed following 1-hour cholesterol depletion, annexin/PI results showed an increase in the
percentage of live cells, and a variable response was detected with caspase 3/7 assay. Previous
studies have shown injections of MBCD treatment in aged mice result in a reduction of caveolin
1, a marker of senescence, and an increase in collagen 1 (Lee et al., 2015). Atorvastatin treatment
(which would reduce cellular cholesterol content) reversed the effects of angiotensin-induced
senescence in human umbilical vein endothelial cells (Dang et al., 2018). 27-hydroxylcholesterol
treatment induces senescence markers p51, p21 and p16 along with B-gal positive cells in both
human lung fibroblasts and adult bronchial endothelial cells (Hashimoto et al., 2016). Taken
together with the reduction of senescent P2-3 and P5 ORS keratinocytes with cholesterol
depletion, these data suggest that depletion of cholesterol promotes the survival of basal
keratinocytes and apoptosis of senescent cells. One could hypothesise that removal of the MBCD
treatment to allow for a recovery period, additionally removes detached senescent cells leading
to the increase in percentage of alive cells as detected by annexin/PI results. Reversal of senesce
has been shown with cholesterol loading in bone marrow mesenchymal stem cells (Zhang et al.,
2016b), therefore it could also be hypothesised that in this cell type cholesterol depletion drives
senescent reversal. However, these results were preliminary and additional replicates would be
needed in higher-passage ORS keratinocytes to confirm this, in addition to investigating changes

in additional senescent markers.

The hair cycle is a tightly regulated process, initiated by signalling pathways (such as the Wnt/3-
catenin pathway) as detailed in Chapter 1: Section 1.2.1. Lipid modifications of signalling proteins
have been shown to be vital to plasma membrane localisation of signalling molecules, enabling
initiation of signalling cascades. Specifically, modification via cholesterol is important in the
selectivity of the Wnt/3-catenin pathway (Sheng et al., 2014). 1-hour 1 mM MBCD treatment in
Hela cells has been shown to reduce the binding of dishevelled 2 to the frizzled receptor (Sheng

et al., 2014). The data presented here in ORS keratinocytes reflects this with significant reduction
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of downstream Wnt/B-catenin signalling target LEF1 expression with cholesterol depletion, in
addition to FC loading significantly increasing LEF1 in both ORS keratinocytes and the HF. In
contrast, 30-minutes treatment with 5 mM MBCD in xenopus embryos showed an increase in
Whnt/B-catenin signalling, however this was thought to be tissue specific and disruption of
cholesterol-rich microdomains can also potentiate the spread of Wnt inhibitor DKK1 (Reis et al.,
2016). Furthermore, cholesterol depletion through HMGCR inhibitor simvastatin increases
expression of LEF1 in spinal cord neurones (Gao et al., 2016), whereas atorvastatin treatment
results in reduced DKK1 expression in human umbilical vein endothelial cells (Pontremoli et al.,
2018). This further cements the theory of tissue specific cholesterol modifications of Wnt/B-catenin
signalling by Reis et al. (2016), and the data here promotes cholesterol modifications to the role
of enhancement of Wnt/B-catenin signalling within the HF. Although cholesterol loading and
depletion studies ex vivo at 24-hours showed no changes in hair cycle stage, the small alterations
to Wnt signalling demonstrate a potential to further investigate the effects of cholesterol in hair

cycling with both longer time points and increases in concentrations.

Schallreuter et al. (2009) showed an increase in melanin content with increasing cholesterol
concentrations in epidermal melanocytes. Higher cholesterol levels were found in melanosomes
of early melanocytes in comparison to pigmented cells, which the authors suggested that
cholesterol may be important for the stability of early melanosomes (Schallreuter et al., 2009).
Although the data presented in this chapter showed no alterations in pigmentation with the
addition of cholesterol, significant increases in melanin content were only detected at 20 pg/ml
(Schallreuter et al., 2009) which is double the concentration of FC used in this study, therefore
further experiments with higher concentrations of cholesterol should be used to detect changes

in melanogenesis.

Furthermore, MBCD treatment has been shown to reduce melanogenesis through increased ERK
phosphorylation in both human melanocytes and breast skin (Jin et al., 2008). As a large
proportion of the HFs were in catagen, the cycle stage which is characterised by a reduction in
pigmentation and apoptosis of mature melanocytes (Tobin et al., 1998, Slominski et al., 2005),
this may explain the variation in pigmentation observed across the treatment groups. The increase
in melanin clumping with FC loading could be an indication of melanocyte apoptosis. Further
research with additional concentrations and time points, along with dual immunofluorescence
staining of pre-melanosome protein (GP100) with TUNEL to detect melanocyte apoptosis would

be necessary to confirm this.
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The work in this chapter demonstrates the HFs capacity to buffer small increases in cellular
cholesterol levels following addition of a physiological concentration of FC. Cholesterol depletion
studies revealed no changes in cellular proliferation, however a reduction in cellular senescence
and a small increase in caspase-mediated apoptosis was found. Cholesterol loading altered
cholesterol compartmentalisation increasing endo-lysosomal accumulation, however lipid rafts in
the plasma membrane remained unchanged. Small increases in Wnt signalling were suggested
by increased expression of downstream targets in both ORS keratinocytes and human HFs, which
may be indicative of cholesterol modification of Wnt signalling proteins. The functional significance

of these alterations in HF growth and cycling requires further investigation.
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Chapter 5: Localisation of cholesterol transporters in
the human hair follicle: mapping changes across the

hair cycle
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5.1 Introduction

As previously outlined in Chapter 1, cholesterol modification of signalling molecules such as Hh
and Wnt are vital for transduction of signalling cascades (Incardona and Eaton, 2000); both of
these pathways are fundamental in the control of HF cycling (Lee and Tumbar, 2012). Chapter 3
established the expression, localisation and dynamic regulation of cholesterol transporters using
a primary cell model for the HF epithelium (ORS keratinocytes). Chapter 4 then demonstrated the
capacity of human HFs to buffer changes in cholesterol status (response to exogenous delivery
and MBCD-mediated depletion). Furthermore, small changes in the expression of downstream
Whnt targets suggested an influence of cholesterol levels on this vital pathway in the control of hair

cycling.

Given that the movement of cholesterol within aqueous environments is essential for its
involvement in different biological processes, this chapter explores the expression and localisation
of cholesterol transport proteins in the HF. Furthermore, the expression of these transporters
across the hair cycle is examined. This may provide some insight into the importance of
cholesterol transport in different cellular compartments within the HF and the changing
requirements for cholesterol transport during different phases of hair growth. In addition, pilot
experiments examine the changes in cholesterol homeostatic genes in response to LXR activation

in human HFs.
The specific aims of this chapter are to:

¢ Determine the localisation of cholesterol transport proteins ABCA1, ABCA5, ABCG1 and
SCARBH1, along with the rate-limiting enzyme of cholesterol synthesis HMGCR, in human
HFs

¢ Understand the distribution of FC in human HFs utilising filipin staining

o Investigate the expression of cholesterol transporters across the hair cycle and in

response to LXR agonism
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5.2 Results

5.21 The cholesterol efflux transporter ABCA1 is highly expressed in the

human hair follicle

The distribution of the ubiquitous cholesterol efflux transporter, ABCA1, was examined across the
hair cycle. Anagen HFs displayed a distinct staining pattern, showing higher expression in the
epithelial compartment compared with the mesenchymal CTS (Figure 5.1A,B,C). Within the CTS
and the DP, staining was predominantly cytoplasmic, with some indication of increased staining
in the DP at the nuclear periphery (Figure 5.1C). The elongated staining pattern within the
mesenchymal compartment suggested possible expression in the endothelium. The ORS of the
isthmus displayed the highest staining intensity (Figure 5.1A), with polarised expression in the
basal ORS (Figure 5.1D). Membrane staining was apparent in the PCM and matrix keratinocytes
(Figure 5.1C). Whilst staining was indistinct within the IRS, plasma membrane localisation was

apparent in the HC (Figure 5.1B).

Similar staining patterns were observed in early catagen, with distinct membrane staining in the
matrix and PCM (Figure 5.1G,H). The CTS and DP (Figure 5.1G) showed a lower intensity of
staining, compared with the suprabulbar ORS (Figure 5.1F). Membrane staining was observed
throughout the ORS and IRS. In mid-catagen, higher expression was found in the developing club
hair (Figure 5.1K), with staining at the nuclear periphery (Figure 5.1M), and no expression was
present in the CTS or DP (Figure 5.1L). Examining the club hair of plucked telogen follicles (Figure
5.1N,0), high expression was only found within the inner bulge layers, with a predominantly

localisation at the nuclear periphery (Figure 5.10).

139



Isthmus

anio

Suprabulb

Bulb

Figure 5.1 ABCA1 immunofluorescence staining the hair cycle. Localisation of ABCA1 (green)
immunofluorescence staining in human anagen (A,B,C,D), early catagen (E,F,G,H) mid-catagen (I,J,K,L,M)
and plucked telogen (N,O) HFs with DAPI counterstaining (blue). Dashed white lines showing epithelial
components, scale bars 50 ym. Red dashed box delineates magnified images, scale bar represents 5 um.
White arrows show: polar staining (D), membrane staining (H) and staining at the nuclear periphery (M).
ORS, outer root sheath; IRS, inner root sheath; HS, hair shaft; CTS, connective tissue sheath; PCM, pre-
cortical matrix; DP, dermal papilla. Representative images from n=3 donors, with imaging performed in 2-
3 follicles per donor (except mid-catagen, n=2 donors, with 2 follicles per donor imaged).
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5.2.2 ABCGH1 is highly expressed in the sebaceous gland

In addition to ABCA1 the physiologically important cholesterol transporter ABCG1 was examined
(Figure 5.2) (Engel et al., 2007, Phillips, 2014). Immunofluorescence detection of ABCG1 was
found to be low throughout the HF (Figure 5.2D), however considerably higher staining levels
were seen in the SG (Figure 5.2 ABCG1 immunofluorescence staining in the pilosebaceous unit.
H).

The highest levels of ABCG1 staining in anagen HFs was seen within the ORS (Figure 5.2A,B),
a pattern also observed during early catagen (Figure 5.2E,F). Little expression was seen within

the matrix keratinocytes, PCM and ORS (Figure 5.2C) in anagen.

Mid-catagen HF s showed a broadly comparable staining pattern (Figure 5.21.J), however staining
intensity increased in the IRS proximal to the club hair, with the club hair itself showing more
intense staining (Figure 5.2K). Low levels of ABCG1 were found within the mesenchymal
compartments of the HF across the hair cycle (Figure 5.2). Within the plucked telogen HF staining
was largely indistinct, although notably, a higher intensity of staining at the tip of the club hair was

observed consistently across HFs from three individual donors (Figure 5.2M).
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Figure 5.2 ABCG1 immunofluorescence staining in the pilosebaceous unit. ABCG1
immunofluorescence (green) staining in anagen (A,B,C,D,H), early catagen (E,F,G), mid-catagen (I,J,K,L)
and plucked telogen (N,O,P) HFs with DAPI counterstaining (blue). Dashed white lines showing epithelial
components, scale bars 50 um, red dashed box delineates magnified images, scale bar 5 ym. CD200 dual
immunofluorescence staining (red) in bulge region of the anagen HF (D) and telogen (O). Membrane
staining in the sebaceous gland as shown in magnified image by white arrows (L). HF images intensity
adjusted to represent the localisation patterns of the weekly expressed ABCG1. ORS; outer root sheath,
IRS; inner root sheath, HS; hair shaft, SG; sebaceous gland. Representative images from n=3 donors, with
imaging performed in 2-3 follicles per donor (except mid-catagen, n=2 donors, with 2 follicles per donor
imaged). *Telogen red dashed box is representative field of view for magnified image and not actual image.
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5.2.3 ABCAS is highly expressed in the inner root sheath and membranous

in the hair shaft cuticle

Next, expression and localisation of the putative cholesterol transporter ABCA5 was examined
across the hair cycle (Figure 5.3). As previously reported (DeStefano et al., 2014), expression
was high in both the ORS and IRS of anagen follicles (Figure 5.3A,B,C), with the suprabulbar
ORS showing lower expression than the ORS of the isthmus (Figure 5.3). In the mesenchymal
regions of the HF expression was high in the DP, yet substantially lower in the CTS (Figure 5.3C).
Both the matrix and PCM (Figure 5.3H) displayed high-intensity ABCAS5 staining. Within anagen
HFs, sub-cellular expression was predominately cytoplasmic, however membrane staining is
apparent within the HC (Figure 5.3K). The highest intensity staining was shown in the Cu, with
the IRS and the companion layer showing the greatest intensity ABCA5 staining in suprabulbar

regions (Figure 5.3D).

ABCADS staining patterns in early catagen were largely consistent with that of anagen HFs, though

staining intensity within the matrix and ORS was somewhat lower (Figure 5.3H).

By contrast, mid-catagen HFs showed much lower levels of ABCA5 (Figure 5.31,J,K,L). Staining
intensity in the IRS was extremely low and was undetectable in the HS (Figure 5.3J). In opposition
to this, high-intensity staining was apparent in the DP and the CTS in proximity to this area (Figure

5.3J). Staining was polarised to the basal layer of the ORS (Figure 5.3L) of the isthmus.

Within plucked telogen follicles (Figure 5.3N,O,P), staining polarity showed higher expression
levels in the ORS cells adjacent to the basement membrane, with a largely cytoplasmic pattern
(Figure 5.30).
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Figure 5.3 ABCAS5 immunolocalisation in the hair cycle . ABCAS (Red) immunofluorescence staining in
anagen (A,B,C,D,H), early catagen (E,F,G), mid-catagen (l,J,K,L,M) and plucked telogen (N,O,P) HFs with
DAPI counterstaining (Blue). Dashed white lines showing epithelial components. Scale bars 50 um,
magnified images represented by green dashed box, scale bar 5 um. Membrane staining in the HS cuticle
demonstrated by white arrow (D). Polar staining towards the basal membrane (M). ORS; outer root sheath,
IRS; inner root sheath, HS; hair shaft, CTS; connective tissue sheath, DP; dermal papilla, M; matrix, Co;
cortex, HC; hair cuticle, Cu; cuticle, Hu; Huxley’s layer, SG; sebaceous gland. Representative images from
n=3 donors, with imaging performed in 2-3 follicles per donor (except mid-catagen, n=2 donors, with 2
follicles per donor imaged). *Telogen green dashed box is representative field of view for magnified image
and not actual image.
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5.24 Distinct SCARB1 staining is found in the dermal papilla basement

membrane

In addition to the ABC transporters examined above, the expression pattern of the bi-directional
HDL transporter SCARB1 was investigated (Figure 5.4), given documented evidence describing
its influence on cholesterol homeostasis in numerous tissues (Shen et al., 2018b, Sticozzi et al.,
2012, Shen et al.,, 2018a). Staining intensity in anagen HFs was high within the bulb, with
membrane staining apparent throughout (Figure 5.4C). Mesenchymal immunofluorescence was
low, with some higher intensity elongated staining patterns that could indicate expression in the

HF vasculature.

To investigate the distinctive halo of SCARB1 expression observed surrounding the DP, dual
staining with the basement membrane marker laminin-332, was performed. As shown in Figure
5.4D, a clear co-localisation of SCARB1 with laminin-332 was seen. The antibody used to detect
SCARB1 recognises the extracellular domain, which would face the DP basement membrane
(Shen et al., 2018b). This may suggest a role for SCARB1 in facilitating movement of cholesterol

between the DP and matrix keratinocytes.

In the early catagen HFs, membrane staining was present in He of the IRS (Figure 5.4H).
Membrane staining continues in the suprabulbar ORS (Figure 5.4F). As seen with ABCG1,
SCARB1 expression was lower in mid-catagen follicles (Figure 5.41,J,K,L) in comparison with

early catagen or anagen.

During telogen, distinct membrane staining was found (Figure 5.4M-0O), with some co-localisation

to the CD200 expressing stem cells found in the basal and lateral membranes (Figure 5.40).
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Figure 5.4 SCARB1 is present in the dermal papilla basement membrane. SCARB1
immunofluorescence staining (red) in anagen (A,B,C,D), early catagen (E,F,G,H), mid-catagen (l,J,K,L)
and plucked telogen (M,N,O) HFs with DAPI counterstain (blue). Dashed white lines showing epithelial
components, scale bars 50 um. Green dashed box delineates magnified images, scale bar 5 um. Magnified
image of DP co-stained with laminin-332 (green) showing co-localisation of SCARB1 to laminin-332 (D).
Membrane staining shown by white arrow (L). Telogen bulge marker CD200 (green) (O). ORS; outer root
sheath, IRS; inner root sheath, HS; hair shaft, DP; dermal papilla, M; matrix, Cu; cuticle, Hu; Huxley’s layer,

He; Henle's layer. Representative images from n=3 donors, with imaging performed in 2-3 follicles per
donor (except mid-catagen, n=2 donors, with 2 follicles per donor imaged).
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5.2.5 Cholesterol synthesis enzyme, HMGCR, is highly expressed
throughout the hair cycle

Further to the expression of cholesterol transporters, cholesterol handling in the HF was
investigated by examining the expression and localisation of HMGCR, the enzyme responsible
for the rate-limiting step in the biosynthetic pathway (Figure 5.5). During anagen (Figure
5.5A,B,C), intense staining was found in the matrix, DP, and ORS (being highest within the
isthmus) with lower levels in the IRS and HS. Staining in the CTS was low to absent. During early
catagen (Figure 5.5D,E,F) the intensity of HMGCR staining in the epithelial HF was lower than in
anagen, though remained high in the DP. During mid-catagen, high expression was seen in the
epithelial strand and developing club hair (Figure 5.51,J), as well as the ORS of the isthmus (Figure
5.5G). Within the plucked telogen follicle (Figure 5.5K,L,M) the highest intensity of staining was
found within the medial layers of the inner bulge. The widespread expression of HMGCR across

the hair cycle points to the HFs capability for de novo cholesterol synthesis.

HMGCR was expressed throughout the epidermis (Figure 5.6A) with a higher level shown in the
basal layer, including staining at the nuclear periphery, but at a lower level than the HF. Likewise,
within the CTS extremely low HMGCR staining intensity was found. In contrast, high expression
was found in the SG (Figure 5.6B).
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Figure 5.5 HMGCR is expressed in the outer root sheath and dermal papilla throughout the hair
cycle. HMGCR immunofluorescence staining (red) in anagen (A,D,G), early catagen (B,E,H) and mid-
catagen (C,F,l,J) HFs with DAPI counterstaining (blue). Dashed white lines showing epithelial components.
Scale bars 50 ym. Green dashed box delineates magnified images, scale bar 5 um. Telogen bulge marker
CD200 (green) (M). ORS; outer root sheath, IRS; inner root sheath, HS; hair shaft. Representative images
from n=3 donors, with imaging performed in 2-3 follicles per donor (except mid-catagen, n=2 donors, with
2 follicles per donor imaged).*Telogen green dashed box is representative field of view for magnified image
and not actual image.
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Figure 5.6 HMGCR immunolocalisation in the pilosebaceous unit. HMGCR immunofluorescence
staining (red) in the epidermis and sebaceous glands, counterstaining DAPI (Blue), scale bar 50 ym.
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5.2.6 Filipin staining identifies distinct membrane cholesterol staining

across the hair cycle with striations present in the basement membrane

Beyond examining the expression and localisation of proteins involved in cholesterol
homeostasis, changes in FC distribution were investigated using filipin staining (Figure 5.7).
During anagen, mesenchymal filipin staining was somewhat diffuse compared with the distinct
membrane staining pattern seen in the HF keratinocytes (Figure 5.7A,B,C). Striations in filipin
staining were present in the basement membrane of the ORS and CTS from the level of the

suprabulbar region and continues into the isthmus but not the bulb (Figure 5.8).

To further investigate these striations, immunofluorescence staining of basement membrane
protein laminin-332 was performed along with filipin staining. Images (Figure 5.8Aiii,Biii,) reveal
that these cholesterol striations were present within the laminin-332 region, and increase in both
volume and length in the epithelial strand of mid-catagen (Figure 5.8D,E). This is in contrast with
the basement membrane of the epidermis, where no filipin-stained striations were observed in
the laminin-332 region (Figure 5.8C), suggesting that this pattern of cholesterol is distinct to the

basement membrane distal HF bulb.

Within the ORS both membrane and cytoplasmic filipin staining could be observed (Figure 5.7A).
The greatest intensity membrane staining was found within the IRS (Figure 5.7D), particularly in
the Cu and Hu. Within the HS, both the HC and Co had distinctive membrane staining. FC was
present throughout the CTS, particularly within the DP stalk Figure 5.7 C).

A similar pattern of filipin staining was observed during early catagen (Figure 5.7E,F,G). Notably,
filipin staining within the matrix keratinocytes (Figure 5.7G) was of higher intensity than observed
in the anagen HFs. During mid-catagen filipin levels in the ORS remained high (Figure 5.7H). At

the level of the club hair, filipin staining is notably lower and more diffuse (Figure 5.7J).

Filipin staining in plucked telogen HFs showed that both layers of the bulge had a highly

membranous staining pattern (Figure 5.7L,M).
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Figure 5.7 Differential expression of cholesterol throughout the hair cycle. Filipin immunofluorescence
staining (grey scale) in HF tissue sections of anagen (A,B,C,D,H), early catagen (E,F,G), mid-catagen
(1,J,K,L,M), plucked telogen (N,0) HFs, and epidermis (P). Red dashed lines showing epithelial
components, scale bars 50 ym. Magnified images represented by the green dashed box, scale bars 5 ym.
Membrane staining indicated by the red arrows (D). ORS; outer root sheath, IRS; inner root sheath, HS;
hair shaft, HC; hair cuticle, Cu; cuticle, Hu; Huxley’s layer, He; Henle’s layer, Representative images from
n=3 donors, with imaging performed in 2-3 follicles per donor (except mid-catagen, n=2 donors, with 2
follicles per donor imaged).
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Figure 5.8 Cholesterol striations are unique to the basement membrane of hair follicles. Freshly
isolated anagen (A), mid-catagen (B,D,E) and epidermis (C), co-localisation of Filipin (grey) with Laminin-
332 (red). Basement membrane outlined with green dashed line. (C) Epidermis shows cholesterol staining
within the membranes of the epidermis, whereas epidermal basement membrane as shown by laminin-332
staining does not contain striations of cholesterol. Striations of cholesterol within the basement membrane
of (Ai) anagen (red arrows) and (D,E) mid-catagen (green arrows). Scale bar 50 ym or dashed box
delineates magnified area, scale bars 5 uym, green dashed box delineates magnified area from mid-catagen.
*Anagen is representative field of view for magnified image of upper suprabulbar area (A) and not actual
image. Representative images from 3 donors (anagen), 2 donors (mid-catagen) and 3 donors (epidermis),
with imaging performed in 2-3 follicles per donor.
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5.2.7 Cholesterol transporters are dynamically regulated by activation of

liver X receptor in human hair follicles

Beyond determining changes in the distribution of proteins involved in cholesterol transport and
synthesis in the HF, changes in the expression of these cholesterol homeostatic genes were
examined. Their regulation by LXR, an important transcription factor in the control of cholesterol
homeostasis, was determined in HFs following a 24-hour incubation with the LXR agonist
T0901317.

The expression of ABCA71 and ABCG1 increased in response to LXR activation in HFs, whereas
SCARB1 was reduced (Figure 5.9A). Next HFs were cultured with 25 yM FC for 24-hours.
Uncharacteristically, a significant reduction in ABCA1 was detected. Large variations were found
across donors in the expression of ABCA5, ABCG1, SCARB1 and HMGCR in response to

exogenous cholesterol loading (Figure 5.9B).

The effects of cholesterol depletion on cholesterol transporters in the HFs were next examined
by addition of 5 mM MBCD for 1-hour, followed by a 23-hour recovery period. In Figure 5.9C, a
large variation in expression levels was seen between donors, however consistent increases in
gene expression were detected for cholesterol biosynthesis enzyme HMGCR. This suggests that

HFs are capable of de novo cholesterol synthesis during period of cholesterol starvation.
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Figure 5.9 Cholesterol transporters are differentially expressed in the hair follicle with liver X
receptor activation. Gene expression changes in HFs treated with (A) 5 uM T0901317, (B) 25 yM FC for
24-hours, (C) 1 mM MBCD for 1-hour + 23-hours recovery. Gene expression reported relative to vehicle
control and normalised to PPIA. Data are mean + SEM for n=4 donors. One sample t test performed;
significance denoted by * p<0.05, ** P<0.01.
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5.3 Discussion

This chapter describes the expression, localisation and regulation of transport proteins involved
in cholesterol homeostasis across the human hair cycle. ABCA1 and ABCG1, two highly
characterised proteins involved in modulating intracellular cholesterol levels, displayed both
membranous and intracellular staining patterns as previously described (Neufeld et al., 2001).
ABCA5, a putative cholesterol transporter implicated in a form of heritable hypertrichosis
(DeStefano et al., 2014, Hayashi et al., 2017) also localised to both the plasma membrane and
intracellular compartments. The bi-directional cholesterol transporter SCARB1 was highly
expressed in the DP basement membrane, suggesting a possible role in modulating movement
of sterols between the DP and matrix keratinocytes. HMGCR was highly expressed in
keratinocytes throughout the hair cycle, indicating de novo cholesterol synthesis capacity is
maintained from anagen through to telogen. Variations in expression of these proteins across the
hair cycle suggest that cholesterol transport and homeostasis is dynamically regulated, changing
to meet cellular needs during different hair cycle phases. Furthermore, these data suggest that
LXR activity plays a role in regulating cholesterol transporter expression and activity in HF cell

populations.

Whereas the expression of ABCA1 in anagen HFs has been described previously (Haslam et al.,
2015), the data shown here expands on this analysis to include catagen and telogen follicles.
Cellular localisation of ABCA1 is dependent on both HF region and hair cycle stage, with matrix
keratinocytes of anagen and early catagen HFs showing plasma membrane staining, whereas
expression at the nuclear periphery is apparent within the isthmus of catagen HFs and telogen
club hairs. These changes in the subcellular localisation of ABCA1 would be expected to alter
cholesterol efflux capacity. Although ABCA1 is understood to shuttle between endosomal
compartments and the plasma membrane, loss of membrane staining would reduce the efflux of
FC to APOA1 (Phillips, 2014). As such, the upper permanent regions of the HF and the telogen
follicle may have a reduced need for cholesterol efflux when compared to the lower cycling

portions.

Indeed, this is supported by the observation that the expression of ABCG1 and SCARB1 are
reduced as the HF moves through catagen and into telogen. Whilst expression of HMGCR
remains high, this does not necessarily reflect high levels of cholesterol synthesis activity, which

would need to be confirmed using biochemical assays (Zhang et al., 2015).
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Translocation of ABCA1 to the Golgi, and therefore the plasma membrane, is inhibited via an
interaction of ABCA1 with serine palmitoyltransferase 1 (SPTCL1), a key enzyme in sphingolipid
biosynthesis (Kardassis et al., 2015). The ABCA1-SPTCL1 complex is speculated to play a role
in enhancing both cholesterol and phospholipid biosynthesis, along with the inhibition of
cholesterol efflux (Tamehiro et al., 2008). Furthermore, from a HF perspective, sphingolipid
treatment results in earlier telogen to anagen transition (Park et al., 2017), and knockdown of

sphingolipid synthesis in Fa2h™"

mice (fatty acid 2-hydroxylase) resulted in hair loss during
telogen (Maier et al., 2011). In addition, inhibition of sphingolipid enzymes results in an early
second telogen to anagen transition in both alkaline ceramidase 1 (Acer?™) (Lin et al., 2017) and
ceramide synthase 4 (Cers4”) mice (Peters et al., 2015), which are associated with a reduction
in BMP and increase in Wnt/B-catenin signalling. Therefore, the expression of ABCA1 at the
periphery of the nucleus in club hairs may indicate a role for ABCA1 in sphingolipid synthesis and

transport during this hair cycle stage.

ABCG1 gene expression has previously been identified in anagen HFs (Haslam et al., 2015), with
protein expression noted in keratinocytes and murine epidermis (Jiang et al., 2010, Marko et al.,
2012). The human protein atlas suggests low expression within the epidermis and ORS of the
infundibulum, absence from the dermal fibroblasts and a moderate level within the SG (Uhlen et
al., 2015). In agreement with this, ABCG1 expression is not detected in the CTS, however low
levels are found within the DP and DP stalk. Jiang et al. (2010) demonstrate ABCG1 expression

in the more differentiated layers of murine epidermis, SG and at the isthmus of the HF.

In addition to cholesterol, ABCG1 mediates the transport of oxysterols (Engel et al., 2007) and
intermediates of cholesterol biosynthesis (Wang et al., 2008), which are thought to play a role in
preventing oxysterol induced apoptosis (Aye et al., 2010, Engel et al., 2007). The accumulation
of cholesterol intermediates in the HF results in hair loss and cycling disorders (Evers et al., 2010,
Zhang et al., 2017, Karnik et al., 2009) (as discussed further in Chapter 1 and Palmer et al.
(2020)), yet this study detects only low levels of ABCG1. This may indicate some functional
redundancy, with other transport proteins contributing to oxysterol efflux in the HF or suggest the

presence of relatively low levels of oxysterols.

ABCAS is a less well studied ABC transporter, yet its impact on HF biology has been uncovered
following identification of mutations that result in a congenital hypertrichosis (DeStefano et al.,
2014). Although the specific allocrite remains to be identified, overexpression of this protein is
linked to enhanced cholesterol efflux to APOE (Fu et al., 2015), and knockout of Abcab in murine
macrophages lowers HDL efflux (Ye et al., 2010). Within the HF, ABCA5 expression is
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predominantly cytoplasmic, with the exception of the HC. Murine studies have indicated
localisation to lysosomes and late endosomes (Kubo et al., 2005), and cholesterol has been
observed to accumulate within the lysosomes of keratinocytes derived from congenital
hypertrichosis patients carrying ABCA5 mutations (DeStefano et al., 2014). Chapter 3 confirmed
the intracellular localisation of ABCA5 in ORS keratinocytes, with co-localisation to endo-
lysosomes, ER and mitochondria. The cytoplasmic localisation of ABCA5 identified here could
suggest an involvement in intracellular cholesterol transport within human HFs, as described in

other cell types.

Unlike ABC transporters the unique bi-directional transporter SCARB1 facilitates diffusional
cholesterol movement (Shen et al., 2018b). Predominantly responsible for the uptake of CE from
HDL, SCARB1 can also participate in the efflux of FC to HDL (Shen et al., 2018b). The protein
has several additional functions, including bacterial detection (Guo et al., 2014), and transport of
carotenoids (Shyam et al., 2017) and vitamins (Reboul et al., 2011, Reboul et al., 2006). As
pharmacological inhibition of SCARB1 reduced cholesterol efflux, as shown in Chapter 3, a role
in cholesterol transport in the HF seems likely. SCARB1 expression in skin has been previously
shown, along with the SG, where the expression was cytoplasmic with a higher level in the basal
layer (Crivellari et al., 2017, Sticozzi et al., 2012). This chapter observed membrane staining in
the ORS and the He of the bulb, whereas other cellular layers have less defined cytoplasmic
staining. Uptake of cholesterol via SCARB1 occurs via internalisation of the receptor and bound

HDL particles (Marques et al., 2019), leading to lysosomal distribution.

SCARB1 plays a vital role in the facilitation of cholesterol for steroidogenesis (Gordon et al., 2019)
and the influence of steroid hormones on HF behaviours has been previously described (Cattet
et al., 2017, Randall, 2008, Sawaya, 1991, Schweikert and Wilson, 1974). Yet it remains unclear
if steroidogenesis occurs within the HF, or if circulating steroid hormones regulate HF biology.
Although the HF appears capable of steroidogenesis, the relative influence of de novo synthesis
versus uptake of circulating steroid hormones remains to be defined (Slominski et al., 2013,
Palmer et al., 2020).

In keratinocytes, FC is predominantly distributed in the plasma membrane (Lange, 1991, Liscum
and Underwood, 1995, Jans et al., 2004), maintaining membrane fluidity and coordinating lipid
rafts (McGuinn and Mahoney, 2014). Intracellular cholesterol often undergoes oxidation,
esterification or is metabolised to steroid hormones. Whereas the IRS and HS keratinocytes show

prominent filipin membrane staining throughout the hair cycle, the ORS shows mixed
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membrane/cytoplasmic filipin staining. These unique patterns of FC distribution may indicate

differing requirements for cholesterol across HF compartments.

Strikingly, when examining filipin staining patterns, cholesterol striations were observed within the
basement membrane of suprabulbar and isthmus regions, but not the bulb (Figure 5.8). The
extracellular matrix separating the epithelial and mesenchymal compartments of the HF is
predominantly composed of collagen IV and laminin (Chermnykh et al., 2018). Previous studies
in macrophages have shown that both ABCA1 and ABCG1 can deposit cholesterol within the
extracellular matrix (Jin et al., 2015, Jin et al., 2016). These cholesterol deposits have been

described as both needles and plates ranging from 4 to 50 um in size (Suhalim et al., 2012b).

Movement of HDL but not LDL has been noted within the basement membranes of the testis
(Fofana et al., 1996). Where circulating lipoproteins are rich in CE, FC resides within lipoprotein
membranes and is associated with discoidal APO leading to nascent HDL (Clay and Barter,
1996). Moreover treatment of astrocytes with MBCD resulted in a decrease in laminin (Freire et
al., 2004). Whereas treatment of CS results in the degradation of laminin-332 (Yamamoto et al.,
2010), knockdown of the a3 chain of laminin-332 leads to the increase in cholesterol biosynthesis
genes in keratinocytes, in addition a disruption of cholesterol trafficking to the plasma membrane
was observed (Jones et al., 2019, Jones et al., 2018). The cholesterol striations identified in the
HF basement membrane may represent an interaction of cholesterol with laminin-332 during
cholesterol movement from CTS to ORS, or deposits of excess cholesterol monohydrate needles,

however additional experiments are required to confirm this.

Within the HF, de novo cholesterol synthesis appears to primarily occur within the ORS and the
DP, given the presence of a rich immunofluorescence staining for HMGCR. Uptake of cholesterol
from circulating lipoproteins (LDL) may furnish capillary network in these regions (Yen and
Braverman, 1976, Braverman and Yen, 1977). Indeed, the LDLR was previously found to be
present in various regions of the HF, yet it was suggested to be non-functional given the lack of
regulatory response to addition of LDL in ex vivo HF cultures, nor were any changes detected in

subjects with hypercholesterolemia (Brannan et al., 1975).

Chapter 4 demonstrated alterations to Wnt signalling with cholesterol loading and depletion. Lipid
modifications of Shh are required for sufficient downstream signalling (Porter et al., 1996). With
the localisation of membranous ABCA1 and SCARB1 in the ORS, along with polarity of ABCA1

to the basal layer of the ORS of the isthmus, it would appear that cholesterol synthesised within
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the ORS may be effluxed into the basement membrane. Here it could play a role in modifying Shh

activity, a pathway integral to the maintenance of the bulge stem cell niche (Rittie et al., 2009).

Regulation of cholesterol efflux by LXR agonism is well established (Wang et al., 2006, Zanotti et
al., 2008). The data in this chapter shows that T0901317 agonism of LXR increased
ABCA1/ABCG1 expression, as previously reported (Jiang et al.,, 2006, Jiang et al., 2010).
Cholesterol efflux from ABCG1 to HDL is well documented (Zanotti et al., 2008) and the
transcriptional changes observed correlate with this function in the HF. There is some evidence
for LXR activation of SCARB1, however regulation in steroidogenic tissues is achieved through
trophic hormones (Komaromy et al., 1996, Rigotti et al., 1996, Shen et al., 2018b). Chapter 3
demonstrated that neither gene nor protein expression of SCARB1 in ORS keratinocytes
responded to LXR agonism. This is yet to be established in the HF, which has its own,

comparatively limited capacity for steroidogenesis (Slominski et al., 2013).

Uncharacteristically 24-hour treatment with 25 pM FC significantly reduced ABCA17 gene
expression in HF organ culture. Given that, during early catagen, no expression of cholesterol
transporters was detected and HMGCR gene expression was reduced, these changes may be
due to hair cycle changes, as opposed to being directly related to FC loading. As a caveat, it

should be noted that these data is preliminary and requires further investigation.

The differential patterns of cholesterol transporter expression identified in this chapter suggest
dynamic changes in cholesterol requirements across the hair cycle. Furthermore, preliminary
functional data indicate a role for LXR activity in modulating cholesterol transport activity. Future
studies focusing on regulation of cholesterol transport during the hair cycle are needed to shed

more light on the role of cholesterol homeostasis in hair growth.
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Chapter 6: Cholesterol homeostasis in hair follicle

keratinocytes is disrupted by impaired ABCAS activity
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6.1 Introduction

ABCADS5 has yet to be assigned a conclusive function and specific allocrites remain unknown. Of
the evidence currently available, there has been some suggestion that this membrane protein
plays a role in cholesterol transport and/or trafficking, which enables it to influence both the efflux
of cholesterol across the plasma membrane (Fu et al., 2015, Ye et al., 2010) as well as
intracellular accumulation within cytosolic compartments (Kubo et al., 2005). Recently, mutations
in ABCA5 were also associated with a form of congenital hypertrichosis (DeStefano et al., 2014,
Hayashi et al., 2017) with the suggestion that the observed phenotypic hair overgrowth was

related to altered accumulation of FC within HF keratinocytes (DeStefano et al., 2014).

Chapter 5 detailed ABCA5 expression and localisation in human HFs; ABCA5 staining was
detected in both the epithelial and mesenchymal regions of the HF. Expression was noted in the
matrix keratinocytes and ORS, being strongest in the IRS. ABCA5 immunofluorescence was also
detected in the DP and sporadically in the CTS. The pattern of expression largely matches that
reported by DeStefano et al. (2014). As such, a role for ABCAS in HF-derived ORS keratinocytes

was examined.

This chapter aims to determine the impact of loss of ABCA5 activity on ORS keratinocytes with a

view to generating insights into:
1. The role of ABCAS in cholesterol homeostasis in the HF

2. Potential mechanisms relating to hypertrichosis through ABCAS5 loss-of-function mutation.
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6.2 Results

6.2.1 ABCAS5 siRNA reduces half transporter

Firstly, a model for reduced ABCA5 activity was established in ORS keratinocytes using siRNA-
mediated knockdown. A 79.1% reduction in mRNA was achieved after 24-hours (Figure 6.1B).
Immunofluorescence staining (Figure 6.1A) was utilised to detect overall changes in protein
expression, which revealed a 21.8% reduction in mean ABCAS5 immunofluorescence pixel
intensity (Figure 6.1C). Western blotting (Figure 6.1D) showed a 69.9% reduction in the 99 kDa
ABCADS protein (Figure 6.1E). Additionally, the oligomeric 400 kDa ABCAS5 protein shows a 49.7%
reduction (P=0.062).

Following successful knockdown of ABCA5 expression, it was examined whether this influenced

cellular response to exogenous cholesterol loading.
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Figure 6.1 ABCA5 mRNA and protein levels are significantly reduced with siRNA. (A) ABCA5
immunocytochemistry staining (red) in ORS keratinocytes transfected with NT control or ABCAS siRNA for
72-hours. Scale bars 10 uym, counterstained with DAPI (blue) for nuclei. (B) ABCA5 gene expression
changes in ORS keratinocytes transfected with NT or ABCA5 siRNA for 24-hours show a significant
reduction in MRNA. Gene expression relative to NT and normalised to PPIA. (C) Fold change in mean pixel
intensity per cell of ABCA5 immunocytochemistry staining. (D) Western blot for ABCA5 in ORS
keratinocytes transfected with NT or ABCA5 siRNA for 72-hours. (E) Protein densitometry values relative
to NT and normalised to reference protein B-Actin. Data are mean + SEM for n=4 donors. One sample t-
test performed; significance denoted by * P<0.05, ** P<0.01, *** P<0.005.
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6.2.2 ABCA5 knockdown alters cholesterol distribution following

exogenous loading

ORS keratinocytes were exposed to a physiological level (25 uM) of FC (Shiigi et al., 2008) in the
presence or absence of ABCAS siRNA. Changes in distribution of FC were determined by filipin
staining (Figure 6.2) and CTX-FITC flow cytometry (Figure 6.4), to detect total FC and membrane

cholesterol levels, respectively.

FC loading in ORS keratinocytes led to a significant increase in total (Figure 6.3D) and endo-
lysosomal cholesterol (Figure 6.3A), as shown via co-localisation with LAMP1 (Figure 6.2A).
Knockdown of ABCAS alone did not alter FC distribution in the absence of exogenous cholesterol
loading. In ORS keratinocytes in which ABCA5 expression was reduced, exogenous cholesterol
did not result in a significant increase in total cholesterol, with significantly lower filipin staining
than NT control cells exposed to the same concentration of cholesterol (Figure 6.3D). Endo-
lysosomal accumulation of cholesterol was also reduced (P=0.062 Figure 6.2A, Figure 6.3A). This
suggested that loss of ABCAS5 activity could reduce intracellular cholesterol trafficking to endo-

lysosomes.

Furthermore, changes to ER cholesterol with FC loading were measured through co-localisation
to PDI (Figure 6.2B). Small fluctuations of ER cholesterol levels were detected following
exogenous cholesterol loading, however ABCA5 knockdown had no impact (Figure 6.3B). Next,
mitochondrial cholesterol levels were measured through co-localisation with ATPB (Figure 6.2C).
Mitochondria cholesterol levels were significantly reduced with the addition of FC, with no impact
of ABCAS siRNA observed (Figure 6.3C).

CTX-FITC binds to the ganglioside receptor (GM1) within lipid rafts and was used as a method to
quantify membrane cholesterol (Gniadecki et al., 2002). Flow cytometry analysis (Figure 6.4)
showed no change in membrane cholesterol following ABCA5 knockdown or exogenous

cholesterol loading.
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Figure 6.2 Filipin staining with ABCA5 knockdown. Filipin staining in ORS keratinocytes cells transfected with NT or ABCAS5 siRNA for 48-hours,

with the addition of 25 yM FC for 24-hours. Dual immunocytochemistry staining was performed with antibodies for LAMP1 (A), PDI (B) and ATPB
(C).
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Figure 6.3 ABCA5 knockdown alters endo-lysosomal cholesterol. Analysis of filipin staining of fold
change in mean pixel intensity masked to organelle marker (A-C) or total pixel intensity per cell (D). Data
are mean = SEM for n=4/5 donors, total n=13. One-way ANOVA were performed with Fisher’s multiple
comparisons test; significance denoted by * P<0.05, ** P<0.01, *** P<0.005
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Figure 6.4 Lipid rafts remain unchanged with ABCAS5 knockdown. (A) Flow cytometry plot of CTX-FITC
stained ORS keratinocytes transfected with NT (pink) or ABCA5 (green) siRNA for 48-hours, with the
addition of 25 yM FC for 24-hours (A) (blue or maroon). (B) Analysis of median peek values, data are mean
+ SEM n=4 donors.

Next live cell imaging using fluorescently-tagged cholesterol (BODIPY cholesterol) was utilised to
determine cellular cholesterol distribution following exogenous loading. 25 yM BODIPY
cholesterol was complexed 1:10 with MBCD to enable a rapid uptake of cholesterol for live cell
tracking, as previously reported by Holtta-Vuori et al. (2016). Figure 6.5-Figure 6.7 show a time-
lapse of 150-minutes with 30-minute intervals. Cholesterol first enters the plasma membrane and
accumulates intracellularly, increasing in intensity over time. Additionally, cells were stained with
organelle trackers for endo-lysosomes (Figure 6.5), ER (Figure 6.6) and mitochondria (Figure
6.7). Quantification of mean peak intensity values were obtained. A significant increase in
cholesterol accumulation overtime was observed in all three compartments. Endo-lysosomal
accumulation was significantly reduced by ABCA5 knockdown (Figure 6.8A), confirming changes
detected with filipin staining (Figure 6.2D). Furthermore, significant reductions were detected
between NT and ABCA5 siRNA for the time points of 30, 90, 120 and 150-minutes (P=0.035,
0.044, 0.034, 0.048, respectively). No changes were observed in accumulation within the ER
(Figure 6.8B). There was a small but non-significant decrease in mitochondrial cholesterol
accumulation (Figure 6.8C). ABCAS siRNA knockdown had no impact on the total accumulation
of BODIPY-cholesterol (Figure 6.8D).
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Figure 6.5 Endo-lysosomal cholesterol accumulation is significantly reduced in ABCA5 knockdown outer root sheath keratinocytes. ORS
keratinocytes cells transfected with NT or ABCA5 siRNA for 48-hours incubated with 25 yM of BODIPY cholesterol (green) and LysoTracker
(magenta). Time-lapse images taken at 30-minute intervals for 150-minutes. 3D images show total distribution of BODIPY within the cell. BODIPY
in plasma membrane represented by white arrows. Scale bars 5 um.
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Figure 6.6 Endoplasmic reticulum cholesterol accumulation in ABCAS5 knockdown outer root sheath keratinocytes. ORS keratinocytes cells
transfected with NT or ABCAS siRNA for 48-hours incubated with 25 yM of BODIPY cholesterol (green) and ER Cytopainter (red). Time-lapse
images taken at 30-minute intervals for 150-minutes. 3D images show total distribution of BODIPY within the cell. BODIPY in plasma membrane
represented by white arrows. Scale bars 5 ym.
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Figure 6.7 Mitochondria cholesterol accumulation in ABCA5 knockdown outer root sheath keratinocytes. ORS keratinocytes cells
transfected with NT or ABCAS siRNA for 48-hours incubated with 25 uM of BODIPY cholesterol (green) and Mitochondria Cytopainter (blue). Time-
lapse images taken at 30-minute intervals for 150-minutes. 3D images show total distribution of BODIPY within the cell. BODIPY in plasma
membrane represented by white arrows. Scale bars 5 ym.
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Figure 6.8 Quantification of live cholesterol imaging. Quantification of mean peak intensities of BODIPY
cholesterol masked to organelle marker (A-C) or total (D) per cell. Data are mean £ SEM n=4 donors. Two-
way ANOVA performed with Fisher’s multiple comparisons test; significance denoted by * P<0.05.
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To investigate the influence of ABCAS activity on plasma membrane cholesterol efflux activity,
BODIPY-cholesterol efflux assays were performed following ABCA5 knockdown. The two primary
pathways for cholesterol efflux are ABCA1 and ABCG1, both of which are expressed in the skin
and HF (Haslam et al., 2015, Jiang et al., 2006, Jiang et al., 2010). ABCA1 and ABCG1 move
cholesterol to the acceptor molecules APOA1 and HDL, respectively (Wang et al., 2008, Wang et
al., 2000). Efflux to HDL was found to be greater (~13%) than to APOA1 (~8%) in the NT control
cells. Following ABCA5 knockdown, no change in efflux to HDL was observed (Figure 6.9D).
Conversely, a significant drop in ABCA1-mediated efflux to APOA1 was seen (Figure 6.9C). As
ABCADS5 was not found to be localised to the plasma membrane (Figure 3.9), this suggests it may
not directly efflux FC to APOA1. Instead, reducing ABCAS5 activity might impair delivery of FC to

the plasma membrane for ABCA1-mediated efflux.

To investigate the reduction in cholesterol efflux to APOA1, western blot analysis was performed
for ABCA1, ABCG1 and SCARB1 to understand whether reduction of the expression of
cholesterol efflux proteins occurred as a result of ABCA5 knockdown (Figure 6.9A-B). No
significant changes were detected for ABCG1 and SCARB1, however a trend towards loss of
ABCA1 protein was observed (Figure 6.9A,B) (P=0.055).
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Figure 6.9 ABCA5 knockdown reduced cholesterol efflux to APOA1. (A) Protein expression of ABCA1,
ABCG1 and SCARB1 in ORS keratinocytes cells transfected with NT or ABCAS5 siRNA for 72-hours. Protein
densitometry values relative to reference protein 3-Actin. Data are mean + SEM for n=4 donors. BODIPY
cholesterol efflux in ORS keratinocytes cells transfected with NT or ABCA5 siRNA for 72-hours. Efflux to
APOA1 (C) or HDL (D). Data are mean percentage change in efflux £+ SEM n=6 (C) n=3 (D) donors.
Unpaired t-test performed; significance denoted by * P<0.05.

These results prompted the investigation of other cholesterol homeostatic pathways that may be
disrupted by ABCA5 knockdown.

173



6.2.3 ABCAS5 knockdown disrupts the homeostatic response to exogenous
cholesterol in outer root sheath keratinocytes

Delivery of exogenous cholesterol elicits a cellular homeostatic response, generally through the
activation of lipid sensitive transcription factors LXR and SREBP2. Cellular cholesterol
accumulation results in increased sterol efflux and a reduction in de novo biosynthesis (Adams et
al., 2004b, Phillips, 2014).

Addition of 25 uM exogenous cholesterol to ORS keratinocytes resulted in an increase in the
expression of genes responsible for cholesterol efflux (ABCA1, ABCG1 and SCARBT) but no
change in ABCA5 (Figure 6.10). HMGCR, the gene encoding the rate-limiting enzyme in
cholesterol biosynthesis, was reduced (Figure 6.11). siRNA-mediated knockdown of ABCAS did
not significantly alter the expression of ABCA1, ABCG1, SCARB1 or HMGCR. Strikingly, the
ABCA5 knockdown truncated the FC-mediated increases in ABCA1 and ABCG1 (Figure
6.10B,C). Furthermore, HMCGR was downregulated to a much greater degree following addition
of FC to the ABCA5 knockdown ORS keratinocytes (Figure 6.11A).

These data suggest that the normal homeostatic response to FC loading was altered, which could
indicate changes in LXR-mediated signalling processes. To determine whether LXR activity was
impaired in ABCA5 knockdown cells, ORS keratinocytes were treated with the LXR agonist
T0901317. In the absence of ABCAS siRNA, LXR activation significantly increased ABCA1 and
ABCG1 expression (Figure 6.10F,G), with a small reduction in HMGCR (Figure 6.11B). As
HMGCR is primarily regulated by activation of SREBP2, a significant reduction in expression may
not be expected following LXR activation. Importantly, T0901317 addition to ABCA5 knockdown
ORS keratinocytes continued to elicit the typical LXR response, namely ABCA71 and ABCG1 were
increased in comparison to ABCA5 knockdown alone, and no significant differences to the control
were apparent (Figure 6.10F,G). This is in sharp contrast to the addition of FC, which did not
induce ABCA1 and ABCG1 expression in the ABCA5 knockdown cells.
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Figure 6.10 ABCA5 knockdown disrupts cholesterol transport. Gene expression changes in ORS keratinocytes transfected with NT or ABCAS5
siRNA for 48-hours, with or without 25 yM FC (A-D) or 5 yM T0901317 (E-H) for a further 24-hours. Gene expression reported relative to vehicle
control and normalised to PPIA. Data are mean £ SEM for n=5/n=3 (FC/T0901317). One-way ANOVA were performed with Fisher's multiple
comparisons test; significance denoted by * P<0.05, ** P<0.01, *** P<0.005.
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Further analysis demonstrated that SREBP2 transcription was significantly reduced by 22.1%
with ABCAS5 knockdown (Figure 6.11E). Additional FC loading results with a typical response in
lowering SREBPZ2 transcripts, which was further reduced in ABCAS knockdown ORS
keratinocytes with FC loading (Figure 6.11C). This may account for the extreme reduction in
HMGCR mRNA levels detected in FC-loaded ABCA5 knockdown ORS keratinocytes.

Furthermore, although there are no changes to either the total or intracellular cholesterol levels
with knockdown of ABCA5 a reduction in the transcription of HMGCR was shown. This can be
explained in terms of the reduction in SREBP2 transcriptional activity (Figure 6.11E), however it

remains unclear as to why SREBP2 mRNA and activity would be repressed.
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Figure 6.11 ABCA5 knockdown reduces cholesterol synthesis. Gene expression changes in ORS keratinocytes transfected with NT or ABCA5
siRNA for 48-hours, with or without 25 yM FC (A,C) or 5 yM T0901317 (B,D) for a further 24-hours. Gene expression reported relative to vehicle
control and normalised to PPIA. Data are mean + SEM for n=5/n=3 donors (FC/T0901317). One-way ANOVA were performed with Fisher's multiple
comparisons test; significance denoted by * P<0.05, ** P<0.01, *** P<0.005. (E) Transcriptional activity of SREBP2 in ORS keratinocytes transfected
with NT or ABCA5 siRNA for 72-hours. Data are mean + SEM for n=4 donors. Unpaired t-test performed; significance denoted by ** P<0.01.
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6.24 Sterol profile in free cholesterol-loaded outer root sheath
keratinocytes

Next lipidomic analysis was performed to determine whether ABCA5 knockdown impacted on the
sterol profile (FC, oxysterols) in ORS keratinocytes. Oxysterols can activate transcription factors
such as LXR and SREBP2, and are an important component of the homeostatic control of the

cellular sterol status (Olkkonen et al., 2012).

As with filipin staining, lipidomic analysis showed significant increases in the concentration of
cellular FC (Table 6.1) in cells treated with FC for 24-hours, however this was significant for both
NT and ABCAS knockdown ORS Kkeratinocytes (Table 6.1). Concentrations of individual
oxysterols are displayed in Table 6.1, whereas Figure 6.12 demonstrates fold change normalised
to NT control treatment. The most abundant oxysterols were 27-hydroxycholesterol, 43-

hydroxycholesterol, 7-ketochonesterol and 7p-hydroxycholesterol.

7-a, 25-Dihydroxycholesterol significantly increased with FC loading, and was not altered by
ABCAS5 knockdown. A significant increase was detected in fold change of 7-B-hydroxycholesterol
in ABCA5 siRNA-treated keratinocytes with exogenous FC loading (Figure 6.12). 25-
hydroxycholesterol significantly increased in fold change in ABCAS siRNA keratinocytes with
exogenous FC loading, which is significantly different than FC loaded NT siRNA keratinocytes
(Figure 6.12). 27-hydroxycholesterol significantly reduced in both NT and ABCAS5 siRNA-treated

keratinocytes.
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Table 6.1 Concentration of lipids in ABCA5 knockdown keratinocytes

Lipid (nM) NT NT + FC ABCA5 ABCAS5 + FC
Cholesterol 2550 + 354 3716 £359.1* 2419 + 386.7 3712 +£281.7 1
27-Hydroxycholesterol 67.02 £ 9.21 51.90 £ 67.38 67.38 £ 9.74 51.84 + 4.66
24-Hydroxycholesterol 2.86 £ 0.71 1.90 + 0.81 2.3910.01 2.54 £ 0.54
4-B-Hydroxycholesterol 95.81+2485 94.36+19.94 73.71+19.86 82.20 £ 18.80
25-Hydroxycholesterol 6.50 + 1.49 7.83 +1.82 6.64 + 1.20 11.87 £ 2.58
7-a,25-Dihyroxycholesterol 3.27 £ 0.20 19.05+3.25* 3.31+0.23 1747 £2.75%
7-Ketocholesterol 56.82 £+ 22.56  45.20+ 14.89 57.38 + 23.33 48.48 + 17.76
7-B-Hydroxycholesterol 48.52 +16.20 81.67+28.70 | 50.72+18.43 103.78 + 35.89
5,6-Epoxycholesterol 3.87£0.12 417 £0.25 3.96 £ 0.24 4.40 £+ 0.25

Concentrations of cholesterol and oxysterols (nM) determined via mass spectrometry ORS keratinocytes
cells were transfected with siRNA for 48-hours and subsequently exposed to 25 uM FC for 24-hours. Data
are mean + SEM of n=6 except for 4B-hydroxycholesterol, 7a,25-hydroxycholesterol, 5,6-epoxycholesterol
(n=4) and 24-hydroxycholesterol (n=2). One-way ANOVA or Kruskal Wallis tests were performed,
significance denoted by * P<0.05 for NT to NT + FC, T P<0.05 for ABCA5 to ABCA5 + FC.
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Figure 6.12 Lipidomic analysis of cholesterol-loaded outer root sheath keratinocytes with ABCA5
knockdown. Mass spectrometry analysis of ORS keratinocytes transfected with siRNA for 48-hours and
subsequently exposed to 25 yM FC for 24-hours. Blue box donates mitochondrial derived oxysterols, red
box for ER derived oxysterols and green box for autoxidised oxysterols. Data are mean + SEM of n=6
donors, except for 4B-hydroxycholesterol, 7a,25-hydroxycholesterol, 5,6-epoxycholesterol (n=4) and 24-
hydroxycholesterol (n=2). One-way ANOVA or Kruskal Wallis tests were performed; significance denoted
by * P<0.05, *** P<0.005.
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6.3 Discussion

This chapter aimed to provide a deeper understanding for the role ABCA5 might play in
cholesterol transport processes in ORS keratinocytes. Chapter 3 revealed that ABCA5 protein
expression can be modulated by changes in cellular cholesterol levels, which also alters
intracellular co-localisation to endo-lysosomes, ER and mitochondria. Here, siRNA silencing
showed that ABCAS5 is implicated in the maintenance of cholesterol homeostatic pathways.
Furthermore, endo-lysosomal cholesterol trafficking was also found to be influenced by ABCA5
levels. Additional siRNA experiments were performed in ex vivo HF cultures, however limited
samples were available, and of the two cultures performed the majority of follicles had
spontaneously entered catagen. Therefore, this ex vivo HF data was not included in this chapter,
and the focus on in vitro ABCAS5 siRNA experiments in ORS keratinocytes was made instead to
provide insight into the role of ABCAS in the HF.

Although ABCA5 has not previously been reported in the plasma membrane, it could be
hypothesised that like ABCA1 (Neufeld et al., 2001), ABCA5 shuttles between endo-lysosomes
and the plasma membrane. ABCA1-mediated cholesterol efflux to APOA1 is well characterised
(Quazi and Molday, 2011), however binding and efflux to APOE has also been documented
(Krimbou et al., 2004). Furthermore, a high expression Apoe is documented in murine HF cells
via single cell RNA-sequencing (Joost, 2020, Joost et al., 2020), suggesting the HFs capability to
generate APOE lipoproteins for cholesterol efflux. In fact, ABCA5-induced neuroblastoma cells
showed an increase in efflux to APOE, to the same level as ABCA1 upregulated cells (Fu et al.,
2015). As it was shown here that ABCA7T mRNA and protein abundance were reduced following
ABCAS5 knockdown in ORS keratinocytes, it could be postulated that the reduction in APOA1
stimulated efflux is due to the loss of ABCA1 rather than ABCAS itself functioning in plasma-
membrane cholesterol efflux. Indeed, no change in HDL efflux was detected, which is consistent
with the lack of change in ABCG1 or SCARB1 proteins, both of which utilise HDL as an acceptor
for cholesterol efflux. Notably, this conflicts with data seen in mouse derived Abca5”
macrophages, where the loss of cholesterol efflux to HDL and not ABCA1-mediated efflux was
observed (Ye et al., 2010).

What is more, Chapter 5 reported comparatively low-level expression of ABCG1 in the HF when
compared to both ABCA1 and ABCAS5, which might suggest lower ABCG1-mediated efflux
activity. Another important contrast with the murine Abca5" data reported by Ye et al. (2010) is

that here, ABCA5 knockdown resulted in reduced Abca1 expression, whereas the murine Abca5”
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resulted in an increase in Abca1. Which may explain the differences in cholesterol efflux observed
between the current study, and Ye et al. (2010). There may also be tissue-specific differences in
the predominant routes for cholesterol transport, as different expression patterns of ABC
transporters in peripheral tissues have been previously described (Zhou et al., 2015, Quazi and
Molday, 2011).

In addition to reduced cholesterol efflux to APOA1, a dysregulation in the accumulation of endo-
lysosomal cholesterol with ABCA5 knockdown was confirmed by both filipin and live BODIPY
cholesterol fluorescence imaging. As suggested by the data in Chapter 3 (Figure 3.9), ABCA5
may be involved in endo-lysosomal cholesterol transport. The presence of ABCA5 within ER and
mitochondria could also suggest that the ABCA5-mediated cholesterol transport occurs within
these organelles too. However, as changes in cholesterol accumulation were only detected in
endo-lysosomes, transport activity in other organelles cannot be confirmed in ORS keratinocytes.
It does however appear likely that within ORS keratinocytes, ABCAS5 is an intracellular cholesterol
transporter, which is supported by its previous co-localisation with endo-lysosomes (Kubo et al.,

2005) and Golgi (Petry et al., 2006) in mouse and rat, respectively.

Knockdown of ABCAS5 reveals a disruption in the regulatory pathways controlling cholesterol
homeostasis; these findings present both a loss of SRBEPZ2 gene expression and transcriptional
activity with ABCA5 knockdown, along with dysregulation of the normal homeostatic response of
LXR target genes in response to cholesterol loading. As co-localisation of ABCAS to intracellular
organelles increases with cholesterol loading, it is hypothesised that ABCA5S is an integral
component of intracellular cholesterol movement. Thus, a loss of ABCA5 following siRNA
treatment resulted in the impaired movement of excess cholesterol, which would otherwise be
effluxed or converted into oxysterols to initiate an LXR response. However, no change was
detected in 27-hydroxycholesterol whereas the autoxidised variants 7-ketocholesterol and 73-
hydroxycholesterol were both increased in ABCA5 knockdown cells following cholesterol loading,
compared to NT controls. Also, of note is the increase in 25-hydroxycholesterol, synthesised
through CH25H within the ER (Olkkonen et al., 2012). As detailed in Chapter 1 (Figure 1.4), in
cholesterol-rich environments the binding of 25-hydroxycholesterol to INSIG and FC to SCAP
prevents the movement of SREBP2 to the Golgi for proteolytic processing, and therefore prevents
the protein translocation to the nucleus to initiate transcription. The greater increase in 25-
hydroxycholesterol within FC-loaded ABCA5 knockdown cells could be used to explain the
greater differences in both HMGCR and SREBPZ2 levels. However, a likewise effect of an increase

in transcription of LXR targets would be expected.

182



Whereas live BODIPY cholesterol imaging showed an accumulation of cholesterol to the
mitochondria over a 150-minute period, a reduction in filipin staining was detected at 24-hours
post FC loading in comparison to unloaded cells. Furthermore, synthesis of 27-hydroxycholesteol
occurs in mitochondria via CYP27A1 (Olkkonen et al., 2012). In correlation with the reduction in
mitochondrial cholesterol with exogenous cholesterol loading detected with filipin staining, a
reduction in 27-hydroxycholesterol is also detected. That said, no change in mitochondrial
cholesterol accumulation is detected between NT and ABCA5 knockdown in both live BODIPY

imaging and filipin staining.

This may however provide some insight into how alterations in cholesterol levels in the HF could
affect hair growth and cycling. As cholesterol is shown to accumulate within the mitochondria over
a comparatively short time-period during loading, yet is reduced at 24-hours post loading, it could
be hypothesised that enzymatic metabolism of cholesterol occurs between 2.5 and 24-hours post-
loading. The drop in 27-hydroxycholesterol, suggests that oxysterol production by CYP27A1

(Olkkonen et al., 2012) is not the dominant route for mitochondrial cholesterol metabolism.

In addition, mitochondria are the site of initial steroid hormone synthesis, in which cholesterol is
converted into pregnenolone via CYP11A1 (Li et al., 2014). Indeed steroidogenesis enzymes
have been detected within the HF (Slominski et al., 2013), however the expression of CYP11A1
has yet to be identified, although skin, sebocyte and adipocyte expression are known (Li et al.,
2014, Slominski et al., 1996). Therefore, the exogenous cholesterol in the mitochondria may be
synthesised into pregnenolone, however both the expression of CYP11A1 and pregnenolone
levels would need to be measured to confirm this. As discussed in Section 1.4, if indeed excess
cholesterol leads to the synthesis of steroid hormones in the HF, this could lead to alterations in
hair cycling through AR-mediated Wnt/B-catenin signalling (Kretzschmar et al., 2015), along with
the onset of AGA through DHT (Inui and Itami, 2013, Sawaya, 1991).

The half-life of oxysterols is very short in comparison to cholesterol (Olkkonen et al., 2012) (a few
hours versus ranges reported from days in lipoproteins (Daniels et al., 2009) to years in brain
tissue (Zhang and Liu, 2015)), and it could be suggested that at a different time point an increase
in 27-hydroxycholesterol would be detected. However, 27-hydroxycholesterol is well documented
in LXR agonism (Fu et al., 2001, Olkkonen et al., 2012) and therefore transcriptional responses
in correlation to this would be expected to match. As one of the more abundant oxysterols
detected within ORS keratinocytes, the functionality of CYP27A1 is clear. Furthermore 27-
hydroxycholesterol has been noted as a selective oestrogen receptor modulator (DuSell et al.,

2008). Treatment of cancers with SERMs is associated with alopecia (Saggar et al., 2013), and

183



oestrogen has been associated with hair growth and cycling via oestrogen receptor-mediated
signalling (Ohnemus et al., 2006). Although only slight decreases in 27-hydroxycholesterol were
detected, alterations due to excess cholesterol levels may lead to changes in cycling via changes

to oestrogen receptor signalling.

Keratinocyte differentiation has previously been shown to increase with 25-hydroxycholesterol
treatment (Olivier et al., 2017, Hanley et al, 2000). The mechanisms by which 25-
hydroxycholesterol-mediated differentiation occur are not fully understood, however they have
been linked with an increases in Activator protein 1 (Hanley et al., 2000), autophagy and
intracellular calcium levels (Olivier et al., 2017). Hanley et al. (2000) speculate this is mediated
by LXR and not SREBP2, but as the results here suggest a reduction in LXR activation following
ABCA5 knockdown, any potential increases in differentiation would not be through this
mechanism. Furthermore, the concentrations used in these studies exceeded 10 uM 25-
hydroxycholesterol, an almost 1000-fold higher concentration than that detected in ORS
keratinocytes following ABCAS5 knockdown with exogenous cholesterol loading. However, this
result may indicate an alteration in how the loss of ABCA5 effects cholesterol handling. Synthesis
of 25-hydroxycholesterol from cholesterol is achieved by CH25H in the ER (Olkkonen et al.,
2012). Although no changes in ER cholesterol staining or accumulation was detected with ABCA5
knockdown, de novo cholesterol synthesis occurs in the ER (Ikonen, 2008) and a reduction to
HMGCR and SREBP?Z2 is noted, suggesting a reduction in cholesterol synthesis following ABCAS
knockdown. 25-Hydroxycholesterol is well documented in binding to INSIG and aiding in the
reduction of SREBP2 processing via inhibition of SCAP transport to the Golgi, and therefore
transcription of HMGCR (Adams et al., 2004a, Yang et al., 2002). Thus, an expected response
has been detected in SREBP2-mediated cholesterol homeostasis following exogenous

cholesterol loading.

Moreover, 25-hydroxycholesterol has been shown to activate Shh signalling, which is thought to
be through interactions with smoothened (Corcoran and Scott, 2006). Given the importance of
Shh signalling in HF morphogenesis, and smoothened integral in maintenance of the dermal cup
(Woo et al., 2012), loss of ABCA5 in congenital hypertrichosis patients may lead to increased
oxysterol activation of Shh signalling, and therefore induce excessive hair growth and vellus to
terminal hair formation. Furthermore, additional oxysterols have been shown to bind to
smoothened including 7-keto-25-hydroxycholesterol (Myers et al., 2013, Nedelcu et al., 2013),
which demonstrates the need to further analyse additional oxysterols with the loss of ABCA5 in

conjunction with Shh signalling.
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Transcription control of ABCA1 is most commonly associated with LXR activation, however
SREBP2 has been shown to positively regulate ABCA1 transcription through subsequent
synthesis of ligands for LXR activation (Wong et al., 2006). ABCAS5 knockdown results in the
decrease of SREBP2 activity and mRNA expression, along with a further reduction in mRNA
following cholesterol loading. Furthermore, addition of LXR agonist T0901317 recovered the
transcriptional activity of LXR targets, suggesting ABCA5 knockdown causes a dysregulation in
LXR ligand formation. With both pathways downregulated that control transcription of ABCA1, this
may explain the subsequent loss of protein and function, with lowered cholesterol efflux to
APOA1.

LXRs have been shown to down regulate keratinocyte proliferation, and inhibit hair growth in vitro
(Russell et al., 2007). Although no changes in proliferation were detected (data not shown), there
is a reduced transcriptional response in genes that are understood to be under the control of LXR.
When applying the findings from cellular based ABCA5 knockdown, one could hypothesise that
circulatory cholesterol levels may not induce the same level of LXR activity in HFs of ABCAS5 loss-
of-function individuals, thus producing excessive hair growth. The proliferation and senescence
rate of ORS keratinocytes may be a limiting factor in the detection of changes to proliferation.
Whereas rapidly proliferating matrix keratinocytes, which were shown to have a high expression
of ABCAS5, could have been a more relevant model to investigate, the isolation and culture of

sufficient numbers of keratinocytes are more easily achieved from ORS than the matrix.

One notion to explain the lack of LXR response may be due to ABCAS being a PPAR target (Mak,
2014). Some evidence suggests that activation of PPARa can have a competitive inhibitory effect
on LXR/RXR binding to the LXRE (Yoshikawa et al., 2003). Although PPARs have been known
to induce ABCA1 expression (Ogata et al., 2009), PPARy has been shown to increase mRNA
and reduce protein expression in HepG2 cells (Mogilenko et al., 2010). ABCA1 knockdown in
bone marrow-derived macrophages resulted in a downregulation of protein and mRNA of both
PPARy and LXRa (Kim et al., 2018). Furthermore, it was noted that PPARy expression was
essential for apoptosis-mediated upregulation of ABCA1 and LXRa (Kim et al., 2018).

Indeed, PPARs are known to be important regulators for HF growth and cycling. Optimal
concentrations of PPARa agonist clofibrate can promote HF survival and growth (Billoni et al.,
2000), whereas high concentrations can induce alopecia (Tosti and Pazzaglia, 2007). PPARB/®
is important for HF morphogenesis (Di-Poi et al., 2004, Icre et al., 2006). A balance in PPARy
signalling is needed, co-activator (PPARGC1a) is upregulated in HFs of patients with AGA (Ho et
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al., 2019), whereas treatment with PPAR agonist rosiglitazone causes a reduction in hirsutism
(Yilmaz et al., 2005).

Maintaining an optimal balance in signalling is required for normal functioning of HF growth and
cycling. In congenital hypertrichosis, patients phenotypically present with excessive hair growth
including vellus to terminal hair formation throughout the body. If indeed loss of ABCA5 protein
causes alterations to PPAR levels and/or signalling, this may explain the hair pathology. Further
analysis to investigate the expression levels of nuclear receptors along with investigations through
luciferase reporter assays could be used to determine if the loss of ABCA5 causes a competitive
based PPAR inhibition of LXR activity, or results in a downregulation of both PPAR and LXR
pathways.

Another mechanism to consider could be that impaired intracellular trafficking of cholesterol and
a reduction in APOA1-mediated cholesterol efflux over time, may lead to increased endo-
lysosomal accumulation of cholesterol noted in keratinocytes derived from congenital
hypertrichosis patients (DeStefano et al., 2014). As these data has shown a reduction in
cholesterol efflux, excess cholesterol may be utilised in other ways. Cholesterol is associated with
many signalling pathways associated with HF growth and cycling (Incardona and Eaton, 2000,
Palmer et al., 2020, Stenn and Karnik, 2010). Although this chapter showed conflicting evidence
with that reported by DeStefano et al. (2014) where increased endo-lysosomal cholesterol
accumulation was described with ABCA5 mutations, the authors did not perform any
quantification, and the conclusions drawn from the qualitative analysis of the filipin/LAMP1

staining is therefore not objective.

Inhibition of the JAK/STAT pathway has been shown to induce hair growth (Harel et al., 2015),
and interactions of ABCA1 with APOA1 have been shown to activate the JAK/STAT pathway
(Tang et al., 2009, Kim et al., 2018, Zhao et al., 2012). Specifically binding of APOA1 to ABCA1
initiates the phosphorylation of JAK, leading to the cascade of STAT phosphorylation and
signalling. Furthermore, pharmacological inhibition of JAK/STAT has been shown to induce
Whnt/B-catenin signalling and supress DKK1 in murine HFs, leading to the inductivity of the DP
and re-entry into anagen (Harel et al., 2015, Kim et al., 2020). Treatment of AA patients with
JAK/STAT inhibitors resulted in initial vellus hair formation and subsequent vellus to terminal hair
growth (Chiang et al., 2018, Shivanna et al., 2018). The reduction in both ABCA1 expression and
cholesterol efflux to APOA1 therefore may be a link in congenital hypertrichosis through promotion

of anagen, and vellus to terminal hair formation by inhibition of JAK/STAT signalling. However
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further experiments utilising patient derived-keratinocytes would be needed to confirm this, along
with analysis of JAK/STAT signalling.

To conclude, these data has shown that ABCA5 knockdown induces a dysregulation of
cholesterol homeostasis and reduction of APOA1 cholesterol efflux. It suggests that ABCAS plays
a role in maintaining cellular cholesterol levels, leading to the hypothesis that ABCA5 functions
as an intracellular cholesterol transporter, in particular through shuttling cholesterol via endo-
lysosomal transport. These data also provided insight in potential mechanisms by which loss of
ABCADS5 causes excessive hair growth, specifically, potential modulation of signalling pathways
such as Shh, PPAR or JAK/STAT, along with increase in differentiation. A need for further
research in these pathways in both patient and murine ABCA5 models could help determine new

therapies for hair growth and hair loss disorders.
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Chapter 7: Conclusions and future perspectives
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7.1 Conclusions

Determining the routes of cholesterol transport in the HF provides insight into the mechanisms in
which cholesterol may influence hair growth. Cholesterol is an integral component of all cells, and
dysregulation of cholesterol homeostasis results in hair disorders (Romano et al, 2018,
DeStefano et al.,, 2014, Hayashi et al., 2017, Panicker et al., 2012, Palmer et al., 2020).
Furthermore, cholesterol can modulate certain signalling pathways associated with hair cycling,
along with altered keratinocyte behaviour, and is a precursor for androgen synthesis. Together
this suggests an important role for cholesterol in HF biology, leading to the hypothesis that altered
cholesterol homeostasis can disrupt human hair growth and cycling. Therefore, the preliminary
emphasis of this thesis was to characterise the routes of cholesterol transport within the HF and

the effects of modulation of cholesterol levels on hair growth and cycling.

Firstly, this project aimed to determine the expression and activity of cholesterol transport proteins
in human HF keratinocytes, with a particular focus on the ABC transporter superfamily. Previous
research by Haslam et al. (2015) had demonstrated the expression of ABC transporters in the
HF, some of which have been characterised as cholesterol transporters. Two ubiquitously
expressed cholesterol transporters, ABCA1 and ABCG1, along with putative cholesterol
transporter ABCAS5, which is implicated in congenital hypertrichosis (Dereure, 2014, Hayashi et
al., 2017), and bi-directional cholesterol transporter SCARB1, were selected to be investigated in
this project. Chapter 3 revealed the HFs capability to regulate cholesterol homeostasis through
LXR-mediated transcription of ABCA1 and ABCG1 (Figure 3.4). Functionality of these
transporters was determined through a cholesterol efflux assay revealing efflux by ABCA1 and
ABCG1 to acceptors APOA1 and HDL, respectively. Furthermore, the ability of SCARB1 in
cholesterol efflux to HDL was determined using the specific inhibitor BLT-1 (Figure 3.4).
Immunocytochemistry analysis revealed an increase in co-localisation of ABCA5 following
cholesterol loading (Figure 3.9). Oligomeric isoforms of ABCA5 were detected via western blotting
(Figure 3.3).

The next aim was to investigate how modulation of cholesterol level impacts on HF biology, using
human HF keratinocytes and organ-cultured human HFs. Exogenous cholesterol loading with FC
along with cholesterol depletion by MBCD revealed the HFs to be proficient in handling
physiologically relevant changes in cholesterol levels. Cholesterol loading revealed endo-
lysosomal accumulation (Figure 4.1) but no changes to membrane cholesterol (Figure 4.3).

Neither cholesterol loading nor depletion resulted in changes in proliferation, pigmentation, cycling
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or apoptosis in cultured HFs (Chapter 4). However, Chapter 4 indicates that cholesterol depletion
may lead to the selective apoptosis of senescent ORS keratinocytes. Small fluctuations in Wnt/3-
catenin target genes LEF1 and AXIN2 were detected following changes in cholesterol levels,
suggesting the potential for cholesterol status to influence this important signalling pathway in
human HFs (Figure 4.15).

Chapter 5 followed with the aim to determine the expression of cholesterol transport proteins and
compartmentalisation of cholesterol across the hair cycle. Differential expression of cholesterol
transporters in HF tissue sections from anagen, early catagen, mid-catagen and plucked telogen
were detected. ABCA1 showed a mixture of membranous staining within the matrix, and
expression pattern at the nuclear periphery within club hairs (Figure 5.1). Expression of ABCG1
was high in the SG (Figure 5.2), and although transcriptionally active in ORS keratinocytes (Figure
3.1) and HFs (Figure 5.9) following LXR agonism, a low level of protein expression was found via
immunofluorescence staining. SCARB1 was highly expressed in the DP basement membrane
suggesting a role in facilitating movement between the DP and matrix keratinocytes (Figure 5.4).
ABCAS5 was highly expressed in the IRS, matrix and DP (Figure 5.5). HMGCR, the rate-limiting
enzyme for cholesterol synthesis, was highly expressed throughout the hair cycle. Throughout
the hair cycle, both membrane and cytoplasmic staining patters of cholesterol were detected.
Furthermore, striations of cholesterol were present in the basement membrane of the HF at the

suprabulb and isthmus but not the bulb (Figure 5.8).

The final aim of this thesis was to investigate how modulation of ABCAS impacts on HF biology,
using primary HF keratinocytes to give insight into potential mechanisms of hypertrichosis. This
was achieved using siRNA-mediated knockdown of ABCAS in ORS keratinocytes. Loss of ABCA5S
demonstrated a dysregulation of intracellular cholesterol transport, with a reduction in endo-
lysosomal cholesterol following exogenous FC loading (Figure 6.2, Figure 6.5). Furthermore, a
disruption in the normal homeostatic response of LXR-mediated transcription following
exogenous cholesterol loading was detected. Alterations to oxysterol production with exogenous
cholesterol loading were revealed with ABCA5 knockdown. The binding of APOA1 to ABCA1 is
important in the phosphorylation of JAK, and therefore initiation of JAK/STAT signalling (Tang et
al., 2009, Kim et al., 2018, Zhao et al., 2012). A reduction to ABCA1 expression and APOA1 efflux
was detected (Figure 6.9) leading to the hypothesis that reduced JAK/STAT signalling with the

loss of ABCA5 may lead to increased hair growth through inhibition of catagen entry.
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7.2 Future perspectives

Chapter 3 demonstrated the capacity for ORS keratinocytes to alter transcription of cholesterol
transporters in response to FC loading, whereas LXR agonism induced mRNA, protein expression
and activity of cholesterol transporters. Previous studies in keratinocytes have predominantly
used oxysterols to induce protein expression of ABCA1 and ABCG1 (Jiang et al., 2006, Jiang et
al., 2010), whereas FC loading has been used in other cell types (Choi et al., 2003, Hsieh et al.,
2014, Seeree et al.,, 2019, Spann et al., 2012). These studies have used a range of FC
concentrations (from 10 pg/ml to 30 pyg/ml) and detected increases in protein expression of
ABCA1 and ABCG1 (Seeree et al., 2019, Spann et al., 2012, Choi et al., 2003). Therefore,
additional studies should include a dose response component to determine the concentrations of
sterols capable of modulating the expression of cholesterol transporters and other cholesterol
homeostatic proteins. Furthermore, alterations into cholesterol packaging should be explored
through mass spectrometry imaging, utilising secondary ion mass spectrometry imaging to detect
plasma membrane cholesterol, and matrix-assisted laser desorption/ionization for CE (Cologna,

2019) in both HF tissue sections and cell cultures.

The effects of different ways to modulate cholesterol levels should also be examined, and the use
of statins is a particularly interesting area to investigate. As outlined in Chapter 1: Section 1.7.1
some evidence suggests statin treatment induces hair loss (Mohammad-Ali et al., 2015, Segal,
2002), along with statin treatment inducing hair regrowth in AA (Lattouf et al., 2015). Experiments
outlining changes in proliferation/apoptosis, along with alterations to signalling should be
explored. In particular the JAK/STAT pathway, which has previously been shown to be inhibited
by statin treatments (Jougasaki et al., 2010) should be further investigated. Reduction of
intrafollicular sterols through HMGCR inhibition may lead to a reduction of cholesterol efflux from
ABCA1 to APOA1, which has previously been shown to be important in the phosphorylation of
JAK (Tang et al.,, 2009, Zhao et al., 2012). Obtaining patient samples prior and after statin
treatment from either scalp biopsy or more likely plucked hairs could be utilised to determine if
statin treatment induces changes in expression of cholesterol transporters, lipid profile and
signalling. A statin treated mouse model could be utilised to mimic human oral treatments in order

to investigate whether HMGCR inhibition alters hair cycling or cholesterol levels within the HF.

In Chapter 5 exploration of cholesterol transporters during the hair cycle exhibited some
limitations, namely detection in protein quantification. In the human scalp HFs are predominantly

in anagen VI (Oh et al., 2016) and due to sample sizes, a limited number of follicles were obtained

191



at other cycle stages. Proficient studies should profile HFs derived from the same patient at
different cycle points, as this would be unlikely, protein quantification should be performed in mice.
Membrane fractionation should be utilised to improve quantification of protein expression via
western blotting. Moreover, liquid chromatography high resolution mass spectrometry should be
utiised for a more accurate method of protein quantification (Jacqueroux et al., 2020).
Furthermore, gene expression changes were taken from whole follicles, therefore the use of in
situ hybridisation or laser capture microdissection could be an interesting tool to detect changes

in RNA levels between different layers of the HF.

As antibodies for HMGCR will also detect degraded forms of the enzyme, it cannot be fully used
to determine activity of cholesterol synthesis, therefore activity assays should be performed to
fully determine this. Investigations into expression of the final enzymatic steps of the cholesterol
biosynthesis pathway (DHCR7 and DHCR24) should also be performed, in addition to enzyme
activity which could be measured using labelled desmosterol of 7-DHC to quantify the conversion

rate into cholesterol within cellular models (Luu et al., 2014).

Cholesterol efflux was measured in Chapter 3 and Chapter 6 using APOA1 and HDL to detect
changes in ABCA1 and ABCG1 or SCARB1-mediated efflux, respectively. However previous
studies in ABCA5 overexpressing cells found cholesterol efflux to APOE to be of a similar level
compared to that of ABCA1 overexpressing cells (Fu et al., 2015). Interestingly, Joost (2020)
demonstrated a high expression of Apoe in mouse HFs (Joost et al., 2020). This expression was
detected throughout the telogen follicle and specifically within the upper companion layer and DP
(which was double in the DP for anagen versus telogen), correlating with the highest regions of
ABCADS5 expression. Additionally, a low expression level of Apoe is detected within the ORS and
IRS. Although APOA1 expression is low in comparisons to Apoe, it can be detected throughout
the mouse HF keratinocytes, but not fibroblasts. Nascent HDL can be formed in peripheral tissues
though both APOA1 and APOE (Getz and Reardon, 2009). Thus, perhaps APOE lipoprotein is a
dominant route for cholesterol efflux in the HF. Further analysis into localisation of APO in human
HFs through antibody staining along with efflux assays using APOE as an acceptor in cell cultures

derived from different HF populations (e.g. ORS, DP, matrix) should be investigated.

STAR proteins are understood to function as intracellular cholesterol transport proteins, moving
cholesterol from the inner to the outer membrane of mitochondria, endosomes to ER and from
lipid droplets to the plasma membrane (Jefcoate and Lee, 2018). Further analysis of this family
of proteins could give insight into mitochondrial cholesterol trafficking in the HF. In particular,

cholesterol in the mitochondria is first converted into pregnenolone before further enzymatic
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reactions in the ER for steroid hormone synthesis take place (Hu et al., 2010). Steroidogenic
enzyme has been previously detected within the pilosebaceous unit (Slominski et al., 2013). Yet
it remains unclear if steroid hormones within the HF are up-taken from circulation or generated
through de novo synthesis. Experiments into the activity of steroidogenesis should examine if

modulating cholesterol levels effects steroid hormone synthesis, with insights into AGA.

Chapter 6 explored the role of ABCAS in ORS keratinocytes, where this study provided a
foundation for understanding how ABCAS and cholesterol may affect hair growth, though further
research is needed. The use of primary ORS keratinocytes provided a relevant cell culture model
in which to perform siRNA experiments. Further work should focus on the use of a longer-term
model in which to inhibit ABCA5 expression. One way in which to do this would be to use Abcab
knockout mice, examining HF morphogenesis during embryogenesis to detect the pathways
associated with vellus to terminal hair formation. Data from investigating alterations into hair
cycling, cholesterol packaging and cholesterol transporter expression, in particular if there is a
change in ABCA1 expression is needed. Along with investigations into changes in signalling
pathways that could be associated with changes to cholesterol, i.e. Wnt/B-catenin, Shh, BMPs
and JAK/STAT.

Another avenue to explore in human cell culture would be using either patient-derived
keratinocytes or generating a HF keratinocyte derived immortalised cell line. The latter would
allow the development of a permanent deletion of ABCAS through the use of CRISPR. Currently
HF-derived keratinocytes are limited through passage numbers, and single cell colony formation
would not be possible in this model. In addition, ABCAS5 is highly expressed in the DP, and
therefore this cell type should also be investigated. Further research in cell culture can allow for

cholesterol efflux studies.

Uptake of cholesterol from circulating lipoproteins is likely to occur within the mesenchymal
portions of the HF, which contain the HF vasculature (Ellis and Moretti, 1959). Furthermore, the
DP is the signalling centre of the HF, and alterations to cholesterol levels within this region could
be more indicative of changes in HF cycling through cholesterol modification of signalling proteins.
Exploring DP cells in culture presents its own limitations, the inductive properties of DP are lost
with 2D cell culture (Higgins et al., 2010). Either spheroid culture would provide a better
mechanism in studying cholesterol within the DP, or whole HF organ culture could be used. Mouse
studies using high-cholesterol diet or statin treatments may be able to detect the effect of

circulating lipoproteins on HF growth and cycling. Furthermore, ex vivo culture of whole
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pilosebaceous units may also provide another avenue to explore, investigating the potential

sources of cholesterol to the HF from the sebaceous gland and adipocytes.

The presence of a unique staining pattern of cholesterol in the laminin-332 region of the basement
membrane was detected in Chapter 5. Furthermore, the striations of cholesterol increase in
density during the catagen of the hair cycle. These striations were hypothesised to be either
deposits of excess cholesterol as cholesterol mono-hydrate needles or a mechanism for transport
of cholesterol between the ORS and CTS. The use of polarised or electron microscopy would
determine the presence of cholesterol crystals (Suhalim et al, 2012a). Furthermore, the
development of an in vitro model of the basement membrane with co-culture of ORS keratinocytes
and CTS fibroblasts could be used to track cholesterol movement via live BODIPY cholesterol

imaging.

To conclude, loss of ABCAS in siRNA knockdown ORS keratinocytes revealed a dysregulation in
cholesterol homeostasis and intracellular cholesterol transport. Future work should focus on the
role of ABCA5 and subsequently cholesterol transport in modulating signalling pathways

associated with HF morphogenesis and cycling.
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1 | INTRODUCTION

Cholesterol is vital te the normal function of all animal cells and has
particular importance in cutanecus tissues. In addition to forming
an important component of cell membranes, partiticning into the
phespholipid bilayer to regulate membrane fluid'lty,m cholesterel alse
regulates cell signalling via, for example, modulation of hedgehog pro-
tein (Hh) biogenesis and activation of the canonical Wnt pathway.lz'a]
Cholesterol performs tissue-specific functions including in the main-

tenance of the skin permeability barrier™”

16,7]

and acts as a precursor for
steroid hormone synthesis.

The importance of cholesterel is underscored by the capac-
ity of vertebrate cells for de novo biosynthesis.lg] Furthermore,
cells can receive cholesterol from circulating lipoproteins (ie,
low-density lipoprotein, LDL-; or high-density lipoprotein, HDL),
with removal of excess cholesterol facilitated by membrane efflux
pumps, such as ATP-binding cassette transporter (ABC) Al and
ABCG1. As cellular cholesterol balance must be maintained within

a relatively narrow concentratien range, physiological feedback

23 | Jlain S. Haslam!

Lipids and lipid metabolism are critical factors in hair follicle (HF} biology, and choles-
terol has long been suspected of influencing hair growth. Altered cholesterol homeo-
stasis is involved in the pathogenesis of primary cicatricial alopecia, mutations in a
cholesterol transporter are associated with congenital hypertrichosis, and dyslipidae-
mia has been linked to androgenic alopecia. The underlying molecular mechanisms by
which cholesterol influences pathways involved in proliferation and differentiation
within HF cell populations remain largely unknown. As such, expanding our knowl-
edge of the role for cholesterol in regulating these processes is likely to provide new
leads in the development of treatments for disorders of hair growth and cycling. This
review describes the current state of knowledge with respect to cholesterol homeo-

stasis in the HF along with known and putative links to hair pathologies.

alepecia, cholesterol, hair follicle, hypertrichosis, transporters

loops exist to contrel the rates of biosynthesis, uptake and efflux

that form such a crucial part of cellular cholestercl metabelism.
The roles for cholestercl in peripheral tissues have been previ-

ously described. In the skin, cholesterol is a protagenist in the devel-

opment of the epidermal permeahility barrier,[4'5]

179

is a precursor for

the synthesis of local steroid hermones, | and influences keratino-

[10-12] corneocyte desquamaticn,[m barrier re-

[14,15

cyte differentiation,

113] ) et there remains eneimpertant skin

pair™" and melanogenesis.
appendage in which the role of cholesterol is yet to be fully explored,
namely the hair follicle (HF). Whereas lipids are understood to impact
on HF hiolegy, not least through the HF association with the lipid-rich
sebaceous gland, the specific functions medulated by cholesterel are
less well understood. Associations have been made between sterol
levels and certain hair disorders, and lipid-modulatory drug therapies
have been reported to cause both hair loss and hair growth.[m’m

A greaterunderstanding of the controlof cellular cholesterclin the HF
and the potential impact on the hair cycle may identify novel targets for
regulating hair growth and the treatment of hair disorders linked to dis-

ordered sterol homeostasis or stercl-sensitive signalling pathways.lzz'z‘u
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2 | CHOLESTEROL HOMEOSTASIS: A
CELLULAR OVERVIEW

Cellular cholesterol metabolism has been covered in detail in many
previous reviews.225-28] This section is therefore restricted to pro-
viding a generic summary of cellular cholesterol homeostasis.

De novo cholesterol synthesis accounts for approximately
70% of the total body cholesterol. Primarily, this occurs through
a series of defined reactions in the endoplasmic reticulum, with
the acetyl CoA precursor ultimately metabolised to cholesterol,
with 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) cata-
lysing the rate-limiting step.[z'%] The pathway is summarised in
Figure 1A.

Uptake in the peripheral tissues occurs primarily through the
binding of LDL to the LDL receptor (LDLR) followed by receptor-me-
diated endocytosis.m] An additional route for cholesterol uptake
exists via the scavenger receptor class B member 1 (SRB1) receptor,
which mediates uptake of free cholesterol and cholesterol esters
from circulating HDL.?!

ABC transporters play an important role in the transport of lip-
ids; in particular, the ABCA family is involved in both cholesterol
efflux and intracellular transport. ABCA1 is a well-characterised
cholesterol transporter and is ubiquitously expressed. It mediates
the efflux of excess cholesterol from cells to apolipoproteins (apo),
in particular apoA1, for the formation of HDL for reverse cholesterol
transport.?728!

Intracellular trafficking of cholesterol can occur via vesicular
and non-vesicular movement. Vesicular transport involves ATP-de-
pendent movement along the cellular cytoskeleton. Non-vesicular
transport occurs through hydrophobic cavity transporter proteins,
such as steroidogenic acute regulatory protein (StAR) and through
spontaneous resorption which is thought to be processed through
as yet unidentified specialist proteins.®!

Numerous transcription factors including sterol regulatory bind-
ing protein (SREBP2) (Figure 1A), liver X receptor (LXR) and peroxi-
some proliferator-activated receptors (PPAR) have primary roles in
regulating the expression of genes involved in maintaining choles-
terol homeostasis.

The roles of cholesterol in keratinocytes and the HF specifically
are detailed in the following sections, with reference to the homeo-

static mechanisms outlined above.

3 | CHOLESTEROL FUNCTION IN
KERATINOCYTE CELL BIOLOGY PROVIDES
LINKS TO HF SIGNALLING PATHWAYS

The HF is a regenerating, hair shaft producing mini-organ that un-
dergoes cyclical periods of growth (anagen) (Figure 2), regression
(catagen) and relative quiescence (telogen).ml The direct impact of
cholesterol metabolism on distinct HF cell populations is unclear,

yet it is likely to play an important role. Although differentiation of
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FIGURE 1 Cholesterol homeostasis in the hair follicle:
identification of known mutations and knockout mouse models
associated with hair disorders. A, Cholesterol biosynthetic pathways.
A summary of cholesterol biosynthesis,?419% including known
mutations associated with hair disorders (as indicated by stars).
Mutation to LSS has been associated with autosomal-recessive
hypotrichosis simplex presenting with sparse scalp hair.103!
Mutations to EBP in Conradi-Hlnermann syndrome are associated
with Follicular atrophoderma and patchy scarring alopecia.t30-132
DHCR24 knockout mouse present with fewer hair follicles and
thickening of the epidermis.[Sol B, SREBP2 mediated cholesterol
regulation. In a sterol-rich environment, SREBP2-mediated
transcription is downregulated through insulin-induced gene 1
protein (INSIG) and SREBP2 cleavage-activating protein (SCAP).

This is initiated through the binding of free cholesterol to SCAP

and hydroxycholesterols to INSIG. SREBP2 transport is blocked

and expression of downstream targets inhibited. Sterol regulatory
element-binding protein 2 (SREBP2) is activated in cholesterol

poor environments and regulates gene transcription to increase
cellular cholesterol levels. The binding of SCAP to SREBP2 results

in transport to the Golgi for processing via MBTPS1 and then
MBTPS2. The proteolytic fragmented SREBP2 is produced, which
moves to the nucleus, initiating the transcription of HMGCR and
LDLR, among other genes.?®! Glycerol kinase 5 (GK5) inhibits SREBP
processing; however, the mechanism through which this occurs is
unknown %7 Mutations to MBTPS2 are associated with IFAP and
KFSD in which alopecia is present““'“s'uo'lm C, Representation
of putative cholesterol transport and trafficking routes in hair follicle
keratinocytes. Uptake of cholesterol is represented by the presence
of the LDL receptor (LDLR) and scavenger receptor class B member
1 (SRB1) on the plasma membrane.’?62 Cholesterol synthesis
predominantly occurs in the endoplasmic reticulum, with a secondary
site being the peroxisome.m'ml ABC transporters mediate the
efflux of excess cholesterol from cells to apolipoproteins {apo), in
particular ABCA1 and ABCG1.22 Other potential cholesterol
transporters are ABCA2, ABCA5, ABCA7, ABCB1.12225190191]
Mitochondria trafficking of cholesterol is represented by StAR
Related Lipid Transfer Domain Containing 4 (STARD4).[1°] Congenital
hypertrichosis has been associated with mutations to ABCA522108]

matrix keratinocyte in the hair bulb is distinct from that of epidermal
keratinocytes, the roles for cholesterol in epidermal physiology can
nevertheless provide pointers to the control of keratinocyte behav-

iour in the HF. This is further discussed below.
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FIGURE 2 Schematic drawing representing Anagen hair follicle
(HF). The HF is comprised of multiple concentric keratinocyte
layers outer root sheath (ORS), inner root sheath (IRS) and hair
shaft, surrounded by a mesenchymal central tissue sheath (CTS).
Surrounding the bulb of anagen HFs, the adipocytes contain the
largest source of free (unesterified) cholesterol 1192 Circulatory
lipoproteins (LDL and HDL) are present in the capillary loop of
the DP (dermal papilla) and vessels located throughout the CTS.
LDL in particular is therefore available for LDLR-mediated uptake.
The associated table provides the colour-coded localisation of
enzymes involved in steroidogenesis, including some proteins
involved in cholesterol biosynthesis (HMGCR) and uptake {(LDLR).
Filled boxes indicated know localisation of gene/protein. Striped
boxes indicated that the gene/protein is known to be present

in pilosebaceous unit but the pattern of expression is yet to be
defined. Empty boxes indicate the expression of a specific gene/
protein is yet to be reported[46'56'165‘192'193]

3.1 | Cholesterol regulates keratinocyte
proliferation and differentiation

Lipids are a necessary component of the epidermal barrier, and as
such, lipid metabolism has been extensively examined in epidermal

[32])

keratinocytes (see Feingold, Elias*™<). Many studies have determined

that cellular cholesterol levels can modulate and be modified by the

3
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proliferative nature of keratinocytes as well as their differentiation
status.**-%¢ To this end, Sporl, et allt? previously demonstrated that
cyclodextrin-mediated depletion of membrane cholesterol in pri-
mary human keratinocytes disrupts lipid raft formation, causing a
loss of both early and terminal differentiation markers, keratins 1, 2
and 10, coupled to an increase in proliferation.m] In parallel, Mathay,
et al® showed that disruption of lipid rafts resulted in the down-
regulation of filaggrin gene expression‘m] Intrinsically, these studies
tell us that cholesterol status is innately linked to normal keratino-
cyte behaviour.

It is, however, important to distinguish between different sterol
forms when discussing biological activity. In this regard, oxysterols
(25-hydroxycholesterol and 22R-hydroxycholesterol) but not free
cholesterol or its precursor mevalonate have been shown to induce
keratinocyte differentiation through upregulation of involucrin and
transglutaminase 1.8 Oxysterols activate the o and {3 isoforms of
LXR, a transcription factor previously reported to regulate keratino-
cyte differentiation.®®#%! Activation of LXR by the specific agonist
T0901317 reduces proliferation in epidermal keratinocytes and is
reported to reduce hair growth in ex vivo human HFs 4

Of importance in epidermal keratinocyte function is cholesterol
sulphate (CS), present at high levels in the stratum granulosum. CS
increases the expression of differentiation markers, filaggrin, lo-
ricrin, involucrin and transglutaminase 1, as well as regulating des-
quamation in the stratum corneum.!*2-#4 CS itself is an inhibitor of
cholesterol synthesis and, if present in excess, leads to reduced cho-
lesterol levels and a mild impairment of barrier function in X-linked
ichthyosis, a disease associated with loss-of-function mutations in
the gene coding for the steroid sulphatase normally responsible for
reducing CS levels.**l Activators of LXR and PPAR, both of which
stimulate keratinocyte differentiation in addition to controlling cho-
lesterol metabolism, also regulate cholesterol sulphotransferase
type 2B isoform 1b (SULT2B1b), an enzyme involved in CS synthe-
sis.1 Mutation in SULT2B1b leads to a congenital ichthyosis, in this
case autosomal-recessive congenital ichthyosis.“sl

Cholesterol metabolism and the maintenance of sterol iso-
forms with defined levels are therefore required to maintain skin
health, yet the precise role for both oxysterols and CS in regulating
the activity of HF matrix keratinocytes remains to be elucidated.
Indeed, 25-hydroxycholesterol can, for example, reduce HMGCR

[46] [47]

activity in human HFs*"® and CS is an integral lipid of hair fibres,

but the functional significance is unclear. A study by Brosche, et
al*® showed an increase in CS levels in hair clippings from pa-
tients with elevated serum LDL levels, despite total cholesterol
levels remaining constant. In the HF, CS is not involved in desqua-
mation and therefore must have alternative roles in regulating or
controlling differentiation and/or adhesion of trichocytes in the
hair shaft.

Current evidence shows that cholesterol; its products and inter-
mediates are associated with epidermal keratinocyte differentiation,
defects in which can result in epidermal barrier impairment. As such,
it is reasonable to suggest that cholesterol may have an equally im-
portant role in the control of HF matrix keratinocyte differentiation

236



PALMER ET AL

4
J—W[ | B} 24 & Experimental Dermatolog

and hair shaft formation. Indeed, some insights as to the direct or
indirect impact of cholestercl have already been reported, as cut-

lined below.

3.2 | Sources of cholesterol in the HF: uptake vs
de novo biosynthesis

As with other organs and tissues, HF cell populations likely obtain
cholesterel via intrafollicular de nove biosynthesis. The enzyme
24-dehydrocholesterol reductase (DHCR24), which functions in
the final step of the Bloch pathway to convert desmosterol to cho-
lesterol (Figure 1A), is highly expressed in HFs 164950 |y addition,
when examined in mice, the presence of both cholesterol and its
precursor desmosterol were found to be present at higher levels in
the hair shaft than the skin,?3*%°U with particularly high levels of
desmosters| reported in relation to both the serum and skin, with a
cholestercl/desmosterol ratic of close to 1.2:1.°Y The same authors
imply that cholesterol must be incorporated inte the hair shaft dur-
ing fermation, rather than as a coating. This suggests that substantial
cholestercl synthesis occurs in the hair bulb, where the hair shaft
and inner roct sheath {IRS) are formed through the proliferation and
differentiation of matrix keratinocytes, rather than added as a coat-
ing via sebaceous gland secretions.

It is not, however, clear whether carrier-mediated uptake from
the circulation is a pathway of any importance for HF bhiclogy. As
part of the pilosebacecus unit, the HF is in close proximity to mul-
tiple sources of exogenous cholesterol (Figure 2). The sebaceous
gland is capable of de neve chelesterol synthesis, as are the adipo-
cytes surrounding the proximal HF.!*2 Both tissues contain substan-
tial stores of cholesterol (Table 1), and it has heen suggested that
cholestercl efflux from adipecytes could be capable of modulating

[53]

HF cycling. ! Although sebocytes express HMGCR, the cholesterol

biosynthetic pathway is halted at the production of squalene, which
is present at high levels.B4

Cholesterol can be delivered to the HF via uptake of circulatory
lipoproteins, primarily LDL, which would be present in the micro-
vasculature of the connective tissue sheath (CTS), including capil-
lary loops penetrating into the dermal papilla (DP).'ES] Despite these
exogenous sources of cholesterel, it perhaps remains more likely
that the HF furnishes its cholesterol requirements through de nove
synthesis without the requirement for additicnal uptake frem the
circulation, as has been suggested in the epidermis.lsé] In support of

149]

this, Brannan, et al”™' observed no difference in HMGCR activity in

hyperchelesterolaemic patients vs healthy controls, suggesting the

Lipid Hair shaft IRS HF
Chalesterol 3.9%-5.5% 2.5% 3.7%
Cholesterol esters 8.5%-19.1%

Cholesterol sulphate 5.7%-17.0%

Squalene 2.9%

T R—— [5.194-197] [194] [194]

HF did not have the capacity for the uptake of excess serum oL
However, given the fact that HFs appear to express LDLRs, these
studies do not exclude that, under circumstances where intrafollicu-
lar chelesterol is lacking, the HF might obtain cholesterol via LDLR-
mediated endocytosis.

The full complement of cholesterol transperting proteins present
inthe HF is yet to be defined, although we know that the activity of
at least one cholesterol transporter (ABCA5) has important biclog-
ical consequences in the HF, as discussed later in this review.?? as
such, understanding routes for cholesterol movement will provide

key insights into how the HF regulates levels of this important lipid.

3.3 | Does cholesterol modulate common signalling
pathways for regulation of HF growth and cycling?

Numerous signalling pathways interact te control HF growth and
cycling, disruption of which result in the development of hair pa-
thelegies. Examples include alopecia caused hy treatment of bhasal
cell carcinoma with Hh inhibitors,lsn mutations in a WNT inhibiter
(APC downregulated 1) leading to hypotrichosis simplexlss] and the
downregulation of Wnt/p catenin signalling in androgenic alopecia

189 3ne common fac-

(AGA), alopecia areata (AA) and universalis.
tor in these signalling pathways is the rele played by cholesterol and
cholestercl-rich lipid rafts, which can facilitate signal transduction.”

Members of the Hh family provide a relevant example of lipid-
raft-associated signalling proteinsm and act as regulaters of HF
cyeling and morphogenesis, in particular the progression into ana-
gen phase.m"’ﬂ Cholesterol is a cofactor of the Hh protein, and re-
duced sterol levels are associated with a concomitant decrease in
Shh (senic Hh) transduction, as demonstrated in a mouse model of
Smith-Lemli-Opitz syndrome, which results from defective choles-

1671 cholesterol acts at downstream targets of the

terol biosynthesis.
Hh signalling pathway at the point of smcothened and patched 1,
which initiate transcription of Hh target genes.[m Cholesterol is in-
volved in the release of Hh Iigand,lé"] along with post-translational
modification of Hh proteins.lés] Therefere, alterations in levels of
cholesterol could alter HF cycling, that is, through delayed anagen
enset.

Chelesterel status has also been associated with expression of
bone morphogenic protein (BMP) family members. Disruption of
lipid rafts in keratinocytes via methyl-f-cyclodextrin caused a rapid

upregulation of BM Pé,m]

[66]

which inhibits proliferation of bulge stem

delaying anagen enset®” BMP signalling is
[s8]

cells during telogen,

a regulator of post-natal HF cycling'®™ and is involved in bulge stem

TABLE 1 Composition of sterols as

ST 35 percentage of total lipids in the HF and
7.0% 3.4% sebaceous gland
27.8%
1.4%
12.0%
[195] [198]
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cell activation.s”

Upregulation of BMP signalling reduces choles-
terol efflux in macrophages (via inhibition of ABCA1 and ABCGL),FY
which could point to a role for BMPs in controlling HF cholesterol
status at key points during the hair cycle. Analysis of cholestercl ho-
meostasis in BMP-ablated mouse mutants would be a crucial step in
determining this.

Whnt/p catenin and Notch pathways are also important signalling
elements in the contrel of HF cycling. Lipid medificaticn to these

1271 and cholesterol is in-

13

proteins signals for membrane targeting
volved in the activity of the canonical Wnt pathway specifically.
Furthermore, a cholesterol binding site has been noted on the di-
shevelled protein, leading to localisation of Wnt to the plasma mem-
brane.” Inhibition of cholesterol synthesis by simvastatin enhanced
Wnt signallingm] and reduced levels of the Whnt inhibitor dickkopf-1
(DKKL),” a known inducer of catagen.”s]

One could reach the conclusion that impairment of intrafollicular
cholesterel homeostasis would disrupt normal HF cycling via medu-
lation of these sterol-sensitive signalling pathways. Yet other factors
may alse play arole, including that of chelestercl-dependent steroid

hiosynthesis.

3.4 | Importance of cholesterol homeostasis in
steroid hormone biosynthesis

Skin is reported to be a steroidogenic tissue, although 1t is important
to highlight that this activity is substantially lower than that chserved
in the gonads and adrenal glands (<1%).[56] Importantly, numercus
steroidegenic enzymes including CYP450 side chain cleavage en-
zyme (CYP11A1), which catalyses the rate-limiting step (conversion
of chaolesterol inte pregnenclone) in steroid hormone production,
are expressed in the HF (Figure 2) 175 steroid hiosynthesis occurs
in the inner mitochondrial membrane, where cholesterol levels are
comparatively low. Increased delivery of cholesterol to this inner
membrane {mediated by members of the StAR family; Figure 1C)
leads to a concomitant increase in pregnenclene production, which
can then be utilised by steroidogenic enzymes.[56] Hu, et al”! have
reviewed the utilisation of cholesterol scurces in the production of
steroid hormones, which will not be covered in as much detail here.

In the skin, the major steroid hormone products of cholestercl
are glucocorticoids, androgens and estrogens.[g’ﬁ’m In particular,
the testosterone metabolite dihydrotestosterone (DHT) is formed in
cutaneous tissues, including the HF. Here, it plays a role in the onset
of androgenetic alopecia, as discussed in more detail later. There is
a notable lack of information regarding the importance of de nove
steroidegenesis within the HF vs. uptake of circulating stercid hor-
mones produced in endocrine tissue such as the gonads and adrenal
glands, which are subsequently metabolised in situ (for example to
DHT). Evidence from prepubertal castration, which results in a large
reduction in circulating androgens, shows that these individuals de
not develop AGA and also lack androgen-driven vellus to terminal
18081 The fact that injection of

testosterone can induce AGA in castrated individuals would suggest

formation of secondary sexual hair.

that metabelism of circulating testosterene is the primary source of

5
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increased follicular DHT levels. In this respect, de novo synthesis
from cholesterol precursors does not seem sufficient to replace the
loss of circulatory testosterone, in driving secondary hair formation
or AGA.

It has been suggested that de nove steroid harmone synthesis in
peripheral tissues plays a role in autocrine er paracrine signalling.m]
In this way, the comparatively low levels of intrafollicular androgen
preduction in the HF could provide a modulatory signal that reg-
ulates hair growth and cycling. Indeed, cross-over in androgen re-
cepter (AR) and Wnt/p-catenin signalling has been observed, with
AR activation inhibiting this important HF growth and development
pathway.lsa] The high levels of DHT ohserved in balding scalp would
therefore increase AR activity and concomitantly reduce Wnt/p-cat-
enin signalling. In this way, changes in intrafollicular cholesterel lev-
els and subsequent fluctuations in stercidogenesis could be linked
to alterations in signalling pathways linked te hair growth or cycling.
In support of this, recent preliminary evidence has suggested that
increased cholesterol release from dermal adipocytes, which would
be available for uptake inte HF cell pepulations, might increase HF
steroidogenesis and impact on anagen to catagen transition.P¥

A recent study examining women with evidence of female pat-
tern hair loss (FPHL) observed that despite normal levels of circulat-
ing androgens, the expression of 5a-reductase (5xR) isoforms was
increased in the HF, which might serve to enhance intrafollicular
DHT levels.®™ This fits with a role for enhanced steroid hormone
metabolism in the cnset of FPHL rather than any increase in de novo
synthesis.

Given the ability of cutaneous tissues to utilise cholesterol for
steroidogenesis, alongside the dependence on rate-limiting choles-
terol trafficking, it is clear that alterations in cholestercl homeosta-
sis have the potential to severely impair this process. A role for this
local steroid hormoene synthesis, vs. in situ metabolism of circulating
androgens, cestrogens or glucocorticoids, in defective HF develop-
ment or function remains to be cenclusively shown. Future studies
utilising the targeted knockout of specific enzymes within the HF

would go some way to elucidating this.

4 | ASSOCIATIONS BETWEEN
CHOLESTEROL AND HAIR PATHOLOGIES

41 | Cholesterol synthesis is dysregulated in
primary cicatricial alopecia

Associations have been made between altered cholesterol status
and the group of inflammatery hair loss diserders, termed primary
cicatricial alopecias (PCAs), characterised by permanent HF loss and
formation of scar-like fibrous tissue.”¥ Inflammation and the influx
of immune cells is a hallmark of PCA, yet the underlying cause re-
mains unclear. Recent evidence has suggested that altered lipid ho-
meostasis may have a role te play.

In particular, Panicker, et al® noted a significant downregula-
tion of genes invelved in cholesterol hiosynthesis, in both affected

and unaffected scalp tissue frem PCA patients. This included
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7-dehydrochelesterol reductase (7-DHCR), which catalyses the final
step in cholesterol biosynthesis (Figure 1) as well as emopamil-bind-
ing protein (EBP), mutations in which cause Cenradi-Hunermann
syndrome, a disorder where scarring hair loss is seen (see section
4.74.7). Inhibition of 7-DHCR, or addition of exogenous 7-dehydro-
cholesterol (7-DHC) to human primary outer root sheath keratino-
cytes (ORSK) or via topical application to mouse back skin, resulted
in a pro-inflammatery response, including upregulation of Toll-like
receptor and interferon signalling networks. Inhibition of choles-
terol biosynthesis also upregulated transforming growth factor p
(TGFﬁl),m] an established inducer of catagenlss] and fibrosis. ¢

Ultimately, inhibition of cholesterol synthesis in these murine
models resulted in loss of HF growth and abnermal cycling, with ev-
idence of follicular plugging and epidermal thickening, alongside an
increase in markers associated with catagen induction (TGFA1) and
downregulation of stem cell marker (SOX9).[24] The conclusien isthat
in PCA patients, accumulation of chelesterol precursors mediates
the inflammatory response associated with macrophage recruitment
and ultimately, HF destruction.?¥ As such, a direct link between HF
sterol status and PCA is apparent.

Of relevance te this is evidence suggesting that frontal fibrosing
alopecia (FFA), a form of PCA primarily obhserved in women, may be
linked to sex steroid responses.[sn Indeed, postmencpausal decline
in DHEA/estrogen activity or levels may predispose individuals to
FFA development.[w’gﬂ

Furthermore, a recent GWAS identified a missense mutation in
the xenohiotic and stercid hormone metabolising enzyme, CYP1B1,
linked with pathogenesis of FFA.B8 CYP1B1, which has been asso-

ciated with alepecia X in Pemeranian dogs,m]

plays a role in the oxi-
dative metabholism of estradicl and estrone, but may also metabolise
xenchiotics such as the oral contraceptive.lss] Although this could
again point te a role for steroid hormone metabolism in development
of hair disorders such as FFA, it does not provide direct evidence of
a role for intrafellicular stercidegenesis. Whether changes in intra-
follicular cholesterol levels, coupled to reduced de nove steroid hor-
mone production have a rele in the pathogenesis of FFA is therefore

yet to be determined, but remains a possibility.

4.2 | PPAR dysregulation in PCA pathogenesis

Dysregulation or dysfunctien in the PPAR family of ligand-acti-
vated nuclear receptors is also suggested to be a causative factor
in pca P19 Regulation of chelesterol homeostasis is the domain
of numercus nuclear hormone receptors and the PPARs represent
cne such important pathway.m'%] PPAR heterodimerisation with
retinoid X receptor (RXR) initiates binding to PPRE (peroxisome pro-
liferator response element), enhancing proliferation of peroxisomes,

191,93] Beyond

which act as secondary sites for cholesterc| synthesis.
lipid homeostasis, PPAR activation is also asscociated with immune
regulation and anti-inflammatory affects.” These transcripticn fac-
tors have numerous downstream targets, including but not limited to
genes associated with cholesterol catabolism, lipoprotein metabo-

lism, mitochondrial oxidation, glucogenesis and ketogenesis.[m

In the HF, specific PPAR isoforms have roles in HF survival
(PPARq) 7 morphogenesis (PPAR[S/S)[%’W] and keratinocyte differ-
entiation (PPARV).“OO] PPARy agonism can reduce IL-6 and increases
keratin 15 levels in the bulge, as well as inducing catagen.[g‘”

In scalp tissue from patients with lichen planopilaris (LPP, a form
of PCA characterised by follicular inflammation and fibrosis), a sig-
nificant reduction in PPARy expression is foeund in both affected and
unaffected HFs."Y This is associated with a downregulaticn of the
cholesterol homeostasis genes HMGCR, hydrexymethylglutaryl-
CoA synthase (HMGCS1) and acetyl CoA acetyltransferase (ACAT),
as well as decreased peroxisome numbers, resulting in reduced che-
lesterol synthesis.lgﬂ Furthermore, PPARy KO mice develop a scar-
ring alopecia phenotype, along with a downregulation of HMGCR,
HMGCS1, stercl O-acyltransferase 1 and 24-dehydrocholesterol re-

ductasel’!

supperting dysregulation of cholesterol homeostasis as a
potential facter in LPP pathogenesis.
However, other properties of PPARy activity (ie anti-in-

[95]

flammatory effects and epithelial to mesenchymal transition

inhibition®1°Y) are also likely play an important role in disease de-

velopment.lsﬂ

Interestingly, the PPARy agonist pioglitazone is now
heing successfully used to treat this disorder, with respense rates of
over 50% reported.llOZ] Together, these results suggest a more de-
tailed examination of the role of PPARy in intrafellicular cholesterol
homeostasis is warranted, which may provide pointers towards the

development of other therapeutic targets for these disorders.

4.3 | Mutations in cholesterol synthesis cause
autosomal-recessive hypotrichosis simplex

A number of studies have also identified mutations in genes linked
with cholesterel homeeostasis and hair phenotypes, as shown in
Table 2. Indeed, a recent publication employing whole-exome se-
quencing identified mutations in lanosterol synthase (LSS), linked

193] | 55 is involved

to autosomal-recessive hypotrichosis simplex.
in the preduction of lanostercl during cholesterol bicsynthesis
{Figure 1A).[m4] Patients present with sparse hair on the scalp and
in some cases eyehrows and eyelashes. The authors identified 5 LSS
mutations, leading to either loss of protein or mislocalisation from
the endoplasmic reticulum to the cytoplasm.

The resulting dysfunction is suggested to lead to accumulation
of cholesterol precursers, resulting in inflammation and disruption
of Wnt/BMP signalling.mg} As the authors did not specifically in-
vestigate intrafellicular sterol levels in these patients, a rele for the
accumulation of potential toxic cholesterol precursors remains to be

cenclusively shown.

4.4 | Accumulation of cholesterol precursors causes
abnormal hair growth in mice

Insulin-induced gene 1 (Insig) modulates cholesterol synthe-
sis through proteolytic degradation of HMGCR, as well as bind-
ing to SREBP cleavage-activating protein (SCAP) and preventing

SREBP-mediated transcription of cholesterol synthesis genes.m5]
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TABLE 2 Mutations in cholesterol homeostasis leading to hair and skin diseases

Mutation Gene function Disease Hair phenotype References
ABCA12 Ceramide transporter, regulatory function Harlequin ichthyosis Sparse and brittle hair shafts 1109]
in ABCA1 expression
ABCAS Putative cholesterol transporter Congenital hypertrichosis ~ Excessive hair growth through- [22108]
out the body
EBP Conversion of zymosterol in cholesterol Conradi-Hinermann Follicular atrophoderma and gl
biosynthesis pathway syndrome patchy scarring alopecia
LSS Synthesis of lanosterol from Autosomal-recessive Sparse scalp hair may include 1103
squalene-2,3-epoxide hypaotrichosis simplex evebrows and evelashes
MBTPS2 Cleavage of SREBP2 IFAP KFSD Non-progressive alopecia {H5:020]
Cicatricial alopecia
Steroid Sulphatase Reduces cholesteral sulphate levels X-linked ichthyosis Normal R
SULT2B1b Synthesis enzyme of cholesterol sulphate Congenital ichthyosis Normal 3]

Epidermal specific double knockout of Insig {epi-insig-DKO) pre-
vented normal HF morphogenesis. Histologically, hair kinking, ker-
atin plugging and dissociation of the DP from the hair bulbs were

.11 (231 hypothesised that the significant in-

ohserve ] Evers, et a
crease in sterol precursors identified in the epi-insig-DKO mice
was a causative factor. Supporting this, inhibition of chelestercl
hiosynthesis with simvastatin significantly reduced levels of stercl
precursors in these animals and reversed the morphelogical HF
defects. Although the mechanism by which accumulation of sterol
precursors impacted on hair morphogenesis was not described,
the authors suggest impaired Shh signalling, given similarities te
the hair phenctype displayed by Shh™" mice. This ties in well with
the known role for cholesterol in modulating the Shh pathways, as
previcusly described.

Additionally accumulation of desmostercl in the epidermis and
hair of DHCR24™™ mice was found to cause epidermal thickening
and reduced HF number, although this knockout was fatal within
24 hours.®® Another reported DHCR24™ mouse was viable; how-
ever, no skin or hair phenotypes were described 1 This mouse
showed accumulation of serum and liver desmosterol, with very low

levels of cholesterol 1%

Accumulation of 7-dehydrodesmosterol in
DHCR7-deficient mice is described by Serra et al,m] with no changes
in the levels of upstream lanesterol; however, desmesterol levels

were significantly reduced as were levels of cholesterol in the hai rlo1

4.5 | SREBP-mediated dysregulation of cholesterol
homeostasis causes murine alopecia

Mutations in murine glycerol kinase 5 (GK5) result in the toku
phenotype, typified by progressive hair loss and accumulation of
dermal Iipids.mﬂ Binding of GK5 to SREBPs inhibits their tran-

scriptional activity, which is therefore increased in the GK5%

O mice resulting in increased levels of free cholesterol and cho-
lestercl esters, as well as the expression of SREBP1, SREBP2 and
HMGCR. Statin treatment partially restores hair growth and re-

duces cutanecus cholesterel levels in the mutant mice, though

not to wild type levels. Althcugh the authors did not expand on
these findings, the study adds further weight to the premise that
disruption of cholesterol homeostasis, leading to accumulation of

precursors, is detrimental to normal HF function.

4.6 | Congenital hypertrichosis and cholesterol

In addition to hair loss, dysregulation of cholesterol homeostasis
has alsc been chserved in a form of congenital hypertrichosis. Of
particular note is identification of mutations in the ABCAS gene,
resulting in a condition typified by an excessive overgrowth of hair
across the bc>dy.[22’1081

DeStefano, et al®? demonstrated widespread expression of
ABCAS in the HF, which was substantially reduced in patients with
a mutated form of the transporter. Keratinocytes isclated from the
affected patient showed enhanced accumulation of endolysosomal
cholestercl as well as lysesomal dysfunction.m] Although this study
was unable to provide a direct link between defective ABCA5-medi-
ated cholestercl transport and associated hair overgrowth, the work
nonetheless highlights the likely importance of cholesterol transport
and trafficking in maintaining intrafellicular cholesterol levels and

normal hair grewth.

47 | Hair phenotype in harlequin ichthyosis

Mutations in another ABC transporter, namely ABCA12, are linked
with a cutaneous disorder of lipid homeostasis. Loss of ABCA12
results in harlequin ichthyosis (HI), a rare and extreme cengenital
skin condition characterised by massive epidermal hyperkeratosis
causing a hard, plate-like stratum corneum tc encasing the neo-
nate from hirth. Abnormal epidermal development in which barrier
function is impaired leads to life-threatening transepidermal water

1% The lack of epidermal

loss and a heightened risk of infection.
barrier in HI patients stems from abnormal lamellar granule forma-
tion, packaging of which is dependent on the ceramide transport

activity of ABCA12.12811% ABCA12 has also been shown to play
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an important role in the post-transcriptional regulation of ABCA1L,
a cell membrane transporter involved in the efflux of cellular free
cholesterol 111U

Both ABCA1 and ABCA12 have heen localised to epithelial
and mesenchymal compartments in the HF, though their func-
ticnal significance is currently unknown."? |n relation to HI, a
commonly observed hair phenotype exists in which a lower hair
density (sparseness) and brittle hair shafts are ohserved.1? The
belief is that keratotic plugging of the hair canal, caused by epi-
dermal thickening,m‘” disrupts the penetration of the hair shaft
through the skin. Yet, given the expression of both ABCA12 and
ABCA1 in the HF,mz] it may be that intrafollicular dysregulation
of lipid (including cholesterol) metabolism also impedes normal
HF development, resulting in abnermal hair shaft formation. To
date, direct investigations intoc HF morphclogy in these patients

are lacking.

4.8 | Rare skin diseases associated with lipid
homeostasis

Mutations in Membrane Bound Transcription Factor Peptidase,
Site 2 (MBTPS2), a protein required for cholesterol homeostasis
through cleavage of SREBP2, have been linked to two rare skin dis-
eases, ichthyosis follicularis with alopecia and photophobia (IFAP)

syn drom e[1157123]

and keratosis follicularis spinulosa decalvans
(KFSD). 1?4126l |EAP presents with non-progressive non-cicatri-
cial alopecia, which can include the scalp, eyebrows and eyelashes
and, in seme cases, alopecia universalis. KFSD is distinguished by
a progressive cicatricial alopecia with follicular hyperkeratosis, eye-
brew loss and photophobia.mo'lm Anocther rare skin disease with a
MBTPS2 mutation is the X-linked form of Olmsted syndrome, char-
acterised by mutilating palmoplantar keratoderma and periorificial

1127] Although alopecia is a symptom, kera-

hyperkeratotic plaques.
totic plaques could provide an explanation for the sparse, brittle hair
that is present, much in the same way that this explanation is given
for a similar phenotype in HI patients.ms]

Mutations in EBP, which functiens in the cholesterol biosynthe-
sis pathway (see Figure 1A) and is suppressed in cases of PCA,IM]

causes Conradi-H{nermann syndrome.“”'lm

Phenotypically,
Conradi-HlUnermann syndrome presents with chondrodysplasia
punctata (premature calcification of the long benes) in the surviv-
ing patients (the dominant X-linked disease is lethal in the majority
of males). Early skin changes including erythema and hyperker-
atosis are replaced later in childhcod by fellicular atrophoderma
and patchy scarring alopecia.[lso’la‘u Cholesterel intermediates
accumulate due to the impairment of endogenous synthesis path-
ways. This is somewhat similar to the build-up of intermediates
as described by Panicker, et al® in cases of PCA. It is thought
that the cause of the esteous condition is through the absence of
cholesterol in maintaining Hh signalling for bone development.ms]
Given the importance of Hh signalling in HF development and cy-
cling, this may also provide some explanation as to the hair phe-

notype ohserved.
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4.9 | Dyslipidaemia, cholesterol and steroid
hormone synthesis in AGA

A number of studies have examined links between AGA and cholesterol
levels, in particular focusing on cardiovascular disease risk 1361431 ang
metabolic syndrome.[laé'lﬂ""lsol Recent meta-analysis by Kim, et allt>
highlighted the associaticn between dyslipidaemia and AGA. The findings
show significant increases in hoth total cholesterol and LDL levels, coupled
to lower HDL, though the picture foer HDL is less clear with some individual
case studies reporting no changes or only small, nen-significant reductions
in HDL [137-140143-145150052) o) cholesterol and LDL levels were more
consistently increased across the studies.[136:138-141,143-145147,143153-155
As detailed earlier, chelesterol is a commen precursor for steroid
hormones, including sex steroids. Androgens have many effects on HF
hiclogy, including driving location-specific vellus te terminal hairtrans-

formation during puber‘tylm]

and changes in sex steroids in women
during pregnancy, post-partum and during menopause have alse been
linked with alterations in HF growth and cycling.“sﬂ AGA is the most

common form of hair loss!**

characterised by an androgen-driven
terminal to vellus hair transformation on the vertex scalp manifesting
as progressive hair thinning. Specifically, the sensitivity to androgens
is increased in the frontal region of the scalp in patients with AGA
explaining the typical distributien of hair Joss.[1%9) Higher levels of
5uR types | and Il are also associated with the frontal region,[ﬁg’im]
which converts testosterone into DHT.HY DHT subsequently binds

to AR, enhancing the transcription of the catagen inducer, TGFﬁ.liéz]

Inhihition of 5aR is targeted in treatment of AGA (eg Finasteride),ma]

though alternative AGA therapies include androgen antagonists 1164
Recent observations in scalp skin have also demonstrated in-
creased expression of StAR in the frontal area of the scalp, which
was associated with decreased hair density.m The higher level of
StAR expression also correlated with oestrogen and testosterone
levels.®! Furthermore, regulatory elements SF-1 (steroidogenic fac-
tor 1) and DAX1 (nuclear receptor subfamily O group B member 1),
which function in the regulaticn of StAR, and thus stercid hormone
preduction, have been identified in the HF, localised to cells in the
outer root sheath (ORS), IRS, matrix and DP1%%] (Figure 2). Patel, et
all1es! speculate that these transcription factors may be activated
by oxystercls and thus play a rele in the conversion of stercls into
DHT. Whilst this might suggest that StAR-mediated cholesterol
trafficking is closely linked to androgen synthesis, patients with
AGA show little if any difference in circulatory DHT levels and, as
mentioned earlier, intrafellicular androgen production deoes not ap-
pear sufficient to cause DHT-sensitive AGA 56160166168 That o2y
increased follicular metaholism of testosterone to DHT, cembined
with enhanced intrafellicular stercidogenesis could be occurring.

Confirmation of this weould require further systematic investigation.
410 | Therole of cholesterol biosynthesis in the
formation of vitamin D3 and associated hair loss

Within epidermal keratinocytes, exposure to UV light stimulates the

synthesis of vitamin D3 from the cholesterol precurser 7-DHc 167
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As such, the cholesterol hiosynthetic pathway may also be important
in relation to the supply of vitamin D3 to the HF. Indeed, vitamin
D receptors (VDR) are expressed in the HF,[17°’172] and alopecia to-
talis has been ohserved in patients with VDR mutations 173! What
is moere, VDR knockout in mice prevents initiation of new hair cy-
cles following morphogenesis.“m Evidence also suggests vitamin

[170]

D deficiency is associated with female hair loss disorders and

AAI48] Haiy growth was shown to increase with the presence
of synthetic vitamin D3 analogues (calcitriol/calcipotriol) in alope-

11771 A A[ 178]

cla totalis, and in chemotherapy-induced alopecia mouse

179 1t could be suggested that dysfuncticn in the cholestercl

models.
hiosynthesis pathway, which would alter levels of 7-DHC, might play

a role in hair loss related to vitamin D3 deficiency.

5 | MODULATION OF CHOLESTEROL
HOMEOSTASIS IN THE HF

5.1 | Can statins impact on hair loss?

Statins, a class of drug used to lower serum cholesterol levels
through inhibition of HMGCR, have come under close scrutiny for
the treatment of certain alopecias, as well as reports that they may
in themselves cause hair loss.

The evidence linking statin use and hair less is, however, far from

conclusive. A case study published by Segal[lsm

reported hair loss in
a 38-year-cld weman with nc unusual medical history, taking daily
atorvastatin (10 mg, oral) alongside other medications. Hair loss was
reversed upen discontinuation of the statin and returned 2 weeks
after re-introduction of the medication. The authors therefore sug-
gest a causal link between the alopecia and atervastatin treatment.
The timeframe of reported hair less in this instance could indicate
stimulation of anagen effluvium, rather than the mere commonly
chserved drug-induced telogen effluvium, given the rapid pace of
onset.

Similar case studies have been reported, particularly for atorvas-
tatin use, with alopecia reperted in the parietal and vertex regions of
a female patients scalp.nsﬂ As with the previous study, atorvastatin
was not the only medication administered.

In contrast to these individual cases, larger cohort studies have
found no direct causative relationship between alopecia and sta-

1187 examined 129 288 statin users against

tin use. Smeeth, et a
600 241 controls. In considering a range of potential adverse effects,
the authers did not find any evidence teo suggest that statins can be
linked to alopecia. The evidence for statins causing hair loss does not
therefore suggest any direct relationship and drug-drug interactions
cannot be ruled out as a factor in any individual cases ohserved.
Juxtaposed to this, some studies have suggested arole for statins
in reversing hair loss in certain patients. Combinations of simvasta-
tin and ezetimibe {cemmeonly used te block Niemann-Pick C1-like
1-mediated uptake of dietary cholesterol when treating hypercho-
lesterolaemia) were found to regrow hair in patients with AA, totalis

and universalis.'”! It should be stated that this case study[m was not
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a randomised control trial and care should be taken in interpreting
these observations, considering the potential for spontanecus re-
growth in this disorder. Indeed, the extent of regrowth in response
to this therapy varies significantly between studies, ranging from
<20% to 'signifi:ant’,[m’m with patients displaying more severe AA
receiving no henefit 11831841

Loi, et al89 conducted a small prospective study to examine
simvastatin/ezetimibe treatment in patients with AA totalis/univer-
salis, noting no henefit. A similarly small study by Lattouf, et allted!
did, however, observe hair regrowth in a number of AA patients, in
addition to possible prevention of relapse. Combination treatment
involving simvastatin and ezetimibe remains, therefore, a potentially
beneficial therapy for scme AA patients.

Whereas both statins and ezetimibe are cholesterol-lowering
therapies, the hair growth restoration ochserved in AA patients is
most likely to occur as a result of both the immunomodulatory ac-
tivity of these drugs and their inhibitery activity against the JAK/
STAT pathway.'? Infiltration of CD4* and CD8* lymphocytes is a
key feature of AAISE cpgr lymphocytic infiltration increases
the expression of intercellular adhesion molecule-1 (ICAM-1) and
MHC {major histocompatibility complex) class Il molecules in HFs.
Statin treatment can inhibit the expression of ICAM-1 and can bind
to lymphocyte function-associated antigen 1 (LFA-1), interfering
with LFA-1-ICAM-1 interactions. 17187 stating can also interfere
with MHC class |l expression and may limit the effects of CD4"
lymphocytes.

In addition, JAK/STAT inhibitors have proven useful in restor-
ing hair growth in AA patients, by attenuating production of in-
flammatory cytokines (IL-2, IL-15 and interferon-y) by cytotoxic T
Iymphocytes.m’ﬂ'ms] It is likely that, as seen with JAK/STAT inhihi-
tors, statin-mediated inhibition of inflammatory cytokine signalling is
a mechanism by which statins can help treat acute episcdes of AA I

As such, it cannoct be claimed that the benefits of statin treat-
ment in AA result from direct cholestercl modulatery activity and
additional work is required to understand whether intrafollicular
modulation of cholesterol homeostasis in itself is beneficial in the

treatment of alopecia.

6 | CONCLUSIONS

Cholesterol is a hugely important component of all cells and accumu-
lated evidence suggests a principal role in HF biology. Whether as a
structural element of lipid rafts, a modulator of intrafellicular signal-
ling pathways or a precursor for androgen synthesis, cholesterol can
intersect with numerous areas of HF biology and pathology. Currently,
there is a dearth of infermation relating te how HF cell pepulations
handle cholesterol, relating synthesis, transport, trafficking and regula-
tion. It is clear that altered cholesterol levels are commoenly ohserved
alongside hair disorders (both alopecias and hirsutism). Yet, whether
these changes are directly responsible for, or have an influence on,
the ohserved hair phenotypes remain to be conclusively determined.

Additional efforts to understand the impact of cholesterol across all
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levels of HF cell biclogy would undoubtedly yield important informa-

tion as to potential targets for develepment of future therapies.
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Appendix 2 Cell counting macro

/*
* Description: Counting cells using ilastik segmentation
*/

/Iselecting input folder

#@ File (label="Select experiment folder", style="directory") inFolder
inFolder+=File.separator;

//Generate results folder in the inFolder

outFolder = inFolder + File.separator + "counts" + File.separator;
File.makeDirectory(outFolder);

/[clearing

run("Clear Results");

run("Close All");

roiManager("reset");

print("\\Clear");

close("Log");

/Irunning without images

setBatchMode(true);

print("Title" + "," + "Cells" + ",");

/lloop for files
fileList = getFileList(inFolder);
for (i = 0; i < fileList.length; i++) {
currentFile =fileList[i];
/lopening files in loop
if (endsWith(currentFile, ".h5")) {
filePath = inFolder + currentFile;
run("lmport HDF5", "select=["+ filePath +"] axisorder=[yxc]");
run("Duplicate...", "title=[duplicate] duplicate");
rename(currentFile);
run("Convert to Mask", "method=0Otsu background=Dark black");
run("Options...", "iterations=7 count=1 black do=Close stack");
run("Fill Holes", "stack");
run("Analyze Particles...", "size=1000-Infinity pixel add slice");
Title = getTitle();
nRoi = roiManager("count");
print(Title + "," + nRoi +",");
roiManager("reset");
run("Close All");

}
}
/Isave log as CSV
string = getinfo("log");
path = outFolder + "Cell_counts.csv";
File.saveString(string, path);

print("\\Clear");
close("Log")

247



Appendix 3 Pixel intensity macro

/*
* Description: Measure pixel intensity per cell using ilastik segmentation
*/

/Iselecting input folder

#@ File (label="Select experiment folder", style="directory") inFolder
inFolder+=File.separator;

//Generate results folder in the inFolder

outFolder = inFolder + File.separator + "cell" + File.separator;
File.makeDirectory(outFolder);

/[clearing

run("Clear Results");

run("Close All");

roiManager("reset");

print("\\Clear");

close("Log");

/frunning without images

setBatchMode(true);

/lloop for files
fileList = getFileList(inFolder);
for (i = 0; i < fileList.length; i++) {
currentFile =fileList[i];
/lopening tif
if (endsWith(currentFile, ".tif")) {
filePath2 = inFolder + currentFile;
open(filePath2);
run("Duplicate...", "title=signal duplicate range=2");

}

/lopening hdf5 files in loop

if (endsWith(currentFile, ".h5")) {
filePath = inFolder + currentFile;
run("lmport HDF5", "select=["+ filePath +"] axisorder=[cyx]");
run("Duplicate...", "title=[duplicate] duplicate channels=1");
rename(currentFile);
run("Convert to Mask", "method=Otsu background=Dark black");
run("Options...", "iterations=12 count=1 black do=Close stack");
run("Fill Holes", "stack");
run("Watershed");
run("Set Measurements...", "area mean perimeter display redirect=[signal] decimal=3");

run("Analyze Particles...", "size=200-Infinity pixel summarize");
run("Close All");

}
}

//[save as CSV
saveAs("Results", outFolder + File.separator + "cell_results.csv");

248



Appendix 4 Co-localisation macro

/*
* Description: Masking pixel intensity to organelle marker
*/

/Iselecting input folder
#@ File (label="Select experiment folder", style="directory") inFolder
inFolder+=File.separator;

//Generate results folder in the inFolder
outFolder = inFolder + File.separator + "Masking_Results" + File.separator;
File.makeDirectory(outFolder);

/[clearing

run("Clear Results");
run("Close All");
print("\\Clear");
close("Log");

/Irunning without images
setBatchMode(true);

print("Treatment,,,Mean,Count, Total Area,% Area,Average size");

fileList = getFileList(inFolder);
for (i = 0; i < fileList.length; i++) {
currentFile =fileList[i];

if (endsWith(currentFile, ".czi")) {
filePath = inFolder + currentFile;
open(filePath);

/Inaming images
rename("Image");

run("Split Channels");
selectWindow("C1-Image");
rename("organelle");
selectWindow("C2-Image");
rename("signal");

/I masking to organelle
selectWindow("organelle");
setAutoThreshold("Otsu dark");
run("Convert to Mask");

run("Set Measurements...", "mean display redirect=signal decimal=3");

run("Analyze Particles...", "size=100-Infinity pixel summarize");

IJ.renameResults("Results");
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Mean = getResult("Mean", 0);

Count = getResult("Count", 0);

TA = getResult("Total Area", 0);

PA = getResult("%Area", 0);

Area = getResult("Average Size", 0);

dotindex = indexOf(currentFile, ".");
Title = substring(currentFile, 0, dotindex);
pr|nt(T|t|e + u,u + " ||’|| + "4 u’u + Mean + u,u + Count+ u,u + TA+ u,n + PA+ ||’|| + Area),

run("Close All");

}
}
//save log as CSV
string = getinfo("log");
path = outFolder + "results.csv";
File.saveString(string, path);

print("\Clear");
run("Clear Results");
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Appendix 5 Co-localisation co-efficient macro

/*
* Description: Using BIOP JaCoP plugin to measure co-localisation
*/

#@ File (label="Select experiment folder", style="directory") inFolder
#@ File (label="Select output folder", style="directory") outFolder
#@ String (label="Type folder name", style="text field") folder

inFolder+=File.separator;
outFolder+=File.separator;

/[clearing

run("Clear Results");
run("Close All");
//running without images
setBatchMode(true);

fileList = getFileList(inFolder);
for (i = 0; i < fileList.length; i++) {
currentFile =fileList[i];

/lco-loc channel 1 and 2
if (endsWith(currentFile, ".czi")) {
filePath = inFolder + currentFile;
open(filePath);
run("BIOP JACoP", "channel_a=1 channel_b=2 threshold_for_channel_a=Moments
threshold_for_channel_b=0tsu manual_threshold_a=0 manual_threshold_b=0 get_pearsons
get_manders costes_block_size=5 costes_number_of_shuffling=100");
run("Close All");

}
}
/[savings results

saveAs("Results", outFolder + File.separator + folder + "coloc.csv");
run("Clear Results");
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Appendix 6 BODIPY cholesterol intensity macro

/*
* Description: Measure intensity of BODIPY channel from maximum intensity projection
*/

/Iselecting input folder
#@ File (label="Select experiment folder", style="directory") inFolder
inFolder+=File.separator;

//Generate results folder in the inFolder
outFolder = inFolder + File.separator + "Results" + File.separator;
File.makeDirectory(outFolder);

//running without images
setBatchMode(true);

/[clearing

run("Clear Results");

run("Close All");

run("Set Measurements...", "mean display redirect=None decimal=3");

/lloop for files

fileList = getFileList(inFolder);

for (i = 0; i < fileList.length; i++) {
currentFile =fileList[i];

/lopening files in loop Note: change file type eg. tif/czi ect.
if (endsWith(currentFile, ".czi")) {

filePath = inFolder + currentFile;

open(filePath);

/Iselect BODIPY

selectWindow(currentFile + " - C=2");

run("Z Project...", "projection=[Max Intensity]");
run("Measure");

run("Close All");

}
}

saveAs("Results", outFolder + File.separator + "BODIPY.csv");
run("Clear Results");
run("Close All");

text = "\n%%% Congratulation your file have been successfully processed %%%";
print(text);
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Appendix 7 BODIPY co-localisation macro

/*
* Description: Masking pixel intensity to organelle marker using maximum intensity projection
*/

/Iselecting input folder
#@ File (label="Select experiment folder", style="directory") inFolder
inFolder+=File.separator;

//Generate results folder in the inFolder
outFolder = inFolder + File.separator + "Masking_Results" + File.separator;
File.makeDirectory(outFolder);

/[clearing

run("Clear Results");
run("Close All");
print("\\Clear");
close("Log");

//running without images
setBatchMode(true);

print("Donor_Treatment_Time,,,Lysosome,Count, Total Area,% Area,Average
size,ER,Count,Total Area,% Area,Average size,Mitochondria,Count,Total Area,% Area,Average
size");

fileList = getFileList(inFolder);
for (i = 0; i < fileList.length; i++) {
currentFile =fileList[i];

if (endsWith(currentFile, ".czi")) {
filePath = inFolder + currentFile;
open(filePath);

//Inaming images

run("Z Project...", "projection=[Max Intensity]");
rename("Image");
run("Split Channels");
selectWindow("C1-Image");
rename("lysosome");
selectWindow("C2-Image");
rename("ER");
selectWindow("C3-Image");
rename("Bodipy");
selectWindow("C4-Image");
rename("mitochondria");

/I masking to C1
selectWindow("lysosome");
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setAutoThreshold("Otsu dark");
run("Convert to Mask");

run("Set Measurements...", "mean display redirect=Bodipy decimal=3");

run("Analyze Particles...", "size=100-Infinity pixel summarize");

// masking to C2
selectWindow("ER");
setAutoThreshold("Moments dark");
run("Convert to Mask");

run("Set Measurements...", "mean display redirect=Bodipy decimal=3");

run("Analyze Particles...", "size=100-Infinity pixel summarize");

/ masking to C4
selectWindow("mitochondria");
setAutoThreshold("Default dark");
run("Convert to Mask");

run("Set Measurements...", "mean display redirect=Bodipy decimal=3");

run("Analyze Particles...", "size=10-Infinity pixel summarize");

IJ.renameResults("Results");
Lysosome = getResult("Mean", 0);
LCount = getResult("Count", 0);
LTA = getResult("Total Area", 0);
LPA = getResult("%Area", 0);

LA = getResult("Average Size", 0);

ER = getResult("Mean", 1);
ERCount = getResult("Count", 1);
ERTA = getResult("Total Area", 1);
ERPA = getResult("%Area", 1);
ERA = getResult("Average Size", 1);

Mitochondria = getResult("Mean", 2);
MCount = getResult("Count", 2);
MTA = getResult("Total Area", 2);
MPA = getResult("%Area", 2);

MA = getResult("Average Size", 2);

dotindex = indexOf(currentFile, ".");

Title = substring(currentFile, 0, dotindex);
print(Title + "," + "™ +"" + "™ +"" + Lysosome + "," + LCount + "," + LTA+"" + LPA +"" + LA +
""+ER+""+ERCount+""+ERTA+"" + ERPA +
""+ ERA +"" + Mitochondria +"," + MCount + "," + MTA +"," + MPA +"" + MA);
run("Close All");

}

1
//save log as CSV
string = getinfo("log");
path = outFolder + "results.csv";
File.saveString(string, path);
print("\Clear");
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Appendix 8 Manufactures protocols

Protocol Manufactures instructions link

MTT assay https://www.thermofisher.com/uk/en/home/references/protocols/cell-

culture/mtt-assay-protocol/vybrant-mtt-cell-proliferation-assay-kit.html

RNA extraction https://www.promega.co.uk/-/medialfiles/resources/protcards/reliaprep-rna-cell-
(Promega) miniprep-system-quick-protocol.pdf?la=en

RNA extraction https://www.qgiagen.com/gb/resources/download.aspx?id=1d882bbe-c71d-4fec-
(Qiagen mini) bdd2-bc855d3a4b55&lang=en

RNA extraction https://www.qgiagen.com/gb/resources/download.aspx?id=f6f13ba4-0991-45f3-
(Qiagen micro) ab5d-0b7b2c9f4799&lang=en

cDNA synthesis https://www.bioline.com/mwdownloads/download/link/id/3308/

Lysotracker https://www.thermofisher.com/document-connect/document-

connect.html?url=https%3A%2F %2F assets.thermofisher.com%2FTFS-
Assets%2FLSG%2Fmanuals%2Fmp07525.pdf&title=THIzb 1RyYWNrZXIlgYW5
KIEx5¢c29TZW5zb3IguUHJvYmVz

ER Cytopainter https://www.abcam.com/ps/products/139/ab139482/documents/ab139482%20-
%20CytoPainter%20ER%20Staining%20kit%20red%20fluorescence%20v2b%

20(website).pdf

Mitochondria https://www.abcam.com/ps/products/219/ab219940/documents/MitoBlue-
Cytopainter staining-protocol-book-v2-ab219940%20(website).pdf
Bradford assay https://www.thermofisher.com/document-connect/document-

connect.html?url=https%3A%2F %2F assets.thermofisher.com%2FTFS-
Assets%2FLSG%2Fmanuals%2FMANO0011203 CoomassiePlus Bradford As
y_UG.pdfé&title=VXNIciBHdWIkZToglENvb21hc3NpZSBQbHVzIChCcmFkZm9
yZCkgQXNzYXkgS2I0

Nuclear extraction https://www.abcam.com/ps/products/113/ab113474/documents/ab113474%20
Nuclear%20Extraction%20Kit%20v3a%20v2a%20(website).pdf

SREBP2 https://www.abcam.com/ps/products/133/ab133111/documents/ab133111%20-
transcription factor = %20SREBP-2%20Transcription%20Factor%20Assay%20Kit%20-
assay %20protocol%20v3%20(website).pdf
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