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Abstract

The skin, comprising the epidermis, dermis, and hypodermis, serves as a barrier
against environmental and biological threats. This barrier function relies on the layered
structure and constant turnover of the epidermis. Within the epidermis, melanocytes and
keratinocytes are crucial for photoprotection and barrier integrity, respectively.

Autophagy is a highly conserved self-eating process that is initiated in response to
nutrient starvation, delivering damaged intracellular proteins and organelles to lysosomes
for degradation. It is essential for skin barrier function, melanogenesis, and melanosome
processing. LC3-associated phagocytosis (LAP) is a related process that utilises some
autophagy components, conjugating LC3 to single-membraned phagosomes. LAP plays a
role in the innate immune response, protecting tissue from pathogens and aiding in tissue
homeostasis. Its versatile capability to engulf diverse cargoes, spanning from fungi and
viruses to apoptotic cells, emphasises its significance in cellular physiology. So far, the
relationship between skin homeostasis, pigmentation, and LAP remains unclear.

To examine this relationship, | utilised the ATG16L1*"P mouse model (AWD), which
harbours a mutated WD domain in ATG16L1, rendering it LAP-deficient but autophagy-
competent. This study aimed to evaluate the role of LAP in skin homeostasis and determine
if LAP-defective mice (AWD) exhibit a cutaneous phenotype. Additionally, it investigated the
involvement of LAP in melanosome trafficking and processing in primary cultures of mouse
skin keratinocytes.

Findings revealed that AWD mice exhibit no signs of impaired barrier function, yet
aged AWD mice demonstrated an accelerated decline in biomechanical properties
compared to littermate controls. Assessment of the melanosome dynamics in AWD primary
keratinocyte cultures indicated that melanosomes are internalised and trafficked to the
supranuclear region in keratinocytes and subsequently stored in lysosomal compartments,
surrounded by LC3. This suggests that melanosomes are processed in keratinocytes in an
autophagy-driven manner, with melanin later stored in the lysosome for long-term storage.

The work presented here offers a comprehensive description of the cutaneous
phenotype of the AWD mouse model and offers a unique in vitro system for studying

pigmentation dynamics in an autophagy-competent, but LAP-deficient environment.
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Chapter 1

1. Introduction

1.1 The functional anatomy of the mammalian skin

The skin is the largest and most intricate organ that forms the first protective barrier of
all mammals (Zomer and Trentin, 2018). It is persistently challenged by a wide variety of
external factors, which make it highly susceptible to trauma. The skin consists of specialised
layers that are fundamental for its protective function. These layers include an innermost
hypodermis, dermis, and outermost epidermis (Figure 1.1) (Ali et al., 2015; Alonso and
Fuchs, 2003; Watt and Fujiwara, 2011). The epidermis, a stratified epithelium, mainly
consists of keratinocytes, along with melanocytes, Langerhans, and Merkel cells. Together,
these cells form the chemical, physical and microbial barrier, responsible for regulating
water loss and thermoregulation (Zingkou et al., 2022). The connective tissue of the dermis
is formed by fibroblasts along with an extracellular matrix, abundant in collagen and elastic
fibres (Dellambra et al., 2019). Moreover, blood and lymphatic vessels, as well as sebaceous
glands, sweat glands, hair follicles and nerve endings invaginate the dermis from the
epidermis (Dellambra et al., 2019). Found beneath the dermal layer, lies the hypodermis,
responsible for producing cytokines and growth factors and serving as the insulating and
shock absorbing barrier (Jin et al., 2022; Nguyen and Soulika, 2019).

The mouse (Mus musculus) is widely employed as a mammalian model organism to
address questions relating to human health (Chen and Roop, 2008). They are readily
available, easily maintained and handled, and experience rapid reproducibility, whilst being
economical (Bedell et al., 1997; Wong et al., 2011). In many respects, the mouse skin shares
several similarities with human skin, making mouse models a convenient tool to study skin
diseases (Figure 1.1) (Chen and Roop, 2008). The mouse genome has been sequenced for
several commonly used laboratory mouse strains, with around 99% of mouse genes having
a corresponding human homolog (Chinwalla et al., 2002). This underscores the relevance
of the mouse model as an invaluable tool for studying skin biology. So far, there are more
than 5000 mouse genotypes that model around 1000 human diseases, including many
inherited human skin diseases, such as skin cancer and inflammatory skin disorders

(Liakath-Ali et al., 2014; Salgado et al., 2017).
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Figure 1.1 Anatomy of the mouse and human skin. Schematic representation of the
overview of murine skin and human skin. BM: Basement membrane; Dermal DC: Dendritic
cell; MC: Mast cell; ILC: Innate lymphoid cell; DETC: Dendritic epidermal T cell. Figure

adapted from Pasparakis et al. (2014). Figure created in BioRender.com.
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Despite its genetic similarities, mouse skin also exhibits striking differences such as the
human epidermis being much thicker (i.e., > 50 um) than the murine epidermis (i.e., < 25
pum), with generally more cell layers (Pasparakis et al., 2014). Human epidermal skin exhibits
around 6-10 keratinocyte layers, while mouse epidermis constitutes only 3 keratinocyte
layers (Gudjonsson et al., 2007). Moreover, mouse skin is densely packed with hair follicles,
whereas human skin has a greater area of interfollicular skin, covered sparsely by hair
follicles (Liu et al., 2021). Epidermal renewal and hair cycle in mouse skin is around 8-10
days, while in human skin epidermal renewal lasts around 26-28 days (Dellambra et al.,
2019). Moreover, melanocytes in human skin are distributed in the hair follicles and
epidermal basal layer, while in mice they are mainly confined to the hair follicle (Dellambra
etal., 2019). The dermis is thicker in humans than in mice and is characterised by downward
projections of epidermal rete ridges, which also contribute to the re-epithelisation of the
skin (Liu et al., 2021). Nevertheless, the mouse skin remains a very valuable tool to
investigate many areas of biomedical research, due to its substantial similarities with
human physiology and pathology. Next, it is critical to explore the individual skin layers in a

greater depth, starting with the innermost hypodermal dermal.

1.1.1 The hypodermis

The innermost layer of the skin, also known as the subcutaneous fat layer or dermal
white adipose tissue (dWAT), is predominantly composed of adipose tissue, loose fibrous
connective tissue, and larger blood vessels (Calabro et al., 2011; Wong et al., 2016).
Moreover, various immune cells are also found within the hypodermal layer, which include
fibroblasts and macrophages (Wong et al., 2016). The hypodermis fulfils numerous essential
functions including thermoregulation, protection, hair follicle cycling and wound healing

(Alexander et al., 2015).

1.1.2 The dermis

Above the subcutaneous fat layer lies the dermal matrix, which is characterised by
an intricate arrangement of collagen fibres interlaced with elastin fibres, proteoglycans, and

fibronectin (Wong et al., 2007). Dermal fibrils primarily consist of type | collagen,
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supplemented by other collagen types, such as collagen Ill (Breitkreutz et al., 2013; Lynch
et al., 2017). Contained within the collagenous network reside fibroblasts, mast cells and
other transiently migratory cells that have pivotal roles in proliferation and migration, as
well as paracrine and autocrine signalling (Ghetti et al., 2018; Wong et al., 2007). Fibroblasts
are responsible for maintaining the structural integrity of the connective tissue by secreting
precursors of the ECM, including collagens, fibronectin, elastins, laminins, proteoglycans
and integrins (Ghetti et al., 2018). Additionally, mast cells originating from the bone marrow,
exert immunoregulatory functions (Harvima and Nilsson, 2011). The dermis can be
classified into the papillary and reticular dermis, with the papillary dermis representing a
thinner area of the dermis and being interconnected to the epidermis (Salazar et al., 2023).
The papillary dermis exhibits a loose connective tissue and high cell density, allowing blood
vessels to nourish the epidermis and Schwann cells to project their dendrites into the upper
epidermis enabling sensation (Korosec et al., 2019). Conversely, the reticular dermis is
composed of a dense distribution of collagens and other connective tissue proteins,
allowing the skin to undergo stretching and resilience, by resisting deformation forces
(Korosec et al., 2019). These mechanical and structural properties, such as skin layer
thickness and elasticity, adjust with age and between anatomical locations (Wang et al.,
2013).

Together, the dermis and the skin appendages (including the sebaceous glands, hair
follicles and excretory glands) provide the skin with mechanical and tensile strength, as well
as thermoregulation (Salazar et al., 2023). Moreover, the extensive vasculature in the
dermis is responsible for thermoregulation, and delivery of oxygen and nutrients whilst

removing toxins and waste products (Weng et al., 2020).

1.1.3 The dermal-epidermal junction & basement membrane

The boundary between the dermal and epidermal compartment is formed by a thin
layer of highly organised ECM proteins that form the dermal-epidermal junction (DEJ)
(Rousselle et al., 2022). This ECM is categorised as a supramolecular matrix arrangement
that is termed the basement membrane (BM), anchoring the epidermal layer to the
papillary dermis (Breitkreutz et al., 2013). The BM is primarily composed of type IV collagen,

nidogen, proteoglycans, laminin, calcium-dependent integrins and glycosaminoglycans
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(Brohem et al., 2011). Collagen IV is largely responsible for the mechanical properties of the
BM (Rousselle et al., 2022). The BM is responsible for the bidirectional trafficking of
bioactive molecules and binds to a plethora of growth factors and cytokines, ensuring a
stable reservoir for controlled release during repair processes and physiological remodelling
(Brohem et al., 2011). Collagen XVII, a6p4 integrin and laminin isoform 332 act as the
anchoring filaments, also known as the hemidesmosomes, which span the entire BM and
are responsible for attaching the basal keratinocytes to the BM, ensuring a reinforced
cohesion (Rousselle et al., 2022). Collagen VIl aims to anchor the upper papillary dermis to
the BM (Lohi, 2001; Rousselle et al., 2022).

Skin diseases have been associated with defects in collagen XVII and VII, with
mutations affecting collagen XVII and VII causing epidermolysis bullosa (Gatseva et al.,
2019). The absence of collagen VIl and XVII in the ECM matrix affects the anchoring fibrils,

resulting in a weakened BM and blistering (Nishimura et al., 2015).

1.1.4 The epidermis

The interfollicular epidermis can be subdivided into several layers, including the stratum
basale, stratum spinosum, stratum granulosum and stratum corneum (Figure 1.1) (Zingkou
et al., 2022). Each layer is formed predominantly by keratinocytes, with proliferating and
less differentiated keratinocytes found in the basal layer, while terminally differentiated
keratinocytes are found in the suprabasal layers. There are two other important cell types
in the epidermis, which include the melanocytes and Langerhans cells (Wickett and
Visscher, 2006). Melanocytes are the pigment-producing cells of the skin and hair in
mammals, while the Langerhans cells are the dendritic antigen-presenting cells of the skin.
Together, these cells exert many functions that include adhesion of the epidermis to the
underlying BM, replenishing the cells that shed through terminal differentiation and
desquamation, and providing the immune barrier to the epidermis (Forni et al., 2012). To
fulfil these functions the cells must maintain a stringent balance between proliferation and

quiescence, which begins during embryonic development.
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1.2 The epidermis- An overview of epidermal and hair follicle

development

1.2.1 Embryonic origins of the murine epidermis

Following gastrulation, the embryo surface arises as a single layer of neuroectoderm,
destined to give rise to both the nervous system and the skin epithelium (Fuchs, 2007). The
pivotal factor for this decision is Wnt signalling, which inhibits the ectoderm’s
responsiveness to the fibroblast growth factors (FGF). Consequently, in the absence of FGF
signalling, the cells initiate the expression of bone morphogenetic proteins (BMPs), thus
committing to epidermal fate. The embryonic epidermis that arises is formed of a single
layer of multipotent epithelial cells that undergo stratification to give rise to a functional
barrier at birth (Fuchs, 2007; Sotiropoulou and Blanpain, 2012). In mice, the surface
ectoderm is loosely integrated into the basal lamina, which begins at embryonic day 8.5
(E8.5) (Figure 1.2) (Forni et al., 2012). The periderm acts as the early epidermal barrier,
protecting the developing skin from the amniotic fluid. During the early stages of
stratification, which typically occur between E12.5 to E15.5 in mice, cell proliferation is
primarily localised to the basal layer, with differentiated keratinocytes found in the spinous
layer, denoted by their keratin 1 immunoreactivity (Figure 1.2) (Bazzi et al., 2007). The main
structural proteins found within the basal keratinocytes are keratins 5 and 14, which are
known to be found in cells displaying proliferative potential (Figure 1.2) (Fuchs and Green,
1980). Keratin 1 expression is governed by Notch signalling that directs spinous cells to
continue to differentiate, mature and migrate towards the cornified layer (Hu et al., 2018).
Concurrently, the skin appendages, such as hair and sweat glands arise from the embryonic
ectoderm (O’Shaughnessy and Christiano, 2004). At E15.5, the granular layer keratinocytes
arise from the differentiating keratinocytes of the spinous layer and begin to express the
cornified envelop precursor protein loricrin (Figure 1.2) (Bazzi et al., 2007). These stages are
primarily governed by the increases in extracellular Ca?* concentrations (Hu et al., 2018).
By E18.5, the epidermis is fully mature and the periderm, serving as the initial protective

layer, is shed; thus, establishing the first line of defence for the mouse (Jacob et al., 2023).
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Figure 1.2 Timeline representing the formation of the epidermis during embryonic
development. The stratification of the epidermis begins at E8.5 with a single layer of
ectoderm. The development of the mouse epidermis from the ectoderm begins at E9.5,
with the formation of a single basal layer of epidermal cells that are overlayed by a structure
known as the periderm. From E13.5 onwards the single layer of epidermal cells, known as
keratinocytes, develop into a stratified epithelium. A complete barrier is formed before
birth at E16.5-E17, when the periderm is shed. The fully stratified epidermis is complete at
E18.5. Loricrin and Filaggrin are markers for the cornified layer. Involucrin and
Transglutaminase are markers for the granular layer. Keratin 10 and Keratin 1 are expressed
in the spinous layer. Keratin 5 and Keratin 14 are expressed in the basal layer. Figure taken

and adapted from Forni et al. (2012). Figure created in BioRender.com.
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1.2.2 Embryonic origins of the murine epidermal appendages

Development of the hair follicles and other skin appendages is intrinsically related
to the stratification of the embryonic epidermis, as stated above (Forni et al., 2012;
O’Shaughnessy and Christiano, 2004). Three stages are involved in this process, which begin
with the induction of hair placode formation at E14, hair follicle organogenesis occurring at
E15.5-E17.5, followed by cytodifferentiation taking place at E18.5 (Lin et al., 2022). These
stages are coordinated by several signalling pathways, such as Wnt/B-catenin, hedgehog,
notch, and BMP pathways (Houschyar et al., 2020; Hu et al., 2018). Canonical Wnt signalling
determines hair follicle fate, as studies have demonstrated that lack of epidermal Wnt/j-
catenin or expression of the Wnt inhibitor Dickkopf 1 (Dkk1), result in the absence of hair
follicle induction (Andl et al., 2002).

During the first stage, epithelial cells that have activated Wnt/B-catenin signalling,
collect dermal cell signals to gradually thicken and form the hair follicle basal placodes,
leading to FGF20 secretion that is required for dermal condensates (DCs) (Lin et al., 2022;
Park, 2022). These dermal condensates are the result of mesenchymal cell clustering, which
aggregate under these hair placodes, forming a new hair follicle at this aggregation point
(Linetal., 2022). In the second stage, the dermal cells send signals to induce the hair follicle
basal plate to expand downwards, forming a hair germ and hair peg, causing the hair follicle
structure to enter the dermis and begin to form hair buds (Park, 2022; Van der Veen et al.,
1999). These hair buds become columnar structures that accumulate many dermal
fibroblasts (Houschyar et al., 2020). Upon entering the final stage, keratinocytes are
arranged in a columnar shape around the hair buds, which continue to thicken, and dermal
cells collect under the hair placode to form the dermal papillae (DP) (Houschyar et al.,
2020). Following formation of the DP, the hair bulge begins to form with the DP, inducing
the proliferation of the hair matrix cells that differentiate into the hair shaft and inner root
sheath (IRS) (Park, 2022). Hair follicle accessory organs, such as the sebaceous gland, and
other hair follicle structures have all differentiated from the epithelial cells and have formed
a fully mature hair follicle (Lin et al., 2022). These hair follicles express a range of keratins,
including keratin 5 and 14, expressed in the outer root sheath and keratin 10 is expressed

in the IRS (Hu et al., 2018).

29



Chapter 1

1.2.3 Hair cycle

Throughout the entire lifespan of mammalian organisms, hair follicles demonstrate
a high capacity for self-renewal and undergo periodic growth cycles (Lin et al., 2022). The
cycle comprises three stages: anagen (growing phase), catagen (regression phase) and
telogen (resting phase) (Shin et al., 2020). C57BL/6 mice exhibit a precise time scale of each
cycle, with newborn mice entering catagen stage in the second week after birth, while

telogen and anagen occur in the third and fourth week, respectively (Lin et al., 2022).

1.2.4 Key cell types in the murine epidermis

1.2.4.1 Melanocytes

Melanocytes are highly specialised neural crest-derived cells that can synthesise the
pigment melanin, which is contained within a fully mature intracellular organelle derived
from early endosomal membranes, called a melanosome (discussed in more detail in 1.3.1)
(Domingues et al., 2020; Lin and Fisher, 2007). Melanin granules, produced by melanocytes,
are distributed to adjacent keratinocytes, forming a specific supranuclear cap (Thingnes et
al., 2012). This cap protects the keratinocytes from ultraviolet (UV)-induced damage.
Together with the keratinocytes, the melanocytes form the epidermal melanin unit, which
is involved in the release of any paracrine factors that act upon the melanocytes in response
to UV-stimulated and unstimulated conditions (discussed in more detail in 1.3.1) (Nordlund,
2007). There are key differences in melanocyte characteristics between mice and humans,
with mouse melanocytes being primarily found either in the bulge and bulb regions of hair
follicles, while in humans they are localised to the basal layer and hair follicles (Michalak-

Micka et al., 2022).

1.2.4.2 Langerhans cells

Langerhans cells (LCs) are members of the dendritic cell/macrophage family that are
primarily found in the epidermis and upon activation can migrate to skin draining lymph
nodes, thereby playing a role as antigen presenting cells (Neagu et al., 2022). LCs are not
attached to other cell types in the epidermis and thus can participate in the immune

response, where they sense the microenvironment and respond to stress by presenting
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antigens to the cells of the adaptive immune system (Deckers et al., 2018; Rajesh et al.,
2019). In the steady state, LCs are replenished in the epidermis via the local proliferation of
skin resident LCs, where mature LCs possess an intrinsic ability to enter a cell division cycle

(Neagu et al., 2022).

1.2.4.3 Merkel cells

Merkel cells are also derived from the neural crest and are mechanosensitive cells
that contain neuropeptides and neurotransmitter-like substances (e.g., substance P), which
enable them to fulfil their roles in somatosensation, chemosensation and endocrine

function (Munde et al., 2013).

1.2.4.4 Keratinocytes

Keratinocytes make up around 95% of the epidermal cell population (Eckhart et al.,
2000). Self-renewing, undifferentiated epidermal stem cells give rise to daughter transient
amplifying (TA) cells, which constitute most of the proliferative cell population (Wang and
Yang, 2013). TA cells undergo a finite number (3-5 times) of cell divisions before committing
to terminal differentiation (Nakamura et al., 2014). This process is regulated by the balance
between cell proliferation in the basal layer and keratinocyte differentiation into
corneocytes, leading to the formation of the cornified layer, which acts as a mechanical
barrier crucial for skin function (Eckhart et al., 2000; Nakamura et al., 2014). Terminal
differentiation enables the epidermis to carry out essential functions, such as minimising
passive water loss from the body, preventing the entry of microorganism, and blocking the
absorption of chemicals from the external environment (Jiang et al., 2020). Moreover,
keratinocytes harbour many anti-inflammatory properties, where they produce a variety of
antimicrobial peptides, such as 3-defensins, cathelicidins, S100 proteins (e.g., psoriasin and

calprotectin) and RNase 7, which protect the skin from infection (Piipponen et al., 2020).

1.2.5 Terminal differentiation in murine epidermal skin

To fulfil the essential roles of the epidermis, the stratified epithelium must undergo

continuous re-epithelisation, division, and differentiation in a basal to superficial direction
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(Wikramanayake et al., 2014). These processes are crucial for maintaining skin integrity and
function and protect against dehydration and infection. The maintenance of skin integrity
and function relies on a tightly regulated mechanism termed terminal differentiation (Hu et
al., 2018). Excessive proliferation can lead to skin disorders, such as psoriasis, while
inadequate growth results in skin thinning (Fuchs and Horsley, 2008). Overall, in mice, the
differentiation process is estimated to span approximately 8-10 days (Hu et al., 2018).

Basal keratinocytes, characterised by their columnar shape, consist mainly of mitotically
active keratinocytes, including epidermal stem cells and TA cells, which express keratins 5
and keratin 14 (Eckhart et al., 2000; Wikramanayake et al., 2014). These basal keratinocytes
are functionally and structurally linked to components of the underlying BM, through a cell-
extracellular matrix junction known as the hemidesmosome and integrins (e.g., a3f1 and
a6pB4), thus providing the tissue integrity and strong cell-cell adhesions in the epidermal
barrier (Miller et al., 2021; Nakamura et al., 2014). Desmosomes are intercellular junctions,
which help strengthen the barrier by linking the intermediate filaments of adjoining cells
(Johnson et al.,, 2014). The fundamental constituents of the desmosome comprise
cadherins such as desmogleins (DSG1-4) and desmocollins (DSC1-3), armadillo proteins like
plakoglobin and plakophilins, and a plakin known as desmoplakin (Figure 1.3) (Johnson et
al., 2014). The fundamental adhesive unit of desmosomes is represented by the DSG/DSC
heterodimers, whose cytoplasmic domain bind to plakoglobin and plakophilins (Mdiller et
al., 2021). Plakoglobins and plakophilins interact with desmoplakin, to enable the
connection of desmosomes with the keratin filament network (Figure 1.3). Commonly,
basal keratinocytes express DSC2/3 and DSG2/3, while the differentiated cells tend to
express DSC1 and DSG1/4 (Figure 1.3). The basal desmosomes are dynamic and maintain
the proliferative capacity of the basal layer.

As the TA cells exit the cell cycle and lose their capacity to adhere to the BM, due to the
decreased expression of crucial integrins, the process of terminal differentiation begins
(Eckhart et al., 2000). As the keratinocytes migrate to the spinous layer, they become
polyhedral, larger, and more flattened and downregulate keratin 5 and 14 expression and
switch on keratin 1 and 10 expression (Candi et al., 2005). Upon entry into the granular
layer, the keratinocytes remain nucleated with their cytoplasm filled with basophilic

keratohyalin granules, primarily composed of profilaggrin and loricrin, thereby prohibiting
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Figure 1.3 Overview of epidermal barrier formation. Three major events occur during
terminal differentiation and the formation of the cornified layer. (i) The formation of the
keratin network, (ii) the formation of the cornified envelope (CE) by the crosslinking of lipids
and proteins and (iii) the creation of intercellular lipids (i.e., Lamellar bodies).
Desquamation is the process, where the corneocytes in the stratum corneum are eventually
shed. TGase: transglutaminase; SPRs: small proline-rich protein family; Lor: loricin; Inv:
Involucrin; Evpl: envoplakin; Ppl: periplakin; FFA: free fatty acid; CHOL: cholesterol; CER:
ceramide. Figure adapted from Matsui and Amagai, (2015). Figure created in

BioRender.com.
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cell division and enabling them to undergo cornification instead (Figure 1.3) (Candi et al.,
2005). Here, in addition to keratins, membrane-bound vacuoles, known as Lamellar Bodies
(LBs), containing phospholipids, cholesterol, sphingomyelin, and glucosylceramides,
provide additional support to the barrier function (Figure 1.3) (Feingold, 2012). These LBs
deliver pro-barrier lipids and lipid processing enzymes to the intercellular space of the
corneocytes, found in the stratum corneum (Menon et al., 2018). In addition, they secret
corneodesmosin, which provides cohesion to the stratum corneum (Figure 1.3). In the
differentiated layers, desmosomes provide the stable cell-cell adhesion, aiding in the
developing cornified envelope, thus protecting the epidermis from mechanical and
chemical stresses (Green et al., 2019). The final stage of terminal differentiation concludes
in the stratum corneum, where keratinocytes lose their cytoplasmic organelles and nucleus,
but retain the keratin filaments (Eckhart et al., 2000). The influx of calcium activates
transglutaminase 1 to catalyse the crosslinking of involucrin and loricrin, which leads to the
formation of the cell envelope, thereby forming a corneocyte (Eckert and Rorke, 1989).
During this process, lipids are released into the intercellular space, forming a continuous
lipid matrix (Wikramanayake et al., 2014). This matrix creates a ‘bricks and mortar’
structure, which effectively seals the corneocytes together, providing the epidermis with its
mechanical and chemical protection. Dissociated corneocytes are later shed off by a process

known as desquamation (Figure 1.3).

1.2.6 Importance of calcium (Ca?*) in the formation and maintenance

of the skin barrier

The initiation of keratinocyte differentiation and maintenance of epidermal
functions, relies on extracellular Ca?* (Tu and Bikle, 2013). Studies have demonstrated the
presence of a Ca?* gradient within the epidermis, with low levels of Ca?* ions found in the
basal, spinous layer and cornified layer, and progressively more in the granular layer (Ahn
et al., 1999; Lee et al., 1998; Snoeck, 2020). This data suggests that extracellular Ca?* ions,
in the granular layer, are involved in regulating LB secretion, lipid synthesis and in epidermal
barrier function recovery (Ahn et al., 1999; Lee et al., 1998). By elevating the extracellular
Ca?*, an increase in intracellular Ca?* is triggered, which is responsible for inducing cell-cell

adhesion in the epidermal barrier (Tu and Bikle, 2013). Intracellular Ca?*is released from
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Ca?* stores, such as the endoplasmic reticulum (ER) and Golgi apparatus (Lee and Lee,
2018). The disruption of Ca?* gradients result from a compromised epidermal permeability
barrier, whereas the reestablishment of these gradients has been linked to the recovery of
the barrier function (Menon et al., 1992). This indicates that the Ca?* gradient is crucial for
the fully functional epidermal skin barrier (Ahn et al., 1999). Patients with Hailey-Hailey and
Darier disease, both genetic disorders causing blisters, keratotic papules, and erosions of
the skin, are due to defects in the Golgi Ca?* pump (ATP2C1) and ER calcium pump (ATP2A2)
(Bikle et al., 2012). Both conditions display lower levels of Ca?* concentration in their basal
keratinocytes, causing decreased cell adhesion and disruption to keratinocyte
differentiation, preventing the exchange of keratin 14 expression to keratin 10 (Bikle et al.,
2012).

Several studies have shown that primary cultures of mouse keratinocytes can be
cultured in vitro to be proliferative or differentiated using extracellular Ca?* (Hennings et
al., 1980; Huang et al., 2006). Protocols for proliferating keratinocytes, which display basal
cell phenotypes, are commonly cultured in low Ca?* concentrations (< 0.07 mM), whereas
increased Ca?* gradients (above 0.1 mM) induce differentiation (Bikle et al., 2013). The
onset of differentiation prompts morphological alterations in keratinocytes, involving
redistribution of desmoplakin to form desmosomes, as well as occludins and claudins,
which constitute tight junctions (Elsholz et al., 2014). Additionally, E-cadherin, in
conjunction with catenins and kinases, form the adherens junctions (Bikle et al., 2013).
Together, these junctions not only facilitate cell adhesion, but also create a signalling
complex involved in modulating actin distribution and sustaining elevated intracellular

calcium levels (Hennings et al., 1980; Bikle et al., 2013).

1.2.7 Proliferation markers in the basal cell layer of the epidermis

Proliferating cell nuclear antigen (PCNA) and Ki67 are well-established markers for
assessing cellular proliferation (Prabhu et al., 2022). Ki67 is a non-histone nuclear protein
associated with the cell cycle, present in all proliferating cells but absent in resting cells. It
is often used as a diagnostic tool for tissue proliferation in many forms of malignant
tumours, including lymphomas, breast, colorectal and prostate cancers (Mansy et al., 2020).

PCNA contributes to cell proliferation by mediating DNA polymerase activity and exists in
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the nucleus of all eukaryotic cells. It is integral to nucleic acid synthesis and metabolism and
has a fundamental role in recombination, replication, chromatin assembly and excision
repair (Moore et al., 2004). Elevated expression of this proliferative marker has been
observed in the S, G2, and M phases of cell mitosis in both healthy and cancerous tissues.
Itis widely used and has demonstrated relevance in clinical dermatology, by comparing and
characterising proliferating cell populations in normal, benign, premalignant and malignant
human skin lesions (Moore et al., 2004). Reports showed that PCNA distribution was
primarily confined to the basal layer in normal skin, with variable patterns of expression

exhibited in malignancies and other dermatologic diseases (Moore et al., 2004).

1.3 Overview of pigmentation dynamics
1.3.1 Melanin, Melanogenesis and melanosome transfer

As previously stated, melanocytes are the melanin-producing cells found in the
basal layer of the epidermis (d'lschia et al., 2015). Melanin, the biological macromolecule
produced by melanocytes, holds a broad spectrum of biological activities, including
photoprotection against UV radiation and being the natural skin pigment (Solano, 2014).

Melanogenesis is the biological and biochemical pathway of melanin biosynthesis,
involving an enzymatic reaction in which tyrosinase family proteins (i.e., tyrosinase (TYR),
TYR-related protein (TYRP-1) and TYRP-2) convert tyrosine into eumelanin and pheomelanin
in melanocytes (Figure 1.4) (Hida et al., 2020; Hirobe, 2014). In response to UV-induced
DNA damage in keratinocytes, the alpha-melanocyte-stimulating hormone (a-MSH) a
product of proopiomelanocortin (POMC) processing, activates the melanocortin 1 receptor
(MC1R) on the melanocytes (D’Mello et al., 2016; Maddaleno et al., 2021). This activation
increases the cyclic adenosine monophosphate (cAMP) synthesis, thereby causing
activation of protein kinase A (PKA), which phosphorylates CRE-binding protein (CREB),
acting as a transcription factor of microphthalmia-associated transcription factor (MITF)
(D’Mello et al., 2016; Vachtenheim and Borovansky, 2010). MITF regulates the expression
of the key melanogenesis proteins that include TYR, TYRP1, TYRP2, ocular albinism type 1
(OA1), dopachrome tautomerase (DCT) and pre-melanosome protein 17 (PMEL17)
(Maddaleno et al., 2021). OA1 is an integral membrane glycoprotein that is solely expressed

by melanocytes and is detectable on the membrane of the melanosomes, which are
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membrane-bound organelles, involved in the synthesis, storage, and distribution of melanin
(D'Mello et al., 2016; Palmisano et al., 2008). The N-terminal of OA1l is predominantly
localised in the lumen of the melanosome, while the C-terminal is localised to the
cytoplasmic side (Chen et al., 2016).

A series of well-defined steps prompt the formation of melanosomes in vertebrates,
whereby melanosome development can be classified into four stages, according to their
morphological features and degree of melanin deposition (Hirobe, 1995; Schiaffino, 2010).
Non-pigmented and undifferentiated melanosomes are found within stages | and Il, with
proteinaceous fibrils beginning to form in the lumen of the organelle during stage Il (Figure
1.5 A) (Schiaffino, 2010). Once the fibrils have wholly formed, the melanosome adopts an
ellipsoidal shape that expresses PMEL17/gpl100, representing the main structural
constituent of the fibrils (Schiaffino, 2010). During stages lll and IV, electron-dense melanin
is synthesised and gradually deposited in the fibrils until the melanosome is entirely
obscured at the end of stage IV (Figure 1.5 B) (Schiaffino, 2010).

OA1 appeared broadly distributed across all stages of melanosomal development
and maturation, but the bulk (around 24%) of was observed in regions with high PMEL17
expression, corresponding to premelanosomal stage Il (Chen et al., 2016; Giordano et al.,
2009).

Once the melanosomes are fully mature and pigmented, they move bidirectionally
along microtubules under actin-dependent transport and migrate towards the cell
periphery where they interact with the cortical actin cytoskeleton (Futter et al., 2004).
Microtubules serve as the tracks of transport for several intracellular organelles, including
melanosomes, lysosomes, and sorting vesicles (Watabe et al., 2008). This trafficking of
vesicles to the target organelles is governed by microtubule-associated motor proteins,
such as kinesins and cytoplasmic dyneins. Cytoplasmic dyneins drive the minus-end motility
of the microtubules, while the kinesins drive the plus-end directed mobility. The interaction
with the actin cytoskeleton is mediated through a complex with Rab27a, a small GTPase
that is involved in melanosome transfer, myosin and melanophilin, where myosin Va binds
to actin and Rab27a binds to the melanosomes (Figure 1.5 B) (Hume et al., 2001).
Melanophilin acts as the linker between myosin Va and Rab27a (Hume et al., 2001). A study
on melanocytic cells in Xenopus laevis indicated that myosin Va counteracts dynein-

mediated motor transport more than kinesin- mediated transport, leading to the eventual
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Figure 1.4 Overview of the cascade of melanogenesis in human skin. UV damages DNA in
keratinocytes, which activate TP53 that initiates the transcription of POMC. POMC is
cleaved into a.-MSH, which is secreted by the keratinocyte and binds to the MCI1R on the
melanocytes, thereby increasing cAMP. PKA is activated by cAMP, resulting in the CREB
transcriptional activity, which can occur in two ways: (i) by phosphorylating CREB or (ii)
inhibiting SIK. CREB activates the transcription of MITF-M, leading to the transcription of
key melanogenesis genes including TYR, TYRP1, DCT and PMEL. These proteins are
transported to melanosomes, with mature melanosomes eventually being transported
from melanocytes to keratinocytes, accumulating at the supranuclear region, thereby
blocking UV light. a-MSH: alpha-melanocyte-stimulating hormone; cAMP: cyclic adenosine
monophosphate; CRE: cAMP response element; CREB: CRE-binding protein; CRTC: CREB-
regulated transcriptional coactivator; MC1R: melanocortin 1 receptor; MITF:
microphthalmia-associated transcription factor; PKA: protein kinase A; SIK: salt-inducible
kinase; POMC: proopiomelanocortin; TYR: Tyrosinase; TYRP1: Tyrosinase-related protein 1.

Figure adapted from Hida et al. (2020). Figure created in BioRender.com.
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localisation of mature melanosomes in the cell periphery, rather than cell centre (Gross et
al.,, 2002). Once the melanosomes reach the cell periphery, they are transferred to
neighbouring keratinocytes, in four suggested mechanisms, which remains poorly
understood (Figure 1.5) (Bruder et al., 2012; Wu and Hammer, 2014).

The process of melanosome transfer has been widely studied by many cellular biologists
over the past decades, yet the exact process remains ambiguous. Several studies using
brightfield time-lapse imaging, immunolabelling, and electron microscopy have proposed
numerous potential mechanisms of melanosomal transfer (Bruder et al., 2012).

A proposed mechanism, termed cytophagocytosis, involves phagocytosis of a viable
cell or intact region of a viable cell and was demonstrated by Okazaki and co-workers
(Okazaki et al., 1976). They determined that melanin transfer was achieved through the
keratinocyte engulfing the melanosome-rich dendritic tip of the melanocyte (Figure 1.5 A).
In the initial stages, the melanocyte extends its dendrites, connecting with the nearby
keratinocytes, resulting in the keratinocyte engulfing the melanocyte membrane, using
villus-like cytoplasmic projections. Once the keratinocyte consumes the dendrite tip, it is
pinched off leading to the formation of a cytoplasmic pouch containing the melanosomes.
Okazaki et al. (1976) suggested that this cytoplasmic sack is degraded where it later
disintegrates the load further into smaller vesicles containing single melanin granules or
aggregates of melanin granules that are evenly dispersed in the cytoplasm.

In 2002, a novel mechanism of melanosome transfer was established using high-
resolution time-lapse microscopy (Scott et al., 2002). Scott and co-workers documented
that melanosomes move along actin-based filopodia, most likely in the presence of myosin
Va. Furthermore, this transfer was believed to be stimulated by the small GTP-binding
protein CDC42 and driven by the motor protein kinesin. The protease-activated receptor 2
(PAR-2), identified on keratinocytes, has been suggested to act as a phagocytic receptor.
Upon exposure to UV irradiation, PAR-2 expression increases, facilitating the engulfment of
melanosomes by keratinocytes (Scott et al., 2002; Van den Bossche et al., 2006).

More recently, Wu and colleagues determined that melanocytes package their
melanosomes into globules and release them at their periphery, which are later
phagocytosed by the plasma membrane of the keratinocyte (Figure 1.5 A) (Wu et al., 2012).
Ando and co-workers also revealed that melanosome-rich globules were found at the

periphery of melanocyte dendrites and attached to the microvilli of adjacent keratinocytes
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Figure 1.5 Melanosome development and transfer. (A) Melanosome development is
categorised into four stages. During stages | and Il, melanosomes are non-pigmented.
During stage I, striations begin to form in the melanosome, while in stage Ill, melanin
begins to be deposited in the fibrils. Once in stage IV, melanosomes are fully matured and
pigmented, which can then be transported to neighbouring keratinocytes. Yet, the exact
mechanism of transport remains poorly understood, and four suggested mechanisms have
been proposed by scientists. (1) Cytophagocytosis of filopodia or dendrite tips by
keratinocytes. (2) Immediate transfer through a ‘membrane channel’. (3) Shedding of
vesicles containing the melanosome, followed by keratinocyte engulfment. (4) Exocytosis-
mediated secretion of naked melanin. Figure adapted from Tian et al. (2020). Figure created
in BioRender.com. (B) Graphical representation showing melanosome bidirectional
trafficking, along microtubules, in melanocytes. At the cell periphery, melanosomes are
attached to the actin cytoskeleton, through a Rab27A and myosin Va complex. Figure

created in BioRender.com.
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(Ando et al., 2012). Remnants of these globules were also observed within the keratinocytes
favouring this proposed mechanism.

The final suggested transfer process includes the exocytosis of melanin, lacking a
membrane, from the melanocyte dendritic tip to the keratinocyte (Figure 1.5 A). Here,
melanosomal membrane fusion with the melanocyte plasma membrane results in the
release of extracellular melanin, which is internalised by bordering keratinocytes
(Yamamoto and Bhawan, 1994). It is believed that melanin is released from the
melanosomes within the melanocytes by exocytosis, as melanocytes express many
molecules, including SNAREs (e.g., SNAP23/25; VAMP2; syntaxin4/6) and Rab GTPases (e.g.,
Rab3) that exhibit crucial roles in exocytosis (Van den Bossche et al., 2006). Rab27a has a
suggested role in aiding in the exocytosis of melanin from the melanocytes, as it is known
that Rab27a facilitates the docking of melanosomes to the plasma membrane of the
dendritic tips of melanocytes, which is an essential step in exocytosis.

Several mechanisms for melanosome transfer have been proposed, with most
involving keratinocyte phagocytosis (Cardinali et al., 2008; Seiberg et al., 2000; Sharlow et
al., 2000). Melanosomes range in size from 0.5 um to 2 um, making phagocytosis and
micropinocytosis the likely pathways for their internalisation into keratinocytes (Moreieras
et al., 2021). One of the most well-studied receptors involved in keratinocyte phagocytosis
is PAR-2, which has been implicated in skin pigmentation by promoting melanin uptake
(Babiarz-Magee et al., 2004; Bento-Lopes et al., 2023; Lin et al., 2008; Scott et al., 2002;
Seiberg et al., 2000). It has been suggested that autophagy plays a role in the degradation
of melanin in primary human keratinocytes, with autophagy inducers reducing melanin
levels and inhibitors enhancing melanin accumulation (Murase et al., 2013). In other
epithelial cells, such as kidney tubular cells, PAR-2 has been shown to inhibit autophagy
through the PI3K/Akt/mTOR signalling pathway (Zhang et al., 2017). This raises the
possibility that PAR-2 may similarly regulate autophagic inhibition in murine keratinocytes
after melanin internalisation via phagocytosis, thus permitting the long-term storage of

melanin within these cells.
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1.3.2 Melanin internalisation and degradation within keratinocytes

Following the transfer of melanosomes from the melanocytes to the keratinocytes, little
is known about the destiny of melanosomes after incorporation into keratinocytes (Murase
etal., 2013). Given the size of the melanosomes (0.3-0.5 um) several studies have indicated
that macropinocytosis and phagocytosis can enable the internalisation of such cargo
(Benito-Martinez et al., 2021; Moreiras et al., 2021). The widely known receptor, involved
in melanin ingestion by keratinocytes is PAR-2 (Seiberg et al., 2000). PAR-2 expression has
been shown to correlate with skin phototype, with darker skin exhibiting higher PAR-2
expression compared to lighter skin (Babiarz-Magee et al., 2004). Other receptors such as
TLR-3 and fibroblast growth factor receptor 2/keratinocyte growth factor receptor (FGFR-
2/KGFR) have been linked to melanin phagocytosis by keratinocytes (Belleudi et al., 2010;
Koike et al., 2019). A study by Koike and co-workers determined that TLR3 stimuli enhanced
PAR-2 expression in keratinocytes and activated RHO GTPase RHOA and CDC42, which are
both involved in endocytosis and melanosome transfer from melanocytes through filopodia
(Koike et al., 2019; Scott et al., 2002). Additionally, a c-type lectin receptor known as MellLec
was shown to recognise fungal melanin on endothelial and myeloid cells (Stappers et al.,
2018). Interestingly, keratinocytes express a further c-type lectin receptor known as Dectin-
1, which is known to be involved in keratinocyte-mediated innate immune responses and
wound re-epithelisation (Van den Berg et al., 2014). Dectin-1 has demonstrated a role as
receptor for a non-canonical autophagy pathway, called LC3-associated phagocytosis,
which will be discussed in further detail in the next sections. Up until now the link between
this receptor and the phagocytosis of human/mouse melanin remains unclear.

The mechanism of melanin processing remains elusive, with several studies proposing
that melanin degradation is controlled by a process called autophagy (Murase et al., 2013;
Kim et al., 2020). These studies are described in greater detail in 1.4.4. Research by Hurbain
and colleagues revealed that melanin accumulates in moderately acidic compartments,
indicated by low levels of LysoTracker (marker for lysosomes), with low degradative capacity
(Hurbain et al., 2018). It was further suggested that melanin-containing compartments,
called melanokerasomes, are specialised compartments for the long-term melanin storage
inside keratinocytes (Correia et al.,, 2018). They maintain the unique features of

melanosomes, such as low acidity and degradative capacity, and exhibit characteristics of
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late endosomes/lysosomes, such as LAMP1/2 and CD63 (Correia et al., 2018; Hurbain et al.,
2018). Is has been proposed that melanin is not degraded at all, given its protective
properties and favours the assumption of melanokerasomes storing the pigment (Bento-
Lopes et al., 2023). Fungal melanin was shown to inhibit LC3-associated phagocytosis in
Aspergillus fumigatus, thus promoting pathogenicity (Akoumianaki et al., 2016; Chamilos
et al.,, 2016). Therefore, the link between LC3-associated phagocytosis and melanin

internalisation and processing should be investigated.

1.4 Phagocytosis & Canonical Autophagy
1.4.1 Phagocytosis

Phagocytosis is an evolutionarily conserved cellular process, which involves the
ingestion and elimination of pathogens and apoptotic cells (> 0.5 um) into a plasma
membrane derived vesicle, referred to as a phagosome (Rosales and Uribe-Querol, 2017).
This cellular process is essential for maintaining tissue homeostasis of an organism, through
the removal of both self and foreign particles. It is the first step in prompting host defence
and inflammation, eradicating vast numbers of senescent cells that die every day (Aderem,
2003).

Phagocytosis can be split into three stages that include microbial recognition,
phagosome formation and phagolysosome maturation (Rosales and Uribe-Querol, 2017).
Only a specialised group of cells, known as professional phagocytes, perform phagocytosis
with high efficiency (Rosales and Uribe-Querol, 2017; Uribe-Querol and Rosales, 2020).
Among these professional phagocytes are macrophages, monocytes, neutrophils, dendritic
cells, and osteoclasts (Uribe-Querol and Rosales, 2020). These cells are actively involved in
the removal of microorganisms and present them to the cells of the adaptive immune
system (Rosales and Uribe-Querol, 2017). Non-professional phagocytes include all
remaining cell types, capable of performing phagocytosis (i.e., fibroblasts and epithelial
cells) (Lim et al., 2017).

The recognition of microbial pathogens is achieved through the engagement of pattern
recognition receptors (PRR), that recognise molecular patterns related to a microorganism
(Aderem, 2003). Upon recognition, the receptors then trigger signalling cascades, which

favour and initiate phagocytosis. These signalling cascades prompt the remodelling of the
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actin cytoskeleton and lipids in the membrane, which allow the membrane to extend and
cover the particle (Uribe-Querol and Rosales, 2020). The membrane eventually closes at
the distal end, thereby creating the phagosome, which internalises the particle. The nascent
phagosome undergoes a sequence of fusion and fission events with endocytic organelles
(i.e., early or sorting endosomes, late endosomes, and lysosomes), resulting in
modifications to both the limiting membrane and luminal contents (Levin et al., 2016). This
process ultimately leads to the maturation of the phagosome (i.e., late phagosome). This
late phagosome has a more acidic luminal pH, due to proton-pumping V-ATPase, which can
fuse with a lysosome, thereby creating a phagolysosome (Lee et al., 2020). This
phagolysosome is highly acidic, oxidative and contains a variety of lytic enzymes that aid in
the degradation of the foreign material.

Similar processes, such as canonical autophagy and non-canonical autophagy (i.e., LC3-
associated phagocytosis) are also highly conserved processes that are involved in the

removal of unwanted or foreign material from the organism.

1.4.2 Canonical Autophagy

Canonical autophagy, hereafter referred to as autophagy, was first proposed by
Christian de Duve in 1963 and is an evolutionary conserved mechanism, responsible for
degrading and recycling damaged subcellular organelles and proteins (Liu et al., 2021;
Zhang et al., 2015). It is crucial for the maintenance of cell metabolism and homeostasis
during development, differentiation, and starvation (Zhang et al., 2015). There are three
major types of autophagy, known as macroautophagy, microautophagy and chaperone-
mediated autophagy, which all function by promoting the degradation of cytosolic
components via lysosomes (Zhang et al., 2015).

Macroautophagy, known as autophagy, is an intracellular lysosome-mediated
degradation process that is characterised by the formation of intracellular double-
membrane autophagosomes (Akinduro et al.,, 2016; Kim et al., 2022). These
autophagosomes are responsible for removing intracellular materials, such as lipids,
organelles, DNA, and invading pathogens. The formation of these autophagosomal
structures involves autophagy-related genes (ATGs) and can be split into five steps —

initiation, elongation, maturation, fusion, and degradation (Figure 1.6) (Sun et al., 2013).
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Figure 1.6 Overview of canonical autophagy. Autophagy is initiated by the formation of the
pre-initiation complex, consisting of ULK1, FIP200, ATG13 and ATG101. This complex can be
suppressed by mTOR or initiated by AMPK, in the presence of starvation and nutrient
deprivation. The Beclin 1 class Il PI3K complex, comprised of Beclin 1, VPS34, ATG14L and
VPS15 is activated to produce PI3P, responsible for recruiting downstream ATG proteins that
aid in the development of the autophagosome. This complex can be promoted by UVRAG
but can be inhibited by the Bcl2 family proteins. During the elongation and completion steps
of autophagosome formation, ATG12 conjugated to ATGS5, in the presence of ATG7 and
ATG10, resulting in the subsequent binding to ATG16L1, forming the ATG5-ATG12-ATG16L1
complex. LC3 is cleaved by ATG4 to generate the cytosolic LC3-I form, which with the help
of ATG7 and ATG3 enzymes is conjugated to the cellular lipid PE, to give rise to the
membrane-associated LC3-Il. LC3-Il is embedded into the outer and inner membranes of
the mature autophagosome. In the final degradation step, the mature autophagosome
fuses with the lysosome, resulting in the degradation and recycling of the unwanted

material. Figure adapted from Liu et al. (2021). Figure created in BioRender.com.
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The initiation step includes the assembly of core machinery involving the Unc-51-like
autophagy-activating kinase (ULK1) complex, consisting of ATG13, FIP200 and ATG101
(Figure 1.6) (Jeong et al., 2020; Sun et al., 2013). The initiation of this assembly is prompted
by the inhibition of mammalian target of rapamycin complex 1 (mTORC1). This inhibition

can occur either through the activation of adenosine monophosphate (AMP)-activated
protein kinase (AMPK), or in response to various factors such as nutrient deficiency, reactive
oxygen species (ROS), infection, or hypoxia (Figure 1.6) (Jeong et al., 2020). Vice versa, the
availability of nutrients activates the mTORC1 complex, leading to the inhibition of the ULK1
complex by phosphorylation (Miinz, 2022). The activation of the ULK1 complex results in
the further initiation of downstream complexes, including the Beclin-1 interacting complex,
consisting of VPS34, ATG14L and p150 (Liu et al., 2021; Sun et al., 2013). UV radiation
resistance-associated gene protein (UVRAG) can promote the formation of the Beclin-1
complex, while the Bcl2 family proteins can inhibit the complex through their interaction
(Figure 1.6) (Kovacs et al., 2022; Levy et al., 2017). Moreover, the activation of the Beclin-1
complex generates phosphatidylinositol-3-phosphate (PI3P), which is crucial for nucleation
of the autophagic vesicles (Leidal and Debnath, 2021). The elongation and maturation of
autophagosomes, requires the activity of two further complexes: the ATG5-ATG12 complex
and ATG5-ATG12-ATG16L1 complex (Parzych and Klionsky, 2013). In the elongation step,
ATG5-ATG12 complex conjugates to ATG16, thereby forming the ATG5-ATG12-ATG16L1
complex, involved in the expansion of the autophagosome membrane (Levy et al., 2017).
The diameter of the autophagosomes differ among organisms, with autophagosomes in
yeast ranging between 0.4 — 0.9 um and 0.5 — 1.5 um in mammals (Parzych and Klionsky,
2013). ATG3, ATG4B and ATG7 bind phosphatidylethanolamine (PE) to LC3-I, which is
converted to LC3-ll, and recruited into the expanding outer and inner autophagosome
membrane (Figure 1.6) (Levy et al., 2017; Jeong et al., 2020). LC3-Il serves as a marker for
autophagosomes and is required alongside other key molecules, such as Rab7, SNAREs and
LAMPs, for the subsequent fusion with lysosomes, whereby the contents of the

autophagosomes are subsequently degraded and recycled (Sil et al., 2018).
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1.4.3 The role of autophagy in the skin barrier

Several studies have highlighted roles of autophagy in keratinocyte biology and skin
barrier function (Akinduro et al., 2016; Haruna et al., 2008; Rossiter et al., 2013).

A study in 2008 by Haruna and co-workers briefly described the first report of LC3 in
human epidermal skin differentiation (Haruna et al., 2008). They reported that LC3-I and
LC3-1I expression increased during calcium-induced differentiation, with LC3 distribution
mainly being distributed in the granular layers, following the initiation of terminal
differentiation. They next investigated skin affected by psoriasis vulgaris and found that LC3
expression was downregulated in psoriatic skin, suggesting that autophagy in the granular
layer contributes to the normal keratinisation of the granular layer.

Akinduro and colleagues showed that during foetal development, several autophagy
markers (i.e., ULK1, beclin-1, WIPI 1 and ATG5-ATG12 complex) are active in the
development of the skin barrier (Akinduro et al., 2016). Low levels of LC3, ULK1, beclin-1
and WIPI 1 were found before granular layer development and increased as granular layer
development commenced. They also demonstrated that the inhibition of mTORC1 in the
epidermis, resulted in the increased expression of autophagy markers (e.g. LC3; WIPI1;
ULK1; Beclin-1 and ATG5-ATG12), which was consistent with the induction of autophagy in
the upper epidermis. To conclude their analysis, they performed a detailed examination of
the cell morphology in differentiated keratinocytes and found that the keratinocytes
exhibited misshapen and irregular nuclei, which were positive for LAMP2 and LC3
aggregates, following degradation of nuclear material. Moreover, they found that p62
expression was elevated in differentiating keratinocytes in comparison to undifferentiated
keratinocytes, suggesting that during differentiation keratinocytes employ nucleophagy to
eliminate nuclear material. They further examined the association of autophagy markers
on skin disorders such as psoriasis and found that LC3, ULK1 and WIPI1 exhibited a reduced
expression in lesional psoriatic skin, compared to healthy adult epidermis. They concluded
that these patients may benefit from treatment with mTORC1 inhibitors, which would drive
autophagy in their lesions, restore epidermal differentiation, and thereby reduce
inflammation and hyperproliferation. Altogether, their data reveals a significant importance

for the presence and location of autophagy in epidermal development and differentiation,
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and outlines the significance of autophagy in ensuring healthy epidermal function and
homeostasis.

Rossiter and co-workers examined the effects of an inactivated autophagy gene ATG7 in
keratin 14 expressing tissues, on skin barrier function (Rossiter et al., 2013). The research
findings revealed that mice deficient in ATG7 displayed similar epidermal morphology,
thickness, and expression of differentiation markers compared to their ATG7 littermate
controls. Skin barrier integrity was assessed by toluidine blue uptake assay, which
demonstrated that ATG7 defective mice display a fully functioning and intact skin barrier.
Altogether, these findings demonstrate that despite these mice displaying defective
autophagy, the mouse epidermis morphology and function is not compromised. This work
was followed up with a study by Yoshihara and co-workers, who employed skin grafts from
ATG7-deficient mice and transplanted them onto the dorsal skin of severe combined
immunodeficiency (SCID) mice, to examine the effects of ATG7 deficiency on skin barrier
function (Yoshihara et al., 2015). Findings revealed that skin grafts from the ATG7-deficient
mice exhibited hyperkeratosis and acanthosis (thickening of the skin). Terminal
differentiation markers, such as loricrin, filaggrin and involucrin were all found to be
downregulated in the mutant mouse, when compared to their littermate controls, again
suggesting a role of autophagy in the keratinisation pathway. This was further validated by
the reduced number of keratohyalin granules in the skin of ATG7-deficient mice. Overall,
findings suggested that the absence of autophagy has a dramatic effect on the granular
layer, compared to other layers of the skin. They propose that the ATG7-deficiency delays
granular layer differentiation and thus causes several skin conditions, such as acanthosis.

Work by Douroudis and colleagues, demonstrated that polymorphisms in the human
ATG gene ATG16L1 have been associated with skin conditions, such as psoriasis vulgaris and
palmoplantar pustulosis (Douroudis et al., 2012; Douroudis et al., 2011). A study by Van
Hove and co-workers examined the role of autophagy in mice that lack ATG16L1 in
keratinocytes (A*®'atg16/1), as ATG16L1 deficient mice die shortly after birth (Van Hove et
al., 2023). To examine the function of autophagy in keratinocytes, these mice with a floxed
ATG16L1 gene were crossed to the keratin 5 (KRT5) Cre line, thereby generating the
AX®'atg16/1 mice. Overall, the mice exhibited a normal skin phenotype, yet showed a
thickened stratum corneum, giving an indication to potential defects in desquamation. The

epidermal permeability barrier of the AX®'atg16/1 mice was not compromised. Findings
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reported that ATG16L1 deficiency in keratinocytes promotes epidermal inflammation upon
treatment with a topical inflammatory agent (TPA- 12-O-tetradecanoylphorbol-13-acetate),
shown by the presence of increased erythema and scaling compared to the control.
Moreover, the A*®'atg16/1 mice, subjected to DMBA (2, 4-dimethoxybenzaldehyde) a
tumour promoting agent, appeared more sensitised to inflammation-driven carcinogenesis,
with higher number of tumours forming relative to their controls.

Overall, studies have demonstrated key roles of autophagy in regulating epidermal

turnover, yet the exact role of non-canonical autophagy in this process remains ambiguous.

1.4.4 The involvement of autophagy in melanosome maturation and

degradation

While autophagy has been widely studied in keratinocyte biology and skin barrier
function, it has also demonstrated roles in melanogenesis and melanin degradation
(Ganesan et al., 2008; Ho et al., 2011; Kalie et al., 2013).

In a study by Ganesan and colleagues, where the authors conducted a genome wide
siRNA screen, findings revealed that multiple autophagy components were identified as
novel regulators for melanogenesis (Ganesan et al., 2008). Results demonstrated that
depletion of WIPI1, LC3 or Beclin 1 resulted in decreased levels of melanin in MNT-1
melanoma cells. Moreover, the authors found that autophagy proteins LC3 and ATG5 were
colocalised with melanosomal marker PMEL17 in mature melanosomes and have suggested
that the autophagy machinery, required for autophagosome formation, may be implicated
in the biogenesis of melanin.

Findings by Ho and co-workers demonstrated that WIPI1 depletion inhibited the
transcription of MITF and MITF-M target genes (Ho et al., 2011). Additionally, they showed
that WIPI1 depletion resulted in less accumulated melanin and reduced numbers of mature
melanosomes (stages lll and 1V). However, WIPI1 depletion led to the accumulation of early
melanosomes, stages | and Il, with increased levels of LC3-Il and p62, suggesting that WIPI1
is involved in controlling melanogenesis. By pharmacologically activating autophagy, using
a low dose of rapamycin, consequently suppressing mTOR, MITF and TYR transcription were
stimulated. Moreover, following autophagy stimulation by rapamycin, the authors

demonstrated a decreased accumulation of p62 (marker for early melanosomes), increased
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build-up of LC3-Il (a marker for early and late melanosomes) and an increase in mature
melanosomes (stages Ill and 1V). Collectively, the authors concluded that autophagy
signalling is involved in the transcription of melanogenic enzymes and the maturation of
melanosomes.

Similarly, a study by Kalie and colleagues determined that ULK1 depletion in MNT-1
cells causes an increase in melanin levels, through upregulation of melanogenesis, which is
accompanied by an increased MITF expression (Kalie et al., 2013). However, they revealed
that important autophagy components that associate with the ULK1 complex, FIP200 and
ATG13, did not influence melanin levels, suggesting that ULK1 is involved in melanogenesis
in a manner that is independent from its role in autophagy.

The balance between number of melanosomes and phagocytic activity of
keratinocytes gives rise to skin colour (Kim et al., 2020; Murase et al., 2013). Many
regulators of autophagy are involved in melanogenesis, as previously discussed, but also in
the degradation of melanosomes in the keratinocytes (Murase et al., 2013). Low levels of
basal autophagy activity are observed in keratinocytes from individuals with darker skin,
compared to keratinocytes from Caucasians, which exhibit higher basal autophagic activity.
The levels of basal autophagy influence melanosome degradation and thus give rise to
several different skin pigmentation phenotypes.

A study by Kim and colleagues has proposed an autophagy-inducing agent (PTPD-
12) that promotes melanosome degradation without disturbing the biochemical signals
that are associated with melanogenesis (Kim et al., 2020). PTPD-12 is an autophagy-
regulating peptide, which causes significant upregulation of LC3-Il, and dose-dependent
decrease of p62 expression in primary human epidermal keratinocytes; thus, confirming
that PTPD treatment induces autophagic flux. Their findings further confirmed previous
reports that increased autophagy can induce melanosome degradation in melanocytes but

here also in keratinocytes.

1.4.5 The role of autophagy in skin ageing

The skin, as the outermost organ of the human body, is highly susceptible to damage
from environmental factors, such as UV-radiation, air pollution, and cigarette smoking. This

damage can lead to skin ageing, known as extrinsic ageing (Gu et al., 2020). Intrinsic ageing
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occurs in all tissues and is typically observed in areas of the skin not exposed to sunlight.
During intrinsic ageing, the number of dermal fibroblasts decreases, and the ability to
synthesise collagen and elastin in the ECM is diminished. This leads to the thinning of the
dermis, loss of elasticity, and an increase in wrinkles and skin fragility. Both extrinsic and
intrinsic ageing contribute to a decline in the structural integrity and physiological function
of the skin (De Araujo et al., 2019).

Reactive oxygen species (ROS), which are continuously produced as by-products of
mitochondrial aerobic metabolism, are considered major contributors to intrinsic ageing.
ROS activates various signalling pathways that lead to reduced collagen production and
synthesis, as well as the activation of matrix metalloproteinases (MMPs) responsible for
degrading connective tissue (Shin et al., 2023).

Autophagy exhibits several roles in maintaining skin homeostasis, by targeting different
types of organelles and proteostasis pathways in skin cells, including melanogenesis,
nucleophagy (removal of nucleus in differentiating keratinocytes), and anti-inflammation
(Murase et al., 2020). A study by Demirovic and colleagues revealed that basal autophagy
was upregulated in human facial skin fibroblasts in vitro following the Hayflick system, a
common method used to study the phenomenological and mechanistic aspects of ageing
(Demirovic et al., 2015). Here, LC3 expression was found to be 5-fold greater in aged
fibroblasts, in comparison to young. Tashiro and co-workers discovered that the number of
autophagosomes increases in dermal fibroblasts with age, and they demonstrated that LC3-
Il was significantly higher in dermal fibroblasts cultured from the skin of elderly women
compared to those from young women (Tashiro et al., 2014). They also showed that
autophagy was disrupted at the degradation step in aged fibroblasts. To further investigate
the impact of this autophagy disruption on the dermis, they treated young fibroblast cells
with leupeptin and pepstatin A, major lysosomal protease inhibitors, to mimic the
autophagy-suppressed state of aged cells. Their results indicated that age-dependent
changes in autophagy occur in dermal fibroblasts, and that leupeptin and peptstatin A
treated fibroblasts exhibited reduced levels of type | procollagen, hyaluronan and elastin,
along with increased levels of MMP-1, an MMP known to induce collagen fragmentation.
Scanning electron microscopy revealed broken collagen fibrils in the collagen lattice of

treated fibroblasts. Overall, their findings suggest that impaired autophagic function leads
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to a decrease in dermal components, resulting in the collapse of dermal structure and
increased skin fragility.

However, the connection between autophagy and intrinsic skin ageing, particularly in
the dermis, remains poorly understood, highlighting the need for further research to
determine the extent of autophagy in various skin cell types.

Numerous abnormalities in the autophagic machinery have been associated with
inflammation, pigmentation issues and autoimmune disorders. However, it is plausible that
some of these abnormalities are associated with an alternative, non-canonical autophagy
pathway, known as LC3-associated phagocytosis, rather than conventional autophagy. The
studies outlined in section 1.3.1-1.3.2 and 1.4.3-1.4.5 highlight an essential role of
autophagy in maintaining healthy skin homeostasis, which prompted us to examine the

roles of non-canonical autophagy on healthy skin function.

1.5 Non-canonical Autophagy — LC3-associated phagocytosis
(LAP)

In recent years, a further pathway for ingestion of particulate structures has been
established, called LC3-associated phagocytosis (LAP) (Herb et al., 2020). LAP is present in
phagocytic cells, such as epithelial cells, macrophages, and endothelial cells (Asare et al.,
2020; Heckmann et al., 2017). It has a critical role in resolving inflammation, pathogen
clearance, preventing autoimmunity and immune-mediated tissue damages, as well as
being responsible for promoting wound healing. It is a process that is triggered upon
phagocytosis of foreign particles or apoptotic cells that engages with cell surface receptors,
such as toll-like receptors (TLR) (i.e., TLR1/2, TLR2/6 and TLR4), TIM4, or FcyR (Heckmann
et al., 2017). This recognition prompts the recruitment of some, but not all, members of
the autophagy machinery to a single-membraned phagosome (Figure 1.7) (Hooper et al.,
2022; Martinez, 2020; Schille et al., 2018). Detection of LAP by confocal microscopy using
LC3-GFP-expressing cells revealed that the localisation of LC3 can be detected as early as
15 minutes post phagocytosis, while the fusion of the phagosome with the lysosome can

occur after 45 minutes (Martinez, 2020). The detectability of LAP occurs much more rapidly
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Figure 1.7 Overview of non-canonical autophagy — LC3-associated phagocytosis. (1) LAP
is activated upon surface-specific receptor (TLRs, FcyR, dectin-1) recognition by Pattern
Recognition Receptors (PRR). Initially, Rubicon is recruited and initiates the formation of the
UVRAG-containing class Il PI3K complexes, consisting of Beclin-1, VPS34, VPS15, Rubicon
and UVRAG. The stability of the complex is maintained by Rubicon, which sustains the
production of phosphatidylinositol 3-phosphate (PI3P) on the phagosome membrane. (2)
PI3P production is critical for the stabilisation of the NOX2 complex (NOX2; Racl; p47°P";
p40Ph* and p67°"*), which favours the production of reactive oxygen species (ROS) in the
lumen of the phagosome and enables the recruitment of the conjugation systems that
participate in the processing and ligation of LC3 into the lumen of the phagosome. (3) The
ATG5-ATG12-ATG16L and LC3-PE conjugation systems are both required for LC3 lipidation,
which is a necessary step in the degradation of components by LAP. Cytosolic LC3 is
conjugated by ATG4, to form LC3-I, which is then lipidated by ATG5-ATG12-ATG16L1 and
ATG7-ATG3 to form LC3-ll on the phagosomal membranes. Once the phagosome is
decorated with the lipidated LC3-Il, it can fuse with lysosome and thereby degrade the
unwanted target material. Figure adapted from Grijmans et al. (2022). Figure created in

BioRender.com.

53



Chapter 1

than autophagy, which is commonly characterised by the presence of LC3-1l puncta in the

cytosol after 4 hours post autophagy induction (Martinez, 2020).

1.5.1 Mechanisms of LAP

Unlike autophagy, activation of LAP is not dependent on the regulation of the mTORC1-
ULK1-ATG13 system, with LAP appearing unresponsive to nutrient starvation and other
autophagic cues associated with ULK1 activation (Sanjuan et al., 2007). Instead, it is initiated
by receptors located in the plasma membrane of the phagocyte, such as TLR (e.g., TLR1-
TLR2 heterodimer, TLR2-TLR6 heterodimer and TLR4), TIM4 and FcyR (Sil et al., 2018). These
receptors are present on the surface of certain cells — including, among others,
macrophages, dendritic cells, and neutrophils (Figure 1.7). The initiation of LAP is activated
in response to the ligation of cell surface receptors with apoptotic cells or pathogens during
phagocytosis (Heckmann et al., 2017). For instance, pattern recognition receptors (PRR)
engage with the pathogen-associated molecular patterns (PAMPs) on pathogens, while
immunoglobulin receptors specifically bind to antigens (Figure 1.7). Similarly, TIM4
receptors target phosphatidylserine (PtdSer) found on apoptotic cells (Sil et al., 2018).

Following receptor recognition in LAP, the first complex to associate with the budding
of the phagosome is the PI3K complex (Figure 1.7) (Grijmans et al., 2022; Lei and Klionsky,
2022). Here, the PI3K complex of LAP is composed of VPS34, VPS15, UVRAG, Rubicon and
Beclin-1 (Figure 1.7) (Lei and Klionsky, 2022). Following TLR signalling, Rubicon binds to
p22phox subunit of the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
complex (NOX2; Racl; p47P"; p40Phox and p67°"°¥), leading to the generation of reactive
oxygen species (ROS) in the lumen of the phagosome (Figure 1.7) (Yuan et al., 2022).

Concurrently, following activation by VPS15 and Beclin-1, VPS34 generates PI3P, which
creates a binding site for the N-terminal of p40phox, thereby stabilising the NADPH complex
(Figure 1.7) (Wang et al., 2022). Moreover, PI3P molecules distribute throughout the
phagosome membrane, creating a label for future LC3-conjugation (Grijmans et al., 2022).
ROS formation is a critical intermediatory step exclusive to LAP, as it is crucial for LC3
lipidation on phagosomes (Heckmann et al., 2017). The stabilisation of the NADPH complex
maintains a stable generation of ROS, which results in the increase of the pH inside the
lumen of the phagosome (Wang et al., 2022). It is believed that this pH increase, and ROS

production causes the recruitment of the ATG12-ATG5-ATG16L1 complex to the
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phagosome, required for the conjugation of LC3 to PE (Figure 1.7) (Wang et al., 2022). Now
that the phagosome is decorated with LC3-Il, it can be termed the LAPosome, with LC3-II
mediating the rapid fusion of the LAPosome with the lysosome (Figure 1.7) (Romao and

Miinz, 2014).

1.5.2 ATG16L1

As previously mentioned, LAP requires E3-like activity of the ATG12-ATG5-ATG16L1 (™
800 kDa) complex, which enables the binding of LC3 to membranes. The mammalian
ATG16L1 gene is situated on the long arm of chromosome 2 at position 37.1 (2937.1) (Li et
al., 2017). It encodes ATG16L1, a crucial component of a large protein complex that is
necessary for autophagy (Moazeni-Roodi et al., 2019). It can be separated into three key
domains that collaborate to fulfil the distinct functions of ATG16L1 (Gammoh, 2021). The
key domains include an N-terminal region containing the ATG12-ATG5 conjugate, a middle
region comprised of a coiled-coil domain (CCD) that can bind to WIPI2 and seven WD40
repeats, located in the C-terminal (Figure 1.8).

ATG16L1 can function as a molecular hub by utilising various domains that enable it to
fulfil both functions in canonical and non-canonical autophagy (Hooper et al., 2022). During
autophagy, ATG16L1 uses its CCD containing the WIPI2 and FIP200 binding sites, to form
double-membraned autophagosomes (Figure 1.8) (Lei and Klionsky, 2022; Moazeni-Roodi
et al., 2019). Recently, a study by Fletcher and co-workers discovered the uncertain role of
the WD domain within ATG16L1 (Fletcher et al., 2018). They revealed that the WD domain
of ATG16L1 is crucial for LC3 recruitment to endolysosomal membranes during LAP. Results
further demonstrated that a K490A point mutation did not appear to influence canonical
autophagy, thus providing the first means to genetically distinguish between canonical and

non-canonical autophagy.

1.5.3 ATG16L1523°mouse model

For some time, it proved difficult to study the effects of LAP on cellular and tissue

homeostasis in vivo. Former PhD student Dr Maryam Arasteh, from the Wileman lab,

55



Chapter 1

generated the first LAP-deficient mouse model that enabled research for LAP-deficiency to
be conducted in vivo (Arasteh, 2012). This was done by inserting two stop codons in frame
at the end of the CCD domain of ATG16L1, which permits the translation of the E230
glutamate residue, yet prevents the translation of the linker region and WD domain of
ATG16L1, required for LAP function (Figure 1.8) (Rai et al., 2019). This mouse model was
later named the ATG16L1%%3° model, which will be described as AWD for the remainder of
this thesis, as it lacks the WD domain of ATG16L1. Rai and colleagues revealed that these
mice exhibit normal growth and body weights, as well as fully functioning autophagy (i.e.,
maintained levels of LC3 and SQSTM1/p62), when compared to their littermate controls
(Rai et al., 2019). The AWD mouse model has been widely used to examine the effects of
the removal of the WD domain of ATG16L1 on tissue homeostasis, influenza infection and

neurodegenerative disorders (Heckmann et al., 2020; Rai et al., 2019; Wang et al., 2021).
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Figure 1.8 Graphical representation of ATG16L1, highlighting the key domains required for
canonical autophagy and LC3-associated phagocytosis. Overview of ATG16L1 showing N-
terminal and CCD region required for autophagy. The WD domain in the C-terminal have
been shown to be required for LAP but dispensable for autophagy. All three domains are
present in WT ATG16L123° mice, while in the ATG16L1523° (known as AWD) the WD domain
is absent, therefore causing LAP deficiency. Figure created in BioRender.com. Figure taken

from Conway et al. (2024).
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1.5.4 The role of LAP in inflammation, infection & tissue homeostasis

The principal objective of phagocytosis is the degradation extracellular cargoes, such as
pathogens and apoptotic cells, aiming to preserve homeostasis. It is believed that LAP has
a key role in the clearance of pathogens, as studies have demonstrated that Dectin-1 is
involved in fungal clearance, with zymosan inducing LAP (Sanjuan et al., 2007). Moreover,
Aspergillus fumigatus and Candida albicans are also recognised by the phagocytic receptor
Dectin-1, leading to the internalisation of the fungi, resulting in the increase in ROS
production and simultaneous Rubicon recruitment and LC3 processing (Sanjuan et al., 2007;
Sprenkeler et al., 2016). The function of LAP in skin pigmentation and melanin transfer has
not yet been studied; however, it has been investigated in the context of fungal melanin
(Akoumianaki et al., 2016; Kyrmizi et al., 2018). Research on Aspergillus fumigatus has
shown that fungal cell melanin can induce LAP blockage by preventing NOX2 recruitment
and inhibiting the NADPH oxidase complex (Akoumianaki et al., 2016; Kyrmizi et al., 2018).

Additionally, previous work has demonstrated that influenza A virus-induced LC3
lipidation was independent from FIP200 required for autophagy and emphasised that LAP
was activated upon influenza A virus infection via a M2 protein channel-dependent
mechanism (Beale et al., 2014; Fletcher et al., 2018). This was further confirmed in vivo
using the AWD LAP-deficient mouse model, which demonstrated that loss of LAP from all
tissues render the mice highly susceptible to influenza A virus infection (Wang et al., 2021).

Macrophages play a fundamental role in eliminating apoptotic cells, through a process
known as efferocytosis, a critical component for the maintenance of tissue homeostasis
(Asare et al., 2020). Efferocytosis is a term that is commonly used to describe the
engulfment and clearance of apoptotic cells by phagocytes. Moreover, it is believed that
elements of autophagy are recruited and participate in phagosome formation during
efferocytosis. This phenomenon occurs as neighbouring cells release signals, consequently
enhancing the efficiency of the engulfment process (Asare et al., 2020). A study by Cunha
and colleagues revealed that aberrations in LAP restrict tumour immunosuppression
afforded by efferocytosis, indicating that LAP may be an influential contributor to the signals
that are released upon engulfment of apoptotic cells during efferocytosis (Cunha et al.,
2018). LAP mediates immunoregulation in response to apoptotic cells, with LAP deficient

mice (AWD) accumulating apoptotic bodies in their tissues, and within the cytosol of
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phagocytic cells, thereby creating a tumour-supporting environment in acute myeloid
leukaemia (Moore et al., 2022).

With regards to tissue homeostasis, as previously discussed, LAP defective mice (AWD)
exhibit comparable body weights and normal growth rates, when compared to their
littermate controls (Rai et al., 2019). In addition, they maintain tissue homeostasis (e.g.,
brain, liver, and kidney) independently from LAP, with comparable levels of autophagy

markers (i.e., LC3 and p62) expressed across the LAP-deficient tissues.
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1.6 Hypothesis and Project Aims

The mammalian skin undergoes constant cellular turnover to maintain its crucial
function of protecting the body from mechanical stresses, pathogens, and
thermoregulation. Prior work has focused on the involvement of autophagy on epidermal
homeostasis and melanogenesis, yet much of the work had been done prior to the
characterisation of the WD domain of ATG16L1 and its involvement in LAP. LAP plays a
fundamental role in facilitating the clearance of apoptotic cells and pathogens. Its versatile
capability to engulf diverse cargoes, spanning from fungi and viruses to apoptotic cells,
emphasises its significance in cellular physiology. We know that several studies have
indicated that melanosomes enter the keratinocytes via phagocytosis and are subsequently
transported to the perinuclear region where they are degraded. Studies have also
demonstrated that autophagy is active during the process of terminal differentiation, giving
rise to the epidermal permeability barrier.

Therefore, this PhD work aims to use the AWD mouse model to investigate the specific
role and function of LAP in (1) preserving epidermal homeostasis, and (2) the uptake and
trafficking of melanosomes by epidermal keratinocytes. The AWD mouse model will allow
the analysis to be conducted both ex vivo and in vitro, by utilising primary mouse cultures
and skin tissue. We hypothesise that the removal of the WD domain of ATG16L1 will result
in an impaired epidermal barrier. Moreover, we believe that melanosomes will be

internalised by keratinocytes in a single-membraned vacuole, decorated with LC3.

The specific objectives within the project were:

1. To examine the overall histology of the integumentary system of WT and LAP-
deficient mice.

2. To characterise the impact of the removal of the WD domain of ATG16L1 on the
overall of the skin barrier function.

3. To determine the impact of the loss of the WD domain of ATG16L1 on the dermal
biomechanics.

4. To examine the effects of the removal of WD domain of ATG16L1, resulting in LAP-
deficiency, on melanosomal uptake and trafficking in primary keratinocytes and

their subsequent processing.
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By furthering our understanding of the role of LAP in epidermal homeostasis and
pigmentation, this work will aid in identifying future therapeutic targets for pigmentation

and skin disorders.
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2.1.1 Chemicals, reagents, and materials

All chemicals and reagents were obtained from ThermoFisher (UK), Sigma-Aldrich

(UK), PCR Biosystems (UK), Lonza (UK), Cell Signalling Technology (UK) and Proteintech (UK),

unless stated otherwise. For detailed product description, please refer to Table 2.1-2.4.

2.1.2 Lab instruments

Table 2.1. Lab instruments used within project.

Instrument Supplier
Centrifuge 5424R Eppendorf
Centrifuge 5810R Eppendorf
ChemiDoc Imaging System Bio-Rad

ChemiDoc-I1t®2 810 Imager

Ultra-Violet Products Ltd

Cobas 6000

Roche

Cutometer MPA580

Courage and Khazaka Electronic GmbH

Dry block heating system QBD series

Grant

Incubator

Fisherbrand

Microm EC 350 Modular Tissue embedding center

ThermoFisher Scientific

Microtome HM 355S

Leica Microsystems

Nanodrop 2000

Thermo Scientific

Odyssey CLx Imager

LI-COR Biosciences

Platform shaker

Stuart Scientific

PowerPac™ Basic Power Supply

Bio-Rad

QuantStudio™ 3 Real-Time PCR System

Thermo Scientific

Shaking incubator

ThermoFisher Scientific

SpectraMax M2 spectrophotometer

Molecular Devices

Thermo-cycler, Veriti 96 well

Applied Biosystems

Tissue Lyser

Qiagen
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Trans-Blot Cell

Bio-Rad

Ultrasonic homogeniser Soniprep 150

MSE

Vortex

Scientific industries

Water bath sonicator

Fisherbrand

Wheel rotator

Marshall Scientific

Xcell SureLock Mini

ThermoFisher Scientific

2.1.3 Lab consumables

Table 2.2. List of consumables used within project.

Lab consumables Supplier Product code

40 pum cell strainer Corning 352340

70 um cell strainer Corning 352350

96-well plate Greiner 650160

BioLite 6-well multidish ThermoFisher 130184
Scientific

Bolt™ 4-12% Bis-Tris, 1.0 mm Mini Protein Gel, 10 | Invitrogen NW 0412 BOX

well

Coverslips rectangle Dixon NPS09/1818

Eppendorf Safe-lock tubes Fisher Scientific 10430423

Histology Cassette Simport M490-12

Immobilon Transfer Membrane (PVDF) Sigma IPFLOO10

Inoculating loop Fisher Scientific 12870155

MicroAmp optical 96-well reaction plate Applied N8010560
Biosystems

MicroAmp optical adhesive film Applied 4311971
Biosystems

Microscope Coverslips circular 13 mm VWR MARIO111530

Microtome bladed MX35 Ultra Epredia 3053835

Millex 0.20 pum pore size filter Sigma SLGSM33SS
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Nunc 24-well plate ThermoFisher 140682
Scientific

Nunc 6-well plate ThermoFisher 140680
Scientific

Nunc™ Lab-Tek™ Il Chamber slides 2 well ThermoFisher 154852PK
Scientific

Petri-dish ThermoFisher 11901518
Scientific

T25 cell culture flask Nunc EasYFlask Fisher Scientific 12034917

T75 cell culture flask Nunc EasYFlask Fisher Scientific 10538931

Tungsten Carbide bead Qiagen 69997

2.1.4 Labreagents

Table 2.3. List of lab chemicals and reagents used within project.

Chemical/Reagent Supplier Product code
0.1 MDTT Invitrogen 18080093
0.25 % Trypsin/EDTA Invitrogen 25200072

10 % Neutral Buffered Formalin Sigma HT 501128
100X antibiotic-antimycotic ThermoFisher Scientific 15240096
10X DreamTaq Buffer with MgCI2 Fisher Scientific EP0702

18S primer Sigma custom order
4',6-diamidino-2-phenylindole (DAPI) ThermoFisher Scientific 62248

5X first strand buffer Invitrogen 18080093
Acetic Acid, glacial Fisher Scientific 11337558
Agarose Fisher Scientific 10688973
Ampicillin Sigma A9393-5G
-mercaptoethanol Sigma 444203
Bovine Serum Albumin (BSA) Sigma A7906
Bradford Reagent Sigma B6919-500 mL
Bromophenol blue Sigma B5525
Calcium chloride dihydrate Fisher Scientific 10403265
Calcium Gen 2 Cobas (Roche) 05061482 190
Calcium-free MEM Eagle with Earle's BSS | Lonza BE 06-174G
Chelex-100 sodium form Sigma C7901
Chloroform Fisher Scientific 10219900
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Clarity Western ECL Substrate Bio-Rad 1705061
Collagen Type | Rat Tail BD Biosciences 354236
cOmplete Inhbitor tablets, mini EASYpack | Roche 4693124001
dNTP (25 mM) Fisher Scientific R1121

DPX mounting medium Fisher Scientific SP 15-100
DreamTaq DNA Polymerase Fisher Scientific EP0O702
Dulbecco's Modified Eagle Media Gibco 31966-021
(DMEM) GlutaMAX

Eosin Y solution aqueous Sigma HT110232-1L
Ethanol absolute Fisher Scientific 10233962
Ethidium bromide Fisher Scientific 11416750
Ethylenediaminetetraacetic acid (EDTA) Fisher Scientific 10213570
Fetal bovine serum Sigma F7524
Fluoromount-G Invitrogen 00-4958-02
Glycerol Fisher Scientific 10021083
Glycine Fisher Scientific 10061073
Glycoblue (20 pg/ ul) Invitrogen AM 95-15
Histoclear Il National Diagnostics HS 202
Hydrochloric Acid Fisher Scientific 10053023
Hydrogen peroxide Acros Organics 202460010
Hyperladder Bioline BIO-33053
Kanamycin (50 mg/mL) ThermoFisher Scientific | J67354-AE
KBM Keratinocyte serum-free media & Lonza CC-3104
SingleQuots

KiCgstart SYBR Green Primers Sigma KSPQ12012
L-glutamine Gibco A29168-01
LB agar Miller Formedium LMM 0202
LB broth Miller Formedium LMM 0102
Lipofectamine 2000 Invitrogen 11668-027
LysoTracker™ Blue DND-22 ThermoFisher Scientific L 7525
Mayer's Haematoxylin Sigma 1.09249.1000
Methanol Fisher Scientific L13255
Nuclease-free water Invitrogen AM9932
Nuclease-free water Stemcell 79001
NuPAGE™ MES SDS Running Buffer (20X) | Invitrogen NP 0002
Opti-MEM reduced serum free medium Gibco 31985-047
Orange G Sigma 03756
PageBlue Protein Staining Solution ThermoFisher Scientific 24620
Paraffin wax Sigma P3558
Paraformaldehyde Sigma 158127-500G
Penicillin-streptomycin Gibco 15140-122
Phosphate Buffered Saline Oxoid BR0014G
Ponceau S Sigma P7170
Precision Plus Protein Dual Colour Bio-Rad 1610374

Standard
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gPCRBIO SyGreen Mix Lo-ROX PCR Biosystems PB20.11-05
Random hexamers 50 um Invitrogen N8080127
RNAase OUT recombinant Invitrogen 1077019
RNAlater ThermoFisher Scientific AM7021M
RPMI-1640 Sigma R0883-500 mL
Skimmed milk powder Oxoid LP0OO31
Sodium chloride Fisher Scientific 10316943
Sodium deoxychloate Sigma D6750
Sodium dodecyl sulfate (SDS) Fisher Scientific 10356463
Sodium fluorescein Sigma 46960
Superfrost™ Plus Adhesion Microscope Epredia J1800AMNZ
Slides

SuperScript I| RT Invitrogen 18080093
Tetracycline hydrochloride Sigma T7660-25G
Toluidine Blue O Sigma T3260
Tri-sodium citrate (dihydrate) Fisher Scientific 10396430
Tris base Fisher Scientific 10336793
Tris-EDTA (TE) buffer Fisher Scientific BP 2473
Triton X-100 Sigma T8787-100 mL
TRIZol Reagent Invitrogen 15596018
Trypsin 0.25% without EDTA in hank's Speciality Media SM-2001-C
salts

Trypsin-EDTA 0.25% ThermoFisher Scientific 25200056
Tween 20 Fisher Scientific 10419000
Urea Fisher Scientific 11469493
Vectashield with DAPI Vector Labs H-1200
Videne Ecolab 3030440
B-mercaptoethanol Sigma 7154

2.1.5 Kits

Table 2.4. List of kits used.

Kit

Manufacturer & Product Code

GenElute Total RNA Purification Kit

Sigma-Aldrich, RNB100

gPCRBIO SyGreen Mix Lo-ROX

PCR Biosystems

Maxi Prep

Macherey Nagel (740416.2)

Calcium Gen.2

Roche Cobas C 111
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2.1.6 Frequently used buffers and solutions

Solutions used throughout the PhD were prepared with double dH,0 unless stated

otherwise (Table 2.5).
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Table 2.5. Compositions of solutions and buffers. All solutions are made up with double dH,0 unless stated otherwise.

(Genotyping)

nuclease free water (NFW)

Reagent Formula Reagent Formula
100 mM Tris-HCL pH 8.5, 5 mM EDTA pH 8.0, 0.2%
DNA Lysis Buffer
SDS, 200 mM NaCl, 100 ug/mL Proteinase K in 10X TBS-T 1.5 M NacCl, 200 mM Tris Base, 1% Tween-20

50X TAE Buffer

242 g Tris Base, 100 mL 0.5 M EDTA pH 8.0, 57.1 mL
Acetic Acid

1X NuPAGE MES

Running Buffer

50 mL 20X NuPAGE MES Running Buffer

Ethidium Bromide (EtBr)

Solution

1X TAE, 30 ul EtBr solution

10X Transfer Buffer

250 mM Tris Base, 1.92 M Glycine, 20%

Methanol

DNA Loading Buffer

Orange G

50% (v/v) Glycerol, 1X TAE, 0.25 g Orange G

Blocking Buffer WB

5% semi-skimmed milk powder in 1X TBS-T
5% BSA in 1X TBS-T

0.02 M Acetic acid

Glacial Acetic Acid in 500 mL ddH,0

Blocking Buffer IHC

10% Goat Serum in 1X PBS

0.06 M Calcium chloride

0.88 g calcium chloride in 1X PBS

Blocking Buffer ICC

5% Goat Serum, 0.3% Triton X-100 in 1X PBS

10 mg/mL Tetracycline
hydrochloride

0.1 g Tetracycline Hydrochloride (Sigma) in 10 mL
70% Ethanol

Antibody Dilution
Buffer IHC

1% BSA, 0.3% Triton X-100 in 1X PBS

6.5 M Urea Buffer

7.808 g Urea, 1 mM DTT, 50 mM Tris-HCL pH 7.4, 2
cOmplete Inhibitor tablets, Mini EASYpack (Roche)

0.1 M Citrate Buffer

10 mM tri-sodium citrate, 0.05% Tween-20 pH
6.0

10 Phosphate Buffered Saline Tablets in 1 L double

Permeabilisation

tablets, Mini EASYpack (Roche)

Genotyping

1X PBS 0.5% Tween-20 in 1X PBS
dH,0 Solution IHC
1% Triton X-100, 0.5 g Na Deoxycholate, 0.1 g SDS, Primer Mix (10 mM), 10 X DreamTaq Buffer
PCR Reaction Mix
RIPA Buffer 0.6 g Tris Base, 0.88 g NaCl & 2 cOmplete Inhibitor (ThermoFisher Scientific), dNTP (25 mM),

DreamTaq Polymerase, NFW, DNA 1:20
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2.1.7 Oligonucleotides used

Table 2.6. List of KiCgStart SYBR Green primers (Sigma) used.

Gene Sequence (5’-3’)

Forward: GCCGCTAGAGGTGAAATTCTTG
185 Reverse: CATTCTTGGCAAATGCTTTCG

Forward: GTGATGTTGAAGAAGGATGTG
KR1S Reverse: TTCATGAAGTTGATCTCGTC

Forward: CAATCAGAAGAGCAAGGAAC
KRT10

Reverse: CAGTGATTTCAGACTTATGGC

Forward: CTACCAAATGGAAATGTCTCAG
KRT Reverse: GTAAAAGGTCTCAGCTTCAG

Forward: CTGTGAGTTTGTTTGGTCTAC
vt Reverse: GAAAGCCCTTCTCTTGAATC

2.1.8 Plasmids used

Table 2.7. List of plasmids used.

Chapte

r2

Plasmid Plasmid size (kb) | Insert size (bases)

Resistance

Ocular Albinism type 1 (OA1)-

mCherry (Gifted from Professor
5.100 1074
Elena Oancea, Brown University,

USA)

Ampicillin
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2.1.9 Primary and Secondary Antibodies used

Table 2.8. List of antibodies used with their desired dilutions.

Chapter 2

Primary/Secondary | Name Dilution Manufacturer
Rabbit polyclonal 1:1000 (WB) | Cell Signaling Technology
Primary
LC3AB 1:500 (ICC) | (CST) (4108)
Primary Rabbit LC3B 1:500 (IHC) | Sigma Aldrich (L7543)
Primary 1:10000
Rabbit anti-Cytokeratin
(WB) Abcam (76318)
10
1:500 (IHC)
Primary Sigma Aldrich
Rabbit Anti-Keratin 5 1:1000 (WB)
(SAB4501651)
Primary Rat LAMP1 1:500 (IHC) | Abcam
Primary Cell Signaling Technology
Rabbit Rab27a 1:800 (IHC)
(CST) (69295)
Primary Mouse ATG16L 1:1000 (WB) | MBL (M150-3)
Primary Cell Signaling Technology
Rabbit SQSTM1/P62 1:1000 (WB)
(5114s)
Primary Cell Signaling Technology
Rabbit Akt 1:1000 (WB)
(92725)
Primary Mouse p-Akt (Ser 473) | 1:1000 (WB) | Proteintech (66444-1-I1G)
Primary 1:10000
Mouse B-actin Sigma (A1978)
(WB)
Primary Proteintech (24036-1-
Rabbit PCNA 1:200 (IHC)
AP)
Primary Phalloidin Atto 647N 1:400 (IHC) | Sigma (65906)
Secondary Goat anti-rat Alexa
1:1000 (IHC) | Abcam (ab 175673)
Fluor 405
Secondary Goat anti-rabbit Alexa
1:1000 (IHC) | Invitrogen (2110498)
Fluor 488
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Secondary Donkey anti-rabbit
1:1000 (IHC) | Invitrogen (A21207)
Alexa Fluor 594
Secondary 800CW Goat anti 1:10000
Li-Cor (926-32210)
mouse IgG H+L (WB)
Secondary 680RD Goat anti-rabbit | 1:10000
Li-Cor (926-68071)
1gG H+L (WB)
Secondary Anti-rabbit IgG HRP- 1:10000 Cell Signaling Technology
linked antibody (WB) (7074P2)
Secondary Anti-mouse IgG, HRP- 1:10000 Cell Signaling Technology
linked antibody (WB) (7076S)

2.1.10 Culture media — mammalian cell culture

Table 2.9. Cell culture growth medias.

Cell Line/Primary Cell

Composition

1014 murine melanoma

glutamine (2 mM).

RPMI-1640, 10% (v/v) heat inactivated Fetal Bovine
Serum (FBS), 1% penicillin/streptomycin (P/S), 1% L-

ATG16L1 KO Mouse
embryonic fibroblasts (MEF)

P/S.

Dulbecco’s Modified Eagle Media (DMEM), GlutaMAX,
high glucose (4.5 g/I), 10% heat inactivated FBS, 1%

XB-2 Mouse Keratinocytes

(ATCC)

DMEM, GlutaMAX, high glucose (4.5 g/l1), 20% heat
inactivated FBS, 1% P/S, 1% L-glutamine (2 mM).

Primary Mouse Keratinocytes

(ATG16L14WP)

proprietary).

Low calcium keratinocyte media (0.05 mM): EMEM
without L-glutamine, 10% heat inactivated chelated
FBS, 1% P/S, 1X Antibiotic-Antimycotic

KBM Keratinocyte serum-free media with

SingleQuots™ Supplements (concentrations are

72



Chapter 2

Dulbecco’s Modified Eagle Media (DMEM), GlutaMAX,
HEK-293 high glucose (4.5 g/I), 10% heat inactivated FBS, 1%
P/S.

2.1.11For bacterial growth

LB broth Miller was used for the culture of E. coli (DH5a). LB agar Miller was used for

pouring agar plates. All bacteria were grown in a concentration of 10 ug/mL of Ampicillin.
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2.2 Methods
2.2.1 Genotyping

2.2.1.1 Mice

All experiments were performed in accordance with UK Home Office guidelines and
under the UK Animals (Scientific procedures) Act 1986. The generation of the ATG16L1WP
mice has been previously described (Rai et al., 2019). Generation and breeding of mice for
the genotype was approved by the University of East Anglia Animal Welfare and Ethical

Review Body and performed under UK Home Office Project License 70/8232.

2.2.1.2 Extraction of mouse genomic DNA

Mouse tails were digested overnight at 55 °C in 100 pl of DNA lysis buffer (Table 2.5)
The following day, the lysates were vortexed vigorously and diluted 1:20 in nuclease free

water.
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2.2.1.3 Primer information and Polymerase Chain Reaction (PCR)
set-up

Table 2.10. Primer information and PCR cycle set-up.

Oligonucleotide Primers 290 (forward): 5'-CAAATATGCCTTCAGAACTG
(290 - 291) 291 (reverse): 5’-GCTGTAGTTCCAATCCCTAA

95°C - 3 minutes
95°C - 45 seconds 10 Cycles

65°C — 45 seconds (decreases

PCR Program: Touchdown PCR
1°C/cycle)

The Annealing temperature
( gtemp 72°C — 1 minute 25 Cycles

decreases from 65°C to 56°C
95°C — 45 seconds

at a rate of 1°C/cycle
/cycle) 55°C — 45 seconds
72°C- 1 minute
72°C- 10 minutes

4°C — forever (hold)

As per manufacturer’s instructions of the DreamTaq Polymerase PCR kit, 3 pl of the
1:20 diluted tail lysate was used per 50 ul of total PCR reaction mix. This was used as a
template for the PCR using the defined oligonucleotide primers shown in the table above
(Table 2.10). The PCR reaction mix was prepared according to table 2.5 and the Touchdown
PCR program (Table 2.10) was performed using the thermo-cycler. PCR products were either

stored at 4°C until further processing or were processed immediately.

2.2.1.4 Agarose Gel Electrophoresis

The agarose gel was cast by boiling 1% agarose in 1X TAE buffer (Table 2.5). Prior to
loading, each PCR product was mixed with 10 pl Orange G loading dye (Table 2.5). Samples
were separated by gel electrophoresis alongside a 1 kb standard DNA size hyperladder.
Samples were run at a constant 150 V for 40 minutes, using the PowerPac™ and stained in

ethidium bromide solution (Table 2.5) for 30 minutes. Gels were visualised with a
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ChemiDoc-1t®2 810 Imager, equipped with an ultraviolet light source and camera that

enabled the imaging of DNA bands.

2.2.2 Timed mating of WT and AWD E18.5 embryos

All ATG16L12WP mice (C57BL/6) were sourced from the Biomedical Research Centre
animal facility. For the timed pregnancy, the trio-mating method (one male with two
females per genotype) was used. Mating was set up the evening before the start of the dark
cycle. Females were separated from the male mouse upon confirmation of a vaginal plug
the following day. This is considered as gestation day 0.5 (E0.5). If no plug was observed
the female mouse was re-housed with the same sire for a maximum of five days. Embryos
were harvested and sacrificed by anesthetic overdose (Euthatal, pentobarbital sodium, 200
mgin 1 ml) at E18.5, one day before birth to ensure the full development of the skin barrier,

without the presence of hair follicles.

2.2.3 Recovering plasmid DNA from filter paper for transfection

2.2.3.1 Recovering plasmid DNA from filter paper

To recover plasmid DNA from filter paper, the marked circle area that contains the
dried plasmid DNA was cut out. Using sterile tweezers, the filter paper was placed into a
1.5 mL Eppendorf, and 100 pl of Tris-EDTA (TE) buffer was added and vortexed thoroughly.
The mixture was left to incubate for 5 minutes at room temperature. Following 5-minute
incubation the mixture was vortexed again. 10 pl of the supernatant was removed for the

transformation of bacteria and the preparation of a plasmid stock.

2.2.3.2 Transformation of DH5 o with OA1-mCherry plasmid

DH50, competent cells were used for plasmid propagation. Here, DH5o. were taken
out of the — 80°C freezer and thawed on ice for 20-30 minutes. Ampicillin (10 ug/mL) agar
plates were placed in the 37°C incubator to allow to heat up and the water bath was set to
42°C. 0.5 ul of OA1-mCherry plasmid DNA was mixed with 50 pl of DH5a competent cells

in an Eppendorf. The mixture was gently mixed by flicking the bottom of the tube and was
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incubated on ice for 30 minutes. The solution was exposed to heat shock in the 42°C water
bath for 45 seconds, followed by incubation on ice for 2 mins. 500 pl of LB broth Miller with
no selection antibiotic was added to the DH5a competent cells and was left to grow at 37°C
in a shaking incubator for 45 minutes. The incubated mixture was spread onto the Ampicillin
(10 pg/mL) LB agar plates with a sterile inoculating loop and was incubated at 37°C
overnight (12-18 hours). A single culture was inoculated following the method described in

2.2.3.3.

2.2.3.3 Inoculating a liquid bacteria culture

The following day, LB broth Miller was added to a 50 mL falcon tube and using a sterile
tip, a single colony was selected from the LB agar plate. The tip was dropped into the liquid
LB containing Ampicillin (10 ug/mL) and was mixed before loosely covering the culture with
sterile cap that is not airtight. The bacterial culture was incubated at 37 °C for 8 hours in a
shaking incubator at 300 rpm. After 8 hours, 300 mL of LB with Ampicillin (10 ug/mL) was
inoculated with 300 pl starter culture. This was then further shaken at 300 rpm overnight

(12- 18 hours) at 37°C.

2.2.3.4 Plasmid DNA purification - Maxi-Prep

Large-scale isolation of plasmid DNA was achieved using the Maxi-Prep kit from
Macherey Nagel according to manufacturer’s instructions. Cells were pelleted at 4 °C by
centrifugation at 6000 g for 15 minutes. The pellet was resuspended in 12 mL of
resuspension buffer + RNase A S1. 12 mL of lysis buffer S2 was added to the suspension and
was mixed by inverting the tube 6-8 times. The mixture was incubated at room temperature
for 2-3 minutes. Pre-cooled (4 °C) neutralisation buffer S3 was added to the suspension and
was mixed by inverting the lysate 6-8 times until a homogenous suspension containing an
off-white flocculate was formed. The suspension was then incubated on ice for 5 minutes.
The NucleoBond xtra column was equilibrated by applying the equilibration buffer N2 to
the rim of the column filter. The bacterial lysate was loaded onto the wet filter and the filter
was washed with 15 mL of N2 buffer. The filter was then removed, and the column was

washed with 25 mL of wash buffer N3. The plasmid was eluted using the elution buffer N5
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and collected in a new sterile falcon tube. 10.5 mL of room temperature isopropanol was
added and vortexed thoroughly to precipitate eluted plasmid DNA. The eluted plasmid DNA
was centrifuged at 15,000 g for 30 minutes at 4 °C. The supernatant was discarded, and 4
mL of room temperature 70% ethanol was added to the pellet. This was centrifuged at room
temperature for 5 minutes at 15,000 g. The ethanol was carefully removed and the pellet
was left to dry at room temperature for around 15-30 minutes. The dry pellet was later

resuspended in 10 pl sterile deionized H0.

2.2.4 Tissue harvest and processing

2.2.4.1 Tissue harvest and preservation

Dissected mouse skin was placed in a histology cassette and fixed in 10% neutral
buffered formalin (NBF) overnight at room temperature. The following day, the tissue was
washed, dehydrated through a graded series of ethanol solutions (50% - 100%) and
incubated in paraffin wax (Table 2.11). For the embedding process the Microm EC 350 tissue
embedding center was used. Following overnight storage in paraffin wax, tissues were
mounted one by one, in the correct orientation on top of a thin layer of partially solidified
paraffin wax, in a designated plastic mould. The embedding cassette was placed over the
tissue and covered in molten paraffin wax to finish the embedding process. Moulds were
placed on a cooling platform to ensure the solidification of the wax, surrounding the tissue.
This process enables the generation of a solid cuboidal block containing the skin tissue,
which can be easily mounted onto a microtome HM355S and stored at 4°C for long-term

storage.

Table 2.11. Processing method for fixed mouse skin tissue.

Time Solution

90 min PBS

45 min 50% Ethanol
45 min 70% Ethanol
45 min 95% Ethanol
90 min 100% Ethanol
45 min Histoclear I
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45 min Fresh Histoclear Il
45 min Paraffin Wax
Overnight Fresh Paraffin Wax

2.2.4.2 Tissue processing - Microtome

Prior to sectioning the tissue paraffin blocks were chilled at 4 °C for 1 hour. 5 um tissue
sections were cut using the microtome. For this, the microtome blades (MX35 Ultra) were
used to cut the sections, which were floated on a warm water (42 °C) bath to remove any
creases from the section. These sections were later carefully transferred onto coated glass
slides (Superfrost™ Plus) and left to dry overnight at room temperature. Slides were

labelled and stored at 4°C until further processing.

2.2.4.3 Haematoxylin and Eosin (H&E) stain

Tissue sections were H&E stained by dewaxing and rehydrating the slides in histoclear
Il and ethanol solutions (Table 2.12). Following rehydration, the slides were submerged in
Mayers haematoxylin and Eosin Y solutions (Table 2.12). The slides were dehydrated prior
to mounting them using coverslips and mounting medium (DPX). Sections were examined

under the brightfield Apotome 3 Imager.Z2 microscope.

Table 2.12. H&E staining procedure for NBF fixed tissue embedded in paraffin wax.

Step Nr Solution Time
1 Histoclear I 2 min
2 100% Ethanol 20s
3 95% Ethanol 20s
4 80% Ethanol 20s
5 70% Ethanol 20s
6 50% Ethanol 20s
7 Mayers Haematoxylin 4 min
8 Distilled water 20s
9 0.5% Eosin Y + Acetic Acid 30s
10 50% Ethanol 20s
11 70% Ethanol 20s
12 80% Ethanol 20s
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13 95% Ethanol 20s
14 100% Ethanol 20s
15 100% Ethanol 20s
16 Histoclear I 5 min
17 Histoclear Il (fresh) 5 min

2.2.5 Mammalian cell culture

2.2.5.1 Cell lines and their corresponding growth conditions and
maintenance

1014 murine melanoma melanocytes, HEK 293, and primary WT and AWD mouse
keratinocytes were cultured in the media listed in Table 2.9 above. The cells were cultured
at 37 °C and 5% CO;. When the cells were confluent, growth media was removed and 5 mL
of 1X PBS was added. PBS was removed and replaced with 2 mL of 0.25% Trypsin/EDTA for
no longer than 5 minutes at 37 °C and 5% CO,. Trypsinisation was stopped by adding the
appropriate growth media (Table 2.9) to the cells and cells were split to a desired ratio
depending on their confluency. For trypsin inactivation in primary keratinocytes, EMEM Low
Ca?* media was used. The split cells were resuspended in their culture flasks for further

propagation. Every trypsinisation was recorded by passage number.

2.2.5.2 Collagen coating of cell culture plates

6 well plates, T25 cell culture flasks and chamber slides were collagen coated by
diluting collagen type | rat tail (3.56 mg/mL) in 0.02 M Acetic Acid (Table 2.5) to a final
concentration of 50 pug/mL. The appropriate volume of the mixture was added to the
culture dishes and was incubated at room temperature for 2 hours in a laminar flow hood.
After 2 hours, the collagen mixture was aspirated, and the surfaces were rinsed with 1X PBS
solution. After rinsing with 1X PBS, the solution was again removed, and the cell culture
dishes and flasks were left to air dry in the laminar flow hood. Once they were dry, they
were either used immediately or repackaged in the original packaging and stored at 4°C for

later use.
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2.2.5.3 Calcium depletion from fetal bovine serum (FBS) for primary
keratinocyte growth media

Chelated serum was achieved by thawing 50 mL aliquot of FBS at 37 °C and adding 2
g of Chelex 100 sodium form. The solution was mixed overnight at 4°C on a wheel rotator.
The next day the aliquot was spun at 2000 rpm for 10 minutes at room temperature and
filtered through a 0.20 um pore size filter. The FBS is now considered Ca?* free and is ready
to use, yet the calcium concentration was validated before usage in growth media, using

the COBAS 6000 analyser.

2.2.5.4 COBAS 6000 — Calcium Gen.2 (CA2)

Calcium concentration was measured using the Calcium Gen.2 kit on the COBAS 6000
analyser. The analysis was kindly performed by Dr Isabelle Piec and Dr Nicole Ball. The
measuring range for this kit is 0.20 — 5.0 mmol/L, with anything less than 0.20 mmol/L

classified as calcium-free.

2.2.5.5 Primary keratinocyte isolation from mouse tail

To isolate tail skin keratinocytes, male and female mice were sacrificed, and the tail
was completely removed. Upon removal, the tail was placed in a 1X PBS and Betadine (1:1)
solution for 1 minute, followed by a rinse step in 1X PBS for 30 seconds. After washing the
tail in 1X PBS, it was submerged in 70% ethanol and again rinsed with 1X PBS, before storing
it in a Kanamycin solution (50 pug/mL) for further processing.

From the next step onwards, sterile conditions were crucial. An incision was made
down the full length of the tail, using a scalpel, to expose the tail bone. Using sterile
tweezers, the tail bone was removed from the skin and placed epidermal side down in a
sterile petri dish. The hypodermal layer was gently removed before the remaining dermis
and epidermis were transferred to a new sterile petri dish for trypsin incubation. Ice-cold
0.25% trypsin in hank’s salts was added to the sterile petri dish and the tail skin was
incubated for 2 hours at 37 °C and 5% CO,. After incubation, the epidermis was peeled off
with curved tweezers. The epidermis was removed and minced with sterile scissors and

scalpels until fragments were small enough to pass through the tip of a 10 mL serological
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pipette. The minced epidermises were transferred into a 50 mL centrifuge tube and
resuspended in low calcium (LoCa) keratinocyte growth media (0.05 mM) (Table 2.9). The
resulting suspension was triturated and was subsequently spun down at 150 x g for 5
minutes at 4 °C. The supernatant was aspirated, and the pellet was resuspended in LoCa
media and filtered through a 70 um cell strainer into a new 50 mL centrifuge tube. The
suspension was spun down again using the same settings, and supernatant was removed.
The cell pellet was resuspended in LoCa media and filtered through a 40 um cell strainer.
Cells were counted and plated at a density of 0.3 x 10°® for 6-well plates or 0.7 x 10° for T25
culture flasks. Initial plating of keratinocytes was done in KBM keratinocyte serum-free
media (Table 2.9), and primary keratinocytes were incubated at 36°C in an atmosphere of
7% CO,. Primary mouse keratinocytes were maintained in KBM keratinocyte serum-free

media for live-cell imaging experiments.

2.2.5.6 Transfection of 1014 murine melanoma cells with OA1-
mCherry plasmid

For method optimisation, the 1014 murine melanoma cells were seeded in antibiotic-
free growth media (Table 2.9) at 0.3 x 10° cells per well, in a 24-well plate on glass coverslips.
Cells were grown overnight at 37 °C and 5% CO; until they were around 50-80% confluent.
A variety of plasmid concentrations (1; 2; 4 and 6 nug) were used to optimise transfecting
OA1-mCherry into 1014 murine melanoma cells and were added to Opti-MEM reduced
serum medium. DNA-lipid complexes were formed using Lipofectamine 2000, with 2.5, 3, 4
and 5 pl of Lipofectamine 2000 added to Opti-Mem reduced serum medium. The diluted
OA1-mCherry was added to the diluted Lipofectamine 2000 at a 1:1 ratio and was left to
incubate for 5 minutes at room temperature. The DNA-lipid complexes were then added to
the cells and were left to incubate for 6 hours at 37 °C and 5% COz. A non-transfected and
Lipofectamine control were run alongside the transfected cells. After 6 hours, the DNA-lipid
complexes were removed and replaced with growth media without antibiotics. The media
was removed after 24 hours and replaced with growth media with 1 pug/mL tetracycline.
Fluorescence was confirmed by visualising the cells under the Zeiss Observer 7 widefield

fluorescent microscope.
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For the live-cell imaging experiment, a larger scale of OAl-mCherry positive
melanosomes needed to be harvested following transfection. In a 6-well plate, 0.1 x 10°
cells per well were seeded overnight at 37 °C and 5% CO; in antibiotic-free growth media.
The cells were allowed to reach 70 — 80% confluency. The following day, the media was
replaced, and the cells were washed with 1X PBS for 2 minutes. 1 ug of OA1-mCherry
plasmid DNA was diluted in Opti-MEM serum-free medium. 2.5 pl of Lipofectamine 2000
was diluted in Opti-MEM serum-free medium and diluted OA1-mCherry was added to the
diluted Lipofectamine 2000 at a 1:1 ratio. The DNA-lipid complexes were left to incubate for
5 minutes at room temperature before being added to the cells for 6-hour incubation at
37 °C and 5% CO». After 6 hours, the DNA-lipid complexes were removed and replaced with
growth media without antibiotics. The media was removed after 24 hours and replaced
with growth media with 1 ug/mL tetracycline. Cells were incubated for 3 days at 37 °C and

5% CO; before collecting the media for further usage in the live-cell imaging experiment.

2.2.5.7 Adenovirus LC3-GFP amplification

The GFP-LC3B adenovirus was generously gifted by Dr Helena Maier from the
Pirbright Institute (Maier et al., 2013). The pAd/CMV/V5-DEST adenoviral expression vector
(Invitrogen, V49320) was used by Maier et al. to generate the adenovirus LC3-GFP (Maier
et al., 2013). To generate adenovirus LC3-GFP particle stock, HEK-293 cells were grown in
two T75 culture flasks in their recommended growth media until they have reached 90%
confluency (Table 2.9). The media was removed, and cells were washed with 1X PBS before
replacing the media. 10 pl and 20 pl of adenoviral LC3-GFP pellet isolate was added to two
T75 culture flask containing the HEK-293 cells. The cells were cultured for 5 days at 37 °C
and 5% COz until around 60% of the HEK-293 had lifted. The fluorescence was observed
each day across the total of 5 days, to ensure viral infection. The cells were collected and
transferred to two 15 mL falcon tubes and were centrifuged at 1000 rpm for 3 minutes. The
supernatant was collected as it may contain up to 40% secreted virus. The cell pellets were
resuspended in 0.5 mL of PBS and were transferred to a 1.5 mL Eppendorf. A small dry ice-
methanol bath and 37 °C water bath was prepared for subjecting the cells to freeze and
thaw cycles. The cell mixtures were exposed to 4 rounds of freeze and thaw cycles with

each thaw or freeze cycle lasting 5 minutes. The cell mixtures were then centrifuged for 5
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minutes at 5,000 g at room temperature. The viral isolate was transferred to a new sterile

Eppendorf and were stored at — 80 °C.

2.2.5.8 Adenovirus LC3-GFP titration on 1014 murine melanoma
cells

To establish the concentration required for efficient adenoviral transduction the
newly acquired adenovirus LC3-GFP pellet isolate stock was titred using 1014 murine
melanoma cells. 1014 murine melanoma melanocytes were cultured in a 24-well plate at
0.1 x 106 cells per well, at 37 °C and 5% CO- until 70-80 % confluency. Here, 2, 4, 6 and 8 pl
of the adenoviral LC3-GFP pellet isolate was added to 1014 murine melanoma growth
media. The mixture was incubated for 24 hours before confirming adenoviral transduction
by fluorescence using the Zeiss Observer 7 fluorescent microscope. A no treatment cell

control was run alongside these four concentrations.

2.2.5.9 Transduction of ATG16L1 KO MEF, 1014 murine melanoma
cells, XB-2 Mouse keratinocytes and primary mouse
keratinocytes

After establishing the optimum concentration required for efficient adenoviral LC3-
GFP transduction, 1014 murine melanoma melanocytes, ATG16KO MEFS and XB-2
keratinocytes were cultured at 37 °C and 5% CO; in a 24-well plate at a seeding density of
0.1 x 10° cells per well. Primary WT and AWD keratinocytes were seeded at 0.1 x 10° cells
per well and were cultured at 36 °C and 7% CO.. The cells were transduced with 2 pl of
adenovirus LC3-GFP pellet isolate and were incubated with the adenovirus LC3-GFP for 24
hours before removing the media and replacing with the required growth media for further

processing (Table 2.9).

2.2.5.10 Chloroquine treatment

After adenovirus LC3-GFP transduction, primary mouse keratinocytes were exposed
to a lysosomal inhibitor chloroquine. The cells were incubated in growth media with the

addition of 100 mM of chloroquine for 2 hours at 36 °C and 7 % CO; for mouse primary
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keratinocytes. Following 2-hour incubation, the chloroquine mixture was removed and

replaced with fresh growth media.

2.2.5.11 Live-cell experiment

WT and AWD primary keratinocytes were seeded in collagen coated chamber slides
at a density of 0.1 x 10° cells/ well. Cells were cultured for 3 days and were subsequently
transduced with adenovirus LC3-GFP for 24 hours, as described in section 2.2.5.9. The
following day, the adenoviral media was removed and replaced with KBM keratinocyte
media and LysoTracker™ Blue DND-22 (50 nM) for 30 minutes at 37 °C (Table 2.9). The
media was removed and replaced with KBM keratinocyte media and RPMI-1640 OA1-
mCherry melanosome media (1:1) that had been previously collected (see section 2.2.5.6).
The time-course was captured over 24 hours, imaging every hour, to monitor the
melanosomal dynamics within the primary keratinocytes. The timelapse experiment was

imaged using the Zeiss LSM 980 Airyscan 2 and analysed using ImageJ2 (v.2.14.0/ 1.54f).

2.2.6 Microscopy and immunofluorescence

All fluorescent, phase, scanning electron microscopy and brightfield images
presented within this project were captured using a Zeiss Apotome 3 Imager 72, Zeiss
Axioplan 2, Zeiss Observer 7 widefield, Zeiss Gemini 300 scanning electron microscope and
Zeiss LSM 980 Airyscan 2. Software program used to capture images was Zen 3.9. Images in
each experiment were captured with the same camera settings, exposure time, and same
laser intensity. All exported images were saved as TIFF files for processing in Image)

(v.2.14.0/1.54f) (Schindelin et al., 2012).

2.2.6.1 Immunohistochemistry on paraffin-embedded tissue
sections

5 um tissue sections mounted on coated-glass slides, were dewaxed, and rehydrated
by immersing them through the solutions listed in the table 2.13 below. Once rehydrated,
the sections had undergone heat-induced antigen retrieval, to unmask the epitopes that

had been tied up in crosslinks formed by formaldehyde fixation. 0.1 M citrate buffer (pH
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6.0) was heated to 95 °C and tissue sections were placed in the antigen retrieval buffer for
10 mins at 95 °C. After 10 minutes they were left to cool in the buffer for 25 minutes before
proceeding with permeabilisation and blocking. Tissue sections were then washed in 1X
PBS for 5 minutes and then permeabilised with permeabilisation solution (Table 2.5) for 15
minutes. Following permeabilisation they were incubated in 3% hydrogen peroxide for 5
minutes. Prior to antibody staining, the tissue sections were blocked with 10% goat-serum
for 30 minutes at room temperature. For the tissue immunohistochemistry the following
antibodies were used: LC3B, PCNA, keratin 10 (Table 2.8). Tissue sections were stained
overnight at 4 °Cin the desired primary antibody. The following day, sections were washed
3 times for 5 minutes with 1X PBS before applying the secondary antibody of choice (Donkey
anti-rabbit Alexa Fluor 594, 1:1000) for 1 hour at room temperature. After staining with the
secondary antibody, the sections were washed again 3 times for 5 minutes in 1X PBS.
Vectashield with DAPI was used to mount the coverslips on the sections. Tissue sections
were visualised using the Zeiss Apotome 3 Imager Z2 and images were taken at 10x, 20x
and 40x maghnification. The images were analysed using Zen 3.1 (blue edition) and ImageJ2

(v.2.14.0/ 1.54f).

Table 2.13. List of solutions for dewaxing/rehydration of paraffin embedded tissue sections.

Solution Time (min)
Histoclear Il 10
Histoclear Il 10

100% Ethanol 5

100% Ethanol 5

70% Ethanol 5

1X PBS 10

2.2.6.2 Immunocytochemistry (ICC) on fixed cell lines and primary
keratinocytes

1014 murine melanoma and primary mouse keratinocytes were cultured on 13 mm

coverslips and were fixed by adding 100% ice-cold methanol for 10 minutes at -20 °C. For
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the use of Phalloidin, primary keratinocytes were fixed in 4% paraformaldehyde (PFA) for
10 minutes at room temperature. This was followed by 3 washes in 1X PBS for 5 minutes
each. Following fixation, the coverslips were blocked by adding the blocking buffer for ICC
(Table 2.5) for 30 minutes at room temperature. The primary antibodies used for ICC are
the following and detailed description of their manufacturers can be found in table 2.8.
Phalloidin Atto 647N; Rabbit Rab27a; Rabbit LC3A/B and Rat LAMP1 were used for the ICC
analysis. Primary antibodies were incubated on cells overnight at 4 °C. The following day,
the cells were washed 3 times for 5 minutes in 1X PBS, before incubating with the desired
secondary antibody for 2 hours at room temperature. The following secondary antibodies
were used: goat anti-rabbit Alexa Fluor 488, donkey anti-rabbit Alexa Fluor 594 and goat
anti-rat Alexa Fluor 405. After secondary staining the cells were washed 3 times for 5
minutes in 1X PBS, before proceeding with 4’, 6-diamidino-2-phenylindole (DAPI) (0.02
ug/mL) staining for 10 minutes at room temperature. Coverslips were then mounted with
Fluoromount G and stored at 4 °C prior to imaging. The coverslips were visualized with the
Zeiss Apotome 3 Imager Z2. Images were taken at 40x and 63x magnification and analysed

using Zen 3.1 (blue edition) and ImageJ2 (v.2.14.0/ 1.54f).

2.2.6.3 Sodium fluorescein dye permeation assay

The sodium fluorescein permeation assay was performed on unfixed whole mouse
embryo (E18.5) dorsal skin. Embryos were placed dorsal epidermal side down in a petri dish
containing 1 mM sodium fluorescein in PBS (pH 7.4) at 37 °C for 1 hour. Following 1 hour
incubation, the dorsal skin was removed and fixed in 10% NBF. After fixation, the tissue was
dehydrated and processed as seen previously in section 2.2.4.1 — Tissue harvest and
preservation. 5um sections were cut using the microtome as described in 2.2.4.2 - Tissue
processing — Microtome. Sodium fluorescein slides were dewaxed and rehydrated (Table
2.13) and imaged with the Zeiss ApoTome 3 Imager Z2. Fluorescent dye uptake was

quantified using the straight-line tool in ImageJ2 (v.2.14.0/ 1.54f).

2.2.6.4 Scanning Electron Microscopy of ATG16L14"P hair

Dorsal hair was plucked from the WT and AWD mouse skin and mounted on

aluminum stubs covered with conductive carbon tape and then gold coated with a Polaron
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SC7640 high resolution sputter coater, manufactured by Quorum Technologies. The hair
samples were imaged under vacuum with the Zeiss Gemini 300 scanning electron
microscope using the secondary electron (SE) detector. Hair follicle analysis was conducted

using Imagel2 (v.2.14.0/ 1.54f).

2.2.6.5 Image processing

Prior to image analysis, all images were adjusted to ensure the background,
brightness and contrasts were equal. These parameters were set for each experiment and
were constant across WT and AWD images. Images were analysed in Imagel2 (v.2.14.0/

1.54f).

2.2.6.6 Thickness analysis — General Histology

Brightfield H&E images were analysed in Imagel)2 (v.2.14.0/ 1.54f) software using
the straight-line measurement tool. A total of 20 measurements were taken at each of the
distinctive skin layers across three anatomical locations (i.e., dorsal, ventral and tail). This

was done on 1-year-old WT and AWD mice (N=3).

2.2.6.7 Fluorescent intensity

The mean fluorescent intensity of the LC3B and Keratin 10 immunohistochemistry
experiments were calculated using the ImageJ2 (v.2.14.0/ 1.54f) software. As previously
stated, all images were adjusted accordingly, to ensure that levels of brightness and contrast
were equal. The z-stacks were converted into MAX intensity images in Imagel. Region of
interest (ROI) boxes were added to the areas of analysis (epidermal layer) and the intensity
plots were measured (Analyse — plot profile). Intensity plots were generated using the mean
gray value. For live cell imaging experiment, fluorescent intensity of OA1-mCherry, LC3-GFP
and LysoTracker Blue was measured using the straight-line tool in ImageJ2 (v.2.14.0/ 1.54f)
software. Again, once the ROIs were set, the intensity plots were measured (Analyse — plot

profile). To switch between channels in the same ROI, the intensity plot was set to live.
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2.2.6.8 “Analyse particles” for Adenovirus LC3-GFP titration

To analyse the number of LC3-GFP positive 1014 murine melanoma melanocytes for the
examination of transduction efficiency, images were taken at 10x magnification on the Zeiss
Observer 7 fluorescent microscope. The number of cells was calculated using the Analyse
particle tool in Imagel2 (v.2.14.0/ 1.54f). The image was split into individual channels
(Image-Colour-Split Channels) and each channel was thresholded by eye and kept
consistent across images (Image-Adjust-Threshold). After thresholding, the parameters in
Analyse Particles (Analyse-Analyse Particles) were set to a size (pixel?) of O-Infinity and

circularity of 0.00-1.00. The same was repeated for both DAPI and LC3-GFP.

2.2.6.9 Colocalisation analysis using Coloc2 plug-in ImageJ

For the colocalisation analysis in the live cell imaging experiment, the time-course
images were converted into MAX intensity images. From this the individual timepoint
images were duplicated (Image — Duplicate) and used for the coloc2 plug in (Analyse-
Colocalisation-Coloc2). ROIs were manually added to the images using the freehand ROI
function, and these ROIs were maintained across the time-course. For the colocalisation
analysis, OA1-mCherry and LC3-GFP, OA1-mCherry and LysoTracker Blue, and LC3-GFP and
LysoTracker Blue were compared. In the third drop down list selection, the ROl manager
was selected. Threshold regression was set to Costes. The algorithm that was selected for

the analysis was the Spearman’s Rank Correlation.

2.2.7 Western Blotting

2.2.7.2 Tissue homogenisation

Adult mouse tail epidermal skin tissue was enzymatically digested from the dermis as
previously described in section 2.2.5.5 - Primary keratinocyte isolation from mouse tail. The
epidermis was snap frozen in liquid nitrogen and stored at -80 °C until further processing.
For western blot, 0.1 g of the skin tissue was homogenised in a mortar and pestle using
liquid nitrogen. The ground sample was transferred to a sterile chilled Eppendorf and 400
pl of 6.5 M urea buffer (Table 2.5) was added. The sample was incubated at 37 °C for 30

minutes before sonicating the sample for 10 minutes in a water bath sonicator. The
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homogenate was spun down at 14,000 g for 20 minutes at 4 °C. The supernatant was later
collected and used for further analysis in Western Blot or stored at -20 °C until further

processing.

2.2.7.3 Western Blot

1.5 pl and 5 pl of tissue lysate was loaded along with 1:4 of loading buffer (150 mM
Tris-HCL pH 6.8; 30% Glycerol; 6% SDS; 3 mM ETDA; 0.03% bromophenol blue; 3% -
mercaptoethanol) and nuclease free water. The lysate was heated at 95 °C for 5 minutes in
a heat block. Once the samples were denatured, they were loaded onto precast Bolt™ 4-
12% gradient gels, which had been carefully mounted into an electrophoresis running tank.
The samples were run in NUPAGE MES SDS running buffer at a constant voltage of 200 V for
30 minutes alongside the Precision Plus Protein Dual Colour Standards. Once the samples
had been separated by SDS-PAGE, proteins were transferred onto a polyvinylidene
difluoride (PVDF) membrane using the Bio-Rad Trans-Blot Cell at a constant 200 mAmp for
1 hour. Efficiency of protein transfer onto the PVDF membrane was confirmed using
Ponceau S solution for 5 minutes at room temperature. After Ponceau S staining, the
membrane was washed with 1X TBS-T (Table 2.5) 2 times for 5 minutes. Membranes were
then incubated in 5% milk blocking buffer or 5% BSA, respectively, on a platform shaker.
After blocking, the desired primary antibodies (Table 2.8) were diluted in 5% milk blocking
buffer or 5% BSA, and transferred onto the PVDF membrane and incubated overnight at 4°C
with agitation. The next day, membranes were washed 3 times for 5 minutes with 1X TBS-T
before being incubated with the required secondary antibody (Table 2.8) at the
recommended dilution. For chemiluminescent Western Blot detection, the blots were
washed 3 times for 5 minutes in TBS-T, before being developed using the Clarity Western
ECL Substrate with a 1:1 ratio of Clarity Western Peroxide reagent and Clarity Western
Luminol/Enhancer reagent. The membranes were visualized using the Bio-Rad Chemidoc™
Imaging System. For fluorescent Western Blot detection, the secondary IRDye antibodies
are used to detect proteins of interest. Here, the membranes are washed 3 times with 1X
TBS-T and imaged using the Odyssey CLx Imager with associated imaging software.

Densitometry analysis was conducted using Imagel)2 (v.2.14.0/ 1.54f).
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2.2.8 Quantifying relative expression levels of keratinocyte

differentiation markers

2.2.8.2 RNA extraction from mouse tissue

For qPCR, mouse tail epidermal skin was cut into small pieces (approx. 2 mm) and
transferred to a 2 mL Eppendorf safe-lock tube, containing 600 pl of TRIzol™ solution and
one Tungsten Carbide bead. The biopsies were placed in a tissue lyser and were shaken for
10 minutes at 30 Hz. The homogenate was later centrifuged at 14,000 x g for 10 minutes at
4 °C and the supernatant was removed and added to a sterile Eppendorf containing 200 pl
of chloroform. The solution was vortexed for 15 seconds and left to incubate at room
temperature for 5 minutes. Following incubation, the solution was centrifuged at 14,000 x
g for 15 minutes at 4 °C to separate phases. The upper aqueous layer, taking care to not
disturb the contaminating interface layer, was removed, and added to a fresh centrifuge
tube containing 200 pl of 95% ethanol. The solution was mixed before proceeding with total
RNA extraction. Total RNAs were then extracted using the GenElute Total RNA purification
kit, following manufacturer’s instructions (Table 2.4). The RNA was quality controlled using

the Nanodrop 2000.

2.2.8.3 Ethanol precipitation

The most common way to precipitate and purify RNA is by alcohol precipitation. Here
1 pl of glycoblue (20 pg/ pl) was added to the RNA along with 7.5 M ammonium acetate
(0.5 x volume of sample) and 100% ethanol (2.5 x volume of sample). The solution was
stored in an Eppendorf at — 20 °C overnight to precipitate the RNA from the sample. The
following day, the sample was centrifuged at 4°C at 16,000 x g for 30 minutes to pellet the
RNA. The supernatant was then removed without disturbing the pellet. 150 pl of 70%
ethanol was added to the pellet and centrifuged at 4°C for 2 minutes at 16,000 x g. The
supernatant was removed, and this step was repeated. After centrifugation, the
supernatant was removed, and the pellet was left to air-dry at room temperature. Once the
pellet was dry, it was resuspended in Tris-EDTA (TE) buffer or nuclease-free water. The

precipitated RNA was stored at — 80 °C until further processing.
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2.2.8.4 cDNA synthesis

RNA was firstly reverse transcribed to cDNA using random hexamers (50 uM), 10 mM
dNTPs, 5X first-strand buffer, 0.1 M DTT, SuperScript Il RT and 1 ng-5 pg total RNA. A 20 pl
reaction volume was used for cDNA synthesis, which was performed in a nuclease-free
Eppendorf tube. To this tube 1 pl of random hexamers, 1 pl of dNTPs and 1 ng-5 pg of RNA
were added and nuclease-free water was added to make up the 20 pl reaction volume. The
mixture was heated for 5 minutes to 65 °C using a dry block heating system. The samples
were chilled on ice and 4 pl of 5X first-strand buffer and 2 pl of 0.1 DTT were added. Once
the heat block had cooled down to 42 °C, 0.5 ul of SuperScript Il RT was added to each
sample and incubated for 2 hours. Immediately after the completed 2-hour incubation,
enzyme deactivation was performed for 15 minutes at 70 °C. cDNA samples were stored at

-20 °C until further processing (for a maximum of 12 months).

2.2.8.5 SYBR green qPCR

The oligonucleotides purchased from Sigma arrived as lyophilised products and were
reconstituted in nuclease-free water to a stock concentration of 100 uM (Table 2.6).

For relative quantification of mRNA expression using the five genes of interest,
primary mouse tail epidermises were analysed via SYBR green qPCR, following the
manufacturer’s instructions. Each 20 ul reaction contained 10 ul of the 2x gPCRBIO SyGreen
Mix, 0.8 pl of forward primer (10 uM), 0.8 pl of reverse primer (10 uM), < 100 ng cDNA and
nuclease-free water. Samples were carried out as technical duplicates alongside no-
template controls and positive controls (whole skin of mouse). SYBR Green qPCR was
performed using the QuantStudio™ 3 Real-Time PCR System in a MicroAmp optical 96-well
reaction plate sealed with a MicroAmp optical adhesive film. The amplification method
used is described in Table 2.14. Primers were quality controlled by examining their ability
to generate a single product in a qPCR reaction through melt curve analysis. Moreover,
primer efficiencies were established by standard curve analysis using serial dilutions of a
positive control sample, which consisted of whole skin tissue. Results were collected in the
QuantStudio™ 3 Software and analysed using Microsoft Excel version 16.57 and GraphPad

Prism version 9.3.1.
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Relative quantification was calculated using the 2(22CT method using 18S as a
reference gene (Livak and Schmittgen, 2001). Statistical analyses were performed using the
multiple unpaired t-tests on the relative expression values, as appropriate. Dot plots were
plotted with the 2(22¢T) yalues normalised to the mean of the control group and standard
error (SE) was shown by error bars. All statistical analyses were performed using GraphPad
Prism version 9.3.1 and for all statistical tests, p <0.05 was considered statistically

significant.

Table 2.14. gPCR amplification program on QuantStudio™ 3 Real-Time PCR system.

Step Cycle Time (s) Temperature (°C)
Polymerase 1 120 50

Activation 600 95

Denaturation 40 15 95

Anneal/ Extension 60 60-65
Dissociation 1 1 95

Melt Curve 1 15 65

2.2.9 Skin permeability assessment — Toluidine Blue Assay

Toluidine blue assay was done on unfixed whole mouse embryos (E18.5). The
embryos were isolated from the pregnant female at E18.5 and sacrificed by anesthetic
overdose (Euthatal, Pentobarbital sodium, 200mg in 1mL) and immersion in ice cold 1X PBS
for 30 minutes. The embryos were passed through a chilled methanol gradient (Table 2.15),
kept on ice, to allow for toluidine blue penetration. After passing the embryos through
methanol they were then immersed in 0.1% toluidine blue solution in water for 2 minutes
on ice. The embryos were de-stained in PBS (pH 7.4) until a dye pattern was visible (NB. If

a barrier defect is present).

Table 2.15. List of solutions required for 0.1 % toluidine blue staining of E18.5 embryos.

Solution Time (mins)
25 % Methanol 2
50 % Methanol 2
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75 % Methanol

100 % Ethanol

75 % Methanol

50 % Methanol

50 % Methanol

25 % Methanol

1X PBS

N N N NN NN NN

0.1 % Toluidine Blue

2.2.10Elasticity testing

The Cutometer® skin elasticity meter MPA580, kindly borrowed from EnviroDerm,
was used in the assessment of the elasticity. The Cutometer® measures the vertical
deformation of the skin in millimeters and was used with a 2-mm diameter probe to
evaluate the skin elasticity parameters of the 2-month and 17-month WT and AWD mouse
skin. Prior to testing, the mice were exposed to an acclimatisation period of 10 minutes.
The WT and AWD mice were immediately assessed post-mortem after euthanasia. The
pressure in the probe was set to 400 mBar with 5 second of suction, followed by 5 second
of release. A total of 3 mice per genotype and age group were analysed in the dorsal region,
with each measurement being repeated a total of 6 times per mouse. To examine the
elasticity in further detail, the following parameters were considered: net elasticity (Ur/Ue)
and elastic recovery (Ur/Uf). Uf denotes the deformation at the end of the vacuum period,
Ue exhibits the extent of skin stretching within the first 0.1 s of the vacuum period and Ur
measures the ability of the skin to return to its initial position after deformation (Draaijers
et al., 2004). An overview of the parameters can be seen in Table 2.16. Parameters were
calculated in the MPA CTplus software associated to the device. A two-way ANOVA with

Tukey’s post-hoc was used to compare the means among the various groups.
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Table 2.16. Overview of Cutometer MPA580 parameters.

Parameter | Point of measurement

uf Total distance the skin stretches after the suction period

Ue Distance the skin stretches in the initial 0.1 seconds after suction

ur Distance the skin retracts after the first 0.1 seconds of the relaxation phase

Ur/Ue Elastic part of the suction phase vs. immediate recovery during relaxation
phase

Ur/Uf Proportion of the immediate recovery compared to the amplitude after
suction in %

2.2.11Statistical analysis

Data are expressed as means * SE of the mean. Statistical analysis was performed in
GraphPad Prism version 10.2.0 for Macintosh, GraphPad Software, Boston, Massachusetts
USA and in SPSS version 29.0.1.0 (IBM Corp. Released 2022. IBM SPSS Statistics for
Macintosh, Version 28.0. Armonk, NY: IBM Corp). Levene’s Test for Variance was used for all
datasets before performing the unpaired t-test. Shapiro-Wilk test was used to test for
normality within the dataset. For the comparison between two means the unpaired t-test
was used. Mann-Whitney U test was used for the non-parametrical comparison between
two means. Following the analysis of multiple unpaired t-tests, the Bonferroni correction
was applied. For the comparison between multiple groups the two-way ANOVA (Tukey’s
post-hoc) was performed. Statistical significance was determined by a confidence level of

95%, where ns p> 0.05; * p< 0.05; ** p <0.01 and *** p < 0.001.
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3.1 Introduction

The skin is a multifunctional organ, composed of three primary layers that include the
outermost layer termed the epidermis, the middle layer called the dermis and the
innermost layer, known as the hypodermis (Joost et al., 2020). Together, these layers form
the barrier between the external and internal environment, which functions as a safeguard
against extrinsic factors (Joost et al., 2020). Sustaining healthy cellular homeostasis in the
skin, is vital for the regulation and maintenance of the fully functioning skin barrier.
Processes, such as canonical autophagy, have proven to be involved in the regulation of this
cellular homeostasis of the skin (Akinduro et al., 2016, Rossiter et al., 2013).

This catabolic pathway, hereafter referred to as autophagy, is crucial for the degradation
of cytoplasmic material that preserves cellular homeostasis (Serramito-Gomez et al., 2020).
The process is mediated by a collection of proteins called autophagy-related proteins
(ATGs), which include ATG16L1. ATG16L1 is involved in forming the ATG12-ATG5-ATG16L1
complex, required for the recruitment of microtubule-associated protein 1 light chain 3
(LC3) to double-membraned autophagosomes (Schille et al., 2018). Intracellular cargo, such
as damaged organelles, protein aggregates or intracellular pathogens, are engulfed by the
double-membraned autophagosome and are subsequently degraded by lysosomes.
ATG16L1 is composed of an N-terminal containing an ATG5 binding motif, followed by an
extended linker region, leading into a coiled-coil domain (CCD) and a carboxy-terminal
linker region that includes seven WDA40 repeats (WD domain) (Parkhouse et al., 2013).

Mice lacking the WD domain and linker region of ATG16L1 were designed and created
by former PhD student Dr Julia Maryam Arasteh (Arasteh, 2012). These mice were
generated using a targeting vector, which was developed for exon 6 of ATG16L1, to insert
two stop codons following the glutamate residue E230 in the CCD (Rai et al., 2019). The
absent WD domain favours autophagy but prevents these mice from performing the “non-
canonical autophagy,” known as LC3-associated phagocytosis (LAP), which is characterised
by the conjugation of LC3 to phosphatidylethanolamine (PE) on single-membrane
phagosomes (Fletcher et al., 2018). The ATG16L12"WP mouse model, hereafter referred to as
AWD, has been used to study the roles of LAP in maintaining tissue homeostasis in vivo and

ex vivo (Rai et al., 2019, Slowicka et al., 2019).
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Age-related changes affect the structure and function of the three layers of the skin.
Although, the visible effects of aging have been extensively studied, it primarily impacts the
dermis (Lynch et al., 2017). The dermis, primarily consisting of collagen, glycoproteins, and
proteoglycans, contributes significantly to the skin’s biomechanical properties (Lynch et al.,
2017; Prigent et al., 2023). With ageing, the dermis often shows signs of increased stiffness
and reduced elasticity at a macroscopic level. Studies have indicated a decrease in
autophagy activity in aged individuals, yet the effects of non-canonical autophagy on ageing
remain poorly understood (Nakamura et al., 2019).

This chapter aims to investigate the cutaneous phenotype of the AWD mouse model. It
will discuss the overall morpho-histological differences seen between WT littermate
controls and AWD mice. Moreover, it will discuss the effects of LAP deficiency on overall
elasticity, elastic recovery and dermal function. | hypothesise that the removal of the WD
domain of ATG16L1 will impact skin barrier function. | believe that the impaired skin barrier
will be due to physiological changes within the strata of the mouse skin. In addition, |
anticipate a more rapid decline in elastic properties in the AWD mice during intrinsic ageing,
due to the truncation in ATG16L1; thus, resulting in reduced non-canonical autophagy
activity. The chapter will aim to meet the following experimental objectives:

e Confirmation of the genetics of the AWD mouse model by genotyping PCR and
Western Blot.

e Examine for changes in hair morphology in the AWD model.

e Examine for changes in skin histology and barrier function in the AWD model.

e Compare the age-related changes in dermal biomechanics between AWD and WT

mice.
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3.2 Results
3.2.1 Genotyping of the ATG16L1°"P mouse model

Confirming the correct genetics of mice, used in each experiment, is one of the
fundamental steps prior to comparing mutant mice with WT littermate controls. For the
histological examination of the ATG16L1°"P mouse model, male mice were used. Each
mouse was genotyped at postnatal day 21 and was additionally confirmed after sacrifice.
Only homozygous mutant mice were included in the studies.

PCR analysis of genomic DNA used a primer pair specifically designed for the AWD
model (Figure 3.1 A). A targeting vector was designed to insert two stop codons at the end
of glutamate E230 residue in the CCD of exon 6 of ATG16L1 (Figure 3.1 A). A WT mouse
exhibited a PCR product at 291 bp, due to the 290-291 primer set flanking exon 6 of
ATG16L1 (Figure 3.1 A-B). PCR products from AWD mutant mice appeared at 639 bp due to
the insertion of the two stop codons and a neomycin resistance cassette (green box) in exon

6, which increased the amplicon size from 291 bp to 639 bp (Figure 3.1 A-B).
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Figure 3.1 Genotyping mice from the AWD model. (A) 290 and 291 primer location in WT
and AWD ATG16L1 in exon 6. The AWD allele was generated by inserting a neomycin
cassette (green box) containing two stop codons into exon 6. lllustration adapted from
(Wang, 2020). (B) A representative 1% agarose gel electropherogram showing the WT
ATG16L1 PCR product appearing at 291 bp and the AWD ATG16L1 PCR product at 639 bp

due to the insertion increasing the size of the frame. Figure taken from Conway et al. (2024).
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3.2.2 Analysis of truncated ATG16L1 expression by Western Blot

ATG16L1 is ubiquitously expressed in mouse tissue. To validate the expression of
full-length and truncated ATG16L1 in the respective models, used in these studies, Western
blot analysis was performed on protein extracted from epidermal tail skin from both 1-year-
old WT and AWD mice. Full length ATG16L1 was present in WT epidermal skin lysates yet
was not detected in the AWD lysates (Figure 3.2 B). Here, the WT tail skin epidermal lysates
exhibited a slower migrating 3-isoform of ATG16L1, appearing at 75 kDa, while AWD skin
lysates demonstrated a more rapid migrating B-isoform of ATG16L1, appearing at 25 kDa
(Figure 3.2 B). The ATG5 binding domain in the N-terminal and the CCD domain in middle
region exhibited a band size of 25 kDa, due to the expression of truncated ATG16L1 in the
AWD skin (Figure 3.2 A-B). The full length ATG16L1 was only present in lysates from WT tail
skin, emphasising the expression of all the domains of ATG16L1 (Figure 3.2 A-B). ATG16L1
o-isoform and ATG16L1 y-isoform were not detected in the Western blot analysis of skin
tissue (Figure 3.2 B). Non-specific binding (NSB) was present suggesting that the

concentration of the secondary antibody was too concentrated.
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Figure 3.2 Protein characterisation of ATG16L1 in 1-year-old AWD mice. (A) Graphical
representation of WT ATG16L1 and AWD ATG16L1. Figure created in BioRender.com. (B)
Western Blot analysis of ATG16L1 expression in 1-year old WT and AWD mouse epidermal
tail skin. Truncated ATG16L1 appears at 25 kDa; full-length ATG16L1-p3 appears at 75 kDa.
Blots representative of three independent experiments with N=3 mice per genotype. NSB:

Non-specific binding. Figure taken from Conway et al. (2024).
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3.2.3 The assessment of the aged AWD mouse skin

3.2.3.1 Overall appearance and body masses

Once a method for confirming the genetic background of the AWD mouse model
was established, the analysis began with gaining a greater understanding of the overall
appearance and histology in the male 1-year old WT and AWD mice. Identical fur
pigmentation was observed in the aged mice of this model (Figure 3.3 A). Despite being 1-
year-old mice, the WT and AWD mice still exhibit a dense fur coat, with no signs of thinning
(Figure 3.3 A). Moreover, they exhibit the characteristic appearance of the C57BL/6 mouse,
with non-agouti black hair and lighter brown hairs around the base of tail and ears (Figure
3.3 A lateral view). Few white hairs can be seen across both genotypes, indicating signs of
ageing (Figure 3.3 A lateral view). Both mice display a fully pigmented tail with occasionally
unpigmented tail tip (data not shown) (Figure 3.3 A). In addition, the AWD mice exhibited

a similar size and body weight, as previously described (Figure 3.3 A-B) (Rai et al., 2019).
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Figure 3.3 General appearance of the AWD mouse model at 1-year-old. (A) Representative
posterior images of male WT littermate control and AWD mutant mouse at 1-year old.
Lateral view of male AWD mutant mouse at 1-year old. (B) Mean bodyweight of 1-year old
male mice. N=5 mice per genotype. Error bars are SE. An unpaired t-test, with Welch

correction was used to compare the means (ns = not significant).
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3.2.3.2 Overall histology of the AWD model dorsal hair

The overall architecture of the hair follicle was assessed by plucking hair from the
dorsal skin regions, which were examined using the scanning electron microscope (SEM)
(Figure 3.4 A). SEM imaging of the dorsal WT and AWD hair displayed a coronal, crown like
scale pattern, which is commonly observed in the hair of small rodents (Figure 3.4 A; middle
panel). Histologically, differences were compared at the tip, isthmus and bulb region using
Image) and were quantified by measuring the distance outline by the red arrow in the
middle panels (Figure 3.4 B). Morphologically, the results revealed no significant changes (p
> 0.05) between both genotypes, at the various regions, indicating that hair formation was

identical in both groups (Figure 3.4 B).
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Figure 3.4 Representative SEM images taken from plucked dorsal hair from the AWD
mouse model. (A) Images captured at the tip region (panel left), isthmus (middle) and bulb
region (panel right). Hair shaft thickness was measured as indicated by the red arrow in
Imagel. Scale bar (left and middle) 20 um and 100 pum (right). (B) Hair thickness
quantification at three regions. Data shown are means, with error bars represented by SE.
A total of n=30 measurements taken per mouse (N=3). Means were compared using the
multiple unpaired t-test with Bonferroni correction (ns = not significant). Figure taken from

Conway et al. (2024).
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3.2.3.3 Histological analysis of 1-year old male WT littermate

controls and AWD mouse skin

Following the analysis of the overall appearance of the 1-year-old WT and AWD
mice, | next sought to examine for a cutaneous phenotype in the AWD model. The overall
structure of the skin was assessed by Haematoxylin & Eosin (H&E) staining. The skin is
composed of three layers: the outermost epidermis, the dermis, and the innermost
hypodermis (Figure 3.5-3.7). The intermediate layer, known as the basement membrane, is
located between the epidermis and the dermis (Figure 3.5). Within the epidermis,
keratinocytes are the predominant cell type, characterised as oval purple structures above
the basement membrane (Figure 3.5). Both WT and AWD mice exhibit a single, uniform,
and continuous cell layer of basal keratinocytes (Figure 3.5). Hair follicles are present in both
the dermal and epidermal compartments, along with an additional appendage known as
the sebaceous gland (Figure 3.5 & 3.7). The dermis, located beneath the epidermis, contains
a large arrangement of collagen fibres and scattered dermal cells interlaced within the
collagen lattice (Figure 3.6). The innermost layer of the skin, known as the hypodermis, is
primarily composed of adipocytes, which form about four cell layers, and appear engorged
in both WT and AWD ventral skin (Figure 3.7). Beneath the hypodermal layer, a unique

striated muscle called the panniculus carnosus muscle can be observed (Figure 3.7).

Table 3.1. Overview of mean skin layer thickness (um) £ SE at several anatomical locations

in 1-year old WT and AWD mice (N=3).

Thickness analysis (um)
Anatomical Location | Skin Layer WT AwD Adjusted p Value
Epidermis 13.54 +1.30 11.05 +0.76 > 0.99
Dorsal Dermis 251.93 + 30.90 184.09 + 32.44 > 0.99
Hypodermis 277.03 £ 41.96 331.42 + 13.94 > 0.99
Epidermis 11.05+1.84 10.38 £ 0.79 > 0.99
Ventral Dermis 163.83 + 24.67 111.09 + 4.84 0.90
Hypodermis 331.09 + 88.11 178.49 + 61.69 > 0.99
Epidermis 10.76 + 1.36 10.14+1.70 > 0.99
Tail Dermis 206.84 + 16.49 120.97 £ 4.42 0.90
Hypodermis 250.46 + 31.27 292.95 + 19.65 > 0.99
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The thicknesses of the epidermis, dermis, and hypodermis in three anatomical
regions - dorsal, ventral, and tail — were quantified using ImageJ (Figure 3.8; Table 3.1).
Results showed that the AWD mice had thinner epidermal and dermal layers in the listed
anatomical regions, though these differences were not statistically significant (p > 0.05)
(Figure 3.9; Table 3.1). Increased hypodermal thickness was observed in the dorsal and tail
regions, while the ventral area showed reduced thickness (Table 3.1). However, these

changes in hypodermal thickness were not statistically significant (p > 0.05) (Figure 3.9).
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Figure 3.5 Overview of 1-year-old WT littermate controls and AWD dorsal epidermal
histology. Representative H&E images showing the general epidermal and hair follicle
histology. Magnified images of epidermal layer, in the areas marked by the black dashed
box, are shown below. Magnified images show keratinocytes, basement membrane, hair
follicle and sebaceous gland. Images taken on Zeiss Apotome 3 Imager Z.2. Upper panel
images: scale bar: 50 um. Lower panel images: scale bar: 20 um. Figure taken from Conway

et al. (2024).
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Figure 3.6 Overview of 1-year-old WT littermate controls and AWD ventral dermal
histology. Representative H&E images showing the ventral skin histology. Magnified images
of dermal layer, in the areas marked by the black dashed box, are shown below. Magnified
image shows the collagen fibres and dermal cells. Images taken on Zeiss Apotome 3 Imager

Z.2. Upper panel images: scale bar: 50 um.
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Figure 3.7 Overview of 1-year-old WT littermate controls and AWD ventral hypodermal
histology. Representative H&E images showing the ventral skin histology. Magnified images
of hypodermal layer, in the areas marked by the black dashed box, are shown below.
Magnified images show the hypodermal adipocytes and panniculus carnosus muscle (PCM).

Images taken on Zeiss Apotome 3 Imager Z.2. Upper panel images: scale bar: 100 um.
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Figure 3.8 Overview of 1-year-old WT littermate controls and AWD histology. (A)
Representative H&E images showing the general histology of WT and AWD at three
anatomical locations — dorsal, ventral, and tail. Images taken on Zeiss Axioplan 2. Scale bar:

50 pm.
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Figure 3.9 Mean thickness (um) of the skin layers in the dorsal, ventral, and tail region.
Mean thickness (um) quantified using Imagel) with N=3 mice per genotype and n=20
measurements taken in each layer at each location. Error bars represent SE. Means were
compared using the multiple unpaired t-tests with Welch and Bonferroni correction (ns =

not significant). Figure taken from Conway et al. (2024).
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3.2.4 The assessment of the skin permeability barrier of the AWD

mouse model

3.2.4.1 General histomorphology of E18.5 WT littermate controls
and AWD mouse embryos

| next sought to examine the epidermal permeability of WT and AWD mice. This is
typically achieved using embryonic skin at day 18.5. The E18.5 embryos exhibited similar
skin architecture, as seen in the 1-year-old mice, yet lacked a hypodermal layer (Figure
3.10). Moreover, the outermost layer of the epidermis, known as the stratum corneum
(shown by 1), was visible in the left panel by a pink continuous layer, while in the right panel
it appeared more purple (Figure 3.10). Positioned beneath the cornified layer were the
suprabasal layers (I1) and an innermost basal layer (ll1), containing the proliferative and basal
keratinocytes (Figure 3.10). The dermal papillae, which are the precursors of the hair
follicles, are also visible on the H&E, and appear in the upper papillary dermis (shown by
the asterisk), which can be distinguished by the reticular dermis (shown by the triangle)
because of the higher cellular density (Figure 3.10). In addition to the three skin strata, a
unique feature, termed the PCM, is found below the dermis, as seen previously in the aged
mice. The histology of the dorsal skin revealed a uniform thickness of the epidermis in both
WT and AWD E18.5 embryos, with one cell layer in the basal layer (lll) and three cell layers

seen in the suprabasal layer (ll) (Figure 3.10).
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Figure 3.10 Representative H&E images showing overall histology of the AWD mouse
model at E18.5. Left panel shows the dorsal skin from WT littermate controls, while the
right panel shows the dorsal skin of AWD. Magnified images of epidermal layer, in the areas
marked by the black dashed box, are shown below. Magnified images highlight the
epidermal layers: basal layer (lll), suprabasal layer (II) and stratum corneum (l). Asterisk
shows the papillary dermis, while the triangle shows the reticular dermis. N=2 used for the
histological analysis. Images taken on Zeiss Apotome 3 Imager Z.2. Scale bar: 100 um. Figure

taken from Conway et al. (2024).
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3.2.4.2 Outside-in assessment of the E18.5 skin barrier

The assessment of barrier function was performed using two approaches. Firstly,
embryos were submerged in toluidine blue (TB) and rinsed before macroscopic visualisation
of dye retention. Both WT and AWD embryos lacked TB retention across the embryonic skin
(Figure 3.11). TB dye was retained only at two sites: the remnants of the umbilical cord and
at the sites of tail clipping for genotyping. Otherwise, the embryos were comparable to the
untreated control (Figure 3.11 A). Secondly, sodium fluorescein (SF) was used as a
confirmatory probe that permits examination of epidermal permeability by fluorescence
microscopy. Fluorescence microscopy analysis revealed that SF aggregates on top of the
uppermost epidermal layer, likely the stratum corneum (Figure 3.12 A). Measurements of
SF penetration into the epidermis (Figure 3.12 B) showed a consistent depth of SF dye
penetration, with the uptake measuring around 2 um in both genotypes (p > 0.05) (Figure.
3.12 B). The results shown in Figure 3.12 demonstrate that the barrier was intact, thus

corroborating the results of the TB penetration assay (Figure 3.11).
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Figure 3.11 Toluidine blue dye permeation assay on E18.5 WT and AWD mouse embryos.
(A) Representative images showing E18.5 embryos stained with 0.1 % toluidine blue. Arrow
showing regions of dye uptake. (B) Representative images showing consistent toluidine blue
dye uptake across embryos in both genotypes (N=4). Figure taken from Conway et al.

(2024).
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Figure 3.12 Outside-In barrier examination on E18.5 WT and AWD mouse embryos. (A)
Representative images showing sodium fluorescein (SF) (green) staining in fixed WT and
AWD embryonic dorsal skin (N=3). DAPI used to stain for nuclei (blue). SF (green) stain
accumulating on upper stratum corneum layer (white arrow), shown in magnified insert
(highlighted by ROI). Scale bar: 20 um. (B) Dye uptake was measured in Imagel. Data shown
are mean depth of SF permeation (um). Error bars are SE. N=3 mice per genotype with n=
40 SF measurements taken per mouse. Unpaired t-test used for comparison of means (ns =

not significant). Figure taken from Conway et al. (2024).
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3.2.5 Assessment of the dermal biomechanical properties of young (2-

months) and aged (17-months) WT and AWD mice

To complete the cutaneous assessment of the AWD mouse model, the gross
biomechanical functionality, including net elasticity and elastic recovery, was measured
using a suction-based measurement method with the Cutometer® Dual MPA 580 from
Enviroderm, UK. The analysis involved utilising young (2-months) and aged (17-months)
control and AWD mice. This enabled an examination of how the absence of the WD domain,
leading to LAP-deficiency, impacted dermal function and integrity over time.

The cutometer calculates a set of parameters, from which the net elasticity (Avg
R5%) and elastic recovery (Avg R7%) are calculated (Table 3.2). A series of other parameters
are automatically computed by the device and outputted into an excel spreadsheet (Table
3.2) (Qu, 2024). Average RO (mm) denotes the amplitude at the end of the suction phase
(i.e., 5 seconds). The average R1 (mm) exhibits the ability of the skin to return to its original
state. The average R2 (%) emphasises the gross elasticity of the sample, with the closer the
value is to 100%, the more elastic the sample is. The average R6 exhibits the portion of
visco-elasticity on the elastic area of the curve, with a smaller value denoting more
elasticity. The average R8 (mm) demonstrates the ability of the skin to return to its normal
state. Finally, the average F1 (mm?¥*s) shows the elasticity, with a value closer to 0 implying
more elasticity in the sample. The net elastic recovery and elasticity of both WT and AWD
dorsal skin were statistically indistinguishable at 2 and 17 months (p > 0.05) (Figure 3.13).
However, in the AWD mouse, both the net elasticity and elastic recovery decreased with
age (p < 0.001; p < 0.05, respectively) (Figure 3.13). A similar trend for elasticity was seen
in the WT mouse skin yet did not reach statistical significance (p > 0.05) (Figure 3.13). The

WT mice exhibited similar elastic recovery at 2 and 17 months (p > 0.05) (Figure 3.13).

119



Chapter 3

Table 3.2. Overview of 17-month-old sample raw data from Cutometer ® Dual MPA 580 with various automated parameters and n=6 cutometer

measurements.
Mouse ID Repeats
1
2
3
4602 - WT
4
5
6
1
2
3
4540 - AWD
4
5
6

Avg RO (mm)
0.41
0.38
0.55
0.61
0.36
0.49
0.40
0.37
0.27
0.36
0.38
0.28

Avg R1 (mm) Avg R2 (%)

0.24
0.15
0.34
0.43
0.13
0.23
0.17
0.18
0.13
0.28
0.24
0.16

41.70
61.10
39.10
30.20
64.90
53.80
57.10
51.00
50.40
24.20
37.20
41.90

Avg R5 (%)
25.80
59.20
40.10
27.30
51.20
48.20
63.90
45.90
58.50

9.10
31.50
44.00

Avg R6 (%)
87.00
60.90
85.20
90.40
60.50
74.90
55.10
61.20
78.70
50.50
98.80
84.70

Avg R7 (%)
13.80
36.80
21.60
14.40
31.90
27.50
15.70
28.30
33.70
25.40
27.70
30.20

Avg R8 (mm) Avg F1 (mm*s)

0.17
0.23
0.22
0.19
0.23
0.26
0.23
0.19
0.13
0.09
0.14
0.12

0.18
0.04
0.08
0.07
0.12
0.08
0.08
0.06
0.05
0.08
0.10
0.06
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Figure 3.13 Biomechanical properties of young (2-Months) versus aged (17-Months) WT
and AWD dorsal skin. Net elasticity and elastic recovery were measured using the
Cutometer MPA 580. Data represent the mean of n=6 measurements taken per mouse with
N=3 mice per genotype. Error bars represent SE. Two-way ANOVA with Tukey’s post-hoc

test (* <0.05; *** <0.001; ns = not significant). Figure taken from Conway et al. (2024).
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3.3 Discussion

It is widely acknowledged that abnormalities in autophagy can impair the skin barrier,
by preventing the natural process of keratinisation in the epidermis. However,
distinguishing whether these disruptions stem from autophagy or other autophagy-related
pathways, such as LAP, has posed a challenge. The AWD model now offers a novel in vivo
system for investigating the physiological and pathophysiological roles of LAP. To further our
current understanding, this chapter highlights the impact of LAP-deficiency on the
integumentary system of 1-year-old mice and explores the relationship of LAP-deficiency

on skin barrier formation and function.

3.3.1 Confirming the genetic background of the AWD mouse model

Routine genotyping was performed on tail lysates, using pre-designed primers (Arasteh,
2012) to ensure that only homozygous mice were used. The 290-291 primer set can be used
to confirm the presence of WT alleles or AWD alleles. For WT littermate controls, a single
WT allele band at 291 bp is expected, while AWD allele bands appear at 639 bp. For
heterozygous mice, carrying one WT allele and one AWD allele, two PCR products would be
expected, with one appearing at 291 bp and the other at 639 bp. The larger PCR product
expected for AWD is due to the insertion of the two stop codons in exon 6, along with the
bovine growth hormone polyadenylation site and the frt-flanked neomycin cassette
(Arasteh, 2012; Rai et al., 2019). Further confirmation in terms of protein expression was
performed by Western Blot. The truncated ATG16L1 revealed an expected reduced band
size of 25 kDa in the AWD ATG16L1, compared to the full-length WT ATG16L1 of 75 kDa.
The smaller band size was expected in AWD, as here, ATG16L1 only consists of the ATG5

binding domain in the N-terminal and the CCD.

3.3.2 Characterising the histology of integumentary system in the AWD

mouse model

The overall appearance of the 1-year-old WT and AWD mice was comparable, and both

exhibited similar body sizes and bodyweight, as previously reported by Rai and coworkers
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(Rai et al., 2019). In the adult skin, the appendages, such as the hair follicles and sebaceous
glands are found in the upper dermal and epidermal layer. Here, both control and AWD
mice were covered with dense hair, with few white hairs present indicating signs of ageing.
The hair follicle comprises three main regions: the bulbar region, the infundibulum and
isthmus, with the hair following a defined cycle of growth, starting with the anagen (growth)
phase, followed by catagen (regression) and subsequently a telogen (resting) phase (Lin,
Zhu, and He, 2022; Wong et al., 2011). The histomorphology of hair in 1-year-old WT and
AWD mice was evaluated by scanning electron microscopy (SEM). In both genotypes, the
scale architecture exhibited the characteristic coronal scaling pattern, commonly observed
in the hairs of small rodents (Deedrick and Koch, 2004). Mice deficient for ATG7,
demonstrated a more irregular cuticle, which varied from their controls that exhibited
normal cuticles in a regular pattern (Yoshihara et al., 2015). Moreover, the diameter of the
hairs was reduced in the ATG7-deficient mice, compared to their controls, yet here control
and AWD mouse hair thickness was comparable at hair follicle regions (p > 0.05) (Yoshihara
etal., 2015). These results suggest that autophagy may play a role in regulating cornification
in the hair, and that LAP-deficiency does not interfere with this process.

Itis critical to consider gender when designing mouse model experiments, as anatomical
and physiological differences are noted between male and female mice (Calabro et al.,
2011). Sex hormones primarily regulate the differences in skin layer thickness, with the
male skin around 40 % stronger, due to the thicker dermis providing a richer collagen
network, and the female mice exhibiting a thicker epidermis (13 um) and hypodermis (189
pum) (Calabro et al., 2011; Sabino et al., 2016). Here, for the histological analysis, skin tissue
from the dorsal, ventral, and tail region from male AWD mice and WT littermate controls
was assessed by brightfield microscopy. The average skin thickness of the C57BL/6 mouse
is around 540 um + 20 um (Sabino et al., 2016). The epidermis was slightly thinner in the
1-year-old AWD mice in the dorsal, ventral and tail skin, compared to age-matched WT
littermate controls. However, this was not noted as a significant difference between
genotypes (p > 0.05). Basal keratinocytes can be clearly visualised by H&E at a higher
magnification and are represented as dark purple oval structures at the base of the
epidermis, known as the basement membrane. A single layer of basal keratinocytes was

observed in our higher magnification images, with thinner suprabasal layers revealed
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throughout the epidermis. As the control and AWD mice were covered by dense hairs
throughout the entire body, depilation was done at the dorsal and ventral region, which
resulted in the loss of the stratum corneum. Below the epidermis, lies the dermis,
composed of high levels of structural proteins (e.g., collagen and elastin) that provide the
mechanical integrity and elasticity to the skin (Calabro et al., 2011). Generally, this layer has
a reported thickness of 226 um + 37 um in male C57BL/6 mice (Sabino et al., 2016). In the
1-year-old AWD mice, the dermis was thinner in the dorsal, ventral and tail skin compared
to controls, with statistical significance observed only in the tail dermis (p < 0.001). Finally,
the hypodermis displayed varying results between the adult WT and AWD mice, but again
results were not noted as significant differences (p > 0.05). Rodents exhibit a unique striated
muscle, known as the panniculus carnosus muscle (PCM) and can be found below the
hypodermis. It is formed of 3-4 myofibers and has a thickness of around 100 pm in adult
mice (Bahri et al., 2019). It predominantly consists of type Il fibres and functions to provide
rodent skin with twitching and thermoregulation capacities, promoting contractions and
supporting revascularisation during wound healing (Naldaiz-Gastesi et al., 2016; Naldaiz-

Gastesi et al., 2018).

3.3.3.Evaluating the impact of LAP-deficiency on the epidermal

permeability barrier

The subsequent phase of the study concentrated on assessing the epidermal
permeability barrier. Both the control and AWD E18.5 skin samples displayed a thickened
epidermis, characterised by a single layer of basal keratinocytes, seen along the base of the
epidermis, followed by three suprabasal layers, and an outermost stratum corneum,
distinguishable by its red or purple colour. This epidermal layer starts to develop from the
surface ectoderm at E9.5, forming from a single layer of basal keratinocytes that
subsequently become covered by a protective layer of squamous cells, known as the
periderm (Jacob et al., 2023). Epidermal barrier function is commonly acquired at the later
stages of embryonic development, which coincides with hair follicle development and
epidermal stratification (Damen et al., 2021; Ding et al., 2016). This enables E18.5 embryos
to be a useful tool for the assessment of barrier function. In the control and AWD E18.5

skin, the dermis contains the dermal papillae, which serve as the precursors for hair follicles
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in the murine skin. These epidermal appendages start to develop after E9.5, leading to the
complete formation of a stratified epidermis by E19.5 (Jacob et al., 2023). The hypodermal
layer was absent in the control and AWD E18.5 skin. Schmidt and Horsley report that the
murine intradermal adipocyte depot, i.e., the hypodermis, forms postnatally, through the
interaction with growing hair follicles (Schmidt and Horsley, 2012). Throughout follicular
morphogenesis, intradermal adipocytes develop and grow through lipogenesis, resulting in
adipocyte hypertrophy. This study shows that despite the absence of LAP, AWD mouse skin
still undergoes a healthy process of skin morphogenesis comparable to controls.

To further our understanding of the epidermal barrier of the AWD mouse model,
dye permeation assays on the E18.5 mouse embryos were performed. For this toluidine
blue (TB) and sodium fluorescein (SF) were used. TB is a cationic dye, which can visualise
the presence of proteoglycans in desired tissues, as it has a high affinity for the sulfate
groups of the proteoglycans (Bergholt et al., 2019). It can also be used to detect changes in
chromatin DNA-protein complexes and nucleolus location (Vidal and Mello, 2019). SF is a
negatively charged hydrophilic molecule, with a low molecular weight (376 Da) that
possesses the advantage of being freely dispersible (Ahishali and Kaya, 2021). In the event
of a leaky, disturbed skin barrier, SF would permeate freely into the underlying skin layers.
Results on E18.5 AWD mice and WT littermates showed a fully developed and functioning
skin barrier, noted by the lack of dye retention throughout the body. Areas such as the
umbilical stump and tail were rich in TB staining, due to the damage caused by the clipping
of the tail for genotyping and the DNA rich umbilical cord. The SF stain was homogenous
and continuous throughout the entire WT and AWD embryonic epidermis (p > 0.05). The

results are consistent with the outcomes of the TB staining experiments.

3.3.4 Biomechanical assessment of the dermal function AWD skin

To complete the cutaneous examination of the aged AWD mouse model, the
biomechanical properties of the AWD mouse skin were assessed. The biomechanical
properties of the skin can be evaluated using a wide range of non-invasive techniques, such
as experimental methods of suction, traction, torsion, and indentation (Langton et al.,
2017). Commonly, for the assessment of skin elasticity, the suction-based method, using

the commercially available Cutometer (Courage + Khazaka Electronic GmbH, Koln,
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Germany) is used (Langton et al., 2017). Using a probe to apply a negative pressure to the
skin, the Cutometer can measure the degree of skin deformation in the probe and measure
the recovery of the skin on removal of the suction (Langton et al., 2017). This pressure-
release cycle can be repeated, to measure the ability of the skin to both resist the negative
pressure and return to its original state (Langton et al., 2017). The analysis was completed
using young (2-months) and aged (17-months) control and AWD mice, to examine the
effects of the loss of the WD domain of ATG16L1, resulting in LAP-deficiency on dermal
function over time. WT and AWD dorsal skin exhibited decreases in net elasticity and elastic
recovery during ageing. The disparities in net elasticity were found to be nonsignificant
among WT age groups (p > 0.05), whereas in AWD mice these differences were statistically
significant (p < 0.001). At comparable ages across genotypes, there was no difference in net
elasticity (p > 0.05), suggesting that the absent WD domain of ATG16L1 accelerates intrinsic
ageing within the AWD mouse. Similarly, at comparable ages across genotypes, minor
changes in elastic recovery were demonstrated (p > 0.05). While control mice exhibited no
alteration in elastic recovery with age (p > 0.05), a marked decrease in elastic recovery was
observed in AWD mice (p < 0.05). Age-related microstructural changes primarily affect the
collagen fibres, alongside other components of the extracellular matrix (Lynch et al., 2017).
There is a progressive decrease in collagen, elastin, and proteoglycan content, with about a
30% decrease in collagen content between 2 month and 22-month-old murine skin (Lynch
etal., 2017). As previously stated, Tashiro and colleagues demonstrated that the number of
autophagosomes increases in dermal fibroblasts with ages, as well as LC3-Il expression is
elevated in dermal fibroblasts cultured from elderly donors (Tashiro et al., 2014). Moreover,
they showed that autophagy was disrupted at the degradation step in aged fibroblasts;
consequently, this could possibly explain why we saw a decline in the net elasticity and
elastic recovery in our WT and AWD skin. Further research would need to consider whether
LAP is involved in degrading aged fibroblasts, alongside autophagy and whether the loss of
LAP function accelerates this decline in dermal function and acceleration in collagen
fragmentation.

Age-related physiological and pathophysiological changes have already been observed
in the AWD model. Two-year-old AWD mice exhibited a strong deposition of endogenous

murine AP in the hippocampus and throughout the cerebral cortex, compared to their WT
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littermate controls (Heckmann et al., 2020). Furthermore, AWD mice have demonstrated
that the loss of the WD region of ATG16L1 is sufficient to drive spontaneous, age-associated
Alzheimer’s disease. Therefore, additional research is required to ascertain LAP’s

involvement in dermal turnover and its contribution to dermal function.

3.4 Conclusions

This chapter has described the general morphology of the AWD mouse integument
and has revealed that WT littermate controls and AWD mice show subtle differences in their
skin histology. Assessment of the biomechanical properties of the AWD mouse model skin
indicated that the loss of the WD domain of ATG16L1, resulting in LAP-deficiency, may
accelerate intrinsic skin ageing relative to age-matched littermate controls. Overall, the
observed differences were found to have no adverse effects on skin barrier function,

demonstrated by an intact skin barrier in both the WT and AWD E18.5 skin.

3.5 Limitations and future work

The experiments conducted within this chapter were primarily done on depilated WT
and AWD mice. Initially, epilation was achieved by using a depilatory cream, yet this was
quite difficult, due to the dense fur of the mice. Moreover, these creams can be corrosive
and damaging to the skin, due to the potassium thioglycolate and sodium hydroxide
(Reichert et al., 2023). Therefore, | decided to trim the hair first and then use a razor for the
remaining hair. | believe by using this method, some of the stratum corneum was removed
in the process, which is likely why it was not as visible in the 1-year-old skin as it was in the
E18.5 skin.

The dye permeation assays were done using embryos from one timed mating.
Fortunately, | managed to get 8 embryos from this, yet this represented one technical
repeat. Ideally, this experiment would need to be repeated at least another two times.
However, considering the 3Rs of animal research (Replacement, Reduction and
Refinement), it is important to minimise the number of animal sacrifices; therefore,

technical repeats were favoured rather than biological repeats for this experiment. Future
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work could be done on postnatal day 1, as these mice are born naked, with the hair
beginning to appear at 2-4 days post birth.

For the biomechanical assessment of the AWD mouse model further analysis would
need to include more extensively aged mice with a higher statistical power to gain a greater
insight into the cutaneous phenotype of the AWD mouse model. Moreover, analysis would
need to be conducted on the dermal compartment, gaining a greater understanding into
dermal composition and organisation. LAP appears to contribute to the acceleration in
ageing. Therefore, exploring autophagic activity in the dermal fibroblasts and its impact on
matrix metalloproteinases (MMP) expression would be of interest. Dysregulation in
autophagy has been linked to changes in type | procollagen, hyaluronan and elastin, as well
collagen fibril breakdown, leading to a decline in dermal structural integrity and skin fragility
(Kovacs et al., 2022). Furthermore, it would be intriguing to assess the levels of ROS in both
control and AWD skin during intrinsic ageing. ROS not only influences LAP function but also
contributes to intrinsic ageing by activating signalling pathways associated with diminished
collagen production and activation of MMPs, which are responsible for collagen

degradation (Gu et al., 2020).
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4.1 Introduction

The skin’s primary role is to serve as a protective barrier, to sustain this function and
effectively heal injuries, it relies on the regenerative and proliferative capabilities of its stem
cells (Ansary et al., 2021). These cells are crucial for replenishing and restoring the damaged
skin layers, thereby preventing the body from dehydration, pathogen invasion and
environmental factors. The multi-layered structure of the epidermis is continuously
renewed by the process of terminal differentiation, where keratinocytes in the basal layer
divide and differentiate to form the cells of the spinous, granular and cornified layers
(Akinduro et al., 2016). Keratins are key components of this intermediate filament
cytoskeleton of the epidermis and are expressed in a cell type and differentiation-specific
manner (Santos et al., 2002).

Autophagy has demonstrated roles in skin and differentiation, with autophagy markers
being significantly upregulated in granular layer formation during development or in skin
conditions such as psoriasis (e.g., p62; ULK1; WIPI1) (Akinduro et al., 2016; Koenig et al.,
2020; Lee et al.,, 2011). The terminal differentiation process is repeated in the adult
epidermis and the expression pattern of the autophagy and differentiation markers persists
in adult mouse and human skin (Akinduro et al., 2016). The influence of non-canonical
autophagy, specifically LAP, on skin differentiation remains unknown.

Therefore, this chapter aims to understand the role played by LAP on epidermal
differentiation. | hypothesise that AWD mice will display comparable levels of fundamental
components of the differentiation (i.e., Keratin 10 and 1; involucrin) and autophagic (i.e.,
LC3-1/11; p62) pathway. This chapter will aim to meet the following experimental objectives:

® Evaluating the mRNA expression patterns of key keratins (i.e., Keratin 5, 10
& 1) and late differentiation marker (i.e., involucrin) in the 1-year-old

epidermal skin of the AWD mouse model, using SYBR green gPCR.

® Examine the expression of keratins, proliferative (i.e., Akt; p-Akt & PCNA) and
autophagy markers (i.e., LC3-I/Il & p62) in the 1-year dorsal skin of the AWD
mouse model by Western Blot and immunofluorescence.

® Compare the ability of the WT and AWD skin, to replace the epidermis by
assessing the level of PCNA-positive basal keratinocytes in the embryonic

skin tissue.
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4.2 Results
4.2.1 Validating the protein expression of key autophagy and LAP

markers

As previously stated, keratinocytes undergo a controlled process of terminal
differentiation, which is essential for the maintenance of tissue homeostasis. Autophagy
has exhibited roles in the process of keratinisation in the epidermis, which led me to
evaluate the expression patterns of key autophagy markers in the adult WT and AWD
epidermis (Figure 4.1). The status of autophagy was examined in epidermal skin lysates of
1-year-old WT and AWD mice, by probing for the cytosolic LC3-I and the autophagosome
membrane bound form LC3-Il, as well as the further autophagy substrate protein p62. The
status of LC3-I and LC3-1l were comparable in WT and AWD mice (p > 0.05) (Figure 4.1). The
p62 expression also remained unchanged in both groups (p > 0.05) (Figure 4.1). Results
indicate that there is no defect in autophagy, due to the consistent expression of p62 and

LC3-1l in both WT and AWD (Figure 4.1 B).
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Figure 4.1 Western Blot and densitometry analysis of autophagy markers in 1-year old WT
and AWD whole skin. (A) Representative Western Blots for 3-actin, p62, LC3-1 and LC3-II.
N=3 mice per genotype. (B) Densitometric analysis of Western Blot data in panel A. Band
densities were quantified and normalised to -actin loading control. Data derived from 3
independent experiments. Means represent N=6 mice per genotype. Error bars are SE.
Multiple unpaired t-tests with Bonferroni correction (ns = not significant). Figure taken from

Conway et al. (2024).
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4.2.2 Comparison of LC3B expression in embryonic vs adult epidermal

tissue

To further evaluate the expression of LC3 in WT and AWD skin,
immunohistochemistry was performed on E18.5 embryonic and 1-year-old whole skin
(Figure 4.2-4.3). The expression of LC3B (LC3B-I & LC3B-Il) appeared confined to the
suprabasal layers of the epidermis, in both WT and AWD embryonic dorsal skin (Figure 4.2
A). The LC3B expression appeared beneath the stratum corneum, which is represented by
the sodium fluorescein stain (green) (Figure 4.2 A). The intensity of LC3B expression was
measured in the Imagel software, using a rectangular region of interest with a horizontal
distance of 49 um (Figure 4.2 B). The intensity of the LC3B pixels was greater in the AWD
embryonic dorsal skin, yet this was shown to be not statistically significant from the WT
embryonic dorsal skin (p > 0.05) (Figure 4.2 B-C).

LC3B expression in the adult WT and AWD skin was homogenous across genotypes,
with LC3B localised to the suprabasal layers of the epidermis, with few LC3B aggregates
found in the basal layer of the WT epidermis (Figure 4.3 A). Moreover, in the uppermost
WT epidermal layer, an accumulation of LC3B aggregates can be seen, while AWD exhibits
few LC3B aggregates (Figure 4.3 A). These spherical aggregates may be signs of
autophagosomes in the epidermis of WT and AWD dorsal skin. In the WT, the LC3B
aggregates appear to be localised in the perinuclear region and exhibit a more clustered
punctate staining, while in the AWD, the staining for LC3B is more diffuse and with few LC3B
aggregates found at the cell periphery (Figure 4.3 A). The level of LC3B pixel intensity was
measured in ImagelJ software, again using a rectangular region of interest with a horizontal
distance of 40 um (Figure 4.3 B-C). The intensity of LC3B expression was greater in the WT
dorsal skin, compared to AWD (Figure 4.3 B). This greater average pixel intensity of LC3B
was shown to be statistically significant when compared to the AWD dorsal skin (p < 0.05)

(Figure 4.3 C).
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Figure 4.2 LC3B expression (LC3B-I and LC3B-Il) in E18.5 mouse skin. Representative
immunohistochemistry of LC3B (red) expression in WT and AWD dorsal epidermal skin.
Secondary antibody control (Alexa Fluor 594) in left panel. Magnified images, shown below,
of the areas marked by a white dashed box. Sodium fluorescein (green) exhibiting the
stratum corneum. DAPI used to stain for nuclei (blue). Asterisk denotes the basal cell layer
in the epidermis. Images are representative from 3 independent experiments on N=3 mice
per genotype. Scale bar: 20 um. (B) Line graphs show fluorescent intensities (arbitrary units,
A.U) of LC3B expression in embryonic WT and AWD epidermal skin, measured across a
rectangular selection with 49 um distance in ImageJ software. Line represents the mean of
n=3 fluorescent intensity measurements from N=3 mice per genotype. (C) Bars represent
the mean fluorescent intensities (arbitrary units) of LC3B gray value from 3 independent
experiments with n=6 fluorescent intensity profile measurements taken per animal and N=3
mice per genotype. Error bars are SE. Unpaired t-test with Welch’s correction (ns = not

significant).
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Figure 4.3 LC3B expression (LC3B-l and LC3B-ll) in 1-year-old mouse skin. (A)
Representative immunohistochemistry of LC3B (red) expression in WT and AWD dorsal
epidermal skin. Puncta (red) denote LC3B aggregates. Secondary antibody control (Alexa
Fluor 594) in left panel. DAPI used to stain for nuclei (blue). Magnified images, shown
below, of the areas marked by a white dashed box. Images are representative from 3
independent experiments on N=3 mice per genotype. Scale bar: 20 um. (B) Line graphs
show fluorescent intensities (arbitrary units, A.U) of LC3B expression in adult WT and AWD
epidermal skin, measured across a rectangular selection with 40 um distance in Imagel
software. Line represents the mean of n=3 fluorescent intensity measurements from N=3
mice per genotype. (C) Bars represent the mean fluorescent intensities (arbitrary units) of
LC3B gray value from 3 independent experiments with n=6 fluorescent intensity profile
measurements taken per animal and N=3 mice per genotype. Error bars are SE. Unpaired t-

test (* <0.05). Figure taken from Conway et al. (2024).
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4.2.3 Similar expression of key keratinocyte differentiation and
proliferative markers in the AWD mouse model

Next, | looked at the relative expression of key keratins (i.e., keratin 5, keratin 10 and
keratin 1) and late terminal differentiation marker involucrin, a precursor protein of the
epidermal cornified envelope. This was assessed in isolated epidermal tissue from WT and
AWD mice using SYBR Green qPCR (Figure 4.4). Basal marker keratin 5 showed a
comparable expression in the epidermal skin of WT and AWD, yet this was shown to not be
significant (p > 0.05) (Figure 4.4 A). Similarly, keratin 10 and keratin 1, both markers for the
early stages of terminal differentiation, exhibited similar levels of expression (p > 0.05)
(Figure 4.4 A). This was confirmed by Western Blot, which also revealed a comparable
expression of keratin 5 and keratin 10 across genotypes (p > 0.05) (Figure 4.4 B-C).
Involucrin, a marker for granular layer formation, demonstrated equal expression (p > 0.05)
across both genotypes (Figure 4.4). In addition, the level of p-Akt and Akt was shown to be

similar in WT and AWD epidermal tissue (Figure 4.4 B-C).
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Figure 4.4 Expression of key keratinocyte differentiation and proliferative markers in 1-
year old WT and AWD epidermal skin. (A) Relative fold expression of Keratin 5, Keratin 10
Keratin 1 and involucrin assessed by SYBR green gPCR. Relative mRNA expression
normalised to 18S. Data points represent means of triplicate technical repeats of cDNA
samples from individual mice (N=6 mice per genotype). Error bars are SE. Multiple unpaired
t-tests (ns = p > 0.05). (B) Representative Western Blots from 3 independent experiments
for B-actin, keratin 5, keratin 10, p-Akt and Akt. N=3 mice per genotype. (C) Densitometric
analysis of Western blot data in panel B. Band densities were quantified and normalised to
the B-actin loading control (n=3). N=6 mice per genotype. Error bars are SE. Multiple
unpaired t-tests with Bonferroni correction (ns = not significant). Figure taken from Conway

et al. (2024).
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4.2.4 Localisation of keratin 10 expression in adult epidermis

To assess the localisation of keratin 10 expression in the adult epidermis, 1-year old
dorsal skin was isolated from WT and AWD mice and examined by immunohistochemistry
(Figure 4.5). Immunofluorescence analysis of keratin 10 revealed a homogenous staining in
the WT and AWD epidermis (Figure 4.5 A). Keratin 10 expression was confined to the
suprabasal layers of the epidermis (Figure 4.5 A). The level of keratin 10 fluorescent
intensity was measured in the Imagel) software, by analysing the level of pixel intensities
across a rectangular region of interest (Figure 4.5 B). Here, the horizontal distance through
the selection was around 45 um, exhibited by the x-axis (Figure 4.5 B). The mean gray value,
which denotes the average keratin 10 pixel intensity in the epidermis, demonstrated an

equal amount of keratin 10 expression in WT and AWD skin (Figure 4.5 B-C).
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Figure 4.5 Keratin 10 expression in 1-year-old mouse skin. (A) Representative
immunohistochemistry of keratin 10 (red) expression in WT and AWD dorsal mouse skin.
DAPI used to stain for nuclei (blue). Magnified images, shown below, of the areas marked
by a white dashed box. Images are representative from 3 independent experiments. N=3
mice per genotype. Scale bar: 20 um. Secondary antibody control (Alexa Fluor 594) in left
panel. (B) Line graphs show fluorescent intensities of keratin 10 expression in adult WT and
AWD epidermal skin, measured across a rectangular selection with 45 um distance in
Imagel software. Line represents the mean of n=3 fluorescent intensity measurements from
N=3 mice per genotype. (B) Bars represent the mean fluorescent intensities of keratin 10
gray value from 3 independent experiments with n=6 fluorescent intensity profile
measurements taken per animal and N=3 mice per genotype. Error bars are SE. Unpaired t-

test (ns = not significant). Figure taken from Conway et al. (2024).
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4.2.5 Comparison of PCNA expression in embryonic vs adult epidermal

tissue

To examine the contribution of proliferation to the subtle morphological changes
observed in the epidermis of the AWD mouse model, the expression of the nuclear antigen
PCNA was assessed. PCNA expression was evaluated by immunofluorescence of E18.5 and
adult WT and AWD dorsal skin. PCNA’s distribution was primarily confined to the basal layer
in adult and embryonic epidermal skin, yet PCNA expression was also found beneath the
epidermal-dermal boundary (white dashed line) in the embryonic dorsal skin (Figure 4.6;
Figure 4.7). Here, few PCNA positive cell types are visible, which might denote the
proliferating fibroblasts of the dermis (Figure 4.6 A). There were few PCNA-stained
fibroblasts observed in the 1-year-old dorsal skin (Figure 4.7A) The spatial distribution of
PCNA was even in the embryonic basal cell layer and dermis, with no areas showing
accumulation of PCNA positive cells in any region (Figure 4.6 A). This is also demonstrated
in the adult dorsal skin (Figure 4.7 A). The number of PCNA positive nuclei was further
assessed by counting the number of PCNA positive cells compared to total number of cells
in the epidermis. In both embryonic and adult skin, the number of PCNA positive basal cells
was similar across genotypes (p > 0.05) (Figure 4.6-4.7). The comparable levels of PCNA-
positive basal cells across genotypes, in both embryonic and adult tissue, provides an
indication that both WT and AWD mice have the same ability to replace the basal cells of

the epidermis.
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Figure 4.6 PCNA expression in the WT and AWD embryonic (E18.5) dorsal skin. (A)

Representative immunohistochemistry of PCNA (red) expression in basal cells of WT and

AWD skin dorsal skin. DAPI used to stain for nuclei (blue). Dashed line highlighting the

epidermal-dermal boundary. Secondary antibody control (Alexa Fluor 594) in left panel.

Magnified images, shown below, of the areas marked by a white box. Asterisk denotes the

stratum corneum. Images are representative from 3 independent experiments on N=3 mice

per genotype. Scale bar: 50 um and 20 um for control. (B) Data represents the mean (%) of

PCNA positive basal cells in WT and AWD epidermis. N=3 mice per group with 2 epidermal

regions used to count PCNA positive basal cells, using Fiji Imagel. Error bars are SE. Mann-

Whitney test (ns = not significant). Figure taken from Conway et al. (2024).
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Figure 4.7 PCNA expression in the WT and AWD 1-year old dorsal skin. (A) Representative
immunohistochemistry of PCNA (red) expression in basal cells of WT and AWD skin dorsal
skin. DAPI used to stain for nuclei (blue). Dashed line highlighting the epidermal-dermal
boundary. Secondary antibody control (Alexa Fluor 594) in left panel. Magnified images,
shown below, of the areas marked by a white box. Images are representative from 3
independent experiments on N=3 mice per genotype. Scale bar: 20 um. (B) Data represents
the mean (%) of PCNA positive basal cells in WT and AWD epidermis. N=3 mice per group
with 2 epidermal regions used to count PCNA positive basal cells, using Fiji Imagel. Error

bars are SE. Mann-Whitney test (ns = not significant).
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4.3 Discussion

This chapter examined the expression of key keratins (i.e., keratin 5; keratin 10 and
keratin 1), a differentiation marker (i.e., involucrin), proliferative markers (i.e., PCNA; p-Akt
and Akt) and autophagic markers (i.e., LC3-1/1l and p62) in isolated dorsal skin tissue from
WT and AWD mice. Investigating the effects of LAP deficiency on these markers will help
determine whether autophagy or LAP is responsible for maintaining epidermal
homeostasis. The research conducted in this chapter enhances our understanding of
autophagy in epidermal turnover and outlines the effects of LAP-deficiency on epidermal
homeostasis. Utilising the AWD mouse model allows us to clearly distinguish between
autophagy and LAP, enabling evaluation of the function of LAP in the murine skin and

identifying potential therapeutic targets for future dermatological research.

4.3.1 Evaluating the autophagic status in isolated epidermal skin of

AWD

The level of autophagic status in isolated epidermal tissue was assessed by gPCR,
Western Blot and immunohistochemistry. The expression of LC3B in the E18.5 WT and AWD
was localised in the suprabasal layers but was shown to not be significantly different
between control and mutant mice (p > 0.05). Akinduro and colleagues showed that
autophagy is actively involved in normal epidermal development and differentiation,
emphasising that defects in autophagy may result in epidermal disorders such as psoriasis
(Akinduro et al., 2016). During embryonic development, the expression of LC3 commences
at E15.5, and is present in low levels in the spinous layer of the epidermis. However, as the
granular layer begins to form at E16.5, LC3 becomes upregulated in the uppermost layers,
which are believed to represent the early granular layers. The elevation in LC3 expression
after E16.5 indicates that autophagy occurs during epidermal differentiation and may be
involved in the formation of the granular layer (Akinduro et al., 2016). Similar findings were
observed in our 1-year-old WT and AWD dorsal skin, with LC3B primarily concentrated in
the suprabasal layers, indicating that autophagy is mainly active in the later stages of
differentiation and persists in adult tissue. A greater expression of LC3B was revealed in the

WT dorsal skin, in comparison to the AWD (p <0.05), with a more clustered LC3B expression
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around the perinuclear region of the keratinocytes. The expression of LC3 was more
homogenous in the AWD with few LC3B aggregates found near the cell periphery in the
epidermal keratinocytes. The amount of autophagy markers, such as cytosolic LC3-I and
lipidated LC3-Il, as well as p62, was further assessed by Western Blot and displayed similar
levels of expression (p > 0.05). An elevated expression of p62 and impaired ability to
generate LC3-1l would indicate defects in the process of autophagy (Rossiter et al., 2013).
Results support the findings, previously observed by Rai and colleagues, who demonstrated
that E230 mice (here referred to as AWD) were still able to activate autophagy, shown by
the similar levels of p62 and LC3-II expression, in comparison to their littermate controls
(Rai et al., 2019). These findings further support previous results reported by Rossiter and
co-workers, who revealed that LC3-1, LC3-Il and p62 show weak expression in control mice,
in comparison to the ATG7 deficient mice (Rossiter et al., 2013). Previous ATG5 and ATG7
knock out mice have demonstrated decreases in autophagic flux, thereby causing drastic
p62 and ubiquitin accumulation, resulting in skin disorders such as psoriasis (Komatsu et
al., 2005; Malhotra et al., 2015).

Since the autophagy genes, ATG5, ATG7 and ATG16L1, are essential for both
autophagy and LAP, knock-out mice lacking these genes are not ideal models for studying
the effects of non-canonical autophagy on epidermal homeostasis, as they die at the
neonatal stage. Therefore, the AWD mouse model presents a desirable model to study the
effects of LAP on skin homeostasis. The AWD mouse can still perform autophagy, due to
the presence of the N-terminal and CCD of ATG16L1; therefore, explaining the maintained
levels of key autophagy markers in the dorsal skin of 1-year old WT and AWD mice.
Additionally, these findings reinforce the concept that autophagy is actively occurring in the
epidermis, contributing to skin stratification during embryonic development and persisting
throughout adult life. This demonstrates that the loss of LAP does not affect the process of
epidermal differentiation, providing further evidence that these mice can still fulfil

autophagy, regardless of the removal of the WD domain of ATG16L1.

4.3.2 Characterising the expression of epidermal genes in the AWD skin

Given that previous work suggests that defects in the autophagy machinery can

negatively impact epidermal barrier formation, | aimed to evaluate the expression of key
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differentiation markers and basal cell proliferation markers in the AWD skin. gPCR and
Western Blot analysis demonstrated that the expression levels of key keratins (keratin 5,
keratin 10 and keratin 1) were comparable across genotypes (p > 0.05), indicating that LAP
deficiency does not interfere with the commitment of basal keratinocytes to differentiation.
Keratins, which constitute the principal structural proteins of the epidermis, contribute
about 30-80% towards its intermediate filament cytoskeleton (Ling-Juan, 2018). As noted
in the previous chapter, the epidermis is vital for skin barrier integrity and function, with
keratins being essential in ensuring the intermediate filament cytoskeleton of the epidermis
is resilient to mechanical trauma. The interfollicular epidermis is mainly composed of four
major keratins that form the intermediate filament cytoskeleton in pairs, such as keratin
5/14 and keratin 1/10 (Santos et al., 2002). In the basal layer, cells typically express the
keratin 5/14 pair, while keratinocytes committed to terminal differentiation express the
keratin 1/10 pair. Consequently, keratin 10 is generally localised in the suprabasal spinous
layer, which was confirmed through the immunohistochemistry analysis showing
homogenous keratin 10 expression in the suprabasal layers of both WT and AWD epidermis
(p >0.05).

Moreover, both in the embryonic and adult skin, WT and AWD mice exhibited
similar patterns of PCNA expression, with PCNA primarily localised to the basal layer. PCNA
has a vital role in DNA replication and has now been widely accepted to exhibit roles in
cellular growth and proliferation (Moore et al., 2004). The level of PCNA expression, in both
embryonic and adult tissue, was shown to be comparable across genotypes (p > 0.05),
indicating that both control and AWD mice exhibit similar abilities to replenish the basal
layer of the epidermis. In embryonic tissue, proliferating fibroblasts were likely stained with
PCNA positive nuclei in the dermal compartment.

Additionally, other markers of differentiation and proliferation, such as involucrin,
p-Akt and Akt, were assessed and showed similar levels of expression (p > 0.05) across
control and AWD skin samples. The activation of the PI3K/Akt pathway in skin is involved in
maintaining skin homeostasis, with Akt regulating key processes like proliferation, growth,
survival, apoptosis, protein synthesis, and transcription (Teng et al., 2021). Akt plays a
crucial role in the differentiation and survival of keratinocytes, with mice lacking Akt 1 and

Akt2 isoforms exhibiting no stratum corneum (Lu et al., 2007). A study by Monteleon et al.
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showed that using small molecule inhibitors for blocking the assembly of autophagosomes,
organotypic cultured human skin were undifferentiated and lacked keratin 10 and filaggrin
expression (Monteleon et al., 2018). Moreover, ATG7-deficient mice exhibited reduced
expression of involucrin in their skin grafts compared to their WT mice, which was further
validated by Monteleon and others, who used short hairpin RNAs to knockdown ATG7 in
organotypic cultured human skin, resulting in the diminished expression of keratin 1 and
filaggrin (Monteleon et al., 2018; Yoshihara et al., 2014). The findings from the current
chapter suggest that AWD mice do not exhibit any signs of an impaired terminal
differentiation pathway and corroborate previous results in Chapter 3, which showed
comparable epidermal thickness and a fully established, intact skin barrier in both control
and AWD mice.

Autophagy has been implicated in several human diseases, including cancer, skin
disorders, inflammatory disorders (e.g., inflammatory bowel disease), and
neurodegeneration (Douroudis et al., 2011; Hampe et al., 2007). The ATG16L1 protein,
encoded by the ATG16L1 gene, is a fundamental component in the activation of both
autophagy and non-canonical autophagy (Douroudis et al., 2011). As previously noted, its
amino-terminal binds with ATG5, and ATG12 to form the ATG5-ATG12-ATG16L1 complex,
which is essential for phagophore elongation (Li, Chen, and Gu, 2016). The CCD binds to
WIPI2, thereby recruiting the ATG5-ATG12-ATG16L1 complex to the phagophore membrane
for LC3 conjugation to PE. Furthermore, the C-terminal WD domain of ATG16L1 was shown
to be required for LAP (Fletcher et al., 2018; Rai et al., 2019). A study on keratinocyte-
selective ATG16L1-deficient mice (A*'ATG16L1) showed that these mice displayed a
thickened cornified layer, suggesting potential defects in desquamation (Van Hove et al.,
2023). These mice exhibited similar epidermal thickness and a fully formed skin barrier,
when compared to their control, indicating that the defect in keratinocyte autophagy did
not compromise the skin. A*"ATG16L1 showed enhanced tumour formation compared to
their controls, with increased p62 expression as demonstrated by immunoblotting.
Additionally, polymorphisms in the ATG16L1 gene have been linked to skin conditions such
as palmoplantar pustulosis and psoriasis vulgaris, suggesting that autophagy may play a role

in immunosurveillance (Douroudis et al., 2011; Douroudis et al.,, 2012). Overall, these
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studies suggest that altering the autophagic components in ATG16L1 can lead to

consequential side effects, resulting in skin disorders.

4.4 Conclusion

| have demonstrated that the absence of the WD domain of ATG16L1, leading to
LAP-deficiency, does not affect standard epidermal differentiation. The findings show that
keratinisation operates independently from LAP, and that AWD mice do not exhibit any
cellular-level abnormalities in their skin barrier. The presence of healthy tissue homeostasis
in the skin of the AWD mice supports other observations by Rai and co-workers on other
isolated tissues (e.g., liver, kidney, muscle and brain), which displayed no obvious defects
on tissue homeostasis in vivo (Rai et al., 2019). Altogether, the findings from this chapter
and previous studies suggest that despite the truncated ATG16L1 in the AWD mouse,

autophagy, rather than LAP, is responsible for reducing tissue damage in vivo.

4.5 Limitations and future work

To evaluate the expression of key autophagy markers during embryonic
development, epidermal lysates of WT and AWD E18.5 tissue could be collected to compare
the levels of autophagy markers in embryonic versus adult epidermal tissue. Future work
could focus on challenging the skin, either by UV or topical reagents and evaluating the
wound healing response in LAP-defective mice. This could be explored further by blocking

autophagic flux (i.e., chloroquine) and examining the response to injury in this model.
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5.1 Introduction

In mammals, the pigmentation of the hair, skin, and eyes arises from the synthesis and
distribution of melanins (Palmisano et al., 2008). Melanocytes, the neural crest-derived
cells located in the basal epidermal layer, are responsible for synthesising and transferring
two types of melanin: black/brown eumelanin and yellow/red pheomelanin (Shi et al.,
2016). Melanin synthesis occurs in specialised intracellular organelles called melanosomes,
which are identified as endo-lysosome-related organelles, due to them being derived from
the endosomal system and sharing several features with lysosomes, such as low pH (in early
stages) and a cohort of lysosomal resident proteins (e.g., LAMP1/2 and CD63) (Delevoye et
al., 2019; Dell’Angelica et al., 2000; Moreiras et al., 2022). During a series of maturation
stages, melanosomes are gradually deposited with melanin in premelanosomal protein
(PMEL) fibrils, ultimately achieving full pigmentation and maturity at the end of stage IV
(Hossain et al., 2022). OA1 is a G-protein-coupled receptor that displays a pivotal role in
melanosome biogenesis and is found in the intracellular endolyso-melanosomal membrane
(Falletta et al., 2014). Once mature, melanosomes undergo long-range, bidirectional,
microtubule-based transport, facilitated by Rab27a, from the perinuclear region to the
peripheral dendrites (Hume et al., 2001; Palmisano et al., 2008). There, they interact with
the actin cytoskeleton via melanophilin and myosin Va. The capture of the melanosomes at
the melanocyte periphery is necessary for the transfer of the melanosomes to the
neighbouring keratinocytes (Futter et al., 2004). Keratinocytes constitute approximately
80% of the cell population in the epidermis (Bento-Lopes et al., 2023). Together,
keratinocytes and melanocytes form the ‘epidermal-melanin units’. Mature pigmented
melanosomes once internalised by keratinocytes, are trafficked and deposited in the
supranuclear area, where they protect keratinocyte DNA from UV radiation (Nordlund,
2007). The mechanisms underlying melanin transfer in keratinocytes are still poorly
understood, with four main hypotheses proposed: the exocytosis-endocytosis model, the
cytophagocytosis model, tunnelling nanotube hypothesis, and the shedding-vesicle model
(Benito-Martinez et al., 2021).

Keratinocytes can exhibit phagocytic activity through the protease-activated
receptor-2 (PAR-2) (Murase et al., 2013; Scott et al., 2001). PAR-2 is suggested to control

melanosome ingestion and phagocytosis by keratinocytes, playing a crucial role in skin
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pigmentation, with higher PAR-2 expression observed in darker skin (Babiarz-Magee et al.,
2004). Additionally, autophagy has emerged as an important pathway in maintaining
homeostasis by recycling damaged organelles, such as mitochondria, peroxisomes, and
ribosomes (Ramkumar et al., 2017). Autophagy has been implicated in determining skin
colour, through the regulation of melanosome degradation in keratinocytes (Murase et
al.,2013). The function of LAP has not yet been studied in skin pigmentation and melanin
transfer; however, it has been studied with regards to fungal melanin (Akoumianaki et al.,
2016; Kyrmizi et al., 2018). Studies on Aspergillus fumigatus have determined that fungal
cell melanin can induce LAP blockage by excluding NOX2 recruitment and inhibiting the
NADPH oxidase complex (Akoumianaki et al., 2016; Kyrmizi et al., 2018). It is important to
evaluate whether mouse melanin exhibits a similar inhibitory function on LAP. Due to
challenges in distinguishing between autophagy and LC3-associated phagocytosis (LAP), our
mouse model provides a unique method in distinguishing between the pathways and
therefore | aim to evaluate the role of LAP in melanosome uptake and processing in
keratinocytes.

This chapter aims to investigate the dynamics of melanosomes within primary
keratinocytes that lack LAP, and to assess whether LAP deficiency impacts melanosome
uptake and processing in these cells. Previous studies have shown that melanin is not
localised in double membrane autophagosomes surrounded by LC3 within keratinocytes,
but instead resides in single membrane compartments (Tarafder et al., 2014). To explore
this further, primary keratinocytes were isolated from the epidermal tail skin of control and
AWD mice. | hypothesise that murine melanin, contained within melanosomes, does not
exert the same inhibitory effect on LAP as fungal melanin does. LAP is known to target a
broad range of cargo, which supports the idea that melanosomes may be a target of this
process. Therefore, | propose that OA1-mCherry labelled melanosomes are engulfed by
keratinocytes, forming a phagosome with a single membrane that is marked by LC3 and
selectively targets the melanosomal membrane. These phagosomes are then directed to
acidic compartments (i.e., lysosomes), as indicated by LysoTracker, while being transported
toward the perinuclear region. The chapter aims to meet the following experimental
objectives:

e Optimising the method of primary keratinocyte isolation and assessment of

melanosomal dynamics in control and AWD mice.
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Assess the dynamics of OAl-mCherry tagged melanosomes following

internalisation by the isolated primary keratinocytes.

Evaluate whether melanin is processed by autophagy or LAP following

internalisation by keratinocytes.
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5.2 Results

5.2.1 Isolation of primary WT and AWD keratinocytes

To evaluate the effect of LAP deficiency on the uptake and processing of
melanosomes in keratinocytes, primary control and AWD keratinocytes were isolated from
the epidermal tail skin through enzymatic digestion (i.e., trypsin). Primary keratinocytes
were isolated in a low calcium (Ca?*) growth medium (EMEM Low Calcium, 0.05 mM),
containing chelated foetal bovine serum (FBS), since FBS generally contains high levels of
Ca?*(3.5-4.0 mM) (Zoico et al., 2014). Before chelation, FBS had a Ca?* concentration of 2.31
mmol/L, which was reduced to 0.20 mmol/L after chelation (Table 5.1). After adding the
chelated serum to the growth medium, the concentration of Ca®* remained low (< 0.20
mmol/L) (Table 5.1). Maintaining low Ca?* levels are essential to preserve the basal and

proliferative phenotype of primary keratinocytes.

Table 5.1 Overview of Cobas Calcium analysis. Mean calcium concentration (mmol/L) of

growth medium and serum for primary keratinocytes (n=3).

Sample Value (mmol/L)
FBS before chelation 2.31

FBS after chelation 0.20

EMEM <0.20

Low Calcium EMEM <0.20

For the long-term culture of primary keratinocytes, the EMEM low Ca?* growth
medium proved unsuitable. By day 5 post isolation, both the WT and AWD primary
keratinocytes demonstrated a low proliferative capacity, making it challenging to culture
enough primary keratinocytes for downstream analysis (Figure 5.1). No day 8 image is
available for primary keratinocytes cultured in EMEM low Ca?*, as they ceased proliferation
and were unable to become confluent (Figure 5.1). Following this observation, EMEM low
Ca?* was still used for the isolation of the primary keratinocytes, yet the initial plating was
done in an alternative serum-free growth medium called keratinocyte basal medium (KBM).
This KBM growth medium consisted of Ca?*-free basal medium supplemented with growth

factors, cytokines, and other supplements, which included an antibiotic (i.e., gentamicin),
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EMEM Low Ca?*

KBM Day 5 KBM Day 8

Figure 5.1 Representative images showing primary WT and AWD keratinocytes in EMEM
low Ca?* and serum-free keratinocyte basal medium (KBM). (A) Phase contrast images
showing primary keratinocytes isolated and cultured in EMEM low Ca?* growth media at
day 5 post isolation. Phase contrast images showing primary keratinocytes isolated and
cultured in KBM keratinocyte serum-free growth media at day 5 and 8. Images taken from
a single experiment. Scale bar: 100 um. (B) Magnified inserts, outlined by black dashed box
in panel A, showing morphological characteristics of WT and AWD keratinocytes. Black
arrows showing terminally differentiating keratinocytes, while red arrows show

proliferating keratinocytes. DAPI used to stain for nuclei (blue).
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hydrocortisone, insulin, human epidermal growth factor and bovine pituitary extract. By
day 5 postisolation, the WT and AWD keratinocytes were much more confluent, than those
in the EMEM growth medium, with the keratinocytes being fully confluent at day 8 (> 70%)
(Figure 5.1). Both WT and AWD primary keratinocytes grew as a monolayer, with individual
cells exhibiting a polygonal shape, resembling cobblestones when confluent (Figure 5.1 B).
Few terminally differentiating keratinocytes can be observed by their more flattened shape
at day 8 post isolation, despite the presence of low Ca?* growth media (Figure 5.1 B). The
typical yield from one well of a six-well plate of primary keratinocytes at day 8 was around
3.0 x 10° cells/ml. The primary keratinocytes could only be maintained until passage one
before ceasing proliferation.

Actin remodelling was assessed by staining the primary WT and AWD keratinocytes
with phalloidin. At day 8, WT and AWD keratinocytes showed similar cytoskeletal
arrangements with the actin fibres primarily distributed at the cell periphery in both WT
and AWD keratinocytes (Figure 5.2). However, the AWD keratinocytes showed a more
prominent circumferential phalloidin staining than the WT keratinocytes (Figure 5.2).
Additionally, the keratinocytes appeared flatter at day 8, which is a common characteristic
of terminal differentiation. This was further assessed by immunostaining day 8
keratinocytes with keratin 10, a key marker for keratinocytes committing to terminal
differentiation, as previously discussed. Keratin 10 expression was observed in both WT and
AWD keratinocytes at day 8, indicating that these keratinocytes were undergoing terminal
differentiation (Figure 5.3).

Next, autophagic activity was evaluated in the WT and AWD primary keratinocytes
in preparation for the live cell imaging experiment. The repercussions of the removal of the
WD domain of ATG16L1 on autophagy and LAP were confirmed using primary keratinocytes
(Figure 5.4). The primary keratinocytes were treated with chloroquine, an autophagy
inhibitor and LAP inducer, which resulted in the recruitment of LC3 to large endo-lysosomal
vacuoles in control keratinocytes (Figure 5.4). The AWD keratinocytes failed to recruit LC3
to large endo-lysosomal compartments, when induced by chloroquine (as indicated by the
absence of vacuoles) (Figure 5.4). Primary keratinocytes from AWD mice recruited LC3 to
small puncta, which highlight the autophagosomes that arise during conventional

autophagy (Figure 5.4). In non-chloroquine induced primary cultures, results showed a
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Figure 5.2 Representative immunostaining of F-actin (phalloidin) in 4% PFA fixed WT and
AWD primary keratinocytes. Phalloidin Atto 647N (red) staining in WT and AWD primary
keratinocytes. Phalloidin staining overlayed on brightfield images of WT and AWD primary
keratinocytes. Black puncta in brightfield images are melanin aggregates. DAPI used to stain

for nuclei (blue). Images taken from 2 independent experiments. Scale bar: 20 um.
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Control

AWD

Figure 5.3 Representative keratin 10 immunostaining in isolated primary WT and AWD
keratinocytes. Primary WT and AWD keratinocytes were fixed in 100 % methanol and
immunolabelled with keratin 10 (red). Left panel showing secondary antibody control (Alexa
Fluor 647). DAPI used to stain for nuclei (blue). Images taken from 2 independent

experiments. Scale bar: 10 um.
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diffuse expression of LAMP1, indicating the presence of lysosomes, in both WT and AWD
keratinocytes (Figure 5.5). In addition, some colocalization of LC3-I/l1l and LAMP1 was
observed, highlighting the presence of autophagosomes in the keratinocytes (Figure 5.5).
The Pearson’s coefficient (PC) in AWD primary keratinocytes between LAMP1 and LC3-I/II
was 0.16 + 0.03, while in the control keratinocytes it was shown to be 0.15 + 0.02 (Figure
5.5). LC3-1/1l appeared more prominent in the perinuclear region in both control and AWD
keratinocytes (Figure 5.4). It was not possible to distinguish between LC3-1 and LC3-I, as the
LC3 A/B antibody was used.
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Chloroquine

Figure 5.4 Representative immunostaining of chloroquine treated primary WT and AWD
keratinocytes. Primary keratinocytes were treated for 2 hours with chloroquine (100 pum)
as indicated. Primary keratinocytes were fixed with 100% methanol and labelled with LC3-
I/1l (red). ROl outlined by white box with magnified images shown in top right corner. Arrow
shows a ring of LC3 expression surrounding a vacuole in WT keratinocytes and the absence
of a vacuole in AWD. Secondary antibody control (Alexa Fluor 647) in top panels. DAPI used

to stain for nuclei (blue). Images taken from a single experiment. Scale bar: 10 um.
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Control

Alexa Fluor 488
DAPI

r=0.15+0.02

r=0.16+0.03 -

Figure 5.5 Representative LC3-1/1l and LAMP1 immunostaining in isolated primary WT and
AWD keratinocytes. Day 5 primary WT and AWD keratinocytes were fixed in 100 %
methanol and labelled with LC3 I/l (red) and LAMP1 (green). Magnified images of region
outlined by white dashed box, shown on right. Arrows indicate regions of colocalization of
LC3-I/I and LAMP1. The degree of colocalization (yellow) (Pearson’s coefficient, r) between
LC3-I/Il and LAMP1 is indicated separately (mean £ SE, 5 cells per genotype with n = 3). Left
panel showing secondary antibody control (Alexa Fluor 488 and 647). DAPI used to stain for

nuclei (blue). Images taken from 3 independent experiments. Scale bar: 10 um.
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5.2.2 Optimising OA1-mCherry transfection and Adenovirus LC3-GFP

transduction

To visualise the melanosomes and autophagic activity in our live-cell experiment, |
transfected the highly pigmented 1014 murine melanoma cell line with an mCherry
reporter of OA1 (GRP143). This protein is involved in the synthesis and maturation of
melanosomes and labels the pigmented melanosomes in the 1014 melanocytes red, as it is
embedded in their membrane (Figure 5.6) (Burgoyne et al., 2013; Palmisano et al., 2008).
Notably, OA1-mCherry expression is concentrated in regions exhibiting high melanin
pigmentation (black puncta), corresponding to melanosomes transporting melanin to the
cell periphery (Figure 5.6 1). The 1014 melanocyte cell in the background displays limited
OAl1-mCherry labelling, as it exhibits less pigmentation (Figure 5.6). OA1-mCherry co-
localised with Rab27a, a transport protein, at the cell periphery (observed in yellow).
Additionally, Rab27a expression was dispersed throughout the cytoplasm, but was more
pronounced at the cell periphery, indicating areas of melanosome docking to the cortical
actin (Figure 5.6 I-Il; Figure 5.7 I-11). OA1-mCherry expression could also be observed in the
melanocyte centre, which corresponds to the early stages of melanosome maturation (i.e.,
stages | and II) (Figure 5.6 Il). The pigmentation of the 1014 murine melanoma cells is not
homogenous and therefore the OAl-mCherry staining correlates with the amount of
melanin (Figure 5.6).

Visualising LC3 expression in the live-cell imaging experiment was achieved by
employing an adenovirus encoding LC3-GFP. The adenovirus isolate stock was generated
using HEK-293 cells and titrated using the 1014 murine melanoma cells (Table 5.2). A
positive control ATG16L1 knock out (KO) MEFs was used to confirm that the 1014 murine
melanoma cells were effectively transduced (Figure 5.8). A range (2-8 pl) of adenovirus
isolate volumes were tested to establish the optimum transduction efficiency (Figure 5.8;
Table 5.2). Results demonstrated that the optimum volume of adenovirus LC3-GFP in a 24
well-plate was 2 pl, which displayed a transduction efficiency of 99% (Table 5.2). As the
volume of adenovirus increased, the transduction efficiency declined (Table 5.2; Figure 5.8
B). The recommended 2 pl adenovirus isolate volume was scaled up or down depending on

the culture dish used.
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Control 1014 murine melanoma
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Figure 5.6 Representative Rab27a and OA1l-mCherry immunostaining in 1014 murine
melanoma cells. 1014 murine melanoma cells were transfected with OA1-mCherry (red).
1014 murine melanoma cells were later fixed in 100% methanol, following transfection and
labelled with Rab27a (green). (1) Magnified images of melanocyte periphery. (Il) Magnified
images of melanocyte cell centre. Arrow in brightfield images showing melanosomes with
melanin at the melanocyte periphery and cell centre. Top left panel showing secondary
antibody control for Alexa Fluor 488. DAPI used to stain for nuclei (blue). Images taken from

a single experiment. Scale bar: 10 um
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1014 murine melanoma
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Figure 5.7 Representative Rab27a and F-actin (Phalloidin) immunostaining in 1014 murine
melanoma cells. 1014 murine melanoma cells fixed with 4% PFA and labelled with Rab27a
(green) and Phalloidin Atto 647N (red). Arrow showing melanin pigment. Secondary
antibody control (Alexa Fluor 488) top left panel. (I-Il) Magnified inserts of regions outlined

by ROI of the melanocyte periphery. Images taken from a single experiment. Scale bar: 20

um.
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Table 5.2 Adenovirus LC3-GFP transduction efficiency (%) in 1014 murine melanoma cells.

Volume of viral isolate (ul) Total number of cells LC3-GFP positive cells Transduction efficiency (%)
2 126 125 99
4 352 210 60
6 322 87 27
8 313 110 35

XB-2 mouse keratinocytes were used to confirm the adenovirus LC3-GFP
transduction (Figure 5.9). XB-2 mouse keratinocytes were immunostained with LC3-1/1l and
transduced with 2 pl of adenovirus LC3-GFP (Figure 5.9). Immunostaining confirmed the
effective labelling of LC3 in the XB-2 keratinocytes, with the LC3-GFP co-localising with LC3-
I/1l (Figure 5.9). To ensure that the adenovirus LC3-GFP infected our primary WT and AWD
keratinocytes, the keratinocytes were cultured on collagen-coated coverslips and
transduced with 2 ul of adenovirus LC3-GFP for 24 hours, before fixing the keratinocytes
with 100% methanol. The keratinocytes were successfully transduced with the adenovirus
LC3-GFP and showed more prominent LC3-GFP expression around the perinuclear region in
both WT and AWD keratinocytes (Figure 5.10). Moreover, LC3-GFP appeared in areas with
melanin aggregates, providing a first indication that LC3 may be localised to melanosome
membranes after ingestion by keratinocytes (Figure 5.10). Findings provide strong evidence

that the adenovirus is effectively labelling LC3 in our primary keratinocyte cultures.
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ATG16L1KO MEF 1014 murine melanoma
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Figure 5.8 Representative images of adenoviral LC3-GFP transduced 1014 murine
melanoma cells. (A) Positive control: Representative tiled image (4x4) of ATG16L1 knock
out (KO) mouse embryonic fibroblasts (MEF) transduced with 2 pl adenovirus LC3-GFP
(green). Scale bar: 500 um. Untransduced control: 1014 murine melanoma cells. Scale Bar:
100 um. Titration (2-8 pl) of adenovirus LC3-GFP isolate stock on 1014 murine melanoma
cells. Representative images showing tiled image (4x4) of transduced 1014 murine
melanoma melanocytes in green. Images taken from a single experiment. Scale bar: 500
pm. DAPI used to stain for nuclei (blue). (1) Magnified image of area marked by ROl showing
untransduced 1014 murine melanoma cell control. (Il) Magnified image of area marked by
ROI showing 2 pl LC3-GFP transduced 1014 murine melanoma cells. (B) Transduction
efficiency (%) of adenovirus LC3-GFP isolate stock in 1014 murine melanoma cells, using 2-

8 wl of adenovirus LC3-GFP. Analysis conducted in Imagel.
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XB-2 Keratinocytes

Control

Adenovirus LC3-GFP DAPI

Figure 5.9 Representative images of XB-2 mouse keratinocytes transduced with
adenovirus LC3-GFP (green) and immunolabelled with LC3-1/II (red). Colocalisation of LC3-
GFP and LC3-1/1l shown in yellow. Top left panel showing secondary antibody control (Alexa
Fluor 594). DAPI used to stain for nuclei (blue). Images taken from a single experiment. Scale

bar: 10 um.
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WT AWD

Adenovirus LC3-GFP

Figure 5.10 Representative images confirming adenoviral LC3-GFP transduction in primary
WT and AWD keratinocytes. Primary WT and AWD keratinocytes were fixed in 100 %
methanol. 2 pl of adenovirus LC3-GFP (green) used to transduce WT and AWD
keratinocytes. Top panels showing brightfield image of WT and AWD keratinocytes
overlayed with adenovirus LC3-GFP (green). Arrows showing melanin pigment in primary

keratinocytes. Images taken from 3 independent experiments. Scale bar: 10 um.
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5.2.3 Optimisation of the experimental design for live cell imaging

After confirming the optimum transfection and transduction conditions for the
melanosome donor 1014 cells and recipient primary keratinocytes, | next sought to harvest
OA1-mCherry labelled melanosomes from the 1014 murine melanoma cells. This media
was used to treat the primary WT and AWD keratinocytes with the mCherry tagged
melanosomes, which enabled me to visualise the movement of the melanosomes within
our live-cell imaging experiment. Results demonstrated that the melanin aggregates
overlapped with the OAl-mCherry labelling in both the WT and AWD keratinocytes,
providing a strong indication that the primary keratinocytes are taking up the OA1-mCherry
melanosomes from the growth media (Figure 5.11; Figure 5.12).

LAMP1 expression was diffuse in both WT and AWD keratinocytes, with lysosomes
seen in the same areas of melanin clusters (Figure 5.11; Figure 5.12). These areas were near
the perinuclear region in both the control and AWD keratinocytes (Figure 5.11; Figure 5.12).
LC3-1/1l was prominent in the perinuclear region in both control and AWD keratinocytes, as
previously described, but exhibited a low expression in the cytosol (Figure 5.11; Figure
5.12). In some areas the OA1-mCherry melanosomes were overlapping with LC3-1/1l (shown
in yellow) and LAMP1 staining (shown in white), providing a first indication of their
interactions in our control and AWD keratinocytes (Figure 5.11; Figure 5.12). The areas
shown in white, which highlight the association of OA1-mCherry, LC3-I/1l and LAMP1, may
suggest potential melanosome processing, driven by autophagy (Figure 5.11; Figure 5.12).
The areas of magenta overlap (OA1-mCherry and LAMP1) suggest that melanosomes are
internalised in lysosomal compartments within keratinocytes after 24 hours of melanosome
treatment (Figure 5.11; Figure 5.12). Moreover, it suggests that processing of the
melanosomes had not yet occurred, due to the lack of LC3 surrounding the lysosomal

compartment.
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Figure 5.11 Representative immunostaining confirming OA1-mCherry uptake after 24
hours in primary WT keratinocytes. Primary WT keratinocytes fixed in 100 % methanol and
labelled with LC3-I/Il (green) and LAMP1 (blue). OA1-mCherry positive melanosomes
highlighted in red and overlap in regions of melanin aggregates, shown by black arrow in
brightfield image (middle right panel). White arrow showing OA1-mCherry with LC3-I/II
overlap and red arrow showing LAMP1, LC3-I/ll and OA1l-mCherry overlap. Secondary
antibody controls (Alexa Fluor 405 and 488) in top left panels. Images taken from 3
independent experiments. Scale bar: 20 um for Alexa Fluor 405 control and 10 pm for

remaining panels.
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AWD

Figure 5.12 Representative immunostaining confirming OA1-mCherry uptake after 24
hours in primary AWD keratinocytes. Primary AWD keratinocytes fixed in 100 % methanol
and labelled with LC3-I/II (green) and LAMP1 (blue). OA1-mCherry positive melanosomes
highlighted in red and overlap in regions of melanin aggregates, shown by arrow in
brightfield image (middle right panel). White arrow showing OA1-mCherry with LC3-I/II
overlap and red arrow showing LAMP1, LC3-I/ll and OA1l-mCherry overlap. Secondary
antibody controls (Alexa Fluor 405 and 488) in top left panels. Images taken from 3
independent experiments. Scale bar: 20 um for Alexa Fluor 405 control and 10 um for

remaining panels.
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5.2.4 Assessing melanosomal dynamics in WT and AWD primary

keratinocytes

With the system now established in fixed primary keratinocytes, the next step
involved monitoring the dynamics in live cells over a 24-hour period, to examine the effects
of LAP-deficiency on melanosomal uptake and processing. To investigate the interaction of
melanosomes with the autophagic and LAP pathways, primary keratinocytes were
transduced with adenovirus LC3-GFP and treated with LysoTracker blue, which monitors
lysosomal compartments. Cells were imaged using the confocal Z scanning at 63x
magnification for 24 hours.

In WT keratinocytes, LC3 expression displayed perinuclear localisation at 2 hours,
with prominent LC3 green puncta indicating autophagosome formation (Figure 5.13). These
autophagosomes disappeared by 7 hours, with diffuse LC3-GFP expression becoming
visible, which persisted until 9 hours. By 11 hours, LC3 puncta began to reappear, showing
OA1-mCherry expression and LysoTracker staining, with these structures remaining visible
at 16 hours (Figure 5.13). From 16 hours onwards, LC3 puncta became more prominent and
remained punctate until 24 hours (Figure 5.13). This pattern resembled the LC3 expression
observed in fixed WT keratinocytes after 24 hours of melanosome treatment (Figure 5.11).
In the AWD keratinocytes, LC3-GFP expression was more diffuse at 2 hours; however,
autophagosome formation began as early as 4 hours post melanosome treatment (Figure
5.14). These bright LC3-GFP puncta clustered in regions of OA1-mCherry at 8 hours and
remained visible at 9 hours (Figure 5.14). A strong LC3-GFP signal around the perinuclear
region was consistently visible from 9 to 18 hours (Figure 5.14). After 18 hours, the LC3
puncta remained until 24 hours, similar to the observations made in the fixed AWD
keratinocytes (Figure 5.12; Figure 5.14).

In WT keratinocytes, LysoTracker exhibits diffuse fluorescence at 2 hours, persisting
until after autophagosome formation at 16 hours (Figure 5.13). LysoTracker fluorescence
becomes much stronger at 19 hours, starting to associate with LC3-GFP and OA1-mCherry.
By 24 hours, LysoTracker is more prominent in regions of melanosome processing (Figure
5.13). In the AWD keratinocytes, LysoTracker is initially diffuse at 2 hours but begins to
aggregate as early as 10 hours in regions of melanosome deposition (Figure 5.14). Between

10 and 17 hours, LysoTracker increasingly associates with LC3-GFP and OA1l-mCherry
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(Figure 5.14). In the remaining hours, LysoTracker fluorescence remains prominent near
melanosome processing sites (Figure 5.14). Similar aggregates of LAMP1 and LC3 can be
observed in the fixed WT and AWD keratinocytes at 24 hours (Figure 5.11; Figure 5.12).

In WT keratinocytes, results revealed that OA1-mCherry positive melanosomes
began to aggregate at 9 hours post-incubation with OA1-mCherry melanosome (Figure
5.13). These melanosomes formed clusters around the perinuclear region during the live-
cell imaging time course (Figure 5.13). In AWD keratinocytes, melanosome clustering
occurred as early as 4 hours and became progressively more aggregated by 9 hours (Figure
5.14). The OA1-mCherry melanosome clusters remain localised to the perinuclear area of
the keratinocyte, with the OA1-mCherry signal persisting until 24 hours in WT keratinocytes.
However, in the AWD keratinocytes, the OA1-mCherry expression begins to disappear at 21
hours in AWD cell 1 but remained in the second keratinocyte (Figure 5.14).

The interaction of LysoTracker, LC3-GFP, and OA1-mCherry was further assessed by
calculating the co-localisation of the three markers and measuring the fluorescent intensity
through line analysis in ImagelJ (Table 5.3; Figure 5.15; Figure 5.16). For the colocalization
analysis, the Pearson’s coefficient (PC) was calculated at several regions of melanosome
processing over time. The line analysis for the fluorescent intensity profiles was measured
in the same regions, allowing for a comparison of the PC coefficient with the intensity
profile (Figure 5.15; Figure 5.16).

For example, at 9 hours, the ROI outlined in Figure 5.15-5.16, exhibited a PC for the
interaction between OA1-mCherry and LC3-GFP of 0.02 (WT cell 1) and 0.24 (WT cell 2)
(Table 5.3). The fluorescent intensity of these markers at this ROl was weak, with the
greatest signal appearing from the LysoTracker (Figure 5.15 A). In contrast, the coefficients
at 9 hours were higher in the AWD keratinocytes, with values of 0.68 (AWD cell 1) and 0.46
(AWD cell 2). These higher PC values were reflected in the intensity plots, which showed
more pronounced peaks than those observed in the WT keratinocytes (Figure 5.16 A).
Moreover, the LC3-GFP and OA1-mCherry plots showed close interaction at 9 hours, as
demonstrated by the high PC value (Table 5.3; Figure 5.16). At 16 hours, WT keratinocytes
showed subtle differences in the intensities of the LC3-GFP, OA1-mCherry, and LysoTracker
signals, except in WT Cell 1, which began to form a large aggregate with stronger OA1-

mCherry and LC3-GFP signals (Figure 5.13; Figure 5.15 A). The association of LC3-GFP and
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OA1-mCherry at this ROl exhibited a PC of 0.68 (Table 5.4; Figure 5.15 B). At 16 hours, the
fluorescent intensities of LC3, OA1, and LysoTracker increased slightly from 9 hours, in both
AWD cells (Figure 5.16 A). The interaction of OA1 and LC3 was greater at 16 hours than at
9 hours, with a PC of 0.89 for AWD cell 1 and 0.71 for AWD cell 2 (Table 5.3; Figure 5.16 B).
Additionally, the association of OA1-mCherry and LysoTracker increased, with coefficients
of 0.62 (AWD cell 1) and 0.63 (AWD cell 12) (Table 5.3; Figure 5.16 B). This association was
much weaker in the WT keratinocytes, with PCs of only 0.22 (WT cell 1) and 0.01 (WT cell
2) (Table 5.3; Figure 5.15 B). The AWD keratinocytes exhibited signs of LC3-GFP fusion with
lysosomes at 16 hours, indicated through the high PCs of 0.74 (AWD cell 1) and 1 (AWD cell
2) (Table 5.3; Figure 5.16 B). Correspondingly, the high PCs observed between OA1-mCherry
and LysoTracker blue, suggest that melanosomes start to become processed in the
lysosomes at around 16 hours (Table 5.3; Figure 5.16 B). This processing was not observed
in the WT keratinocytes, with only WT cell 1 showing a strong association of LC3-GFP and
LysoTracker blue at 16 hours (r = 0.40) (Table 5.3). At 24 hours, the expression and
interaction between melanosomes and LC3 increased, with PCs of 0.74 (WT cell 1) and 0.26
(WT cell 2) (Table 5.3; Figure 5.13; Figure 5.15 A-B). The same was true for the association
of LC3 and lysosomes, with coefficients of 0.76 (WT cell 1) and 0.34 (WT cell 2) (Table 5.3;
Figure 5.13; Figure 5.15 A-B). Moreover, the interaction between melanosomes and
lysosomes increased, displaying higher PCs in cell 1 and 2 (r = 0.43 and 0.12, respectively)
(Table 5.3; Figure 5.15 B). At 24 hours, the AWD keratinocytes exhibited increased
expression of OA1-mCherry, LC3-GFP and LysoTracker blue, yet the association of OA1l-
mCherry and LC3-GFP remained comparable, with PCs of 0.81 in AWD cell 1 and 0.73 in
AWD cell 2 (Figure 5.13; Figure 5.16).

However, the interaction of OA1 and lysosomes began to decrease in AWD cell 1,
with a PC of 0.49 (Table 5.3; Figure 5.16 B). In AWD keratinocyte 2, the interaction between
lysosomes and melanosomes remained similar to that observed at 16 hours, with a
coefficient of 0.64 (Table 5.3; Figure 5.16 B). Moreover, the association of LC3 and
lysosomes began to decrease at 24 hours, with subtle changes seen in the PCs, recorded at
0.72 (AWD cell 1) and 0.74 (AWD cell 2) (Table 5.3; Figure 5.16 B). Despite these changes,
the intensity of the LC3 and LysoTracker signals remained high in the intensity plots at 24
hours (Figure 5.16 A).
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Table 5.3 Overview of Pearson’s coefficient (r) for primary keratinocyte ROIs listed below at

2-24 hrs.
Condition Pearson's coefficient (r)
2 hrs 9 hrs 16 hrs 24hrs
WT Cell 1 mCherry + GFP 0.02 0.02 0.68 0.74
WT Cell 1 mCherry +Lysotracker Blue 0.00 0.01 0.22 0.43
WT Cell 1 GFP +Lysotracker Blue 0.00 0.01 0.40 0.76
WT Cell 2 mCherry + GFP 0.01 0.24 0.03 0.26
WT Cell 2 mCherry + Lysotracker Blue 0.00 0.01 0.01 0.12
WT Cell 2 GFP +Lysotracker Blue 0.00 0.00 0.00 0.34
AWD Cell 1 mCherry + GFP 0.60 0.68 0.89 0.81
AWD Cell 1 mCherry +Lysotracker Blue 0.00 0.08 0.62 0.49
AWD Cell 1 GFP +Lysotracker Blue 0.00 0.14 0.74 0.72
AWD Cell 2 mCherry + GFP 0.00 0.46 0.71 0.73
AWD Cell 2 mCherry +Lysotracker Blue 0.02 0.31 0.63 0.64
AWD Cell 2 GFP +Lysotracker Blue 0.00 0.51 1.00 0.74
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Figure 5.13 Timestamp confocal images of
melanosomal dynamics in WT primary keratinocytes
at 2, 4, 7, 8, 9, 11, 16, 18 and 24 hours. Primary
keratinocytes transduced with adenovirus LC3-GFP
(green), treated with OAl-mCherry tagged
melanosomes (red) and LysoTracker Blue (blue).

Images taken from a single experiment. Scale bar: 5

um.
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Figure 5.14 Timestamp confocal images of
melanosomal dynamics in AWD primary
keratinocytes at 2,4, 7, 8,9, 11, 16, 18 and 24 hours.
Primary keratinocytes transduced with adenovirus
LC3-GFP (green), treated with OA1-mCherry tagged
melanosomes (red) and LysoTracker Blue (blue).

Images taken from a single experiment. Scale bar: 5

um.
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Figure 5.15 WT primary keratinocytes at 24 hours post OAl-mCherry melanosome
treatment. (A) WT primary keratinocyte transduced with adenovirus LC3-GFP (green) and
treated with LysoTracker Blue (blue) and OA1-mCherry (red) melanosomes. White dashed
box highlighting a region of melanosome processing and analysis. Magnified image showing
ROI. Images taken from a single experiment. Scale bar: 5 um. Right panels showing
fluorescent intensity profiles (A.U) over time (2-24 hours) at ROI. (B) Colocalisation analysis
at ROIs, showing Pearson’s coefficient of OA1-mCherry and LC3-GFP, OA1-mCherry and
LysoTracker Blue, and LC3-GFP and LysoTracker Blue, over time (2-24 hours).
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Figure 5.16 AWD primary keratinocytes at 24 hours post OAl-mCherry melanosome
treatment. (A) AWD primary keratinocyte transduced with adenovirus LC3-GFP (green) and
treated with LysoTracker Blue (blue) and OA1-mCherry (red) melanosomes. White dashed
box highlighting a region of melanosome processing and analysis. Magnified image showing
ROI. Images taken from a single experiment. Scale bar: 5 um. Right panels showing
fluorescent intensity profiles (A.U) over time (2-24 hours) at ROI. (B) Colocalisation analysis
at ROIs, showing Pearson’s coefficient of OA1-mCherry and LC3-GFP, OA1-mCherry and

LysoTracker Blue, and LC3-GFP and LysoTracker Blue, over time (2-24 hours).
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5.3 Discussion

This chapter explored the impact of LAP deficiency on melanosome uptake and
processing in primary control and AWD keratinocytes. By utilising the AWD mouse model |
was able to provide a unique system to distinguish between autophagy and LAP in the
trafficking of melanosomes in keratinocytes. This work expanded the current understanding
of the role of autophagy in melanosome degradation in keratinocytes and offers a novel in
vitro system for investigating pigmentation dynamics in both autophagy-efficient and LAP-

deficient keratinocytes.

5.3.1 Isolation and long-term culture of primary keratinocytes

Primary keratinocytes were isolated from the epidermal tail skin of control and AWD
mice, and were cultured in rat tail type | collagen-coated dishes until further processing.
The tail skin was chosen over dorsal skin due to its lower hair follicle density, making it more
suitable for pure keratinocyte isolation (Li et al., 2017). Initially, keratinocytes were isolated
and cultured in low Ca?* (0.05 mM) serum-supplemented growth medium (EMEM), but this
medium did not promote cell proliferation and cells survived only up to day 5 post-isolation.
Instead, serum-free keratinocyte specific medium, supplemented with growth factors,
cytokines and other supplements — proved more effective for long-term keratinocyte
culture. The proliferation rate increased, and cells sustained growth beyond 8 days,
reaching confluency (> 70%) by day 5, when cultured immediately in KBM growth medium.
It has been reported that serum-free media supports keratinocyte growth when
supplemented with EGF, insulin, transferrin, and hydrocortisone (Sciezyriska et al., 2018).
Increased proliferation rates were observed with this supplemented serum-free media,
though the rate of proliferation decreased when the concentration of supplements was
reduced. The proliferating keratinocytes exhibited a cobblestone morphology, which is a
common characteristic for basal keratinocytes (Zhang, 2019). Despite achieving confluency,
primary keratinocytes could not sustain growth as a monolayer in this medium and began
to decrease in number after subculturing. Primary murine keratinocytes have shown
difficulties in in vitro culture compared to human primary keratinocytes, which maintain

their division capability for many passages (Hager et al., 1999). Hager and colleagues
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demonstrated that maintaining murine epidermal keratinocytes (MEK) in EMEM growth
medium with 0.06 mM Ca?* was sufficient to subculture primary basal cells (Hager et al.,
1999). They isolated the MEKs using collagenase solution, whereas keratinocytes in this
project were isolated using trypsin. The use of trypsin for the isolation of primary
keratinocytes may influence the keratinocyte viability following culture in KBM or EMEM. A
method review by Sciezyriska and co-workers stated that after enzymatic digestion with
trypsin only 3-4% of keratinocytes could form colonies, despite optimal culture conditions
(Sciezynska et al., 2018). Moreover, Hager’s study revealed that adding fibroblast-
conditioned medium, along with appropriate growth factors such as EGF, hydrocortisone,
cholera toxin and aminoguanidine, allowed cultures to maintain their basal phenotype
through to passage 19 (Hager et al., 1999). Similarly, a feeder layer of fibroblast cells is often
used when culturing primary keratinocytes (Morris et al., 2019).

In addition to low concentrations of Ca?* and appropriate growth media, the
microenvironment in which the primary keratinocytes are cultured in vitro also determines
the cell fate (Wong et al., 2019). It has been demonstrated that maintaining an acellular
ECM assists in preserving the stem-cell like characteristics of the keratinocytes, by providing
biochemical and biomechanical cues that regulate migration, adhesion, proliferation, and
differentiation (Frantz et al., 2010). A study by Wong and colleagues revealed that primary
keratinocytes cultured on collagen | grew as single cells but developed mixed morphologies,
with some cells becoming quite large and flat (Wong et al., 2019). This characteristic was
also observed in our primary keratinocytes at day 5, increasing progressively at day 8. These
flattened cells exhibited F-actin staining around the cell periphery, more prominently in the
AWD keratinocytes. This circumferential actin network indicates that these AWD
keratinocytes are less motile and are undergoing terminal differentiation, similar to
observations by Nanba and co-workers (Nanba et al., 2013). In the WT keratinocytes,
phalloidin staining was not as prominent, but was still localised to the cell periphery.
Additionally, both WT and AWD keratinocytes began to express keratin 10, an early
indicator of terminal differentiation. The association of increased size and prominent F-actin
distribution at the cell periphery during terminal differentiation supports findings by Sun
and Green (Sun and Green, 1976).
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5.3.2 Applications for modelling LC3-associated phagocytosis,

autophagy and melanosomal movement in vitro

Melanin is an electron-dense, chemically robust, and highly light-absorbing
substance, making it challenging to assess melanosomal dynamics using fluorescent
techniques (Lazova et al., 2010). An OA1-mCherry plasmid was used to label melanosomes
that had undergone synthesis and maturation in 1014 murine melanoma melanocytes.
OA1-mCherry positive fluorescent puncta were observed throughout the cytosol of 1014
murine melanoma cells, yet the majority of OA1-mCherry accumulated at the cortical actin
network. OA1-mCherry expression was shown to be in regions of melanin aggregates,
corresponding to the mature melanosomes carrying the pigment to the melanocyte
periphery. These melanin aggregates can be observed in the phase and brightfield images
by the black puncta. The 1014 murine melanoma cells did not exhibit homogenous
pigmentation throughout cultures. It has been shown that OAl is localised to the
perinuclear area and was mainly associated with endosomal/lysosomal compartment, and
co-localised to TYRP1 and LAMP1, however other studies have demonstrated that OA1l is
confined to the membrane of melanosomes at all stages of maturation (Samaraweera et
al., 2001; Schiaffino et al., 1996). Some of these vesicular OA1-mCherry puncta were also
immunolabelled with Rab27a, a binding protein that attaches melanosomes to the distal
actin cytoskeleton (Van Gele et al., 2009). Rab27a exhibited an increased expression at this
cortical actin network, due to melanosomes docking at the cell periphery. This docking was
facilitated by the binding of Rab27a to the actin network, mediated through melanophilin
(Strom et al., 2002). Bruder and co-workers also showed that this Rab27a was co-localised
to OA1-mCherry, indicating that both markers were localised to melanosomes (Bruder et
al., 2012). Using this fluorescently tagged OA1, it was established that OA1-mCherry could
be used as an effective melanosomal marker for fixed and live cell imaging experiments. As
far as we are aware this is the first report of using OA1-mCherry tagged melanosomes in
primary keratinocyte cultures and provides a useful tool for studying and characterising the
dynamics of melanosomes in adjacent keratinocytes. The Morris lab at UCL has confirmed
through Western Blot that these exocytosed melanosomes, harvested from the 1014
murine melanoma media, are positive for Rab27a and S100 calcium-binding protein B. This

marker is secreted by melanocytes, proving that these OA1-mCherry tagged melanosomes
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are derived from the melanocytes. An exosome control was probed alongside the
melanosome to evaluate the nature and origin of the extracellular vesicle (Personal
communication).

For monitoring autophagy and LAP, primary WT and AWD keratinocytes were
transduced with an adenovirus encoding GFP-LC3 for 24 hours, before replenishing with
fresh growth medium. Following conventional autophagy inhibition with chloroquine,
primary control keratinocytes recruited LC3 to large endo-lysosomal compartments. Here,
chloroquine induced the non-conventional LAP pathway in the control keratinocytes, with
AWD keratinocytes failing to recruit LC3 to these large endo-lysosomal structures. Similar
observations were made by Wang and co-workers using WT and AWD MEFs (Wang et al.,
2021). Autophagy was activated in non-chloroquine induced control and AWD
keratinocytes, indicated by the LC3 puncta. These LC3 puncta were localised to the
perinuclear area in both the WT and AWD keratinocytes. Immunolabelling of LC3-I/II
exhibited similar expression patterns, with the expression of LC3-I/1l primarily confined to
the perinuclear region. Several dermatological conditions, such as Hermansky-Pudlak
syndrome type 1, vitiligo and melanoma, have been shown to exhibit various levels of
autophagic dysregulation (Li et al., 2020; Nagar, 2017). Additionally, studies have indicated
that melanosomes may be degraded by autophagy in melanocytes and keratinocytes (Kim
et al., 2020; Murase et al., 2013; Zhu et al., 2020). So far, the assumptions have been made
that autophagy has a key role in the pathogenesis of these conditions, yet little is known

whether an alternative non-canonical process (i.e., LAP) may be involved.

5.3.3 OA1-mCherry associates with LC3-GFP and lysosomes in AWD

keratinocytes

OAl1l-mCherry tagged melanosomes were collected from the 1014 murine
melanoma growth medium and added to primary keratinocytes cultured in KBM growth
medium. The melanosomes were incubated with the keratinocytes for 24 hours before
fixing the keratinocytes with 100% methanol for subsequent immunolabelling. This system
was established in fixed primary keratinocyte cultures to ensure that the melanosomes
would be ingested by the keratinocytes. Results showed that OA1-mCherry melanosomes

were engulfed by the keratinocytes and deposited in the supranuclear region. This had been
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previously reported by Ando and co-workers, who also revealed that within 24 hours,
melanosomes accumulated around the perinuclear region after initial phagocytosis in
keratinocytes (Ando et al., 2012). Brightfield imaging confirmed that the OA1-mCherry
labelling was in areas of melanin aggregation, corroborating the findings from the OA1-
mCherry labelling in the 1014 murine melanoma cells. Additionally, control and AWD
keratinocytes showed co-localisation of LAMP1 with OA1-mCherry, suggesting that these
melanosomes might be degraded or stored in lysosomal compartments. In some areas,
LAMP1 expression also co-localised with LC3-I/Il, indicating a potential autophagic driven
degradation process.

Studies have proposed that the melanosome membrane is not internalised by the
keratinocyte, with Tarafder and co-workers showing that the single membrane limiting
melanin granules in human keratinocytes lacks melanosomal markers (e.g., TYRP1)
(Tarafder et al., 2014). In addition, they established a co-culture system between mouse
melanocytes (Melan-Inka) and human keratinocytes, and further labelled melanosomes
with LAMP1 that specifically detects murine-derived LAMP1. This LAMP1 immunolabelling
was present in the mouse melanocytes, yet was absent from the human keratinocytes,
further confirming that the melanosome membrane is not present following ingestion by
keratinocytes. Given that my study shows OA1-mCherry tagged melanosomes in primary
keratinocytes, following 24 hours of treatment, provides a new insight that the
melanosome membrane is transferred to keratinocytes in murine skin. Hurbain and
colleagues revealed that different modes of transfer are not mutually exclusive and thus
may depend on the model system that is used and the region of skin (Hurbain et al., 2018).

Once the system was established in fixed keratinocytes, the dynamics of the
melanosomes was further assessed in live WT and AWD primary keratinocytes over 24
hours using confocal microscopy. Lysosomal structures were labelled with LysoTracker blue,
autophagy and LAP were monitored using an adenovirus LC3-GFP, and melanosomes were
fluorescently labelled with OA1-mCherry. Images were captured every hour, revealing that
by 2 hours, OAl-mCherry tagged melanosomes had already been ingested by the
keratinocytes. Fluorescent intensity analysis indicated a weak mCherry signal in both WT
and AWD keratinocytes at 2 hours, suggesting that AWD keratinocytes show no delay in the
uptake of melanosomes compared to controls. At 2 hours, the association between OA1-

mCherry and LC3-GFP was weak in controls, as indicated by low PCs. Similarly, the
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association between OA1-mCherry and LysoTracker blue was low in both controls and AWD
keratinocytes, suggesting that melanosomal processing had not yet begun. By 9 hours,
clustering of OA1-mCherry in the perinuclear area was observed in both WT and AWD
keratinocytes, with this clustering being more prominent in the AWD keratinocytes, as
highlighted by fluorescent intensity analysis. The interaction between LC3-GFP and OA1-
mCherry increased in both WT and AWD keratinocytes, becoming much more pronounced
at 16 hours post-melanosome incubation in the AWD keratinocytes. This increase was
slightly delayed in the WT cells, with only one cell showing a stronger association of OA1-
mCherry and LC3-GFP at 16 hours. This increased interaction was coupled with an increase
in the co-localisation of lysosomes and LC3, suggesting that melanosomal processing had
commenced by 16 hours. By 24 hours, an overlap of LC3-GFP, LysoTracker blue, and OA1-
mCherry was observed in both WT and AWD keratinocytes, indicating that OA1-mCherry
tagged melanosomes were being sequestered by autophagosomes, mediated by LC3. It is
possible that the melanosome membrane, where OA1-mCherry is integrated, is targeted by
autophagy, and the melanin contained within the lysosome is stored following degradation
of the membrane. It has been proposed that melanocores are not degraded by the
lysosome, but are stored (Correia et al., 2018; Hurbain et al., 2018). Correia and co-workers
revealed that XB-2 keratinocytes treated with melanocores exhibited minimal co-
localisation of the melanocores with LysoTracker, and demonstrated that early endosomal
antigen 1 (EEA1), LAMP2, and CD63 surround the melanocores (Correia et al., 2018). This
suggests that they may be stored in either a hybrid or transitional early-to-late endosome.
They demonstrated that these compartments show only moderate acidification and poor
hydrolytic capacity, making them convenient for longer term storage of melanin. Yet,
Homma and colleagues determined that melanosomes were degraded by lysosomes, which
they assessed by using leupeptin, an inhibitor of lysosomal hydrolases (Homma et al., 2018).
The studies by Hurbain and co-workers and Correia and colleagues contradict many studies
that suggest that melanosomes are degraded by lysosomes (Correia et al., 2018; Homma et
al., 2018; Hurbain et al., 2018; Murase et al., 2013).

The phagocytic activity of keratinocytes is regulated by PAR-2. A study by Ando and
co-workers revealed that microvillus-associated trapping of the pigment globules occurred

in the basal keratinocytes but not in terminally differentiating ones (Ando et al., 2012). In
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the later stages of keratinocyte phagocytosis, the pigment globule was engulfed by the
keratinocyte plasma membrane, a process that could be inhibited by treatment with
soybean trypsin inhibitor, known as a PAR-2 inhibitor. This strongly indicates that the
incorporation of pigment globules in human epidermal keratinocytes is dependent on PAR-
2. In fact, Seiberg and co-workers established that PAR-2 stimulation increased melanin
uptake by keratinocytes (Seiberg et al., 2000). Furthermore, Correia and co-workers
revealed that PAR-2 was required for melanocore uptake by keratinocytes, with PAR-2
silencing resulting in fewer melanocores being ingested (Correia et al., 2018). Moreover, a
study by Babiarz-Magee and others found that PAR-2 was highly expressed in darker skin,
suggesting that increased phagocytic activity influences skin colour (Babiarz-Magee et al.,
2004). Indeed, Murase and colleagues determined that autophagy plays a role in
determining skin colour through the degradation of melanosomes in keratinocytes (Murase
et al., 2013). By suppressing ATG7, they reported an increase in the melanosomal protein
PMEL, accompanied by a decrease in LC3-1l, a marker for autophagosomes. These findings
suggest that autophagy is involved in melanosome degradation in normal human epidermal
keratinocytes. Further support came from knockdowns of ATG13 and UVRAG, which
resulted in the accumulation of p62. Given that autophagy targets organelles such as
mitochondria, peroxisomes, the nucleus, and the endoplasmic reticulum for degradation, it
is reasonable to assume it would degrade lysosome-related organelle like melanosomes to
protect keratinocytes from toxicity (Murase et al., 2013).

A study by Kim and colleagues showed that a synthetic autophagy inducer, PTPD-
12, could stimulate melanosome degradation in keratinocytes (Kim et al., 2020). Primary
human epidermal keratinocytes treated with PTPD-12 exhibited upregulation of LC3-1l and
a dose-dependent reduction of p62. Fluorescent microscopy revealed a significant increase
in the number of autolysosomes following PTPD-12 treatment, emphasising that this
synthetic inducer could enhance autophagic activity. Furthermore, it induced the
degeneration of melanosome structures within autophagic vesicles, which was observed by
the colocalization of PMEL17 and LC3 and reduced the number of isolated melanosomes in
primary human keratinocytes. TEM imaging showed a reduced number of melanosomes,
and increased number of autophagosomes and autolysosomes in the primary human
keratinocytes, following PTPD-12 treatment. Moreover, they revealed that electron

microscopy of L-DOPA showed melanosomes in the perinuclear area within autophagic
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vacuoles, which they suggest that terminal stage melanosomes are degraded by PTPD-12
mediated autophagy. This was supported by further Western Blot analysis on key
melanogenesis proteins, such MITF, TYR and PMEL17, where MITF expression remained
unchanged following treatment with PTPD-12, yet PMEL and TYR expression decreased.
Interestingly, following chloroquine treatment, an autophagic flux inhibitor, PTPD-12-
mediated melanosome degradation decreased.

The relationship between LAP and melanosome processing and degradation
remains ambiguous, therefore, the question of whether LAP is involved in the early stages
of melanosome trafficking needs to be addressed. Despite promising efforts of autophagy
being involved in melanosome biogenesis, processing and degradation, limited research has
been conducted on the relationship between human/mouse melanin and LAP. So far,
research has only been conducted on fungal melanin, which has demonstrated inhibitory
functions on LAP in Aspergillus fumigatus (Akoumianaki et al., 2016; Gongalves et al., 2020;
Kyrmizi et al., 2018). Akoumianaki and colleagues revealed that two events must occur in
A.fumigatus germination that will enable LAP activation, which include unmasking of the
PAMPs and removal of melanin from the fungal cell wall (Akoumianaki et al., 2016). They
determined that fungal cell wall melanin inhibits the assembly of the NADPH oxidase
complex, by excluding the p22phox subunit from the phagosome, thereby preventing LAP.
They also indicated that not only fungal melanin exhibits this inhibitory role, but also
purified melanin from various sources, such as synthetic melanin. This was confirmed by a
further study by Chamilos and co-workers, who showed that LAP blockage was not
restricted to fungal cell wall melanin but was a general property of other melanin pigments
that were tested (Chamilos et al., 2016). In addition, they revealed that melanin did not
inhibit macroautophagy, which had been induced by rapamycin, but only inhibited the
NADPH oxidase-dependent activation of LAP. If mouse skin melanin is exhibiting similar
inhibitory mechanisms on the control primary keratinocytes, this would mean that both our
WT and AWD keratinocytes are LAP-deficient, despite the removal of the WD domain in
ATG16L1. Therefore, more research is needed to evaluate whether human and murine skin
melanin exhibits similar inhibitory functions on the LAP pathway. By understanding the
underlying mechanisms that melanin uses to exploit this pathway, will aid in the future

evaluation of dermatological skin conditions.
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5.4 Conclusions

This chapter has established a novel system for monitoring melanosomal dynamics
in autophagy efficient and LAP-defective primary mouse keratinocytes, using OA1-mCherry
tagged melanosomes, an adenovirus LC3-GFP and LysoTracker blue. This study supports
previous findings that autophagy is involved in the degradation of melanosomes in
keratinocytes and provides a potentially useful tool for assessing the role of LAP in
melanosomal degradation. To fully evaluate this involvement, the uptake and processing of
melanosomes should be explored at earlier stages in the keratinocytes with shorter time
intervals and the potential inhibitory function of melanin on LAP should be examined.
Irrespectively, autophagy presents itself as a novel therapeutic approach against

pigmentation disorders.

5.5 Limitations and future work

This chapter highlighted several limitations that could be addressed in future
experiments.

To expand our primary cultures in vitro and maintain them in a basal proliferative state
for many passages, one would need to explore the use of a potential fibroblast feeder layer
(e.g., Mouse embryonic fibroblasts from the AWD) to provide microenvironmental support.
This would reduce the number of mice required for primary keratinocyte isolation and thus
contribute to maintaining the three Rs principle in animal research.

Insufficient amounts of OA1-mCherry labelled melanosomes were harvested from the
media of the 1014 murine melanoma cells. To address this, future experiments should
involve large-scale transfection of 1014 murine melanoma cells with OAl-mCherry,
followed by purification of melanosomes. This approach will enable us to obtain a more
concentrated volume of melanosomes for use with keratinocytes, enhancing the intensity
of the mCherry signal and enabling more effective downstream imaging. During my
analysis, | encountered difficulties using the confocal microscope due to the weak mCherry
signal, which required a higher laser power. This higher power negatively impacted the
viability of the primary cultures over the 24-hour imaging period. By increasing the

concentration of melanosomes, we should be able to reduce the laser power, thereby
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preserving the viability of the keratinocytes. The increased laser power and exposure time
for the mCherry channel resulted in each time point taking over 10 minutes to image,
complicating the evaluation of early time points when LAP commonly occurs, and limiting
the number of cells analysed. Therefore, as an alternative, using a light-sheet microscope
could improve this process. Light-sheet microscopy requires only a thin sheet of light to
excite the fluorophores, which, combined with concentrated melanosomes, would allow
for shorter imaging intervals during the first 30 minutes post-melanosome treatment. This
would help us better understand whether LAP is involved in the melanosomal movement
and processing in primary keratinocytes, as LAP tends to occur 15 minutes post-
phagocytosis (Sanjuan et al., 2007). Additional confirmatory immunostaining using TYR or
PMEL would help validate that the melanosome membrane is also being ingested by the
keratinocyte. Shorter imaging intervals would enable us to monitor the dynamics and
tracking of melanosomes entering keratinocytes, allowing for the measurement of the
trafficking velocities of these structures post-entry.

Considering that fungal melanin exhibits inhibitory effects on LAP, it would be intriguing
to investigate whether human or murine melanin exhibits similar roles. This could be
assessed by using extracellular vesicles (e.g., melanosomes & ectosomes), which are
released by melanocytes and subsequently taken up the keratinocytes (Waster et al., 2016).
Importantly, the melanosome and the ectosome originate from the lysosome-related
organelles, therefore making the ectosome a useful ‘non-melanin’ extracellular vesicle that
can be used to study the involvement of LAP in their uptake. This approach would help
determine whether human or mouse melanin exhibits inhibitory roles, and whether
ectosomes are ingested and contained within a large endo-lysosomal vacuole surrounded
by LC3. By evaluating the underlying mechanisms through which melanin potentially
exploits the LAP pathway, it would be possible to explore the supplementation of various
affected ATGs to rescue those that may be blocked by melanin. This would require extensive
research to identify the specific receptors and components that melanin interferes with in
the LAP pathway.

The phenotype of the AWD keratinocytes could be replicated in human primary
keratinocytes or commercially available cell lines, such HaCaT cells. By knocking down the
p22phox subunit of NADPH complex or silencing of Rubicon in primary human or HaCaT

keratinocytes, LAP-deficiency could be induced in vitro. This approach would help
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determine whether human melanin exhibits the same functions as mouse melanin. In
addition, using CRISPR technologies, the ATG16L1 could be manipulated, as demonstrated
in the AWD mouse model. Given the similarities and differences between mouse and
human skin, it is crucial to replicate these studies in human skin models. Mouse skin is
thinner than human skin, with fewer cell layers and a greater number of hair follicles. A
study by Gerber and colleagues highlighted that there is only 30% identity between the top
mouse and human skin associated genes, suggesting that this diversity may explain why
results generated from mouse models often fail to translate well to human studies (Gerber
et al., 2014). Therefore, mimicking these experiments in human skin is important for more

accurate and applicable findings.
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6.1 General Summary

A properly functioning epidermal barrier is a prerequisite for mammalian survival. It
serves as a permeability barrier that prevents excessive water loss and shields against
external influences such as pathogens, UV light and xenobiotics (Baker et al., 2023; Schmitz
et al., 2015). The outermost epidermal layer undergoes a dynamic turnover, driven by
proliferating keratinocytes that, upon committing to terminal differentiation, move upward
through the individual epidermal layers to form the stratum corneum. In the stratum
corneum, corneocytes mitigate UV radiation and contribute to mechanical integrity, while
lamellar bodies in the granular layer contribute to the antimicrobial properties of the
permeability barrier (Baker et al.,2023). Therefore, proper regulation of the skin barrier
components is crucial, as dysregulation can lead to the development of dermatological
diseases (e.g., psoriasis). Additionally, melanocytes in the basal epidermal layer produce
the pigment melanin, which is transferred to adjacent keratinocytes, resulting in pigmented
hair or skin that protects against UV damage (Yang et al., 2014). Similarly, dysregulations in
the biosynthesis and distribution of melanin result in dermatological skin conditions, such
as vitiligo, melasma and senile lentigo (Lee, 2021).

Several studies have explored the role of autophagy in epidermal differentiation and
pigmentation (Akinduro et al., 2016; Montelon et al., 2018; Murase et al., 2013; Ramkumar
et al., 2017). Akinduro and colleagues demonstrated that autophagy is constitutively active
in the granular layer and is crucial for normal epidermal development and differentiation
(Akinduro et al., 2016). Montelon and co-workers found that lysosome activity is essential
for normal epidermal development, with its inhibition leading to the accumulation of
proteins associated with autophagic vesicles, such as p62 and LC3-I/Il (Montelon et al.,
2018). Consistent with these findings, Douroudis and others revealed that polymorphisms
in ATGs, such as ATG16L1, are associated with the pathogenesis of psoriasis (Douroudis et
al., 2012). Additionally, Ramkumar and co-workers discovered that autophagic proteins
(e.g., LC3-1l and ATG4) expressed in melanocytes facilitate the trafficking of melanosomes
from the perinuclear region along cytoskeletal tracks to the melanocyte periphery
(Ramkumar et al., 2017). Furthermore, it has been proposed that autophagy plays a role in
regulating skin pigmentation, with autophagy-inducers causing depigmentation by

promoting melanosome degradation (Kim et al., 2020; Murase et al., 2013; Murase et al.,
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2020). Building on these findings that autophagy actively regulates the homeostasis of the
epidermal permeability barrier, | aimed to evaluate the role of LAP in maintaining skin
homeostasis

Limited research exists that investigates the function of LAP in skin pigmentation. So far,
LAP has only been studied in microbial pathogenesis with fungal melanin, where studies
have demonstrated that certain microbes can survive inside the phagosome by evading LAP
(Akoumianaki et al., 2016; Kyrmizi et al., 2018). A study by Akoumianaki and co-workers
revealed that fungal melanin can selectively inhibit the assembly of the NADPH oxidase by
excluding the p22phox subunit from the phagosome and therefore preventing LAP
activation (Akoumianaki et al., 2016). They showed that purified melanin from various
sources (e.g., synthetic melanin) inhibits NADPH oxidase-dependent activation of LAP,
which many microbes exploit to thrive inside the host. This was further confirmed by a
study from Kyrmizi and colleagues, who showed that the fungal cell wall melanin in
Aspergillus fumigatus causes LAP blockage by excluding NOX2 recruitment on the
phagosome, leading to melanin promoting the Aspergillus fumigatus virulence in vivo
(Kyrmizi et al., 2018). While synthetic melanin and fungal cell wall melanin exhibit inhibitory
roles in the LAP pathway, it would be crucial to understand whether murine skin melanin
exhibits a similar function following uptake by adjacent keratinocytes. The association
between LAP blockade and skin pigmentation has not been explored and remains
ambiguous. Therefore, this PhD work utilised the LAP-defective ATG16L1*"P mouse model
to study the melanosome uptake and processing in LAP-defective keratinocytes compared
to controls, to establish the association of LAP in melanosome uptake and processing.

Distinguishing between autophagy and LAP has been challenging; however, our unique
ATG16L1*"P mouse model provides a novel tool to study the effects of LAP-deficiency both
in vivo and in vitro. The ATG16L12"P mouse model has been widely used to study the effects
of LAP-deficiency on tissue homeostasis, influenza infection and cognitive disorders
(Heckmann et al.,, 2020; Rai et al., 2019; Wang et al.,, 2021). Rai and co-workers
demonstrated that AWD mice did not exhibit any signs of compromised tissue homeostasis
in liver, kidney, brain and muscle samples (Rai et al., 2019). Moreover, they determined that
these mice grew at similar rates as littermate controls and were fertile. Wang and

colleagues found that AWD mice were more susceptible to influenza A infection, showing

191



Chapter 6

extensive viral replication throughout the lungs and dysregulated cytokine production,
which led to fulminant pneumonia and a high mortality rate (Wang et al., 2021). Despite
Rai and colleagues’ findings of no compromised tissue homeostasis in brain tissue,
Heckmann and co-workers discovered that the removal of the WD domain of ATG16L1 in
AWD mice resulted in increased -amyloid deposition, increased susceptibility to neuronal
death, and B-amyloid neuroinflammation (Heckmann et al., 2020; Rai et al., 2019).
Cumulatively, these papers reveal demonstrable roles for ATG16L1 in maintaining healthy
tissue homeostasis, which prompts further investigation to elucidate its roles in other
diseases and tissues.

This thesis has investigated the impact of LAP-deficiency on skin barrier function and
pigmentation dynamics. The study has shown that LAP-deficient mice (AWD) exhibit no
signs of impaired skin barrier function compared to WT littermate controls. However, these
AWD mice displayed accelerated skin ageing, evidenced by a significant decrease in net
elasticity and elastic recovery in the aged 17-month-old AWD mice. Additionally, the
research demonstrated that in LAP-deficient primary keratinocytes, melanosomes are
trafficked to the perinuclear region and are stored in lysosomal compartments that are co-
localised with LC3. Understanding the relationship between LAP, autophagy, and skin
barrier function and pigmentation can guide future research toward identifying novel

therapeutic targets for treating dermatological diseases.

6.2 Key findings

6.2.1 The skin barrier is not compromised in LAP-deficient mice

In chapter 3 and 4, the skin of 1-year-old WT and AWD mice was assessed by
immunohistochemistry, revealing comparable skin layer thicknesses across dorsal, ventral
and tail regions. Subtle thinning was observed in the AWD mice skin layers, yet only reached
significance in the tail dermal skin (p < 0.01). This thinning did not coincide with any
abnormalities in the expression profile of key terminal differentiation (i.e., keratin 10;
involucrin) or autophagy proteins (i.e., LC3-I/Il; p62). Additionally, both WT and AWD mice

showed comparable levels of proliferative markers (i.e., PCNA, Akt; p-Akt), highlighting their
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ability to regenerate the epidermal basal cell layer. These findings indicate that removing
the WD domain of ATG16L1 does not impact skin barrier permeability and function.

Our results corroborated with earlier studies on the ATG16L1"WP mouse model,
revealing that AWD mice were still able to activate autophagy, denoted by the comparable
levels of p62 and LC3-I/Il in the AWD compared to littermate controls (Rai et al., 2019).
Findings by Fletcher and colleagues determined that the absence of the WD domain in
ATG16L1 does not interfere with the capability of the AWD mouse to fulfil autophagy
(Fletcher et al., 2018). They uncovered a system where they used point mutations or
truncations (e.g., ATG16L1 constructs lacking WIPI2b and FIP200 binding sites; Full length
ATG16L1; ATG16L1 lacking WD domain) in ATG16L1, to examine whether cells become
autophagy/LAP-deficient, or autophagy/LAP-competent. Moreover, Rossiter and co-
workers determined that ATG7-deficient mice, defective for autophagy, showed weakened
expression of LC3-I/Il and p62, which reiterates that the N-terminal and CCD domain of
ATG16L1 are essential for autophagic function and thus enables autophagic flux in the AWD
mouse (Rossiter et al., 2013). The AWD mouse exhibits no signs of dermatological disorders
and displayed a fully functioning skin barrier in this PhD work. This supports previously
established findings that autophagy is actively occurring in the skin and is required for the
healthy barrier function (Akinduro et al., 2016). Studies by Douroudis and others revealed
that single nucleotide polymorphisms (rs10210302, rs12994971, rs2241880, rs2241879,
rs7587633 and rs13005285) in ATG16L1 increase the susceptibility to psoriasis vulgaris and
palmoplantar pustulosis (Douroudis et al., 2011; Douroudis et al., 2012). Additionally,
mouse models with keratinocyte-selective ATG16L1 deficiency exhibit a thickened cornified
layer and enhanced tumour formation with increased p62 expression (Van Hove et al.,
2023). Together, our results and those reported by others suggest that ATG16L1 autophagy
is required for healthy skin barrier function (Douroudis et al., 2011; Douroudis et al., 2012;

Van Hove et al., 2023).
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6.2.2 Skin elastic properties exhibit an accelerated decline in aged

AWD mice

In chapter 3, the skin of 2-month-old and 17-month-old WT and AWD mice was
further assessed using a Cutometer MPA 580, a suction-based measurement method. Net
elasticity and elastic recovery were measured across ages and genotypes, revealing that
AWD mice exhibited signs of accelerated intrinsic ageing, indicated by a significant decrease
in net elasticity and elastic recovery compared to controls. Fibroblasts play a crucial role in
skin maintenance and healing by producing two types of collagens (type | and Ill) and
elastin, with collagen being the primary source of support and mechanical integrity in skin
(Everett and Sommers, 2013). Collagen fibres undergo significant age-related
microstructural changes, along with other key extracellular components. Lynch and
colleagues discovered that murine skin displays a 30% decrease in collagen content
between 2 and 22 months of age (Lynch et al., 2017). Further research is necessary to
determine whether the thinning of the dermal layer in AWD mice contributes to the decline
in elastic properties, and whether AWD mice exhibit a reduction in ECM components, such
as collagen, elastin or fibrillin or an accumulation of aged/apoptotic fibroblasts. Wang and
co-workers demonstrated that LAP is active in control embryonic fibroblasts from the AWD
mouse model (Wang et al., 2021). Control fibroblasts recruited LC3 to large endo-lysosomal
vacuoles when LAP was induced by chloroquine, whereas AWD fibroblasts were unable to
recruit LC3 to large vacuoles despite chloroquine treatment. Moreover, Martinez and
colleagues showed that phagosomes in WT macrophages rapidly acidified and eliminated
apoptotic fibroblasts within 2h of engulfment, whereas ATG7-deficient macrophages
exhibited decreased lysosomal fusion and impaired degradation of dead fibroblasts
(Martinez et al., 2011). A study by Tashiro and colleagues revealed that the number of
autophagosomes increased in aged dermal fibroblasts and that autophagic flux was
impaired at the degradation step in these aged fibroblasts (Tashiro et al., 2014). Further
investigations into the dermal compartment of AWD mice is necessary to evaluate whether
LAP is involved in this fibroblast turnover and if the accumulation of aged fibroblasts
contributes to the observed decrease in elastic properties (Lynch et al., 2017; Tashiro et al.,

2014).
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6.2.3 Melanosomes are internalised and trafficked to the perinuclear

area in a potentially autophagy driven process

In chapter 5, pigmentation dynamics in WT and AWD primary keratinocytes were
assessed by immunofluorescence and live cell confocal microscopy. Transfected
melanocytes produced OA1-mCherry tagged melanosomes, which were then added to LC3-
GFP transduced WT and AWD primary keratinocytes. Over 24 hours, the OA1-mCherry
melanosomes co-localised with LC3-GFP after 9 hours at the perinuclear region and
subsequently co-localised with LysoTracker Blue, a lysosomal compartment marker, at 24
hours in both WT and AWD keratinocytes. In response to UV exposure, melanosomes are
transported to neighbouring keratinocytes where they form a perinuclear cap to shield
against UV radiation (Yang et al., 2018). Our results corroborate with previously established
findings by Ando and co-workers, who demonstrated that melanosomes accumulate
around the nucleus within 24 hours post phagocytosis (Ando et al., 2010). A study by Ebanks
and colleagues showed that mature stage Ill and IV melanosomes were incorporated and
trafficked to the perinuclear location in keratinocytes (Ebanks et al., 2011). The
melanosomes showed ultrastructural disruption at 48 hours, exhibiting visible striations
from the melanosome scaffolding and an amorphous shape, with further findings revealing
minimal melanosomes in culture by 96 hours. It has been proposed that transferred
melanosomes are sorted into LAMP1-positive late endosomes and then transported to the
perinuclear region, where they are believed to be degraded in lysosomes (Fukuda, 2021;
Murase et al., 2013; Neto et al., 2024). Findings from Hurbain and colleagues determined
that melanosomes in keratinocytes showed a greater expression of LAMP1 staining, with
no LC3A expression in the melanosome cluster (Hurbain et al., 2018). They proposed that
this was due to the mode of transfer rather than the degradative feature. These findings
contradict my observations, where | noted co-localisation of LAMP1 and LC3 in areas of
OAl1-mCherry melanosomes. Moreover, my live cell imaging demonstrated that
melanosome clusters co-localise with acidic compartments, as shown by the association
with LysoTracker, which exhibits LC3 expression. Similar findings were reported by Correia
and colleagues who found that 20% of their melanocores associated with LysoTracker in XB-

2 keratinocytes, suggesting that melanocores reside in compartments with moderate
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acidification and poor hydrolytic capacity, permitting melanin to be preserved for long
periods (Correia et al., 2018; Neto et al., 2024).

It has been proposed that autophagy is involved in the trafficking of melanosomes
out of the melanocytes. Ramkumar and co-workers established that LC3B knockdown
resulted in perinuclear distribution of melanosomes in melanocytes, and thus was required
for mobilisation of melanosomes on microtubule tracks (Ramkumar et al., 2017). This LC3B
however was not transferred along with the melanosome to adjacent keratinocytes but was
disengaged from the melanosome by ATG4. The activity of autophagy in murine
melanocytes was previously confirmed by Zhang and colleagues, who showed high levels
of LC3-Il in murine melanocytes (Zhang et al., 2015). Additionally, they generated ATG7 f/f
Tyr::Cre mice, which were deficient for ATG7 and exhibited less pigmentation in their tail
and coat compared to ATG7 f/f control mice. They concluded that melanocytes required
ATG7-dependent autophagy to achieve full pigmentation of the hair and epidermis yet
stated that melanogenesis can still occur in the absence of autophagy. Building on these
findings, studies by Murase and co-workers established that autophagic activity is involved
in skin pigmentation, with autophagic activity being higher in Caucasian keratinocytes
compared to African American keratinocytes (Murase et al., 2013; Murase et al., 2020).
They determined that melanosomes could be degraded in a lysosome-dependent manner
in keratinocytes, shown by incubation with lysosome inhibitors (e.g., pepstatin A), which
increased cellular melanin content and enhanced accumulation of melanosomes (Murase
et al., 2013). A study by Homma and co-workers exhibited similar findings when examining
skin tissue with hyperpigmentation (Homma et al., 2018). They revealed that cathepsin V,
a cysteine protease in lysosomes, was marginally expressed in dark skin compared to light
skin and halted melanosome degradation when it was suppressed. Murase and colleagues
also reported that melanosomes were labelled with LC3 when human keratinocytes were
co-cultured with human melanocytes, hinting at a sequestration of melanosomes by
autophagosomes. This supports the observations made in my study that LC3 was co-
localised to melanosome membranes in both WT and AWD primary keratinocytes and was
subsequently co-localised with LysoTracker blue. Results provide an indication that
melanosome degradation in the ATG16L1 mouse model is not driven by LAP but rather by

ATG16L1-dependent autophagy.
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Knowing that autophagy is involved in this melanosome degradation process and
has exhibited roles in skin pigmentation, research has found that by exploiting autophagy
inducers, hyperpigmentation disorders could be treated. Kim and co-workers discovered
an autophagy-regulating peptide, called PTPD-12, which following treatment in primary
human epidermal keratinocytes significantly upregulated autophagy proteins (e.g., LC3-II
and p62) and resulted in more melanosomes being degraded in autophagic vacuoles, which
they had determined by transmission electron microscopy (Kim et al., 2020). They tested
this autophagy-regulating peptide in ex vivo and 3D skin and determined a decline in
melanin content with an increase in autophagic activity. Autophagy inducers and inhibitors
have proven useful in the fight against skin cancers, as autophagy aids in tumour cell
survival (Ali et al., 2024). Consequently, using an autophagy inhibitor presents a promising
treatment approach in skin cancer. The use of natural compounds such as curcumin, o-
mangostin, and reseveratrol function as autophagy inducers in skin cancers, by targeting
the PI3K/Akt/mTOR pathway (Zhao et al.,, 2016). Other natural compounds induce
autophagy by accumulating ROS or by increasing the expression of ATGs. Similarly, synthetic
and semisynthetic compounds (e.g., ibrutinib, protoapigenone) are used to induce
autophagy in skin cancer (Ali et al., 2024). Chloroquine, a lysosomal autophagy inhibitor,
has demonstrated the ability to kill melanoma cells in an autophagy-independent manner
(Xu et al., 2018). Overall, the findings support a favourable therapeutic approach by
modulating autophagic function, either by induction or inhibition, in the treatment of

hypo/and hyper pigmentary disorders as well as skin cancer.
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6.3 Final conclusions & future work

This thesis investigated skin barrier integrity, function, and pigmentation dynamics in
keratinocytes derived from LAP-deficient mice, employing live-cell imaging analysis,
immunofluorescence, and various biochemical and histological techniques. Histological
analysis of the AWD mouse revealed a skin phenotype comparable to that of WT littermate
controls. The AWD mouse exhibited an intact skin barrier, evidenced by similar expression
levels of key differentiation and autophagy proteins, and the absence of toluidine blue dye
retention in embryonic skin. The findings indicate that AWD mice experience age-related
deterioration in dermal biomechanics. Additionally, | provided insights into the
melanosomal dynamics in LAP-deficient primary keratinocytes, suggesting that
melanosomes are degraded through an autophagy-driven process in both primary WT and
AWD keratinocytes.

The findings from this thesis supported previous research indicating that autophagy
plays a role in the keratinisation of the epidermis and the degradation of melanosomes in
keratinocytes. This work introduced a unique method to evaluate the function of LAP in skin
homeostasis and pigmentation by utilising the ATG16L14"® mouse model. | have validated
that using an OA1-mCherry reporter, it is possible to label mature melanosomes in live cell
imaging experiments. This will enable future research to examine the fate of melanosomes
following their uptake in keratinocytes, and determine whether early LAP events occur after
melanosome ingestion by the keratinocyte.

Overall, the AWD mouse model remains a unique tool for distinguishing between
autophagy and LAP, and it should be further utilised to assess dermal biomechanics and
early pigmentation dynamics. As previously discussed, the phenotype of AWD mice could
be mimicked in human keratinocytes, by employing CRISPR technologies or by utilising
inhibitors to knock-down LAP activity in cell lines. By enhancing our understanding of LAP
function in skin and pigmentation, this research offers new insights into potential strategies

and therapeutics for the treatment of dermatological disorders.
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