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Abstract

Organ‐transplant recipients (OTRs) on a new class of immunosuppressants,
rapamycin and its analogues, have reduced cutaneous Squamous Cell Carcinomas
(cSCCs). Rapamycin, an mTORC1 inhibitor, is also a known autophagy inducer in
experimental models. Autophagy, which literally means self‐eating, is a cell survival
mechanism but can also lead to cell death. Therefore, the main hypothesis behind
this work is that rapamycin prevents epidermal tumourigenesis by either affecting
epidermal mTOR regulation of autophagy and/or selectively affecting epidermal
AKT isoform activity.
Epidermal keratinocytes move from the proliferating basal layer upwards to the
granular layers where they terminally differentiate, forming a layer of flattened,
anucleate cells or squames of the cornified layer which provides an essential
environmental barrier. However, epidermal terminal differentiation, a specialised
form of cell death involving organelle degradation, is poorly understood.
The work presented in this thesis shows that analysis of the autophagy marker
expression profile during foetal epidermal development, indicates autophagy is
constitutively active in the terminally differentiating granular layer of epidermis.
Therefore, I hypothesize that autophagy is a mechanism of organelle degradation
during terminal differentiation of granular layer keratinocytes.
In monolayer keratinocytes, activation of terminal differentiation is accompanied by
autophagic degradation of nuclear material, nucleophagy. This suggests that
constitutive autophagy is a pro‐death mechanism required for terminal
differentiation. In cultured keratinocytes and in epidermal cultures, rapamycin‐
mediated mTORC1 inhibition strongly increases AKT1 activity as well as up‐regulates
constitutive granular layer autophagy promoting terminal differentiation.
Therefore, autophagy is an important fundamental process in keratinocytes which
may be the mechanism by which terminally differentiating keratinocytes of the
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epidermal granular layer degrade their organelles required for barrier formation.
This may have implications for the treatment of patients with barrier defects like
psoriasis. In immunosuppressed OTRs, rapamycin may promote epidermal
autophagy and AKT1 activity adding to its anti‐tumourigenic properties.
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Introduction

1.1

The epidermis

1.1.1 Structure and function of the epidermis
The skin is the largest organ of the body and is made up of three layers, the
epidermis (the epithelieum), the dermis (connective tissue) and the hypodermis
(adipose tissue). The epidermis is the outermost layer of the skin which protects the
organism from its environment and also acts as a permeability barrier by preventing
loss of internal fluids and influx of external substances and microbes, maintaining
internal homeostasis. The epidermis also plays a role in the organism’s immune
response (reviewed in Jain and Weninger 2013).
As a multilayered structure, the epidermis is mainly comprised of keratinocytes, but
it also contains melanocytes, Langerhans cells and Merkel cells. The epidermis is
continuously renewed by keratinocytes of the basal layer which divide and
differentiate to form cells of the spinous, granular and cornified layers (Fig. 1.1). The
proliferating basal layer is a heterogeneous population comprising of epidermal
stem cells (~10%), which have the ability to regenerate the epidermis, and transit‐
amplifying cells (60%), which have a limited self‐renewal capacity and undergo
differentiation after a few cycles (Watt 1998).
Keratinocytes of the basal layer proliferate and differentiate upwards forming
keratinocytes of the spinous layer, which also differentiate and activate their
terminal differentiation pathways to form the granular layer (Fig. 1.1). In the
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granular layer, keratinocytes begin to lose their organelles, express structural
proteins characteristic for epidermal terminal differentiation, leading to the
flattening, collapse and the eventual death of the cells. These flattened and dead
cells, corneocytes, form the cornified layer (Fig. 1.1). Corneocytes are rich in
proteins and are embedded in a lipid matrix, giving the epidermis its water‐
retention and, chemical and mechanical protection properties, ensuring the
epidermal barrier function. Keratinocyte proliferation, differentiation and terminal
differentiation, a form of cell death, therefore occur sequentially (Blank 1953;
reviewed in Candi et al. 2005; Proksch et al. 2008).
Different stages of keratinocyte differentiation are characterised by the expression
of certain intermediate filament proteins, the keratins. Keratins help maintain the
cell structure and play a major role in ensuring the mechanical resistance of the
epidermis. The main structural proteins in proliferating basal keratinocytes are
keratins comprising keratin14 (K14) and keratin 5 (K5) (Fig. 1.1). In supra‐basal cells,
the calcium concentration increases resulting in activation of the differentiation
pathway which is accompanied by expression of markers for early differentiation
and eventually terminal differentiation (Fig. 1.1). During early differentiation in the
spinous layer, K14 and K5 expressed by proliferating basal keratinocytes are
replaced by Keratin1 (K1) and Keratin10 (K10) (Fuchs and Cleveland 1998; Porter
and Lane 2003; Strelkov et al. 2003).
In the granular layer, terminally differentiating keratinocytes undergo a specialised
non‐apoptotic form of cell death whereby the nuclei and organelles are degraded
and corneocytes are formed. In humans, foetal granular layer formation occurs
between 22 and 25 weeks, whereas it is developed between E15.5 and E18.5 in
mice (Hardman et al. 1998; Hardman et al. 1999).
Although terminally differentiating keratinocytes lose their organelles, they are still
metabolically active. In the granular layer, terminal differentiation is characterised
by the synthesis of structural proteins like filaggrin, involucrin, loricrin and small
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proline‐rich proteins (Fig. 1.1; Steven and Steinert 1994; reviewed in Candi et al.
2005; commenatry in Elias 2012).
Initially, the filaggrin pre‐cursor, pro‐filaggrin, is synthesized. Electron microscopy
analysis shows that pro‐filaggrin forms keratohyalin granules (F‐granules) in the
granular layer. Profilaggrin is then processed to filaggrin which binds to keratin
bundles leading to the collapse and flattening of granular layer keratinocytes
(Steven et al. 1990; Manabe et al. 1991). Filaggrin also plays an important role in
maintaining epidermal homeostasis. In the cornified layers, filaggrin is degraded to
urocanic acid which is a component of the natural moisturizing factor ensuring
hydration of the epidermis and protection from UV irradiation (Rawlings et al. 1994;
Rawlings and Harding 2004).
Another terminal differentiation marker, loricrin is also present as L‐granules in
granular layer keratinocytes (Steven et al. 1990; Manabe et al. 1991). However,
unlike filaggrin, loricrin is not assocated with keratohyalin bundles but is present as
cytoplasmic and nuclear aggregates (Manabe et al. 1991; Ishida‐Yamamoto et al.
1996).
There is a calcium gradient in epidermis with the lowest concentration in the basal
keratinocytes (Fig. 1.1). The calcium concentration gradually increases through the
spinous layers and peaks in the granular layer before it drastically declines in the
cornified layer (Fig. 1.1; Menon et al. 1985; Elias et al. 2002b). Calcium is present
both in the intracellular as well as in the intercellular space of the epidermis
(Menon et al. 1985). Calcium regulates in vitro and in vivo keratinocyte
differentiation and lamellar body (LB) formation and secretion (Yuspa et al. 1989;
Menon et al. 1994; Lee et al. 1998; Elias et al. 2002b).
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Figure 1.1: A scheme of the epidermis
The epidermis is comprised of the proliferating basal layer which proliferates and
differentiates upwards to form the cells of the spinous layer. These cells further
differentiate to form granular layer keratinocytes which undergo terminal differentiation, a
specialised form of cell death. Keratinocytes of the granular layer lose their organelles,
taking on a flattened morphology and further differentiate forming the cornified layer.
In the basal layer, intra‐ and inter‐cellular calcium levels are very low. This increases
gradually moving upwards from the basal layer to the granular layer, where calcium
concentrations peak. In the cornified layer, calcium levels drop drastically which is also a
signal for LBs to secret their cargo into the intercellular space.
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The synthesis of LBs starts in the supra‐basal layers and they are enriched in the
granular layers where they accumulate in the uppermost granular layer cells. In
response to certain signals, like calcium levels, LBs secrete their contents into the
interra‐cellular space between granular and cornified layers (Lee et al. 1998). This
layer of LB secretions prevents epidermal fluid efflux or influx from the
environment, providing barrier properties of the skin (Elias and Brown 1978;
reviewed in Landmann 1988).The LB secretions surround each corneocyte as it is
being formed, leading to the brick and mortar structure of the stratum corneum,
where the corneocytes are the “bricks” and LB secretions represent the “mortar”
(reviewed by Menon et al. 2012).
Proteomics characterization of LBs shows that LBs contain over 980 components
(Raymond et al. 2008). LBs contain proteases like CathepsinD (CatD) and Kallikrein7
(KLK7) which have previously been implicated in the desquamation process (Sondell
et al. 1995; Ishida‐Yamamoto et al. 2004). LBs are generally believed to be related
to lysosomes. This is supported by the fact that LBs also contain lysosomal luminal
proteins like CatD and lysosomal membrane proteins like LAMP1 and LAMP2
(Raymond et al. 2008).
The Rab proteins and Rab‐related proteins, which are important for vesicular
trafficking,, are also present in LBs (van Weeren et al. 2004; Ishida‐Yamamoto et al.
2007; Tolmachova et al. 2007; Raymond et al. 2008). Rab‐GTP proteins link vesicle
membranes to trafficking complexes which bind to specific effectors characteristic
for certain membrane compartments (Pfeffer 2001). Proteins required for vacuolar
protein sorting (Vps), like Vps20 and Vps35 were also discovered in the LBs
suggesting a role for the sorting of LB cargo (Raymond et al. 2008).
Other important components of LBs are antimicrobial peptides (Oren et al. 2003)
which are required for epidermal immunity. Therefore, LBs provide the epidermal
permeability barrier as well as its anti‐microbial properties.
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1.1.2 The epidermal response to UV exposure
One of the greatest hazards the epidermis is constantly exposed to is UV irradiation.
UV exposure leads to inflammation, sunburn, erythema, early aging and skin
cancers (Weedon et al. 1979). There are three solar UV wavelengths, UVA (320‐
400nm), UVB (290‐320nm) and UVC (<290nm). UVA exposure leads to increased
reactive oxygen species (ROS) and this causes oxidative modifications of DNA
leading to DNA strand breaks, whereas UVB directly damages DNA forming
cyclobutane pyrimidine dimers and 6‐4 photoproducts. In addition to directly
causing DNA damage, UVB also increases ROS leading to oxidation of DNA, proteins
and lipids and activates certain signalling pathways (Bickers and Athar 2006). Low
levels of DNA damage lead to cell cycle arrest and induction of nuclear excision
repair mechanisms (Ichihashi et al. 2003). However, excessive DNA damage leads to
apoptosis and the formation of sunburn cells in the epidermis. Sunburn cells have
pyknotic nuclei and an eosinophilic cytoplasm.
The epidermis protects itself from UV with enzymatic and non‐enzmatic
antioxidants. One of the pathways activated by high ROS levels is the Keap1‐Nrf‐2
pathway (Fig. 1.2), which regulates the expression of ROS‐detoxifying enzymes and
anti‐oxidants like glutathione (Itoh et al. 1997). Under normal conditions, Nrf2 is
bound to Keap1 and retained in the cytoplasm where Nrf2 is ubiquitinated and
degraded via the proteasome (Fig. 1.2; McMahon et al. 2003). Oxidative stress
induces the release of Nrf2 from Keap1 and Nrf2 translocation into the nucleus
where it acts as a transcription factor activating expression of detoxifying enzymes
and antioxidant proteins (Itoh et al. 1999; Wakabayashi et al. 2003). The expression
of the protein p62, or Sequestome 1 (SQSTM1), is also induced by nuclear Nrf2 in
response to high ROS levels. In the cytosol, p62 binds damaged and ubiquitinated
proteins and aggregates, targeting them for degradation via autophagy (see section
1.2). Ubiquitinated cargo bound to p62 is transported to the autophagosomal
membrane where p62 binds to the Microtubule‐associated protein 1 light chain 3
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(LC3) (see section 1.2). LC3 is an autophagy protein which is essential for the
autophagy process and is associated with the autophagosome membrane (see
section 1.2). p62 acts as an adapter between ubiquinated cargo and LC3 within the
autophagosome membrane (Pankiv et al. 2007). The proteosome degrades
ubiquitinated short‐lived and dysfunctional proteins, whereas autophagy degrades
ubiquitinated, p62‐bound dysfunctional and long‐lived proteins as well as organelles
(see section 1.2.7).
However, p62 has also been shown to bind to Keap1, displacing Nrf2 and allowing
Nrf2 translocation into the nucleus (Fig. 1.2). This feedback‐loop between p62 and
Nrf2 ensures constantly elevated levels of p62 in response to high ROS (Fig. 1.2; Jain
et al. 2010; Komatsu et al. 2010). Therefore, there is a link between the epidermal
UV response, the regulation of Nrf2, and p62‐mediated proteosome degradation
and p62‐mediated autophagy.
UV‐induced DNA mutations can lead to activation of oncogenes and repression of
tumour‐suppressors which can cause skin cancers (Eberle et al. 2007). One of the
protective mechanisms of the epidermis against this is the induction of apoptosis
and the formation of sunburn cells. Therefore, a deregulation in the UV‐induced
ROS‐detoxifying and pro‐apoptotic pathways, can contribute to the formation of
skin cancers.
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Figure 1.2: p62 regulation of the Nrf2‐Keap1 pathway
(Komatsu et al. 2010)
Under normal, unstressed conditions, Nrf2 is bound to Keap1 in the cytoplasm, this leads to
the ubiquitination of Nrf2 and its degradation in the proteasome. Oxidative stress changes
the conformation of Keap1 and this releases Nrf2 from Keap1. Nrf2 then translocates to the
nucleus where it activates the transcription of antioxidant genes as well as p62. p62 is then
transported into the cytoplasm where it can bind damaged and ubiquitinated proteins
targeting them for selective autophagic degradation. Autophagic degradation of p62 bound
cargo also reduces the amount of p62 within the cell.
p62 can also bind to Keap1 preventing it from binding Nfr2, which allows Nrf2 to further
increase transcription of antioxidant enzymes and also p62. This feedback loop between
p62 and the Nrf2‐Keap1 pathway allows a continuous increase in p62 levels in response to
oxidative stress. Autophagic degradation of p62 is used to control p62 levels within the cell.

(Komatsu et al. 2010)
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1.1.3 Psoriasis vulgaris, a cutaneous barrier defect disease
Psoriasis vulgaris is a skin barrier defect which affects 2% of the world population.
The main cause of psoriasis is still unknown but genetics, immunity and
environmental factors influence disease incidence and progression. Pathologically,
psoriasis is characterised by epidermal hyperproliferation, abnormal keratinocyte
terminal differentiation, infiltration of activated neutrophils and T lymphocytes into
the dermis and epidermis, and increased vascularisation (reviewed in Raychaudhuri
2012). Psoriasis is also linked to arthritis, diabetes mellitus and heart attacks
(Gelfand et al. 2006; Scarpa et al. 2006).
Compared to normal skin, psoriasis is also characterised by a higher proportion of
proliferating keratinocytes. In healthy keratinocytes, γ‐Interferon (IFN‐γ) inhibits cell
growth and induces keratinocyte differentiation by phosphorylating and activating
STAT‐1α. However, IFN‐γ fails to activate STAT‐1 in psoriatic keratinocytes, leading
to hyperproliferation. Reduced NFκB activity in psoriatic keratinocytes also
contributes to hyperproliferation (Jackson et al. 1999; Camisa 2000). Psoriatic
keratinocytes produce high amounts of TNFα, IL‐6 and IL‐8 which stimulate
inflammation and also, hyperproliferation (reviewed in Griffiths and Barker 2007;
reviewed in Raychaudhuri 2012).
In psoriatic skin, the epidermal granular layer is reduced or absent and
hyperkeratosis (thickening of the epidermis) and parakeratosis (retention of the
nuclei in terminally differentiating keratinocytes of the granular layer) develop. This
causes cracks and breaks in the barrier because of defective corneocyte‐corneocyte
connections and their inability to secrete lipids into the extracelllular space
(reviewed in Griffiths and Barker 2007). Also, early epidermal differentiation
markers like K1 and K10 are strongly expressed all through the epidermis, whereas
markers of terminal differentiation like filaggrin and loricrin are completely
abolished. This suggests deregulated psoriatic keratinocyte differentiation. K6 and
K16, which are absent in healthy epidermis and are only expressed under stress
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conditions in body epidermis, are strongly expressed in psoriatic lesions. Published
data suggests that the high keratinocyte turn‐over and limited life‐span of psoriatic
keratinocytes leads to their pre‐mature cell death before terminal differentiation
can occur (Iizuka et al. 2004). Therefore in psoriasis, keratinocyte terminal
differentiation and the immune response of the skin are deregulated. Also, the
vasculature in psoriatic lesions is dilated and irregular (Smith and Barker 1995).

1.1.4 Cutaneous Squamous Cell Carcinoma
Non‐Melanoma Skin Cancer (NMSC) is the most frequent cancer in the world and its
rate of incidence is increasing 3‐8% per year (Diepgen and Mahler 2002; Ramos et
al. 2004). Although the NMSC, Basal Cell Carcinoma (BCC) has a higher incidence
than Cutaneous Squamous Cell Carcinomas (cSCCs), the mortality rate of cSCCs is
much higher due to metatstasis (Alam and Ratner 2001).
cSCCs commonly develop from Actinic Keratoses (AKs), which are precancerous
epidermal lesions. The main risk factor contributing to AKs and cSCC formation is UV
exposure (Leiter and Garbe 2008). AKs are characterised by enlarged, irregular and
hyperchromatic nuclei as well as dysplastic epidermis with abnormal keratinocyte
proliferation and disrupted differentiation. This leads to thickening of the stratum
corneum and parakeratosis. However, in AKs, abnormal keratinocytes are still
confined to the epidermis (Fig. 1.3). Progression to cSCCs is accompanied by
invasion of the dermis by these atypical keratinocytes (Fig. 1.3). Metastatic cSCCs
show invasion of these abnormal keratinocytes not only in the dermis but also in
other tissues and organs without any connection to the epidermis (Fig. 1.3)
(reviewed in Ratushny et al. 2012).
Transformed epidermal stem cells, and not the transient amplifying cells, from the
hair follicle bulge and the basal layer give rise to cSCCs (reviewed in Ratushny et al.
2012). The main risk factor for the formation of cSCCs is UV exposure which results
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in UV‐induced p53 inactivation, in addition to widespread DNA damage and ROS
formation.
p53, a well characterised tumour‐suppressor, is deregulated in most cSCCs.
Mutations in p53 are thought to be initiating events required for cSCC formation
leading to uncontrolled keratinocyte proliferation and activation of anti‐apoptotic
mechanisms (Campbell et al. 1993; Ortonne 2002). p53 mutant cells are prone to
genome instability and acquisition of other mutations required for cSCC progression
(Brash et al. 1991; Ortonne 2002). Other risk factors for cSCC formation and
progression are Human Papilloma Virus (HPV) infection and immuno‐suppression.

Figure 1.3: Clinical and histological comparison of normal skin, AKs, cSCC and
metastatic SCC (Ratushny et al. 2012)
Healthy epidermis is characterised by a well‐defined basal layer and normal stratification
with the spinous, granular and cornified layers above. Histologically, AKs has abnormal
keratinocytes and irregular stratification, a thickened cornified layer which is parakeratotic.
This can progress to cSCCs where dysplastic keratinocytes are no more confined to the
epidermis but also invade the dermis and neighbouring tissues. In metastatic SCCs, the
abnormal keratinocytes are also found in other non‐epidermal tissues and organs.

(Ratushny et al. 2012)
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1.1.5 The Human Papilloma Virus and Cutaneous Squamous Cell Carcinoma
Recent publications propose that beta‐HPV (β‐HPV) is an additional risk factor for
cSCC formation in epidermodysplasia verruciformis (EV) as well as in
immunosuppressed patients. HPV may allow the survival and proliferation of UV‐
induced DNA‐damaged cells leading to cancers (Storey and Simmonds 2009).
HPVs are small non‐enveloped double‐stranded circular DNA viruses which cause
hyperproliferative skin conditions. HPVs enter the epidermis via lesions where they
replicate in keratinocytes since they require keratinocyte differentiation to
complete their cell cycle (Egawa 2003; Doorbar 2005). The HPV proteins E6 and E7
directly bind to the tumour suppressors p53 and the retinoblastoma protein,
deregulating the cell cycle and prevent apoptosis leading to immortalisation of HPV‐
infected keratinocytes (reviewed in Aldabagh et al. 2013). There are different types
of HPVs: the α‐HPVs are mainly mucosal, and some variants pose a high risk for
cancers like cervical cancer. β‐HPVs are mainly cutaneous and have been associated
with cSCCs (Harwood et al. 2004; Neale et al. 2013). However, their exact role is still
unclear.
Most people have cutaneous β‐HPV infections with no consequences to their health
(Antonsson et al. 2003; Harwood et al. 2004). However, β‐HPVs are often found in
warts and SCCs of both immunosuppressed and immunocompetent patients.
Recent published data shows that the β‐HPV5 and β‐HPV8 E6 proteins bind to p300
targeting it for degradation (Muench et al. 2010). p300 is a transcriptional co‐
activator for many pathways including p53. Also, β‐HPV E6 proteins may lead to
degradation of the pro‐apoptotic protein Bak, which is a key player in UV‐induced
apoptosis. Since UV exposure und β‐HPV infections have been associated with
cSCCs, it is believed that HPV‐mediated degradation of Bak may prevent cell death
of UV‐transformed cells promoting their survival and proliferation leading to cSCC
formation (Underbrink et al. 2008; reviewed in McLaughlin‐Drubin et al. 2012).
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However, a very recent study shows that there is no link between HPVs and cSCCs
and other viruses may also play an important role in cSCC initiation, but not
progression (Arron et al. 2011; commentary in Schiller and Buck 2011). These
differing conclusions may be due to contaminations or the use of different viral
genome detection methods.

1.1.6 Immuno‐suppression in Organ‐Transplant Recipients and Cutaneous
Squamous Cell Carcinoma
Immuno‐suppressed organ‐transplant patients (OTRs) are at a high risk of
developing cSCCs. Immunosuppressive drugs are required to prevent allograft
rejection but they also makes OTRs more susceptible to multiple side effects
including development of cSCCs. OTRs have a 60‐100‐fold higher incidence of cSCCs
compared to the healthy population (Berg and Otley 2002; Hofbauer et al. 2010). It
is thought that the reason for this is not only due to reduced immunosurveillance
but also because of an impaired DNA‐damage repair system, which allows
mutations to accumulate, promoting cancer (Leblanc et al. 2011).
UVA cannot directly induce DNA damage, but it increases cellular ROS levels which
can in turn cause DNA damage. One of the immunosuppressant drugs commonly
used, azathioprine, increases the effects of UVA‐induced ROS on DNA damage
(O'Donovan et al. 2005). Other immunosuppressant drugs, the calcineurin inhibitors
like tacrolimus and cyclosporine, directly promote tumour formation as a side effect
(Hojo et al. 1999; Wu et al. 2010).
However, patients on a new class of immunosuppressants, sirolimus, also known as
rapamycin and its analogues, show reduced incidence and progression of cSCCs
(Wulff et al. 2008; McQuillan et al. 2009; Salgo et al. 2010). These effects of
rapamycin may be due to its anti‐proliferative and anti‐angiogenic effects (Guba et
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al. 2002; Koehl et al. 2004; Geissler 2008), however the exact mechanism resulting
in reduced SCCs remains unknown. Rapamycin also has side effects which include
ulcers, oedema, acne, thrombocytopenia, leukopenia, hyperlipidemia and delayed
wound healing (Leblanc et al. 2011), which reduce its popularity as an
immunosuppressant.

Rapamycin, produced by the bacteria Steptomyces hygroscopicus, was initially
isolated from the soil of the island Rapa Nui, also known as Easter Island. Although
it has anti‐fungal properties, it is mainly used as an immunosuppressant. Rapamycin
is a member of the newer class of immunosuppressants, the inhibitors of the
mammalian target of rapamycin (mTOR) (Sehgal 2003).
Inhibition of mTOR activity by rapamycin is due to the formation of a drug‐receptor
complex, by rapamycin binding to the FK binding protein complex (FKBP‐12),
blocking mTOR complex 1 (mTORC1) activity. Immunosuppression with rapamycin
occurs via rapamycin‐induced mTORC1 inhibition preventing p70S6 kinase activity
which regulates mRNA translation required for lymphocyte proliferation,
differentiation and activation (Sehgal 2003; Leblanc et al. 2011).

1.1.7 The AKT/mTOR pathway in epidermis
AKT (or protein kinase B) is a serine/threonine kinase localised mainly in the
cytoplasm. AKT is activated by growth factors as well as insulin. Deregulation of AKT
is associated with diabetes and cancers (reviewed in Sale and Sale 2008), including
skin cancers (Segrelles et al. 2002; O'Shaughnessy et al. 2007b). There are three AKT
isoforms, AKT1, AKT2 and AKT3 (Manning and Cantley 2007). AKT1 is ubiquitously
expressed in most cells and tissues, whereas high AKT2 levels are associated with
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insulin target tissues like fat cells, liver and muscle. AKT3 is mainly expressed in the
brain (Hodgkinson et al. 2002; Yang et al. 2003). In adult epidermis, the
predominant AKT isoform is AKT1 which regulates keratinocyte differentiation
(Calautti et al. 2005; Thrash et al. 2006; O'Shaughnessy et al. 2007). AKT2 is strongly
expressed in foetal epidermis and is associated with less differentiated
keratinocytes (O'Shaughnessy et al. 2007).
Knockout mouse studies show that both AKT1‐null and AKT2‐null mice lack
epidermal defects (Cho et al. 2001; Cho et al. 2001b), whereas AKT1 and AKT2
double‐knockout mice have severe epidermal defects and die neonatally (Peng et al.
2003). This suggests redundancy between AKT1 and AKT2 in epidermis. In cSCCs,
increasing tumour grade is associated with higher expression and activation of AKT2
coinciding with a down‐regulation in AKT1 expression and phosphorylation
(O'Shaughnessy et al. 2007b).
Under nutrient‐rich conditions, growth factors and insulin are abundant and bind to
receptors at the plasma membrane (Fig. 1.4).
phosphatidylinositol

3‐kinase

(PI3K),

which

This activates the class I

produces

phosphatidylinositol‐

(3,4,5)triphosphate (PIP3) recruiting AKT to the plasma membrane (Fig. 1.4;
Andjelkovic et al. 1997; Frech et al. 1997). At the plasma membrane AKT is
phosphorylated at T308 by the phosphoinositide‐dependent kinase 1 (PDK1) (Alessi
et al. 1997), enabling phosphorylation of AKT at a second site, S473, by mTOR
complex 2 (mTORC2) (Sarbassov et al. 2005; Fig. 1.4). This leads to full activation of
AKT and its translocation to the cytoplasm or nucleus where it activates down‐
stream targets. AKT phosphorylates and inactivates the tuberous sclerosis complex
(the TSC1‐TSC2 complex) as well as the proline‐rich AKT substrate 40kDa (PRAS40)
leading to mTORC1 activation (Fig. 1.4; Inoki et al. 2002; Kovacina et al. 2003;
Vander Haar et al. 2007).
Down‐stream of mTORC1 are 4E‐binding protein 1 (4E‐BP1) and ribosomal S6
kinases (S6Ks) which regulate mRNA translation and protein synthesis. Other
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mTORC1 down‐stream processes are lipid synthesis, inflammation, glycolysis and
autophagy (reviewed in Johnson et al. 2013). However, there is a second rapamycin‐
insensitive mTOR complex, mTORC2, which has different activators and different
down‐stream targets including AKT (Fig. 1.4).
The mTORC1 inhibitor, rapamycin, inhibits mTORC1 kinase activity. However, in
many cells, there is a negative feedback loop between mTORC1 and the Insulin
Receptor Substrate 1 (IRS‐1) leading to increased AKT phosphorylation when
mTORC1 is inhibited (Fig. 1.4; Harrington et al. 2004; Shah et al. 2004; Um et al.
2004). In epidermis, this negative feedback loop is also active with AKT1 responding
to rapamycin‐induced mTORC1 inhibition (see section 4.1; Sully et al. 2012).
Therefore, rapamycin treatment increases epidermal AKT1 phosphorylation and
activity, which is associated with keratinocyte differentiation, promoting the anti‐
proliferative and pro‐differentiation effects of AKT1. This may be another
mechanism by which rapamycin can reduce SCC tumour incidence and progression.
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Figure 1.4: The AKT/mTOR pathway
Under nutrient‐rich conditions, Insulin binds to the insulin receptor, IR, at the plasma
membrane. This activates IRS‐1 and the class I PI3kinase, PI3K, which produces PIP3 and
recruits AKT. AKT is phosphorylated at T308 by PDK1 and at S473 by mTORC2 leading to its
full activation. Active AKT then phoshorylates the TSC1‐TSC2 complex, inactivating it and
leading to Rheb‐mediated activation of mTORC1 and its down‐stream targets.
There is also a negative feedback loop between mTORC1 and IRS‐1. Active mTORC1 inhibits
IRS‐1 preventing further activation of AKT. However, inhibition of mTORC1 with rapamycin,
for example, also inhibits this negative feedback loop leading to the accumulation of
phosphorylated and activated AKT.
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1.2

Autophagy

Autophagy literally means self‐eating, and is generally used to describe cellular
processes leading to the degradation of cytoplasmic components within lysosomes
(Levine and Klionsky 2004; Shintani and Klionsky 2004; Mizushima 2007). There are
three types of autophagic pathways which differ based on their interaction with the
lysosome. Macroautophagy (referred to as autophagy) is a conserved catabolic
process characterised by formation of intracellular membrane structures which
degrade and recycle cytosolic proteins and organelles, providing building blocks for
new protein and organelle synthesis (Arstila and Trump 1968; reviewed in
Mizushima 2007). Therefore, autophagy is important for cell growth and
maintenance of homeostasis
There are also different types of specialised autophagy targeting different
organelles like mitophagy (mitochondria), xenophagy (microbes), pexophagy
(peroxisomes) and nucleophagy (nuclei) (Klionsky et al. 2007; Cecconi and Levine
2008; Levine and Kroemer 2008; Park et al. 2009; Mizushima and Levine 2010;
McGee et al. 2011).
The second form of autophagy is chaperone‐mediated autophagy which involves
the targeted degradation of proteins recognized by the molecular chaperone Hsp70,
and their translocation across the lysosomal membrane (Cuervo et al. 1995;
reviewed in Arias and Cuervo 2011). This pathway does not degrade lipids or
organelles.
The third form of autophagy is microautophagy, which is the random engulfing of
parts of the cytosol by the lysosomal membrane. However, this form of autophagy
has not been well characterised (Ahlberg et al. 1982; reviewed in Mizushima et al.
2011).
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1.2.1 mTORC1 and its regulation of autophagy
mTORC1 is the main nutrient, energy, oxygen and stress sensor in the cell. Growth
factors and insulin signals are transmitted to mTORC1 via AKT (Fig. 1.4), whereas the
cellular energy status, amino acid levels and intracellular calcium concentrations are
transmitted to mTORC1 via 5’ AMP‐activated protein kinase (AMPK) (Fig. 1.5).
Under nutrient rich conditions, catabolic processes like autophagy which is down‐
stream of mTORC1, are inhibited. mTORC1 blocks the autophagy process by
negatively regulating the ULK1 complex which initiates autophagy (section 1.2.2).
Under starvation conditions, AMPK inhibits anabolic processes, such as protein
synthesis, growth and proliferation, and promotes catabolic processes, such as
autophagy (Fig. 1.5). Low glucose levels lead to increased AMP/ATP ratios activating
AMPK (Fig. 1.5) which blocks mTORC1 activity indirectly via TSC2 and also directly by
phosphorylating raptor. Low oxygen levels also activate AMPK leading to a down‐
regulation in mTORC1 activity (Fig. 1.5; Salt et al. 1998; reviewed in Hardie et al.
2012).
mTORC1 is also sensitive to amino acid levels (Fig. 1.5). Amino acids are essential for
mTORC1 activity. Insulin and growth factor stimulation alone, in the absence of
amino acids, are not able to activate mTORC1 signalling. However, the exact
mechanism by which this occurs is still unclear (Hara et al. 1998; Wang et al. 1998;
Sancak et al. 2008; reviewed in Jewell and Guan 2013).
Increased calcium levels activate the Calcium/Calmodulin Activated Kinase, CaMKKβ
which also influences AMPK signalling and its down‐stream effects on mTORC1 (Fig.
1.5). Both intracellular and extracellular calcium levels influence autophagy,
however, there is still some controversy regarding the exact role of calcium and
autophagy (Hawley et al. 2005; reviewed in Decuypere et al. 2011).
Sphingolipids are major components of biological membranes. The sphingolipids,
ceramide and sphingosine 1‐phosphate have been shown to induce autophagy,
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however, they do so via different mechanisms. Ceramide inhibits mTORC1 activity
(Fig. 1.5) and also increases the levels of the autophagy protein Beclin1, (BECN1),
which is essential for the autophagy process (see section 1.2.2). However,
sphingosine 1‐phosphate only further increases autophagy levels under starvation
conditions (Daido et al. 2004; Scarlatti et al. 2004; Lavieu et al. 2006; Lavieu et al.
2007).
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Figure 1.5: mTORC1 and its regulation of autophagy
AKT and AMPK transfer the nutrient and stress status of the cell to mTORC1 which regulates
anabolic and catabolic processes. Starvation, calcium levels and low amino acid levels
activate AMPK leading to its inhibition of mTORC1 and activation of catabolic processes like
autophagy.
AKT is activated by growth factors and insulin which leads to activation of mTORC1 and
inhibition of autophagy. Ceramides also influence mTORC1 activity and can act as
autophagy inducers by blocking mTORC1 activity. Oxidative stress also leads to increased
Nrf2 gene transcription of antioxidants and p62. p62 can further increase Nrf2 activity
thereby, increasing p62 levels. High p62 levels also increase autophagy.
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1.2.2 The autophagy process
Autophagy can be divided into different steps; the initiation of isolation‐membrane
formation; the elongation and closure of the double membrane forming
autophagosomes; maturation by autophagosome and autolysosome fusion
(autolysosomes); and their degradation (Fig. 1.6). Autophagosome formation can be
increased rapidly by starvation, then fusing with lysosomes leading to its
degradation. The autophagosome half‐life can be as short as 10‐25 min (Hailey et al.
2010).
For autophagosome formation, an isolation membrane is formed and elongated
(Fig. 1.6). The main source of the isolation membrane is the ER (Axe et al. 2008;
Hayashi‐Nishino et al. 2009; reviewed in Mizushima and Komatsu 2011). However,
other organelles such as the mitochondria, the plasma membrane and the gGolgi
can also provide the double‐membrane required for autophagosome formation
(Hailey et al. 2010; Ravikumar et al. 2010; Yen et al. 2010; Moreau et al. 2011;
Takahashi et al. 2011; Moreau et al. 2012; Yamamoto et al. 2012; Takahashi et al.
2013).
Autophagy is regulated by autophagy‐related (ATG) genes which were initially
identified in yeasts (Tsukada and Ohsumi 1993). The characterisation of these ATG
genes in yeasts led to the discovery of the pre‐autophagosomal structure (PAS). The
PAS is a single punctate structure in close proximity to the yeast vacuole membrane.
The PAS, where most ATG genes proteins colocalise, initiates the formation of the
autophagic membrane. A recent study suggests that a similar structure is present in
mammalian cells close to the ER (reviewed in Mizushima et al. 2011).
mTORC1 is the main autophagy regulator in yeasts and in mammals (Blommaart et
al. 1995; Noda and Ohsumi 1998; Ravikumar et al. 2004). Under nutrient‐rich
conditions, active mTORC1 activates anabolic process such as protein synthesis and
inhibits catabolic processes such as autophagy. Therefore, mTOR inhibitors such as
rapamycin are widely used as autophagy inducers.

44

Form
matted: Font: 12 pt, Italic

Figu
ure 1.6: A simplified scheme off the autop
phagy path
hway

45

For the initiation step, the ULK complex, the BECN1‐class III PI3kinase complex and the WIPI
complex proteins enable isolation membrane formation. For the elongation of the isolation
membrane, the ATG5‐ATG12‐ATG16L complex is localised to the isolation membrane,
where it modifies cytoplasmic LC3 to LC3II. LC3II is incorporated in the double membrane
and allows its closure, forming the autophagosome. The autophagosome then fuses with
lysosomes, forming the autolysosome, and this is regulated by Rab7 and the BECN1‐Vps34‐
UVRAG complex. This leads to the degradation of the autolysosome and its cargo.
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The ULK1 complex
One of the autophagy complexes required for isolation membrane formation is the
Atg1/Unc‐51‐like kinase (ULK) complex which comprises of ULK1/2, mATG13, FIP200
and ATG101 (Fig. 1.7a; Mizushima and Levine 2010). There are two ULK isoforms,
ULK1 and ULK2 (Ganley et al. 2009; Jung et al. 2009), of which ULK1 is the main
isoform involved in the autophagy pathway (Chan et al. 2007). The ULK1‐mATG13‐
FIP200‐ATG101 is constitutively formed in mammalian cells and is thought to be the
initial step in the autophagy process (Fig. 1.7a; Itakura and Mizushima 2010;
Mizushima et al. 2011). This complex is phosphorylated and inactivated by mTORC1
under nutrient‐rich conditions, preventing it from participating in the autophagy
process and activating it (Fig. 1.7a; Ganley et al. 2009; Jung et al. 2009).

The class III PI3kinase complex
Phosphatidylinositol 3‐phosphate (PI3P) is present in autophagosome membranes
and is required for autophagosome formation (Obara et al. 2008). Vacuolar protein
sorting protein 3443 (Vps34 in yeasts and class III PI3K, hVps34 in mammals)
produces PI3P for autophagy. In mammals, hVps34 forms a class III PI3kinase
complex consisting of ATG14L, BECN1 and p150 (Itakura et al. 2008; Matsunaga et
al. 2009), which is also required for isolation‐membrane formation (Fig. 1.7b). There
are other hVps34 complexes which have other roles, like the UVRAG‐hVps34‐BECN1
complex which is important for autophagosome‐lysosome fusion and endosomal
trafficking (Fig. 1.7b; Liang et al. 2008). Another hVps34 complex, Rubicon‐UVRAG‐
hVps34‐BECN1 inhibits the autophagic process (Fig. 1.7b; Matsunaga et al. 2009).
Also, binding of BECN1 to Bcl‐2 prevents BECN1 from participating in the autophagic
process (Pattingre et al. 2005). Therefore, the regulation of the pro‐autophagy class
III PI3kinase activity and the PI3P levels determines autophagy initiation (reviewed
in Mizushima et al. 2011).
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Figure 1.7: The ULK1 complex and the class III PI3kinase complexes
(adapted from Ichimura and Komatsu 2011)
(a) Under nutrient rich conditions and mTORC1 activation, the ULK1 complex comprised of
ATG101, ATG13, FIP200 and ULK1 is phosphorylated and inactivated by mTORC1. However,
under starvation conditions and mTORC1 inactivation, ULK1 is activated and can participate
in the autophagy pathway.
(b) The class III PI3kinase complex which induces isolation membrane formation is
comprised of BECN1, ATG14, Vps15 and Vps34. This complex produces PI3P which is
required for isolation membrane formation. There are two other Vps34 complexes with
different functions. The BECN1‐ Vps15‐ Vp33‐ UVRAG complex is important during
autophagosome to lysosome fusion for the maturation of autophagic vesicles. The third
complex comprised of BECN1, Vps15, Vps34, UVRAG and Rubicon has autophagy inhibitory
effects.

(adapted from Ichimura and Komatsu 2011)
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ATG14L and DFCP1
The ULK1 complex activity stimulates localisation of the autophagy protein, ATG14L
to the ER. ATG14L is also present on the forming isolation membrane as well as the
autophagosome. At the ER, ATG14L recruits the class III PI3kinase complex which
produces PI3P (Fig. 1.8). In nutrient‐rich conditions, the Double‐FYVE‐containing
protein 1 (DFCP1) ubiquitously localises to the ER and the Golgi membranes,
however, under starvation, DFCP1 binds to PI3P in specific spots on the ER, where it
colocalises with ATG14L and the class III PI3kinase complex ((Axe, 2008 #390)Fig.
1.8). These DFCP1 concentrated spots on the ER are sites of isolation membrane
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Mizushima 2010; Matsunaga et al. 2010; Mizushima et al. 2011).

ATG9
Atg9, the only transmembrane autophagy protein, was initially discovered in yeasts
as a component of small vesicles which cycle between the PAS and other cytosolic
membranes and, is essential for isolation membrane formation (Reggiori et al. 2005;
Mari et al. 2010). Under nutrient‐rich conditions in mammals, mATG9 is synthesized
in the ER and localises to the Golgi, the trans‐Golgi network and to endosomes.
Under starvation conditions, mATG9 positive vesicles shuttle between these
organelles and the LC3 positive isolation membrane, which is regulated by ULK1 and
the class III PI3kinase complex (Fig. 1.8; Young et al. 2006). The exact function of
ATG9 is still unclear, but there are two hypotheses: the first one is that ATG9
vesicles may supply certain factors or lipids, and also remove unwanted
components, required for formation and elongation of the isolation membrane.
Another possibility is that the ATG9 containing vesicles may not have any specific
function, but transient interaction of ATG9 with the isolation membrane may be
required for autophagosome formation (Mizushima et al. 2011; Rubinsztein et al.
2012).
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VMP1
Another protein required for mammalian autophagosome formation is the Vacuole
Membrane Protein 1 (VMP1), which interacts with BECN1 in the class III PI3kinase
complex (Fig. 1.8; Ropolo et al. 2007; Itakura and Mizushima 2010). VMP1 is
associated with the ER and the Golgi, and also transiently with the forming isolation
membrane (Fig. 1.8; Itakura and Mizushima 2010; Mizushima et al. 2011). However,
the exact role of VMP1 is still unclear.
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Figure 1.8: A model of autophagosome formation on the ER
(Mizushima et al. 2011)
(a) Inhibition of mTORC1 activates ULK1 which translocates to the ER. The class III PI3kinase
also translocates to the ER where it interacts with the ULK complex and possibly with VMP1
and ATG9 at the mammalian equivalent of the PAS. The PI3kinase produces PI3P.
(b) The ER membrane is deformed, forming a cradle or the omegasome where the isolation
membrane is formed. The PI3P effectors DFCP1 and the WIPI complex are recruited. The
ATG5‐ATG12‐ATG16L complex also binds to the forming isolation membrane and modifies
LC3 for its incorporation in the isolation membrane.
(c) The isolation membrane expands within the omegasome and is released upon closure
and formation of the autophagosome.

(Mizushima et al. 2011)
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The WIPI1/2 complex
Other PI3P‐interacting proteins are the mammalian Atg18 homologues, the WD‐
repeat protein interacting with phosphoinositides (WIPI) 1‐4 (Proikas‐Cezanne et al.
2004; Polson et al. 2010). WIPI2 is commonly expressed in most cell lines, whereas
WIPI1 is not widely expressed (Polson et al. 2010). In human cells, the WIPI proteins
WIPI1 and WIPI2 form a complex with mATG9interact weakly with and ATG2 in
contrast to yeasts where ATG2 and WIPI form a complex. This suggests the WIPI
proteins may have other functions in humans ((Behrends, 2010 #189)Fig. 1.8). The
WIPI1/2 complexes have been shown to localise to the same compartment on the
ER like ATG14L, and another autophagy protein ATG16L1, the ULK complex and
DFCP1 at the omegasomelike LC3 where they bind PIP3 at the omegasome (Proikas‐
Cezanne et al. 2004; Fig. 1.8; Itakura and Mizushima 2010; Polson et al. 2010; Tooze
et al. 2010; Gaugel et al. 2012).

The ATG5‐ATG12 conjugate
For the elongation and closure of the isolation membrane, two ubiquitin
conjugation systems play a role; the ATG5‐ATG12 and the LC3‐PE conjugates (Fig.
1.9). Right after synthesis, ATG12 is modified by an E1 enzyme (ATG7) and E2
enzyme (ATG10) activating ATG12 enabling it to bind to ATG5 and form the ATG5‐
ATG12 conjugate (Fig. 1.9; Mizushima et al. 1998; Ichimura et al. 2000). ATG5‐
ATG12 interacts with ATG16L constitutively forming the ATG5‐ATG12‐ATG16L
complex independent of nutrient conditions (Fig. 1.9). Upon autophagy induction,
the ATG5‐ATG12‐ATG16L complex binds to the outer surface of isolation‐membrane
contributing to its elongation and closure, before dissociating from the membrane
(Mizushima et al. 2001). The ATG5‐ATG12‐ATG16L complex is required for LC3
cleavage and lipidation to LC3‐PE (LC3 II) (Fig. 1.9).
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LC3 (ATG8)
The yeast Atg8 has three mammalian homologues, LC3, GABARAP and GATE‐16. The
C‐terminus of the LC3 precursor is modified cleaved and lipidated by a cysteine
protease ATG4, an E1 enzyme ATG7 and an E2 enzyme ATG3 in the cytosol before
binding to phosphatidylethanolamine (PE), to form LC3II which is incorporated in
the autophagic double‐membrane (Fig. 1.9; Ichimura et al. 2000; Kabeya et al. 2000;
Kabeya et al. 2004). The processing of LC3 to LC3II is catalysed by ATG16L from the
ATG5‐ATG12‐ATG16L complex at the isolation membrane (Fig. 1.9; Fujita et al.
2008). LC3II is incorporated in the outer and inner membrane of the
autophagosome (Fig. 1.6; Fig. 1.9). Outermembrane LC3II is also a substrate for
ATG4, which modifies LC3II and releases it from the outermembrane of the
autophagosome via deconjugation to be recycled (Fig. 1.9; Kirisako et al. 2000;
Tanida et al. 2004). In vitro studies have shown that LC3II is required for elongation
of the isolation membrane and membrane tethering (Nakatogawa et al. 2007).
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Figure 1.9: Formation of the ATG5‐ATG12‐ATG16L complex and processing of LC3
(adapted from Ichimura and Komatsu 2011)
In the autophagy process, there are two ubiquitin conjugation systems, the ATG5‐ATG12
and the LC3‐PE conjugates. ATG12 is modified by ATG7 and ATG10, an E1 and an E2 enzyme
respectively, which allows ATG12 to bind to ATG5, forming the ATG12‐ATG5 conjugate. This
then binds to ATG16L and forms the ATG5‐ATG12‐ATG16L complex constitutively
irrespective of the cellular nutrient status.
The ATG5‐ATG12‐ATG16L complex is required for LC3 processing. LC3 is found freely in the
clytoplasm and is modified and cleaved by a protease, ATG4, an E1 enzyme ATG7 and an E2
enzyme ATG3 which allows it to bind to phosphatidylethanolamine (PE), forming LC3‐PE or
LC3II which is incorporated in both the inner and outer membranes of the autophagosome.
LC3II is required for isolation membrane closure. However, the protease ATG4 recycles LC3
by freeing it from the outer membrane for formation of new membranes.

(adapted from Ichimura and Komatsu 2011)
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p62
Autophagy can either be an unselective process of bulk degradation of long‐lived
proteins and organelles, or it can be selective degradation of certain cargo. During
the

selective

autophagy

process,

adaptor

proteins

like

p62/SQSTM1

(sequestosome1), bind to ubiquitinated cargo targeting these to the forming
autophagosome where p62 also binds to LC3 leading to the eventual engulfment of
the cargo by the autophagosome, followed by its degradation (Fig. 1.6; Pankiv et al.
2007; Kirkin et al. 2009). p62 also plays an important role in the epidermal response
to UV exposure and high intracellular ROS levels (see section 1.1.2; Pankiv et al.
2010). Therefore, p62 plays an important role in the selective autophagic
degradation of ubiquiniated cargo compared to the non‐selective, p62‐independent
autophagy. Autophagy also plays a role in regulating p62 levels which is degraded
during selective autophagy. Therefore, monitoring the turn‐over rate of p62 can be
used as a read‐out for selective autophagic flux.

Maturation of autophagosomes
For the maturation of autophagosomes, they have to fuse with lysosomes which are
localised in the perinuclear regions (Fig. 1.6). Autophagosomes move along
microtubules to the peri‐nuclear regions (Ravikumar et al. 2005). Autophagosome‐
lysosome fusion is regulated by Rab7 and the UVRAG‐Vps34‐Beclin1 complex to
form the autolysosome (Fig. 1.6; Fig. 1.7; Gutierrez et al. 2004; Ganley et al. 2011).
The lysosomal transmembrane protein LAMP2 is also required for autophagosome‐
lysosome fusion (Fig. 1.7; Tanaka et al. 2000). Lysosomal enzymes degrade contents
of the autolysosome as well as its inner LC3 positive membrane (Nakamura et al.
1997; Tanida et al. 2008). The degradation products are then reused for signalling
and metabolic pathways. Therefore, LC3 is used as a marker for autophagosomes
since changes in LC3II levels indicate the turn‐over rate of autophagosomes by
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fusion with lysosomes leading to their degradation (Kabeya et al. 2000; Rubinsztein
et al. 2009; Klionsky et al. 2012).

1.2.3

Autophagy as a cell survival and as a cell death mechanism

Autophagy is a fundamental cellular process required to balance cell metabolism
and cell growth with environmental stress. Based on its roles, autophagy can
broadly be classified under basal autophagy and induced autophagy. In most cells,
basal autophagy is quite low and is required for intra‐cellular clearance and
maintenance of cell homeostasis. Induced autophagy occurs at much higher levels
and is in response to stress conditions like prolonged starvation where non‐
essential proteins and organelles are degraded to provide energy and nutrients
ensuring cell survival (Mizushima 2005). Blocking autophagy under such conditions
sensitizes cells to starvation‐induced apoptotic cell death (Boya et al. 2005).
However, induction of autophagy can also lead to cell death. Type I cell death,
apoptosis, is characterised by cytoplasm and chromatin condensation, DNA and cell
fragmentation which are degraded by phagocytosis. Another type of cell death
which occurs via autophagy, type II cell death, is characterised by accumulation of
autophagic vesicles and degradation of cellular organelles and DNA via autophagy.
The two types of cell death do not only show morphological differences, but the
mechanism of degradation of cellular components differs. In type I cell death,
lysosomal enzymes are supplied by phagocytes whereas in type II cell death,
lysosomal enzymes are from the dying cells’ lysosomes.
There is a lot of controversy regarding the type II cell death mechanism. Some
studies suggest that autophagy accompanies cell death, which means that inhibiting
autophagy would only change cell morphology but not cell fate. Other reports
suggest that cell death is due to autophagy which implies that inhibition of
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autophagy would ensure cell survival (Shintani and Klionsky 2004; reviewed in
Debnath et al. 2005; Gonzalez‐Polo et al. 2005).

1.2.4 Autophagy and “stemness”
Embryonic stem cells are pluripotent stem cells in the embryo which can undergo
self‐renewal and differentiation into all the different tissues. During embryogenesis,
autophagy is induced by fertilisation of the oocytes where it provides building
blocks for protein synthesis in the pre‐implantation development of the embryo
(Tsukamoto et al. 2008; Tsukamoto et al. 2008). Therefore, in embryonic stem cells,
autophagy is required for development and differentiation.
In hematopoietic stem cells (HSCs), published data suggests that autophagy is
required for HSC quiescence, self‐renewal and differentiation into the different
haematopoietic lineages. Inhibition of autophagy reduces HSC self‐renewal
capacities and during HSC differentiation, impaired autophagy increases
differentiation into the myeloid lineage. The progress from quiescence to self‐
renewal and differentiation is accompanied by increased mTOR signalling and the
fine regulation of autophagy levels (reviewed in Guan et al. 2013).
There is one report suggesting that dermal and epidermal stem cell populations also
have high levels of autophagy which is believed to preserve their stemness. As these
skin stem cells differentiate into immature dermal fibroblasts and immature
keratinocytes, autophagy levels are down‐regulated (Salemi et al. 2012).
However, in neuronal stem cells, the opposite is true with increased autophagy
promoting neurone differentiation (Vazquez et al. 2012; reviewed in Guan et al.
2013). Therefore, autophagy plays different roles in stem cells, depending on their
origin and, proliferation or differentiation stage.
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1.2.5 Autophagy during development and differentiation
Stress‐induced autophagy leads to differentiation in yeast, soil amoeba and worms
(Tsukada & Ohsumi, 1993; Otto et al, 2004; Melendez et al, 2003).
During the neonatal starvation period, autophagy ensures survival right after birth.
A massive increase in autophagy was observed in tissues like heart and diaphragm
to compensate for the sudden high‐energy requirements at birth. Also, autophagy
was up‐regulated in lung and skin which are tissues initially in amniotic fluid and at
birth, suddenly exposed to air. It is suggested that adapting to this change in
environment requires autophagy (Kuma et al. 2004).
In mammals, erythrocytes are specialised cells which transport haemoglobin
required for gas exchange in the blood lungs and peripheral tissues. Erythrocytes
develop from reticulocytes which lose their organelles and undergo membrane‐
remodelling as well as changes in volume. Recent studies show that autophagy
interacts with the endosomal pathway for organelle degradation and maturation of
reticulocytes to functional erythrocytes (Fader et al. 2008; Nishida et al. 2009;
Bodemann et al. 2011; Griffiths et al. 2012).
Melanocytes are melanin‐producing cells found mainly in the basal layer of the
epidermis, but they are also present in the lens, the middle ear, bones and heart.
Mature melanosomes which are lysosome‐related organelles, are produced in
melanocytes and are then transferred to neighbouring keratinocytes leading to the
skin colour (Van Den Bossche et al. 2006; Tobin 2008)(Byers, 2006). Published data
shows that in melanocytes, melanin synthesis in the melanosome is regulated by
autophagy proteins (Ganesan et al. 2008; Ho et al. 2011). Within keratinocytes, the
fine tuning of autophagic degradation of melanosomes determines the skin colour
(Murase et al, 2013)(Murase et al. 2013). Deregulated autophagic degradation of
melanosomes contributes to human skin diseases due to disorders in melanosome
biogenesis like vitiligo and the Hermansky‐Pudlak Syndrome (Boissy et al. 1983;
Smith et al. 2005).
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Monolayer keratinocyte cultures are capable of autophagy (Wang and Levine 2011)
and culture stress induced by unsuitable culture media increases expression of LC3
and ATG5‐ATG12 which is proposed to lead to early keratinocyte differentiation
(Aymard et al. 2011). However, this report from Aymard et al. is based on
experiments in immortalized monolayer keratinocytes under inappropriate culture
conditions, which may not give much insight into the in vivo situation. These results
suggest stress‐induced autophagy can induce early keratinocyte differentiation in
vitro.

1.2.6 Autophagy and aging
Dietary restriction and dwarfism has been shown to extend life span in rodents,
which may be due to reduced mTORC1 activity and increased autophagy (reviewed
in Masoro 2009; Wang and Miller 2012). In fruit flies, rapamycin‐mediated TOR
inhibition extends lifespan via its down‐stream effects on autophagy and S6K
(Bjedov et al. 2010). However, in mice, rapamycin‐induced mTORC1 inhibition not
only extends their lifespan but also, reduced signs of aging in tissues (Harrison et al.
2009; Wilkinson et al. 2012). Therefore, mTORC1 inhibition due to starvation or
rapamycin treatment, increases autophagy and may be responsible for delaying
aging in flies and rodents.
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1.2.7 Autophagy, the Ubiquitin Proteasomal System and Reactive Oxygen Species
At physiological levels, ROS functions as a signalling molecule. However, high
intracellular ROS activates the Nrf2‐Keap1 pathway which regulates the balance
between oxidant and anti‐oxidant responses in the cell (section 1.1.2). p62 is
involved in a feedback loop ensuring Keap1 cannot bind to Nrf2 leading to a further
increase in gene expression of anti‐oxidants and p62 (see section 1.1.2; Jain et al.
2010; Komatsu et al. 2010). Abnormally high levels of ROS lead to oxidative damage
of nuclear and mitochondrial DNA, proteins and lipids, which are then ubiquitinated
and recognised by p62 which targets these for degradation via autophagy.
The p62 protein has a C‐terminal ubiquitin‐associated domain (UBA), which binds to
both mono‐ and poly‐ubiquitin, however it has a preference for mono‐ubiquitin and
Lys48‐ or Lys63‐linked poly‐ubiquitin chains (reviewed in Johansen and Lamark 2011).
Therefore, ubiquitin is a signal allowing p62 recognition and binding to substrates
targeting them for autophagy. The cellular ubiquitination system specifies whether
a protein will be degradaed via the proteasome or autophagy. Proteins with
ubiquitin branches on Lys48 are targeted to the proteasome, whereas single
ubiquitin and polyubiquitin chains branched on other Lys residues are targeted for
autophagy (reviewed in Johansen and Lamark 2011; Shaid et al. 2013). Some
ubiquitinated proteins can be degraded by both the proteasome and autophagy.
p62 has also been shown to target ubiquitinated organelles for autophagic
degradation (Kim et al. 2008).
Inhibition of the UPS (Ubiquitin Proteosomal System) increases autophagy which is
then the only mechanism for degradation of ubiquitinated proteins. However,
inhibition of autophagy does not increase UPS‐mediated degradation, but leads to
the accumulation of p62 positive aggregates and formation of inclusion bodies
(reviewed in Wang and Qin 2013). Accumulation of damaged proteins, lipids and
organelles in autophagy incompetent tissues can further increase ROS levels and
induce DNA damage response signalling leading to abnormal cell division and
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genome instability and, tumour formation (Mathew et al. 2009). Therefore,
defective autophagy can lead to the formation of tumours.

1.2.8 Autophagy, immunity and inflammation
Both the innate and the adaptive immune responses are also influenced by
autophagy. Autophagy plays an important role in the early development of B and T
cells as well as in the efficient functioning of mature B and T cells (Crotzer and Blum
2009; English et al. 2009; Pua et al. 2009; Conway et al. 2013).
Recent studies show that autophagy is the main mechanism regulating
regulatesmacrophage the secretion of cytokines and chemokines by macrophages
and dendritic cells, enabling macrophage‐mediated control ofwhich regulates cell
recruitment and immune responses (Saitoh et al. 2008; Harris et al. 2011; Shi et al.
2012). Deregulation in cytokine secretion via autophagy has been implicated in a
number of inflammatory diseases like Crohns disease, rheumatoid arthritis and
systemic lupus erythematosus, where treatment with mTOR inhibitors reduces
disease severity (reviewed in Jones et al. 2013).
Also, autophagy is directly involved in the elimination of intracellular pathogens like
bacteria, fungi and viruses (Nakagawa et al. 2004; Harris et al. 2009; Lapaquette et
al. 2010; Nicola et al. 2012).
In the epidermal barrier defect condition, psoriasis, it is thought that the high levels
of cytosolic p62 in lesional psoriatic keratinocytes activates Toll‐Like Receptor‐
induced inflammatory responses via Nf‐κB signalling, thereby contributing to
keratinocyte hyperproliferation and epidermal inflammation (Boya et al. 2005;
Miller 2008; Di Cesare et al. 2009; Lee et al. 2011).
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1.2.9 Autophagy and tumourigenesis
In healthy cells, autophagy may have a tumour suppressive function but in
established tumours, it is required for cancer cell survival. Monoallelic loss of BECN1
in mice shows partially impaired autophagy which leads to age‐related formation of
various tumours (Qu et al. 2003; Yue et al. 2003). In humans, monoallelic loss of the
BECN1 locus has been associated with ovarian cancers, breast cancers and prostate
cancers (White 2012). However, there are no reports of homozygous loss of BECN1
in tumours and BECN1‐/‐ mice die around E7.5 showing severe signs of impaired
embryonic development (Yue et al. 2003). Therefore, reduced autophagy may
increase the risk of tumour formation.
Autophagic degradation of ubiquitinated mitochondria is called mitophagy.
Damaged mitochondria can be a source of high ROS levels leading to increased
cellular stress. Mitophagy (autophagic degradation of mitochondria) reduces the
number of mitochondria as well as reduces ROS levels by degrading damaged
mitochondria. However, defects in mitophagy lead to increased ROS levels which
activate the Nrf2‐Keap1 pathway, increasing expression of antioxidants and p62. In
cells with defective autophagy, there are high levels of p62, as well as accumulation
of ubiquitinated cargo bound to p62 which can form protein aggregates. The UPS
cannot degrade ubiquitinated protein aggregates. Therefore these accumulate and
can lead to genome instability and acquisition of DNA mutations leading to tissue
damage. This also causes inflammation which has been shown to contribute to liver
cancers (Sakurai et al. 2008). Monoallelic loss of BECN1 also increases inflammation
in the liver (Mathew et al. 2009). Therefore, defective autophagy leads to high ROS
levels and accumulation of p62 aggregates as well increased inflammation,
contributing to tumour formation.
Moreover, autophagy has also been linked with increased tumour growth. It has
been shown that in advanced tumours, cancer cells require autophagy to
compensate for the reduced nutrient availability and especially to tolerate the
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hypoxic conditions within certain tumour regions. Also, autophagy assists cancer
cells in surviving chemotherapy by degrading toxic and damaged organelles and
proteins (Degenhardt et al. 2006). Inhibition of autophagy in such tumours has been
shown to induce tumour cell death (Karantza‐Wadsworth et al. 2007; Mathew et al.
2007; Mathew et al. 2009; White 2012).
Therefore, it is generally accepted that autophagy inhibition leads to accumulation
and proliferation of abnormal cells, inducing tumourigenesis. Later, autophagy is
up‐regulated in the more advanced tumour stages ensuring survival (Chen et al.
2010; Mathew and White 2011).
There are also more than 20 on‐going phase I and phase II clinical trials for the use
of autophagy inhibitors in cancer therapy with the first generation autophagy
inhibitor, hydroxychloroquine (HCQ) (Amaravadi et al. 2011). HCQ is a
lysosomotropic and anti‐malarial drug, which potently inhibits the late stages of
autophagy by preventing degradation of autolysosomes (Klionsky et al. 2012).
However, HCQ also has other unknown effects which may influence its anti‐cancer
properties (White and DiPaola 2009; Maycotte et al. 2012). Tumour cells which have
adapted to the high stress conditions within established tumours require autophagy
for their survival and this also renders them resistant to most anti‐cancer
treatments. However, autophagy inhibition in combination with anticancer
treatments has been shown to increase the susceptibility of such resistant tumour
cells to drug‐induced cell death (White 2012).
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1.3

Aims of this thesis

Organ‐transplant recipients (OTRs) on a new class of immunosuppressants,
rapamycin and its analogues, have a reduced incidence and progression of cSCCs
(Wulff et al. 2008; McQuillan et al. 2009; Salgo et al. 2010), which may be due to
rapamycin’s anti‐proliferative and anti‐angiogenic effects (Guba et al. 2002; Koehl et
al. 2004; Geissler 2008). However, rapamycin is also a known autophagy inducer in
in vitro and in vivo experimental models. Therefore, the main hypothesis behind this
work is that rapamycin prevents epidermal tumourigenesis by either affecting
epidermal mTOR regulation of autophagy and/or selectively affecting epidermal
AKT isoform activity.


Initial experiments testing this hypothesis will determine whether autophagy
markers and autophagic vesicles are present in adult epidermis and, if there
is a link between development of the epidermis in the mouse foetus and the
epidermal autophagy marker expression profile.



Epidermal AKT isoforms regulate epidermal development and keratinocyte
differentiation (O'Shaughnessy et al. 2007b; Sully et al. 2012). The
AKT/mTORC1 pathway is also a known regulator of the autophagy process
(Noda and Ohsumi 1998; Ravikumar et al. 2004). Therefore, the effects of
rapamycin on epidermal AKT isoform activity as well as on epidermal
autophagy will be investigated.

 The epidermis is the barrier which protects the organism from external
insults (reviewed in Jain and Weninger 2013). To determine whether
epidermal autophagy contributes to the epidermal barrier properties, the
autophagy marker expression pattern in the epidermal disease due to
abarrier defect disease defective barrier, psoriasis, will be analysed. This may
have future implications for the treatment of such epidermal diseases. One
of the main hazards and stress conditions the epidermis is constantly
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exposed to is UV irradiation. Therefore, the effects of UV exposure on
autophagy marker expression in the epidermis will be analysed. In an
experimental setting, epidermal cultures are also constantly exposed to
another kind of stress, culture shock or stress. The effects of culture stress
on the autophagy marker expression profile in epidermal explant cultures
will also be investigated. This may have implications for the interpretation of
data. Autophagy is known to have different roles in cancer formation and
cancer progression (Mathew and White 2011). Therefore, the levels of the
autophagosome marker, LC3, will be analysed in non‐rapamycin treated
SCCs from immuno‐compromised patients compared to immuno‐competent
patients. Results from these experiments would show whether the immune
status of patients affects autophagy levels in skin cancers and this may have
future therapeutic implications.
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Chapter 2
Materials and Methods
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Materials and Methods

Chemicals, reagents and solutions were purchased from Sigma (Missouri, USA),
VWR (Leicestershire, UK), DAKO (Glostrup, Denmark), Invitrogen Ltd (Paisley, UK),
BD (New Jersey, USA), Nunc (Roskilde, Denmark), Serotec (Kidlington, UK), Biosera
(Boussens, France), Enzo (New York, USA), Dharmacon (Leicestershire, UK), Qiagen
(Duesseldorf, Germany), Bio‐Rad (California, USA), GE Healthcare (Buckinghamshire,
UK).

2.1

Cell and Tissue Culture Methods

All cell culture was performed according to standard tissue culture techniques
under aseptic conditions in laminar flow hoods. All sterile and disposable tissue
culture plates, flasks, pipettes and falcons were purchased from BD and Nunc. All
cells were grown at 37°C in a humidified chamber with 5% CO2/95% atmospheric
air. Epidermal explants and organotypics were cultured at 37°C in a humidified
chamber with 10% CO2/90% atmospheric air.
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2.1.1

Cultivation Media

DMEM Culture

Dulbecco’s Modified Eagle Medium (DMEM) (Gibco) with

Media

Glutamax, high Glucose (4500 mg/l) and Sodium pyruvate
(110 mg/l), supplemented with 10% Foetal Calf Serum
(FCS) (South American Origin, Biosera) and 0.5U/ml
Pen/Strep (Gibco)

Medium 154

Calcium‐free basal medium (Gibco) with 0.2 mM Calcium
chloride, supplemented with 1% Human Keratinocyte
Growth Supplement (HKGS) (Gibco)

comprised of

Epidermal Growth Factor (EGF), Transferrin, Insulin, Bovine
Pituitary Extract and Hydrocortisone. For keratinocyte
differentiation, the Calcium chloride concentration was
increased to 1.2 mM (Sigma)
RM+ media

DMEM/F12 (Gibco) supplemented with 10‐10 M Cholera
Toxin (Sigma), 10 ng/ml Epidermal Growth Factor (mouse)
(Serotec), 0.4 ug/ml Hydrocortisone (Sigma), 5 ug/ml
Insulin (Sigma), 5 ug/ml Transferrin (Sigma), 2 x 10‐11 M 3’,
3’, 5’ – Triiodo‐L‐thyronine sodium salt (Sigma)

Freezing Media

Cultivation media with 10% Dimethyl sulphoxide (DMSO)
(Sigma)

Trypsin‐EDTA (1x)

(Gibco)

(0.05%)
Opti‐MEM

(Gibco)

Phosphate Buffered

PBS tablets (Invitrogen) dissolved in water and sterilized.

Saline (PBS) (1x)
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Rat Collagen,

Rat Tail Collagen (B.D.) working solution of 50 ug/ml in

Type I

sterile 0.01 M Hydrogen chloride (Sigma).

Foetal Explant Media

William's E medium (Gibco) supplemented with
2 mM glutamine (Sigma), 10 ug/ml insulin (Sigma),
10 ng/ml hydrocortisone (Sigma), 0.5 U/ml Pen/Strep
(Gibco)

2.1.2

Rat Epidermal Keratinocytes

Rat Epidermal Keratinocytes (REKs) are immortalised rat keratinocytes (Baden and
Kubilus 1983). REKs were cultured in DMEM culture medium (10% FCS) which was
changed every 2 days. At 70% confluency, the cells were trypsinized and split 1:5
and expanded or plated for experiments. REKs were used for cell monolayer and
organotypic experiments.

2.1.3

3T3 Fibroblasts

The immortalised mouse fibroblast cell line, 3T3 fibroblasts (from Claire Hall, Cancer
Research UK), were grown in DMEM culture medium. On reaching confluency, the
cells were split 1:5 and expanded until enough cells were obtained for organotypic
cultures.
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2.1.4

Neonatal Human Epidermal Keratinocytes

Neonatal Human Epidermal Keratinocytes (nHEKs) (Invitrogen) are from a single
donor less than 14 days of age. For my experiments, nHEKs from 6 different donors
were analysed to rule out any artefacts due to donors’ genetic background.
The purchased nHEKs were expanded according to the manufacturer’s protocol to
produce lab stocks. Flasks were first coated with collagen (5 µg/cm2 surface, 1h, RT).
Excess collagen was aspirated and the flasks were washed 3x with PBS to remove
traces of Hydrogen chloride.
nHEKs were plated at 1.25 x 104 viable cells per T25 flask and grown in 154 medium
up to 70% confluency. Stocks of ~ 2 x 105 cells per vial were frozen down (10%
DMSO in 154 Medium, 0.2 mM Calcium chloride) and stored in liquid nitrogen.
nHEKs required for experiments were expanded up to passage 3 (split 1:4) in
Medium 154. However, where more differentiated keratinocytes were required, the
Calcium chloride concentration was increased to 1.2 mM for 48h. nHEKs were used
for cell monolayer experiments.
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2.1.5

SCC cell lines

The SCC cell lines listed below were isolated by C. Proby from dysplastic and
malignant skin from one renal transplant patient. Isolated tumour cells from
immunosuppressted transplant patients have been observed to have an extended
lifespan in vitro (Purdie et al. 1993). Characterisation of the Met cell lines by C.
Proby shows that the SCC cell lines have a keratin phenotype which is similar to the
tumour of origin, and the PM cell lines isolated from dysplastic skin have a nearly
normal keratin expression profile. The original tumours as well as early tumour cell
line passages are positive for different HPV types, but the immortalised cell lines
were HPV negative (Proby et al. 2000).
The cSCC cell lines were cultured in RM+ culture media, and at 70% confluency they
were split (1:4) and expanded or plated for monolayer experiments.

Table 2.1: SCC cell lines derived from tumours of a single patient, the tumour
origin and the tumourigenicity of the cell lines in mice.
Cell line

Patient details

Tumourigenicity in mice

PM1

Dysplastic forehead skin

No

PM2

Dysplastic forehead skin

No

PM3

Dysplastic forehead skin

No

PM4

Dysplastic forehead skin

No

Met1

Modified differentiated primary

50%

SSC, back of left hand
Met2

Recurrence of above

70%

Met4

Metastasis to left axilliary lymph

100% in 50 days

node
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2.1.6

Rapamycin treatment of monolayer cells

To analyse the effect of rapamycin (Enzo) on the AKT/mTORC1 pathway and on
autophagy in monolayer cell cultures, the cells were treated with rapamycin/DMSO
at a final concentration of 10 nM rapamycin and 0.1% DMSO for 2‐4h. To determine
protein expression levels and expression patterns, cells were lysed for Western
blotting or fixed for immunohistochemistry analysis.

2.1.7

Hydroxychloroquine treatment of monolayer cells

Hydroxychloroquine (HCQ) (Sigma) is an antimalarial drug which also has
lysosomotropic properties and neutralises the pH within lysosomal and endosomal
vesicles preventing their degradation (Klionsky et al. 2008; Klionsky et al. 2012).
HCQ is routinely used in cell culture experiments to block autophagy, leading to the
accumulation of autolysosomes, for the assessment of completion of the autophagy
process and also for the analysis of the autophagic flux.
Monolayer cells were treated with 200 uM hydrochloroquine for 2h (dissolved in
sterile water and added to the culture media). Where cells were treated with both
rapamycin and chloroquine, rapamycin treatment was done for 4h, and half way
through the incubation time, chloroquine was added for the last 2h of treatment.
Longer incubations with chloroquine were toxic for the cells.
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2.1.8

Bafilomycin A1 treatment of monolayer cells

Bafilomycin A1 (BafA1) (Sigma) is a vacuolar ATPase inhibitor. Vacuolar ATPases
hydrolyse ATP creating a proton gradient across membranes of lysosomal and
endosomal vesicles enabling their acidification. BafA1 prevents vesicle acidification,
increasing its pH and also blocks autophagosome – lysosome fusion (Bowman et al.
1988; Klionsky et al. 2008; Klionsky et al. 2012). Therefore, BafA1 is routinely used
to block the autophagy pathway leading to accumulation of autophagic vesicles.
Monolayer keratinocytes were treated with 100 nM BafA1/DMSO, for 4h before
harvesting. Where a combined treatment of rapamycin and BafA1 was required,
both BafA1 and rapamycin were added to the culture media and cells were
incubated with the drugs for 4h.

2.1.9

3‐Methyl adenine treatment of monolayer cells

3‐MA (Sigma) is a PI3kinase inhibitor which is commonly used as an autophagy
inhibitor (Seglen and Gordon 1982; Klionsky et al. 2012). However, 3‐MA targets
both the class I and the class III PI3kinases, and its preference for one class of
PI3kinases depends on the culture conditions, and possibly also on the cell type (Wu
et al. 2010).
Therefore, I performed initial experiments to determine which class of PI3kinases 3‐
MA would target in my cells under the given cultre conditions. 3‐MA was prepared
according to the manufacturer’s instructions, by dissolving in boiling water at 0.5 M
stock concentration and immediately diluted in medium at concentrations up to 20
mM. Cells were treated with 3‐MA for up to 24h before harvesting for Western
blotting.
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2.1.10

Transfection of cell monolayer cultures with siRNA

siRNA transfections were perfomed in primary keratinocytes to determine whether
autophagy is required for organelle degradation during terminal differentiation. A
knockdown of key autophagy proteins was done using siRNAs against ULK1 and
WIPI1 (Dharmacon). As a control, a pool of non‐targeting siRNAs was used
(Dharmacon). The non‐targeting siRNAs are against firefly luciferase mRNA and
there are no reports suggesting off target effects of this siRNA, according to the
manufacturer. To determine whether the transfection was successful, a siGLO
LaminA/C control was also used (Dharmacon). SiGLO LaminA/C prevents expression
of the human proteins LaminA and LaminC which are highly expressed in most cells.
An siRNA‐mediated knockdown of LaminA and LaminC has not had any negative
effects on the tested cells according to the manufacturer. The siGLO fluorophore is
also expressed in the nucleus of transfected cells where it is highly expressed
allowing judgement of the transfection efficiency.
SiGENOME SMARTpool siRNAs were shipped as dried pellets, therefore, they were
diluted in 1x siRNA buffer (Dharmacon) to a stock concentration of 20 uM. The
transfection reagent HiPerfect (Qiagen) was used because experience in my
department had shown that the efficiency of siRNA transfections of primary
keratinocytes is higher with HiPerfect than with the more commonly used
DharmaFECT (Dharmacon). Also, HiPerfect is less toxic for primary keratinocytes
than DharmaFECT.
The day before the transfection was planned, primary keratinocytes of Passage 2
were plated on collagen‐coated 6‐wells plates at a density of 2 x 105/6 well, in 2 ml
M154 medium without Pen/Strep. The next day, the transfection was perfomed.
Primary keratinocytes were transfected with an end‐concentration of 50 nM siRNA.
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For one 6 well and per siRNA,
Tube 1: 5 ul (20 uM siRNA stock) + 195 ul M154 medium (0.2 mM Calcium chloride,
without HKGS and Pen/Strep) = 200 ul in total
Tube 2: 12 ul HiPerfect + 188 uL M154 medium (0.2 mM Calcium chloride, without
HKGS and Pen/Strep) = 200 ul in total
The contents of each tube were mixed carefully and both tubes were incubated for
5 min at RT.
The contents of Tube 1 were added to Tube 2 (= 400 ul in total), mixed carefully and
incubated at room temperature for 20 min.
M154 medium (1.6 ml; 0.2 mM Calcium chloride, with HKGS, without Pen/Strep)
was added to the transfection mix to give a total volume of 2ml/6well. The medium
on the cells to be transfected was aspirated and replaced with the transfection
medium. 12h later, the transfection medium was aspirated and replaced with fresh
154 Medium (0.2 mM, with HKGS, without Pen/Strep). 72h after the transfection,
the cells were harvested for cell lysates or for immunocytometry (see section 2.4).
The cells transfected with the non‐targeting siRNA were the negative control for the
experiment and the cells transfected with siGLO Lamin A/C were an early indication
for an effective transfection. siGLO can be detected 24h after tranfection and its
intensity peaks at 48h.
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2.1.11

Transfections of cell monolayer cultures with plasmid DNA

To determine which AKT isoform responds to rapamycin treatment with increased
phosphorylation, due to rapamycin‐mediated inhibition of the negative feedback
loop between mTORC1 and IRS‐1 (section 1.1.7), REKs were transfected with
pcDNA™3.1 (vector control; Invitrogen), HA‐tagged AKT1 (Addgene) and HA‐tagged
AKT2 (Addgene) constructs (Table 2.3; Appendix 17). Both AKT constructs contain an
shRNA specific for either the AKT1 or the AKT2 isoform, with an HA‐tag (Table 2.3;
Appendix 17). The HA‐tag is suitable for immunoprecipitation of the HA‐tagged
protein, allowing separation of the over‐expressed AKT isoforms from the
endogenous AKT proteins.

Table 2.2: HA‐tagged AKT constructs and the vector control construct and their
sources
Construct name

Construct full name

Construct source

Addgene plasmid 9021:

William J Sellers, Dana‐

1477 pcDNA3 flag HA

Farber Cancer Institute,

AKT1

Boston, MA, USA

Addgene plasmid 16000:

Morris J Birnbaum,

pcDNA3 Hygro HA AKT2

University of Pennsylvania,

abbreviation
HA‐AKT1

HA‐AKT2

PA, USA
pcDNA™3.1

pcDNA3.1

Invitrogen

REKs were transfected with the AKT constructs using Lipofectamine™2000
(Invitrogen), according to the manufacturer’s protocol. Lipofectamine is a lipid
based transfection reagent which forms liposomes in an aqueous environment
trapping the negatively charged DNA to be transfected within. The surface of the

76

liposomes is positively charged allowing the liposomes to fuse with the negatively
charged plasma membrane transferring the DNA into the cells. The transfected DNA
needs to be transported into the nucleus for transcription.
Another experiment was performed to confirm the initial results on the effects ofr
rapamycin on the AKT isoforms. A knockdown of the AKT1 isoform was performed
using two different shRNA sequences as well as a scrambled shRNA (Table 2.3). The
two shAKT1 and the scrambled shRNA constructs were purchased from
SABiosciences, Qiagen.

Table 2.3: shAKT1 sequences and the scrambled shRNA control and their source
Construct name

shRNA sequence

Construct source

shAKT1, A1

GCACCGCTTCTTTGCCAACAT

SABiosciences, Qiagen

shAKT1, A3

GAGGCCCAACACCTTCATCAT

SABiosciences, Qiagen

Scrambled shRNA

Undisclosed

SABiosciences, Qiagen

abbreviation

For the transfection of REKs with HA‐AKT1 or shAKT1 constructs, REKs were plated
the day before to give an optimal cell density with 40‐50% confluency at the time of
transfection, which corresponds to ~0.5 x 105 cells per 6 well.
For one 6 well and per construct,
Tube 1: 2 ug DNA + 250 ul Opti‐MEM
Tube 2: 10 ul Lipofectamine™2000 + 250 ul Opti‐MEM
Each tube (~250 ul) was mixed carefully and incubated for 5min at RT. The contents
of Tube 1 was added to Tube 2 (~250 ul), mixed carefully and incubated for 30min
at RT. 1.5ml of DMEM medium (without Pen/Strep) was added to the transfection
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mix (total of ~2ml) and mixed carefully. The medium on the cells to be transfected
was aspirated and replaced with the transfection media.
8h after the transfection, the transfection media was aspirated and replaced with
fresh DMEM medium (without Pen/Strep). The cells were treated 72h after the
transfection and harvested. Previously, a time‐course was performed to determine
the optimal harvesting time‐point for maximum HA‐AKT over‐expression and
maximum AKT knockdown which was found to be 72h after transfection.

2.1.12

Foetal Explant Cultures

The epidermis from E15.5 wild‐type CD1 mouse embryos was isolated and cultured
for 3 days before harvesting. Mouse embryos were removed from the uterus in
their individual amniotic sacks. Using a dissecting microscope, the skin was pulled
off the trunk of the embryos and spread out on filter paper, dermis side down.
These were grown on metal grids at the air‐liquid interface of Foetal Explant Media
(section 2.1.1). The culture media was changed daily until harvesting after 72h in
culture.
For experiments analysing the effects of mTORC1 inhibition, the foetal explants
were also treated basally with vehicle, 1 uM and 5 uM rapamycin/DMSO, and 2.5
uM Torin1/DMSO in Foetal Explant Media for 72h, before harvesting. The drug
concentrations used are the minimum drug concentration required to effectively
inhibit mTORC1 activity. These were previously established in the lab by K. Sully,
and thereafter used routinely. However, effective drug treatment was always
assessed in the samples by determining the residual epidermal mTORC1 activity on
its downstream target, S6 phosphorylation.
Before harvesting, explants were halved. One half was fixed in Bouin’s solution
(Sigma) and the other was wrapped in aluminium foil, shock frozen in liquid
nitrogen and stored at ‐80°C until protein lysates were prepared (see section 2.4).
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2.1.13

Adult Ear Explant Cultures

For adult ear explant cultures, the ears from 3 month old adult CD1 and C57B/6
mice were harvested. The ears were washed 3x in DMEM culture media with 1%
antimycotics and 1% antibiotics (Sigma) and then rinsed 3x in DMEM culture media.
The dorsal ear epidermis was carefully pulled off the ear cartilage (the ear cartilage
with the ventral ear epidermis discarded) using a dissecting microscope and placed
on sterile filter paper. The ear explants were cultured at the air‐liquid interface of
DMEM culture media for 48h. The culture media was changed daily. Before
harvesting, the ear explants were halved. One half was fixed in Bouin’s solution
(Sigma) and the other was wrapped in aluminium foil, shock frozen in liquid
nitrogen and stored at ‐80°C until protein lysates were prepared (see section 2.4).

2.1.14

REK‐Organotypics

REKs were used in 3D‐cultures to mimic keratinocyte differentiation due to their
ability to form a barrier (Marjukka Suhonen et al. 2003). Human De‐Epidermalised
Dermis (DED) (Euro Skin Bank; www.eurotissuebank.nl), is cadaver skin preserved in
glycerol which eliminates most bacteria, viruses and kills all cells. DEDs are used as a
dermal matrix on which the keratinocytes can grow, differentiate and stratify. The
DED was first washed in warm PBS to free the skin from glycerol in which it is
stored. The DED was then incubated in 1% antimycotics/ 1% antibiotics/PBS for 10‐
15 days at 37°C, to free the dermis from the epidermis, which was scraped off
before use.
The DED was cut into squares of 2 cm x 2 cm. With the help of cloning rings
(diameter ~ 1 cm), 106 3T3 fibroblasts were plated per ring on the dermal side of the
DEDs. As a control for confluency, an equal number of fibroblasts were plated in a
cloning ring placed in an empty dish sealed with sterile Vaseline.

79

The fibroblasts were allowed to proliferate and migrate into the DEDs providing
growth factors for the keratinocyte organotypic cultures. After 2 days, or when the
confluency control plated on a dish showed that the fibroblasts were 100%
confluent, the DEDs with fibroblasts were turned dermal and fibroblast side down,
and the cloning rings replaced on the epidermis side. 105 REKs per ring were plated
on the epidermis side of the DEDs, in DMEM culture media. Another confluency
control was made for the REKs.
When the control reached confluency, which was after 3‐4 days, the DEDs were
lifted onto metal grids and cultured at the air‐liquid interface of the DMEM culture
media for 12 days. The organotypics were treated for 3 days with vehicle or
rapamycin before harvesting. Basal rapamycin treatment was carried out by
growing organotypics in DMEM culture media supplemented with vehicle, 1 uM or 5
uM rapamycin. Before harvesting, the organotypic cultures were halved and fixed in
Bouin’s solution.
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2.2
Antibodies used for Immunohistochemistry and for Western
blotting
Table 2.4: List of primary antibodies used for immunohistochemistry and Western
blot analysis
Antigen

Species Clonality

Application and
dilution
IF (1:200)

ABCA12

rabbit

polyclonal

β‐Actin

mouse

monoclonal WB (1:2000)

gift from
Prof. D.
Kelsell
Sigma

AKT

rabbit

polyclonal

WB (1:1000)

Cell Signaling

AKT1

mouse

monoclonal WB (1:3000)

Cell Signaling

phospho‐AKT
(S473)
ATG5

rabbit

polyclonal

Cell Signaling

rabbit

monoclonal IF (1:200)

BECN1

rabbit

monoclonal WB (1:1000)

Epigenomics

BECN1

rabbit

polyclonal

Cell Signaling

CatD

mouse

monoclonal IF (1:200)

Abcam

Filaggrin

rabbit

polyclonal

Zymed

Filaggrin

mouse

WB (1:1000), IF
(1:400)
monoclonal IC (1:80), IF (1:400)

HP1α

rabbit

polyclonal

IC (1:200)

Cell Signaling

Aceylated Histone
H3 (Lys 14)

rabbit

polyclonal

IC (1:200)

Upstate

KLK7

goat

polyclonal

IF (1:200)

Santa Cruz

K1 (human)

rabbit

polyclonal

Covance

K1 (mouse)

rabbit

polyclonal

WB (1:1000), IF
(1:400)
IF (1:400)

Covance

K6

rabbit

polyclonal

IF (1:500)

Covance

K14

rabbit

polyclonal

Covance

LMNA

rabbit

polyclonal

WB (1:2000), IF
(1:1000)
IC (1:200)

LAMP2

mouse

monoclonal IC (1:400)

Abcam

LC3

rabbit

polyclonal

Cell Signaling

WB (1:500), IF (1:10)

IF (1:500)

WB (1:500), IF
(1:50), IC (1:200)

Manufacturer

Sigma

Biomeda

Abcam

Table continued on next page
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Table 2.4 (continued): List of primary antibodies used for immunohistochemistry
and Western blot analysis
Antigen

Species Clonality

Loricrin

rabbit

polyclonal

Application and
dilution
IF (1:500)

mTOR

rabbit

polyclonal

WB (1:1000)

phospho‐mTOR
(S2448)
phospho‐mTOR
(S2481)
p62 (D‐3)

rabbit

polyclonal

Manufacturer

Cell Signaling

Covance
Cell Signaling

mouse

WB (1:1000), IF
(1:100)
polyclonal
WB (1:1000), IF
(1:50)
monoclonal IC (1:80)

S6

rabbit

monoclonal WB (1:1000)

Cell Signaling

phospho‐S6

rabbit

polyclonal

Cell Signaling

ULK1

rabbit

polyclonal

WB (1:1000), IF
(1:250)
IF (1:50), IC (1:200)

WIPI1

rabbit

polyclonal

WB (1:1000), IF
(1:50), IC (1:200)

Sigma

WIPI2

rabbit

polyclonal

WB (1:1000), IF
(1:50), IC (1:200)

Sigma

rabbit

Abcam
Santa Cruz

Santa Cruz

Table 2.5: List of secondary antibodies used for immunohistochemistry and
Western blot analysis
Isotype
Goat anti‐rabbit

Fluorescent
Link
‐

Goat anti‐mouse

‐

Application

Manufacturer

Goat anti‐rabbit

Alexa fluor 488

W.B.
(1:5000)
W.B.
(1:5000)
IHC (1:800)

Jackson ImmunoResearch Labs.

Goat anti‐mouse

Alexa fluor 566

IHC (1:800)

Invitrogen

Rabbit anti‐goat

Alexa fluor 566

IHC (1:800)

Invitrogen

Jackson ImmunoResearch Labs.
Invitrogen
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2.3

Formatted: Left

Immunofluorescence histochemistry and
immunofluorescence cytometry

Immunofluorecence histochemistry (tissue) and immunofluorescence cytometry
(cells) is used to identify the expression pattern and the localisation of proteins of
interest in paraffin‐embedded tissue samples and in cell monolayer cultures.
All staining was documented using the Nikon Eclipse E600 microscope with a
mercury fluorescence light source (Nikon). The Spot Advanced (version 4) software
was used for image acquisition. For Z‐stack images, a confocal microscope was used,
the Carl Zeiss Laser Scanning Microscope LSM 510 META (Carl Zeiss Ltd.,
Hertfordshire, UK). Editing of images was done using Photoshop and the ImageJ
software.
Already fixed and embedded (Bouin’s) adult human facelift skin was kindly provided
by Dr. W. Harrison (Institute of Cell and Molecular Science, London, UK), sections of
psoriatic archive material were a kind gift from Dr. R. Hannen (Institute of Cell and
Molecular Science, London, UK) and Prof. Dr. C. Harwood (Institute of Cell and
Molecular Science, London, UK), sections of cSCCs were kindly provided by Prof. Dr.
C. Harwood (Institute of Cell and Molecular Science, London, UK), the CD1 mouse
embryos and the CD1 and C57B/6 adult mouse tissue were obtained from the
Queen Mary Mouse facility (Queen Mary University of London, London, UK), CD1
newborn mouse dorsal skin for electron microscopy analysis was a kind gift from Dr.
K. Braun (Institute of Cell and Molecular Science, London, UK), sections of UV
irradiated FvB and HPV8 transgenic adult mouse epidermis were kind gifts from Dr.
B. Akgül (Institute of Virology, University of Cologne, Cologne, Germany) .
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2.3.1 Immunohistochemistry solutions
Peroxidase Block

0.3 % H2O2 (Sigma) in H2O

Citric Buffer

10 mM Citric Acid (Sigma) (pH6.0), 0.05% Tween (Sigma)

Blocking Buffer

5% goat serum (Vector Labs), 1% Bovine Serum Albumine
(BSA) (Sigma) in PBS (Invitrogen); for primary antibodies
raised in goat, blocking buffer was 1% BSA

PBS‐Tween

PBS (Invitrogen), 0.05% Tween (Sigma)

pPolyphenylene‐

5 mg pPD (Sigma), 0.5ml 100 mM Tris (Sigma) (pH 8.5), 4.5

diamine

ml Glycerol (Sigma). Mixed for 30 min, RT.

(pPD‐Antifade)
Permeabilisation

0.01% Saponin (Sigma), 80 mM PIPES (Sigma) (pH 6.8), 5

Buffer

mM EGTA (Sigma) (100 mM Stock in 1M NaOH), 1
mM MgCl2 (Sigma)

2.3.2

Paraffin‐embedding of tissue

Tissue was first fixed in Bouin’s solution (Sigma; gentle shaking, 2h, RT), washed 3
times (70% ethanol, gentle shaking, 1h, RT) and left in fresh 70% ethanol over night.
The tissue was dehydrated using the Tissue TEK VIP (Sakura Finetek USA Inc.,
California, USA) and embedded in paraffin the next day. Sections of 3‐4 microns
where

cut

onto

Superfrost®Plus

microscope

slides

(Gerhart

Menzel

Glasbearbeitungswerk GmbH & Co. KG, Braunschweig, Germany), using the Leica
RM2535 microtome (Leica Biosystems, Nussloch, Germany).
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2.3.3

Hematoxylin and Eosin (H & E) staining

Hematoxylin and Eosin (H&E) staining was performed to examine tissue
morphology. The hematoxylin stain is incorporated in the nuclei, staining them dark
blue, and eosin gives the cytoplasm a pinkish tint.
Paraffin‐embedded sections were freed from wax by short incubations in xylene
and then hydrated in an alcohol series with increasing water content listed below.
Subsequently, the nuclei were stained by first dipping in Ehrlich’s Hematoxylin for
30s – 2 min, washing off excess hematoxylin in flowing water and differentiating in
1% acid alcohol. Slides were washed once again in flowing water and examined
under the microscope for staining.
The cytoplasm was stained in eosin for 3 ‐ 5 min, followed by a brief wash in flowing
water. This was followed by dehydration of the sections in an alcohol‐xylene series
(see below) and mounted with Depex (VWR).
Hydration of paraffin‐embedded tissue sections:
100 % Xylene

5 min

100 % Xylene

3 min

100 % Ethanol

3 min

100% Ethanol

3 min

90 % Ethanol

3 min

70 % Ethanol

3 min

H2 O

3 min
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Dehydration of tissue sections before mounting with Depex:
H2 O

3 min

70 % Ethanol

2 min

90 % Ethanol

2 min

100 % Ethanol

2 min

100 % Ethanol

2 min

100 % Xylene

2 min

100 % Xylene

2 min

2.3.4

Immunofluorescence histochemistry staining of tissue sections

After hydration of paraffin‐embedded tissue in a xylene‐alcohol series (section
2.4.3), antigen‐retrieval was done in Citric Buffer (section 2.4.1) and left to cool
down to room temperature. The cooled samples were washed once (PBS, 5min).
The sections on the microscopy slides were outlined with a DAKO pen (DAKO) which
ensures that buffers and antibody are retained within the marked region and do not
spread over the whole slide, since very small volumes of antibodies are being used
and the whole tissue section should preferably be covered by buffer or diluted
antibodies. This was followed by blocking in Blocking Buffer (section 2.4.3; 1h, RT) in
a humidity chamber and then incubating with primary antibody, diluted in Blocking
Buffer (Table 2.4 for antibody dilutions) and incubated over night at 4°C in a
humidity chamber. The next day, excess primary antibody was removed with 3
washes (PBS‐Tween, 5min) and incubated with the appropriate fluorophore‐
coupled secondary antibody, against the antigen of the primary antibody (1:800 in
Blocking Buffer, 1.5h, RT). This was followed by 3 washes (PBS‐Tween, 5min) and
the staining of the nuclei with 4', 6‐diamidino‐2‐phenylindole (DAPI) (1:1000 in PBS,
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5 min, RT). Excess DAPI was removed with one wash in PBS (5min, RT). Coverslips
were mounted on the slides with the sections using pPD‐Antifade (section 2.4.1) to
preserve the immunofluorescence staining.

2.3.5

Immunofluorescence cytochemistry staining of cell monolayers

Keratinocytes were grown on autoclaved, collagen‐coated coverslips (section 2.1.4)
in 24 well plates and harvested at 70% confluency. The cells were washed twice
(cold PBS) to remove traces of medium. Permeabilisation of cells in Permeabilisation
Buffer (section 2.4.1; 2 min, RT) followed. The cells were then fixed in cold
methanol:acetone (1:1) (2 min, RT) and washed 3 times (PBS‐Tween, 2 min). The
fixed cells were first incubated in Blocking Buffer (1h, RT) in the 24 well plates.
Before incubating with the primary antibody, the coverslips were transferred to
microscopy slides, cell side up, and the coverslip edges were outlined with a DAKO
pen (DAKO) to ensure buffers stay on the coverslips and do not spread over the
whole microscopy slide. The cells were incubated in primary antibody, diluted in
Blocking Buffer (Table 2.4 for antibody dilutions), over night at 4°C in a humidity
chamber. The next day, excess primary antibody was removed with 3 washed in
PBS‐Tween (2min) before incubating with the appropriate fluorophore‐coupled
secondary antibody (1:800 in Blocking Buffer, 1.5h, RT). The excess secondary
antibody was removed with 3 washes in PBS‐Tween (2 min) and then the nuclei
were stained with DAPI (1:1000 in PBS, 5 min, RT). This was followed by one wash in
PBS (2min, RT). The cells on the coverslips were mounted on microscopy slides using
pPD‐Antifade (section 2.4.1) with the cell side down, between coverslip and slide.
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2.4

Transmission Electron Microscopy analysis

Transmission Electron Microscopy (TEM) was performed to analyse the keratinocyte
morphology more closely and determine whether autophagic vesicles are present in
the different epidermal layers.

2.4.1

Transmission Electron Microscopy solutions

Phosphate Buffer

3.1 g Sodium phosphate monobasic monohydrate (Sigma),

(0.1M)

10.9 g Sodium phosphate dibasic (pH 7.4) (Sigma), in 1l
(kindly provided by the Pathology Core Facility of Queen
Mary University of London).

TEM fixative

2.4.2

4% Glutaraldehyde (Sigma) in phosphate buffer

Transmission Electron Microscopy

3 day old dorsal mouse skin from CD1 mice was harvested and cut into strips of 1
mm width. The strips were then fixed in TEM fixative (1h, RT, gentle shaking) and
then stored at 4°C until processing and embedding in LR White. LR White is a low
toxicity resin which improves the stability of the sections under the electron beam
compared to the acrylic resins. The processing, embedding, cutting and imaging of
the TEM sections were performed by the Pathology Core Facility of Queen Mary
University of London.
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2.5

Western Blotting

Western blotting is used to detect and estimate the expression levels of proteins of
interest in a cell lysate. The proteins in the cell lysate are denatured and then
separated according to their size with a sodium dodecyl sulphate polyacryl amide
gel electrophoresis. The proteins are then transferred from the gel to a
nitrocellulose membrane using the electrophoretic mobility of the proteins. The
membrane is incubated in primary and secondary antibodies and the protein of
interest is detected via chemiluminiscent labelling.

2.5.1

Western Blotting solutions

Tris Buffered Saline

1.5 M Sodium chloride (Sigma), 0.1 M tris (hydroxymethyl)

(TBS) 10x

aminomethane (Tris) (Sigma), pH 8.0 with HCl (Sigma)

Tween ‐ Tris Buffered

1x TBS, 0.05% Tween (Sigma)

Saline (TTBS) 1x
Running Buffer 10x

2 M Glycine (Sigma), 250 mM Tris (Sigma), 10 % sodium
dodecyl sulphate (SDS) (Sigma)

Transfer Buffer 10x

2 M Glycine (Sigma), 250 mM Tris (Sigma)

Stripping Buffer 1x

62.5 mM Tris (Sigma) (pH 6.8), 2% SDS (Sigma), 100 mM β‐
Mercaptoethanol (Sigma)

RIPA lysis Buffer

150 mM Sodium chloride (Sigma), 1.0% Igepal (VWR), 0.5%
Sodium deoxychalate (Sigma), 0.1% SDS (Sigma), 50 mM
Tris (Sigma) (pH8.0), 100 uM Sodium pervanadate (Sigma),
1 mM Phenylmethanesulfonyl fluoride (Sigma), 1 mM
Sodium fluoride, Protease tablets (Roche) 1 per 50 ml
Stored at ‐20°C
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Sample Buffer

180 mM Tris (Sigma) (pH6.8), 6% SDS (Sigma), 28%

(Stock)

Glycerol (Sigma), 0.001% Bromphenol Blue (Sigma)

Sample Buffer (S.B.) 3x S.B.: 1 M Dithiothreitol (Sigma) (DTT) = 3:1
Epidermal Separation

5 mM Ethylenediaminetetraacetic acid (Sigma) (EDTA) in

Buffer

PBS (Invitrogen), 0.1 mM PMSF (Sigma)

Epidermal Lysis Buffer

10 mM Tris (Sigma) in PBS (Invitrogen), 0.1 (pH 7.5), 5%
SDS (Sigma), 20% β‐Mercaptoethanol (Sigma), 0.001%
Bromphenol blue (Sigma)

Coomassie blue Stain

0.2% Coomassie blue (Sigma), 20% Methanol (Sigma),
0.5% Acetic acid (Sigma)

Coomassie blue Destain 30% Methanol (Sigma)

2.5.2

Protein extraction from monolayer cells

Before lysis, monolayer cells were washed 2x (cold PBS). The cell monolayer was
incubated in RIPA buffer (5 min, on ice) and later scraped off the culture dish. Lysed
cells were centrifuged (13 000 rpm, 10 min, 4°C) and the pellet of cell debris
discarded. The protein concentration was determined using a Pierce BCA Protein
Assay Kit (Thermo Scientific, MassachusettesMassachusetts, USA). To prevent
degradation of very small proteins, like LC3, due to freeze‐thaw cycles, lysates were
immediately prepared for protein separation and blotting (lysate: S.B. (2:1), 100°C, 5
min) before storage at ‐80°C. Protein lysates were thawed a maximum of 3 times.
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2.5.3

Protein extraction from explants

Explants for protein analysis were stored at ‐80°C (sections 2.1.12 and 2.1.13). The
frozen explant tissue was incubated in ice cold Epidermal Separation Buffer (section
2.5.1; 3 min, on ice). Using a dissecting microscope, the explants were first peeled
off the filter paper and then the dermis was carefully pulled off the epidermis. The
epidermis was incubated in Epidermal Lysis Buffer (see section 2.5.1; 10 ‐ 15 min, on
ice) and then boiled (100°C, 10 min), vortexing a few times to ensure efficient
epidermal lysis.
Protein concentration analysis using a BCA assay was not possible because the
Epidermal Lysis Buffer contains DTT, which would falsify results. Therefore, the
explant protein concentration was estimated with an SDS‐gel (see section 2.5.5) and
Coomassie blue staining (see section 2.5.5; 1h, gentle shaking). Protein bands were
made visible by destaining the gel in Destain Solution (see section 2.5.5; over night,
RT, gentle shaking). Based on the intensity of the bands, the protein concentration
was estimated.

2.5.4

Immunoprecipitation

Immunoprecipitation (IP) is a method used to purify a specific protein or groups of
proteins from lysates by using an antibody, specific for a target protein which is
bound to a solid material. IPs were perfomed on protein lysates from REKs
transfected with HA‐tagged AKT1 and HA‐tagged AKT2 to separate these proteins
from the endogenous AKT proteins and analyse the phosphorylation status of the
pulled‐down proteins. As a control, lysates from REKs expressing the empty vector,
pCDNA3.1 were used (section 2.1.11).
First, the protein concentration in the whole cell lysates from the transfected REK
cell lines was determined using a Pierce BCA Protein Assay Kit (Thermo Scientific,
MassachusettesMassachusetts, USA). For the IP, a monoclonal HA‐agarose
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conjugate (Clone HA‐7; Sigma) was used. This is a mouse monoclonal antibody
against HA which has been immobilised on agarose beads. The IP was performed
according to the manufacturer’s instructions.
All steps were performed on ice and in a 4°C centrifuge. Per IP, 40 ul of monoclonal
HA‐agarose conjugates was washed 5 times with 1 ml of RIPA buffer (12 000g, 30s)
and the supernatant discarded. 200 ug of fresh RIPA cell lysate was then added to
the cleared resin, brought to a final volume of 300 ul with RIPA buffer and
incubated on an orbital shaker for 2h at 4°C. This was followed by 5 washes of the
resin in 1 ml RIPA buffer (12 000g, 30s) and the supernatant discarded. Finally, the
beads were incubated with 30 ul 3x Sample buffer (section 2.5.1) and denatured
(100°C, 5 min). The immuno‐precipitated and denatured protein was separated
from the agarose beads by centrifugation (12 000g, 1 min) and the supernatant
transferred to a fresh tube. The samples were then loaded on an SDS poly‐
acrylamide gel and analysed by Western blotting (section 2.5.5).

2.5.5

SDS poly‐acrylamide gel and Western blotting

A 12.5% resolving gel was used when analyzing small proteins (12‐25 kDa), whereas
an 8% gel was used for proteins larger than 30 kDa.
Table 2.6: Components of the SDS polyacrylamide resolving Gel
8% (>30 kDa)

12.5% (<30 kDa)

30% Acrylamide

2 ml

3.1 ml

1.5M Tris/HCl (pH 8.8)

3 ml

3 ml

10% SDS

76 µl

76 µl

H2 O

2.43 ml

1.3 ml

10% APS

36 µl

36 µl

TEMED

5 µl

5 µl
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Table 2.7: Components of the SDS polyacrylamide stacking Gel
4%
30% Acrylamide

660 µl

1.5M Tris/HCl (pH 8.8)

630 µl

10% SDS

50 µl

H2 O

3.6 ml

10% APS

25 µl

TEMED

5 µl

The Kaleidoscope Pre‐stained Protein Standard (Bio‐Rad) was used as a size
indicator. Separation of proteins in the lysates according to their size was
performed by loading the same amount of protein of each denatured sample lysate
(section 2.5.2 and 2.5.3) on the SDS poly‐acrylamide gel, as well as the protein
standard for reference purposes. The SDS gel electrophoresis was performed using
running buffer (section 2.5.1) and the Mini‐PROTEAN®Tetra Cell system from Bio‐
Rad.
After separation on the SDS‐gel, protein bands were transferred to a 45 micron
Hybond‐CTM extra, nitrocellulose membrane (GE Healthcare) with transfer buffer
(section 2.5.1) and using the Mini‐Transblot®Cell from Bio‐Rad at 100V, 1.5h, 4°C.
After the transfer, the blotting membrane was incubated in 5% milk/TTBS (1h, RT)
to block the unreacted sites on the membrane reducing unspecific binding of
antibodies.
Membranes were incubated in a primary antibody (in 5% BSA/TTBS, 2h, RT, OR
overnight, 4°C; Table 2.4 for antibody dilutions) specific for the protein of interest.
The excess primary antibody was removed with 4 washes (TTBS, 5 min) before
incubating in a horseradish peroxidase‐conjugated secondary antibody (1:800 in 5%
milk/TTBS, 1h, RT). After another 4 washes (TTBS, 5 min), the secondary antibody‐
bound to protein on the membrane was made visible by using ECL plus (GE
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Healthcare, Buckinghamshire, UK) which emits a chemiluminescent signal. This is
captured in a dark room on Hyperfilm (GE Healthcare, Buckinghamshire, UK) and
the film is developed using a Hyperprocessor automatic Autoradiography Film
Processor (GE Healthcare, Buckinghamshire, UK).
For analysis of multiple proteins, with the same or similar size on one membrane,
the already bound primary antibody was removed by incubating the membrane in
stripping buffer (section 2.5.1; shaking, 10 ‐ 15 min, 50°C). The stripped membrane
was blocked (5% milk/TTBS, 1h) before incubating with the next primary antibody.
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Chapter 3
RESULTS
Analysis of Autophagy in Epidermis
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Analysis of Autophagy in Epidermis

Introduction
Autophagy is a process by which intracellular organelles and proteins are degraded.
It plays an important role during starvation, aging, immune response, cell growth as
Formatted: Font color: Auto

well as in cancer (reviewed in Deretic 2008).
Recent publications suggest that autophagy is important in keratinocyte biology.
Cultured psoriatic keratinocytes respond to drug treatment by induction of
autophagy (Wang and Levine 2011). During early differentiation, the keratinocyte
cell line, HaCaT has been shown to express higher levels of the autophagosome
marker, LC3 and also more LC3 aggregates, pointing to increased autophagosome
formation and an up‐regulation in autophagy (Aymard et al. 2011). In cancers,
increased autophagy rescues SCC cell lines from cell death induced by
chemotherapy (Claerhout et al. 2010).
However, it must be noted that all published data on autophagy in keratinocytes are
based on in vitro monolayer cultures. Different autophagy proteins are crucial for
the different stages of the autophagic process.

So, for my PhD project, the

autophagy proteins ULK1, WIPI1, BECN1, ATG5‐ATG12 and LC3, which have
different functions in the autophagy pathway, are used as markers for autophagy.
For the initiation of double‐membrane formation, three complexes are required.
ULK1 is required for the ULK protein‐kinase complex , WIPI1 is important in the
mATG9‐ATG2‐WIPI1 complex and the class III PI(3) kinase complex of which BECN1
is a key component are required. The elongation of the double‐membrane is
catalysed by the ATG5‐ATG12 complex. Cytoplasmic LC3I is cleaved and lipidated to
LC3II which is incorporated into the double‐membrane and this is required for
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membrane closure and autophagosome formation. For completion of the
autophagic process and degradation of autophagic vesicles, LC3II positive
autophagosomes fuse with lysosomes to form LC3II/LAMP2 double‐positive
autolysosomes (see section 1.2.2).
The aim of this chapter is to establish whether autophagy markers are present in
epidermis. For this, the expression pattern of autophagy markers was determined in
adult mouse and adult human skin using a panel of commercially available
antibodies against ULK1, WIPI1, BECN1, ATG5‐ATG12 and LC3. Also, autophagy
marker expression during foetal terminal differentiation and skin barrier acquisition
was investigated to determine whether the autophagic pathway is important during
terminal differentiation, as the terminal differentiation stages are temporally
separated during foetal development. Monolayer keratinocytes were used as an in
vitro model to mimic the differentiation stages in epidermis and to further analyse
the observations made in tissue samples. In these monolayer keratinocyte cultures,
the expression profile of markers of epidermal differentiation was first determined,
and this was followed by analysis of autophagy markers expression. The
morphology of monolayer keratinocyte populations at different stages of
differentiation reveals striking differences which appear to be due to autophagy in
the differentiated cells. Autophagy in differentiated monolayer keratinocytes is
further characterised and its role in keratinocyte differentiation is examined.
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Results
3.1

Expression of autophagy markers in adult epidermis

In order to investigate whether autophagy markers are expressed in normal adult
epidermis, samples of mouse and human skin were used. Initially, normal adult
mouse and adult human epidermis were characterised by using a panel of
antibodies against proteins specific for the different layers within the epidermis. I
determined the protein expression pattern of keratin14 (K14), which is a marker of
proliferating keratinocytes, keratin1 (K1), a marker of early differentiation
characteristic for supra‐basal layer keratinocytes and filaggrin and loricrin which are
normally expressed in keratinocytes of the terminally differentiating granular layer
(Fig. 1.1). Terminal differentiation occurs just before the cells undergo cornification
and cell death, and turn off expression of supra‐basal K1.
Immunofluorescence analysis of these epidermal differentiation markers in both
adult mouse and adult human epidermis shows that K14, which is a marker of
proliferating keratinocytes is expressed in the basal and para‐basal cells of the
epidermis samples (Fig. 3.1). K1 which is characteristic for early differentiating
keratinocytes is expressed in the supra‐basal layers of adult mouse and adult human
epidermis (Fig. 3.1). The terminal differentiation marker loricrin is present in the
granular layers of the samples of adult epidermis analysed (Fig. 3.1). Filaggrin which
is another marker of epidermal terminal differentiation is also expressed in the
granular layers of the adult epidermis (Fig. 3.1). These results show that the samples
of adult mouse and human epidermis I used have a normal expression of epidermal
differentiation markers and are suitable for further analysis of autophagy protein
expression in adult epidermis.
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Figure 3.1: Expression of epidermal differentiation markers in adult mouse and
human epidermis.
The terminal differentiation markers filaggrin and loricrin are expressed in the granular
layers of both adult mouse and human epidermis. K1, a marker of early differentiation, is
present in the supra‐basal layers. K14, a marker of undifferentiated keratinocytes, is
expressed in the basal and para‐basal layers.
This figure is representative of n=3 biopsies of normal human facelift skin and n=2 samples
of both dorsal and ventral adult mouse skin.
Bar = 20um. Dotted line = basement membrane.
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The expression profile of autophagy markers was then established in the same adult
mouse and human skin samples using immunofluorescence analysis. To date,
commercially available antibodies against LC3, the autophagosome marker,
recognise unlipidated LC3 (LC3I) as well as the membrane‐bound form (LC3II). So
immunofluorescence analysis of LC3 would detect all forms of LC3. However, it has
been published that membrane‐bound LC3II appears as LC3 positive aggregates or
puncta (Kabeya et al. 2000; Klionsky et al. 2012) and this is also widely accepted as
one of the indications for the presence of autophagosomes. I show that with
immunofluorescence analysis, LC3 is expressed in all layers of adult epidermis with
the highest expression levels in the granular layer, where it occurs as large
aggregates suggesting the presence of autophagosomes (Fig. 3.2).
ULK1 is a downstream target of mTORC1 and a component of the ULK protein‐
kinase complex required for the autophagy initiation stage where the double‐
membrane is formed (Chan et al. 2007; Hara et al. 2008; Chan and Tooze 2009;
Ganley et al. 2009; see section 1.2.2). In adult epidermis, immunofluorescence
analysis shows that ULK1 is expressed in the supra‐basal layers, however with
higher intensity and ULK1 puncta formation in the granular layer (Fig. 3.2).
For double‐membrane formation during autophagy, a second complex comprised of
mATG9, ATG2 and WIPI1/2 is required. This WIPI1 complex localises to the first
initiation complex, the ULK protein‐kinase complex, for double‐membrane
formation (Tooze et al. 2010; Codogno et al. 2012; Gaugel et al. 2012; see section
1.2.2). In some cells types, WIPI1 can localise to autophagic vesicles colocalising
with LC3 and showing a punctate expression pattern (Proikas‐Cezanne et al. 2007). I
observe that WIPI1 is mainly expressed as large aggregates in the granular and
cornified layers of adult epidermis (Fig. 3.2) suggesting high levels of autophagic
activity may occur in the upper epidermal layers.
The autophagy protein BECN1 can promote or repress the autophagic pathway
depending on its binding partners (section 1.2.2). BECN1 participates in two
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autophagy‐promoting class III PI3kinase complexes and one autophagy‐repressing
class III PI3kinase complex (Fig. 1.7b). The pro‐autophagy complexes are
components of a third autophagy initiation complex required for isolation
membrane formation (Matsunaga et al. 2009). Therefore, BECN1 is essential for
autophagy. However, analysis of BECN1 expression alone is not a read‐out for active
autophagy since it does not shed light on its binding‐partners and BECN1 activity. In
Figure 3.2, analysis of BECN1 expression in adult epidermis shows that BECN1 is
strongly expressed in the basal and para‐basal layers. However, in the granular layer
where other autophagy markers are strongly expressed (LC3, ULK1 and WIPI1),
there are a few BECN1 positive aggregates (Fig. 3.2).
During the autophagy process, the fresh isolation membrane is elongated and
enlarged until it closes forming the autophagosome. For this elongation process, the
ATG5‐ATG12 complex interacts with the double‐membrane and is bound transiently
until membrane closure, when it is set free again (section 1.2.2; Mizushima et al.
2001). Right after synthesis of ATG5, it is immediately modified and binds to ATG12
constitutively (Fig. 1.9; Codogno and Meijer 2006). However, it has also been shown
that under some pro‐apoptotic conditions, in the absence of autophagy and in some
cell types, ATG5 is cleaved and does not form a complex (Codogno and Meijer 2006;
Yousefi et al. 2006; Shi et al. 2013). With immunofluorescence analysis, I show that
in adult epidermis the ATG5‐ATG12 complex is strongly expressed in the basal layer,
but it is also present at lower levels in the granular layer (Fig. 3.2). This expression
pattern is very similar to that observed with BECN1.
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Figure 3.2: Expression of autophagy markers in adult mouse and human
epidermis.
In adult mouse and human skin, the autophagosome marker LC3 is expressed in all layers
of epidermis with the strongest expression in the granular layer where it is present as
aggregates. ULK1, required for the initiation stages of autophagy, is expressed in all
epidermal layers with the highest intensity in the granular layer. WIPI1, which also
participates in double‐membrane formation, is mainly present as aggregates in the granular
layers. ATG5‐ATG12 required for elongation of the isolation membrane is highly expressed
in the basal layer but is also present at lower levels in the granular layers. BECN1, which has
different functions in autophagy, one of which is in the initiation process, is mainly present
in the basal layer with a few puncta in the granular layers. This figure is representative of
n=3 biopsies of normal human facelift skin and n=2 samples of both dorsal and ventral adult
mouse skin. Bar = 20um. Dotted line = basement membrane.
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Figure 3.2: Expression of autophagy markers in adult mouse and human
epidermis.
In adult mouse and human skin, the autophagosome marker LC3 is expressed in all layers
of epidermis with the strongest expression in the granular layer where it is present as
aggregates. ULK1, required for the initiation stages of autophagy, is expressed in all
epidermal layers with the highest intensity in the granular layer. WIPI1, which also
participates in double‐membrane formation, is mainly present as aggregates in the granular
layers. ATG5‐ATG12 required for elongation of the isolation membrane is highly expressed
in the basal layer but is also present at lower levels in the granular layers. BECN1, which has
different functions in autophagy, one of which is in the initiation process, is mainly present
in the basal layer with a few puncta in the granular layers. This figure is representative of
n=3 biopsies of normal human facelift skin and n=2 samples of both dorsal and ventral adult
mouse skin. Bar = 20um. Dotted line = basement membrane.In summary, the mouse and

human skin samples, used to determine the autophagy marker expression profile,
show normal epidermal differentiation (Fig. 3.1). The autophagy markers LC3, ULK1,
WIPI1, BECN1 and ATG5‐ATG12 are present in adult epidermis (Fig. 3.2). An
unexpected finding was that the autophagosome marker LC3 is strongly expressed
in the granular layer of adult epidermis and it is also present as aggregates
indicating autophagic vesicles. Also ULK1 and WIPI1 show a strong granular layer
expression pattern in epidermis (Fig. 3.2). The proteins BECN1 and ATG5‐ATG12 are
highly expressed in the basal layer however, they are also present in the granular
layer at lower levels. Since autophagy proteins required for the autophagic process
are all present in the granular layer, these results suggest that autophagy may occur
in the upper layers of epidermis. Also, LC3 aggregates in the granular layer indicate
the presence of autophagosomes. However, the strong expression of BECN1 and
ATG5‐ATG12 in the basal layers may have other functions (addressed in chapter 5).
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3.2

Expression of autophagy markers during barrier acquisition in

foetal epidermis
The presence of autophagy markers and especially LC3 aggregates in the granular
layer of adult epidermis (Fig. 3.2) indicates that autophagy may be important for
epidermal terminal differentiation which occurs in the granular layer. Therefore, the
expression pattern of autophagy markers was analyzed in mouse foetal epidermis
during the period of granular layer formation and barrier acquisition. During foetal
development, there is temporal separation of the terminal differentiation and
barrier formation steps.

Therefore, developmental expression studies both

reinforce adult studies plus inform about stages of terminal differentiation requiring
autophagy.
During development, the formation of the epidermal barrier correlates with
formation of the cornified layer. In mouse foetal development, the epidermal
barrier is formed between E15.5 and E18.5 (Hardman et al. 1998). Therefore, the
autophagy marker expression profile in epidermis of mouse embryos over this
period in development was analysed. Initially, I needed to determine the exact
time‐point for granular layer formation in the samples of mouse foetal epidermis
used. The expression pattern of epidermal differentiation markers was established
with immunofluorescence analysis.
The expression of the terminal differentiation marker filaggrin, which is
characteristic for keratinocytes of the granular layer, was analysed in foetal
epidermis over the period from E15.5 to E18.5 to determine exactly when the
granular layer is formed in these samples. At E15.5 there is no filaggrin‐expressing
granular layer (Fig. 3.3) indicating the absence of terminally differentiating
keratinocytes. However, at E16.5, there are low levels of filaggrin in the upper layers
of foetal epidermis (Fig. 3.3) indicating activation of terminal differentiation in the
upper layers. These results are compatible with published data showing that the
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first signs of granular layer formation occur at E16.5 during mouse foetal
development (Hardman et al. 1998)
Filaggrin expression is increased in the granular layers at E17.5 and E18.5 (Fig. 3.3)
indicating the presence of an intact granular layer. These observations of filaggrin
expression patterns suggest that in the samples of foetal epidermis analysed,
terminal differentiation and granular layer formation is activated at E16.5.
The expression pattern of another terminal differentiation marker Loricrin, was
analysed in these samples of foetal epidermis. Loricrin is very strongly expressed in
the upper epidermal layers including the upper supra‐basal layers at E15.5 and
E16.5 (Fig. 3.3). When compared to the expression of loricrin in adult epidermis
where it is confined to the granular layer (Fig. 3.1), E15.5, and E16.5 show a very
unusual expression pattern of loricrin (Fig. 3.3). This expression pattern of loricrin
during foetal development at E15.5 and E16.5 may be as a result of the still
immature and not yet fully functional terminal differentiation process at these early
time points. However, at E17.5 and E18.5 when the granular layer is formed loricrin
is present only in the upper layers of the epidermis, similar to adult skin (Fig. 3.1),
which corresponds to the filaggrin‐positive granular layers (Fig. 3.3).
The marker for early keratinocyte differentiation, K1, which is expressed in the
supra‐basal layers of normal adult epidermis (Fig. 3.1), is present in the supra‐basal
layers of mouse foetal epidermis from E15.5 to E18.5 (Fig. 3.3). These results show
that early epidermal differentiation has probably occurred before E15.5 in the
supra‐basal layer.
In the normal adult epidermis, proliferating basal layer keratinocytes express K14
(Fig. 3.1). In mouse foetal epidermis over the period of barrier formation, the K14
expressing basal layer is present at E15.5 to E18.5 (Fig. 3.3) indicating that the
proliferating keratinocytes are confined to the basal layer like in normal adult
epidermis.
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Figure 3.3: Expression of epidermal differentiation markers during mouse foetal
barrier acquisition.
Expression of the terminal differentiation marker filaggrin is induced at low levels at E16.5.
Filaggrin is present at higher levels in the upper layers of E17.5 and is maintained at similar
levels at E18.5. Another granular layer marker, loricrin is strongly expressed in the supra‐
basal layers of E15.5 and E16.5. This unusual expression pattern changes to the granular
layer at E17.5 and E18.5 where it is also expressed in adult epidermis. The early marker of
differentiation, K1, which is usually expressed in the spinous layer of epidermis, is present
in the supra‐basal layers of E15.5 to E18.5. K14 which is a marker of proliferating
keratinocytes is expressed in the basal layer of epidermis from E15.5 to E18.5.
This figure is representative of n=2 samples of mouse foetuses from 2 different litters.
Bar =20um. Dotted line = basement membrane.
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In the foetal mouse samples used, I established that granular layer formation is
initiated E16.5 corresponding to already published data (Hardman et al. 1998). At
E15.5 before granular layer formation, the epidermis is comprised of the
proliferating basal layer and keratinocytes of the spinous layer (Fig. 3.3). Therefore,
to determine whether autophagy may be important during barrier acquisition, the
expression pattern of autophagy markers was analysed in mouse foetal epidermis
from E15.5 to E18.5.
At E15.5, low levels of LC3, ULK1, WIPI1 and ATG5‐ATG12 can be detected in the
upper layers of the epidermis (Fig. 3.4). At E16.5, corresponding to the initiation of
granular layer formation in foetal skin (Fig. 3.3; (Hardman, 1998 #206), there is a
high induction of LC3 and ULK1 expression in the uppermost layers, corresponding
to the early granular layers (Fig. 3.4). The levels of WIPI1 and granular ATG5‐ATG12
are also further increased in the upper layers at E16.5 (Fig. 3.4). This is also
accompanied by switching‐on of BECN1 expression in the basal and upper layers at
this time‐point (Fig. 3.4). This autophagy marker expression pattern is maintained
until birth and remains in adult skin (Fig. 3.2). In summary, I observe that autophagy
marker expression is highly up‐regulated at E16.5 which corresponds to the time‐
point when the granular layer is formed and barrier acquisition occurs in foetal
epidermis.
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Figure 3.4: Expression of autophagy markers during barrier acquisition in mouse
foetal epidermis.
At E15.5 there are low levels of LC3, ULK1, WIPI1 and ATG5‐ATG12 in the upper layers of
the epidermis. At E16.5, when the first attempts at barrier formation occur, there is an
increase in the expression of LC3 and ULK1 in the upper layers and also, a moderate
increase in WIPI1 and ATG5‐ATG12 in the granular layers. Basal and granular BECN1
expression is also activated at E16.5. This pattern of autophagy marker expression is
maintained at E17.5 and E18.5.
This figure is representative of n=2 samples of mouse foetuses from 2 different litters.
Bar = 20um. Dotted line = basement membrane.
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In conclusion, I show that autophagy markers are present in the granular layer of
adult epidermis. Also, LC3, the autophagosome marker, is present at its highest
concentrations in the granular layer of adult epidermis where it appears to form LC3
aggregates suggesting formation of autophagosomes. During granular layer
formation in mouse foetal development, autophagy marker expression is highly up‐
regulated at E16.5, the time‐point when the granular layer is formed.

These results indicate that autophagy may play an important role in the granular
layer where keratinocytes undergo terminal differentiation, a specialised form of
cell death. Based on these findings, I hypothesize that autophagy plays an important
role in the granular layer where organelles are degraded and keratinocytes undergo
terminal differentiation.
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3.3

Characterisation of epidermal granular layer LC3 aggregates

In sections 3.1 and 3.2, I have shown by immunofluorescence analysis that LC3 is
strongly expressed in the granular layer of epidermis where it appears to be present
as aggregates. Also, formation of the granular layer during mouse foetal
development is accompanied by a high induction of autophagy marker expression.
These results indicate that autophagy may play an important role in barrier
formation.
It has been published that some cellular processes may use the autophagic
machinery for non‐autophagic processes leading to the formation of LC3 positive
vesicles which do not participate in classical autophagy. In some cells, bacteria and
yeasts are engulfed in LC3 positive single‐membrane phagosomes and degraded
(Sanjuan et al. 2007; Sanjuan et al. 2009). Also, in some macrophages, phagosomes
containing apoptotic cells are LC3 positive (Florey et al. 2011; Martinez et al. 2011).
Other LC3 positive single‐membrane structures containing engulfed live cells have
been discovered within a host cancer cells (Florey et al. 2011). Different viruses can
hijack the autophagic machinery, inducing formation of LC3 positive double‐
membrane vesicles which are used for virus replication (English et al. 2009; Reggiori
et al. 2010). Therefore, I need to determine whether granular layer LC3 aggregates
colocalise with markers for other known organelles of the granular layer.
I have shown that filaggrin is present in the granular layer of epidermis (Fig. 3.1).
Published data analysing epidermal terminal differentiation by electron microscopy
shows that the filaggrin precursor, pro‐filaggrin, is accumulated in granular layer
keratinocytes as aggregates, termed F‐granules (Steven et al. 1990). Since
epidermal terminal differentiation is a complicated process and is not well
understood, it is possible that the autophagic machinery may be used for filaggrin
processing in the upper layers of epidermis and may interact with the F‐granules.
Therefore, using immunofluorescence analysis, I wanted to determine whether
granular layer filaggrin colocalises with LC3 positive puncta.
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Double immunofluorescence staining for filaggrin (red) and LC3 (green) expression
in adult human epidermis shows that filaggrin is expressed in the uppermost
epidermal granular layers (Fig. 3.5). LC3 is also present as aggregates in the granular
layer (Fig. 3.2; Fig. 3.5). However, filaggrin (red) and LC3 (green) expression are
spatially separated with the filaggrin positive layer above the LC3 expressing
granular layer (Fig. 3.5). There are some regions where filaggrin (red) and LC3
(green) expression overlap and they appear to colocalise, but the size and shape of
the granules differ suggesting they are different granules (purple arrow, Fig. 3.5).
Therefore, it is concluded that LC3 aggregates are not filaggrin granules.
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Figure 3.5: Localisation of LC3 aggregates and filaggrin granules in adult human
epidermis.
LC3 (green) and filaggrin (red) are both strongly expressed in the granular layers of adult
epidermis. However, filaggrin is expressed in the uppermost granular layers above the LC3
expressing layers, but sometimes the LC3 and filaggrin expressing layers do overlap. Where
LC3 and filaggrin appear to and colocalise (purple arrow)., the size and shape of the
aggregates are different indicating they are different granules.
This figure is representative of n=3 biopsies of normal human facelift skin.
Bar = 20um. Dotted line = basement membrane. Purple arrow = regions of colocalisation.
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The upper epidermal layers are regions of high lipid synthesis. Lipids among other
compounds are processed within the lamellar body network which is more
concentrated in the upper epidermal layers (Elias and Brown 1978; Landmann 1988;
Lee et al. 1998; Elias 2012). Lamellar bodies are thought to originate from the Golgi,
which has also been shown to give rise to autophagic membranes in some cells.
Also, both lamellar bodies and autolysosomesphagic vesicles contain lysosomal
enzymes (Locke and Sykes 1975; Raymond et al. 2008; Nishida et al. 2009; Yen et al.
2010). Therefore, the next question I asked is whether granular layer LC3 aggregates
are lamellar bodies or are part of the lamellar body machinery. I used
immunofluorescence microscopy to determine if the LC3 aggregates present in the
upper layers of epidermis are distinct from known lamellar body markers.
Cathepsin D (CatD) is an aspartic protease which is highly expressed in granular
keratinocytes, where it is a component of the lamellar body cargo (Ishida‐
Yamamoto et al. 2004). Therefore, antibodies against LC3 and CatD were used to
localise autophagosomes and lamellar bodies in adult human skin.

Double immunofluorescence staining with antibodies against CatD (red) and LC3
(green) shows that both proteins are present in different layers of epidermis with
CatD in the uppermost granular layer above the LC3 positive layer (Fig. 3.6).
However, there are a few LC3‐CatD double‐positive regions in the basal and
granular layers (purple arrow, Fig. 3.6). CatD is also a lysosomal protease. Therefore,
the observed colocalization may be due to fused autophagosomes and CatD
containing lysosomes, since autophagosomes fuse with lysosomes during the
maturation step, for the degradation of autophagic cargo. However, in epidermis
there are few regions of LC3 and CatD colocalisation. Therefore, it is concluded that
epidermal LC3 aggregates in the granular layer are not part of the lamellar body
machinery.
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Figure 3.6: Localisation of LC3 aggregates and CatD positive lamellar bodies in
adult human epidermis.
Both LC3 (green) and CatD (red) are expressed in all layers of the epidermis with the
strongest expression in the granular layers. However, LC3 and CatD granules sometimes
colocalise (purple arrows). Regions of LC3 and CatD colocalisation in the basal layer and the
upper layers (purple arrows) could be due to CatD also being present in lysosomes, and
autophagosomes fuse with lysosomes during the autophagy maturation stage. However,
LC3 and CatD expression rarely colocalise in epidermis.
This figure is representative of n=3 biopsies of normal human facelift skin.
Bar = 20um. Dotted line = basement membrane. Purple arrow = regions of colocalisation.
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In this section, I have shown that granular layer LC3 aggregates do not colocalise
with markers for filaggrin granules or lamellar bodies, which are both organelles
characteristic of granular layer keratinocytes and may have a common origin with
autophagic vesicles. These data supports the initial hypothesis that autophagy plays
an important role in the granular layer where organelles are degraded and
keratinocytes undergo terminal differentiation.

Next, I wanted to determine whether double‐membrane vesicles are present in the
epidermis. Transmission electron microscopy (TEM) is routinely used to confirm the
presence of double‐membrane vesicles in cell cultures and in tissues (Yla‐Anttila et
al. 2009; Klionsky et al. 2012). However to date, publications on the structure and
the components of the epidermis with TEM analysis do not show epidermal double‐
membrane vesicles. A reason for this may be that most of the TEM on the epidermis
was carried out in the 1970s and 1980s when the focus was on other epidermal
organelles. Also, the method of tissue fixation and embedding material of the
samples plays a very important role in maintaining membrane morphology.

Therefore, I decided to perform TEM analysis of 3 day old mouse epidermis. Mouse
epidermis was used since it was more easily available than adult human epidermis.
Also, 3 day old mouse skin was used because newborn mouse epidermis resembles
adult epidermis more closely with more epidermal layers compared to adult mouse
epidermis which is very thin. I decided to use 3‐day old mouse skin and not
newborn skin because the skin, as well as other organs, has been shown to have
high levels of autophagy right after birth to compensate for the short neonatal
period of starvation, and it may also be a stress response to the new external
conditions the neonate is exposed to (Kuma et al. 2004).

TEM analysis of 3‐day old mouse epidermis shows that double‐membrane vesicles
are present in the lower layers as well as in the granular layers of the epidermis (Fig.
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3.7). These double‐membrane vesicles contain autophagic cargo confirming that
they are autophagic vesicles (Fig. 3.7). However, autophagic vesicles of granular
layer keratinocytes are oval‐shaped whereas basal and para‐basal double‐
membrane vesicles are more rounded (Fig. 3.7). This different morphology may be
due to the flattened shape of granular layer keratinocytes. Also, granular
autophagic vesicles have a width of about 200 nm whereas the spherical basal and
para‐basal vesicles have a cross‐section of 400‐500 nm (Fig. 3.7).
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Figure 3.7: Transmission Electron Microscopy for autophagic vesicles in epidermis
(a) 3‐day old mouse epidermis was analysed with Transmission Electron Microscopy (TEM)
for the presence of autophagic vesicles in all layers of the epidermis. A) Low magnification
TEM image shows granular and cornified layers, and the uppermost supra‐basal layer. Blue
selection shows granular layers selected for closer analysis. B‐D) Red arrows indicate
double‐membrane vesicles in granular layer keratinocytes. E) Green arrow indicates a
rounded protein aggregate, probably an L‐granule and the blue arrow indicates an
irregularly shaped large protein aggregate, probably an F‐granule. F) Low magnification
TEM image shows lower epidermal layers. Red selection shows region selected for more
detailed analysis.

G‐H) Red arrows indicate double‐membrane vesicles in basal layer

keratinocytes.
Figure 3.7 continued on the next page.

118

Formatted: Font: Bold

Formatted: Font: 12 pt, Bold

Figure 3.7: Transmission Electron Microscopy for autophagic vesicles in epidermis
(a) 3‐day old mouse epidermis was analysed with Transmission Electron Microscopy (TEM)
for the presence of autophagic vesicles in all layers of the epidermis. A) Low magnification
image shows a TEM image of all layers of the epidermis. Blue and red selections show
regions selected for more detailed analysis. B) Higher magnification of the upper epidermal
layers shows granular and cornified layers, and the uppermost supra‐basal layer. Blue
selection shows granular layers selected for closer analysis. C‐F) Red arrows indicate
double‐membrane vesicles in granular layer keratinocytes. G‐H) Green arrows indicate
rounded protein aggregates, probably L‐granules and blue arrow indicates an irregularly
shaped large protein aggregate probably an F‐granule. I‐K) Red arrows indicate double‐
membrane vesicles in basal layer keratinocytes.
Figure 3.7 continued on the next page.
This figure is representative of n=2 samples of 3 day old mouse epidermis. White bars =
scale of each image. Purple and red elliptical selections represent regions selected for closer
TEM analysis. Black arrows indicate selected regions and the higher magnification images of
these regions. Small red arrows indicate double‐membrane vesicles. Green arrows indicate
round protein aggregates of granular layer keratinocytes. Blue arrows indicate irregular
shaped protein aggregates of granular layer keratinocytes.
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Figure 3.7 continued.
Figure 3.7: Transmission Electron Microscopy for autophagic vesicles in epidermis
(b) Enlargements of autophagic vesicles of the granular layers and of the basal and para‐
basal layers shows the autophagic vesicle double‐membrane and cytoplasmic cargo within
the vesicles.
This figure is representative of n=2 samples of 3 day old mouse epidermis. White bars =
scale of each image. Purple Blue and red elliptical selections represent regions selected for
closer TEM analysis. Black arrows indicate selected regions and the higher magnification
images of these regions. Small red arrows indicate double‐membrane vesicles. Green arrows
indicate round protein aggregates of granular layer keratinocytes. Blue arrows indicate
irregular shaped protein aggregates of granular layer keratinocytes.
This figure is representative of n=2 samples of 3 day old mouse epidermis.
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Therefore, TEM analysis shows that double‐membrane vesicles which contain
sequestered cytoplasmic material are present in epidermis, strongly suggesting the
presence of autophagosomes. Granular layer autophagic vesicles differ from
autophagic vesicles of the lower epidermal layers in their size, shape and engulfed
cargo. To date, all publications on autophagy in keratinocytes are based on
monolayer culture models. With TEM analysis, I show that autophagic vesicles are
present in the epidermis in vivo. However, immuno‐EM for LC3 would confirm that
these epidermal double‐membrane vesicles are also LC3 postitive. But this is work
in progress and due to time‐constraints cannot be carried out and included in this
report.

Therefore, as a next step I analysed keratinocyte autophagy in more detail in
cultured terminally differentiating cells compared to proliferating undifferentiated
keratinocytes. An established model of monolayer primary human keratinocyte
cultures was used (Yuspa et al. 1989).
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3.4

Characterisation of autophagy in keratinocyte monolayer

cultures
In the previous sections I have shown that LC3 aggregates as well as other
autophagy markers are present in the upper layers of adult epidermis where
terminal differentiation occurs (Fig. 3.2). Also LC3, ULK1, WIPI1 and ATG5‐ATG12 are
highly up‐regulated in foetal epidermis when barrier formation is initiated (Fig. 3.4).
These LC3 aggregates are different from other known organelles in the granular
layer such as filaggrin granules and lamellar bodies (section 3.3). Therefore, I
hypothesize that autophagy is the mechanism by which granular layer keratinocytes
degrade their organelles and undergo terminal differentiation.
To test this hypothesis, primary human keratinocytes were used as a culture model
to mimic the differentiation stages in epidermis. The upper layers of the epidermis
have higher intracellular calcium levels than the proliferating basal layer and this is
thought to regulate keratinocyte differentiation (Fig. 1.1; Menon et al. 1985; Yuspa
et al. 1989; Elias et al. 2002). In the field of skin research, it is well established that
in vitro, keratinocytes are stimulated to differentiate by increasing the calcium
content of the media (Yuspa et al. 1989).
Initially I carried out experiments to determine whether the keratinocytes in my
culture model would respond to calcium‐induced differentiation. Primary human
neonatal foreskin keratinocytes (Invitrogen) were used as my monolayer culture
model. After stimulating differentiation by increasing the calcium content of the
media, protein lysates from undifferentiated and differentiated cell populations
were analysed for expression of keratinocyte differentiation markers by Western
blotting. Cells cultured in high calcium media are labelled as differentiated whereas,
keratinocytes grown in the low calcium, proliferation media are labelled as
undifferentiated (Fig. 3.8).
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To determine whether high calcium media could induce keratinocyte terminal
differentiation, the expression of the terminal differentiation marker filaggrin was
analysed. Western blotting shows that unprocessed filaggrin, pro‐filaggrin, is
present in both differentiated and undifferentiated keratinocytes (Fig. 3.8).
However, processed shorter‐chain filaggrin is associated with differentiated
keratinocytes (Fig. 3.8). K1, a marker of early terminal differentiation, is also present
in the differentiated population compared to the undifferentiated cells where it is
not expressed (Fig. 3.8). K14, which is present in the proliferating basal
keratinocytes of epidermis, is highly expressed in the undifferentiated monolayer
keratinocytes and is reduced in the differentiated keratinocyte cultures (Fig. 3.8).
Therefore, Western blot analysis of monolayer keratinocyte cultures shows that the
undifferentiated keratinocyte culture consists mainly of K14 expressing proliferating
cells. However, the differentiated keratinocyte population is comprised of
keratinocytes at different stages of differentiation. The differentiated keratinocyte
cultures have K14 expressing proliferating keratinocytes, K1 positive differentiated
cells representing keratinocytes of the supra‐basal layers, and filaggrin positive
terminally differentiating keratinocytes like in the granular layer of epidermis.
Therefore, this monolayer culture model mimics the epidermis by providing two
main populations ‐ undifferentiated, proliferating keratinocytes and differentiated
keratinocytes.
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Figure 3.8: Expression of epidermal differentiation markers in undifferentiated
and differentiated monolayer keratinocytes.
Differentiation in primary human monolayer keratinocyte cultures is induced by culturing
keratinocytes in media with high calcium content. Processed filaggrin, usually present in the
granular layers of epidermis, is strongly expressed in differentiated keratinocytes, indicating
activation of terminal differentiation. However the filaggrin precursor, pro‐filaggrin, is
present in both undifferentiated and differentiated keratinocytes. K1, a marker of early
differentiation in keratinocytes of the spinous layer, is absent in undifferentiated cells but is
expressed in the differentiated population. K14, a marker of the basal layer, is expressed in
undifferentiated keratinocytes but is reduced in the differentiated population.
This figure is representative of n=2 individual experiments (see Appendix 1).
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Figure 3.8: Expression of epidermal differentiation markers in undifferentiated
and differentiated monolayer keratinocytes.
Differentiation in primary human monolayer keratinocyte cultures is induced by culturing
keratinocytes in media with high calcium content. Processed filaggrin, usually present in the
granular layers of epidermis, is strongly expressed in differentiated keratinocytes, indicating
activation of terminal differentiation. However the filaggrin precursor, pro‐filaggrin, is
present in both undifferentiated and differentiated keratinocytes. K1, a marker of early
differentiation in keratinocytes of the spinous layer, is absent in undifferentiated cells but is
expressed in the differentiated population. K14, a marker of the basal layer, is expressed in
undifferentiated keratinocytes but is reduced in the differentiated population.
This figure is representative of n=2 individual experiments (see Appendix 1).
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The monolayer primary keratinocyte cultures I used maintain their undifferentiated
proliferative state in low calcium media but they can activate their differentiation
pathway when cultured in high calcium media. So this culture model provides two
keratinocyte populations.

The next experiment I performed was to establish whether there is a difference
between the autophagy marker expression profiles of basal proliferating
keratinocytes and differentiated keratinocyte cultures. Western blotting of protein
lysates from both undifferentiated and differentiated keratinocytes was used to
establish the differences in expression levels of autophagy proteins.

Figure 3.9 shows the total levels of autophagy marker expression in cultured
undifferentiated and differentiated keratinocytes. Western blot analysis shows very
similar expression levels of autophagy proteins in both keratinocyte cultures (Fig.
3.9a). ULK1 appears to be up‐regulated in the differentiated keratinocytes (Fig.
3.9a). This increased ULK1 expression in the differentiated cells could not be
confirmed with repetitions of the experiment (Appendix 2) suggesting that there are
small variations in autophagy protein expression levels with each experiment.
Therefore, a higher experiment “n” number is required to rule out these variations.

Autophagy is a very dynamic process and quantification of the rate of LC3 turn‐over
from free cytoplasmic LC3I to membrane‐bound LC3II (LC3II/LC3I) is routinely used
by autophagy researchers as a read‐out for autophagic flux (Karim et al. 2007;
Klionsky et al. 2012). Another read‐out for autophagy is the LC3II/actin ratio, which
represents the amount of membrane‐bound LC3 (LC3II) normalised to actin. High
LC3II/actin levels indicate high autophagy levels (Rubinsztein et al. 2009; Klionsky et
al. 2012). To determine whether there is a difference between autophagy levels in
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undifferentiated and differentiated keratinocytes, I determined the rate of LC3 turn‐
over (LC3II/LC3I) and the amount of LC3II per cell (LC3II/actin) for both
undifferentiated and differentiated keratinocytes (Fig. 3.9b).

The values for LC3II/LC3I show that there is a higher turn‐over rate of LC3I to LC3II
in undifferentiated keratinocytes compared to the differentiated cultures (Fig.
3.9b). Quantification of LC3II/actin shows that there is a higher amount of
membrane‐bound LC3 (LC3II) in the undifferentiated keratinocyte cultures
compared to the differentiated population (Fig. 3.9c). This difference is also
statistically significant.
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Figure 3.9: Comparison of autophagy marker expression in undifferentiated and
differentiated keratinocyte monolayer cultures.
(a) Analysis of autophagy marker expression levels in undifferentiated and differentiated
keratinocytes by Western blotting. One blot of n=3 experiments is shown here. There is no
striking difference in autophagy marker expression levels between undifferentiated and
differentiated keratinocytes. However, this Western blot shows higher ULK1 levels in the
differentiated keratinocytes. This was not observed in the other repetitions of the
experiment (see Appendix 2). With each experiment, there is some variation in autophagy
marker expression levels in monolayer keratinocyte cultures, therefore, n=3 experiments
were analysed (see Appendix 2).
Figure 3.9 continued on the next page.
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Figure 3.9: Comparison of autophagy marker expression in undifferentiated and
differentiated keratinocyte monolayer cultures.
Figure 3.9 continued.
(b) Quantification LC3 turn‐over from LC3I to LC3II (LC3II/LC3I) showing average values for
LC3II/LC3I band intensities for n=3 individual experiments. The level of LC3II/LC3I is reduced
in the differentiated keratinocytes compared to the undifferentiated cells suggesting
undifferentiated keratinocytes have a higher turn‐over rate of LC3I to LC3II. However, this
difference is not statistically significant.
(c) Quantification of total LC3II levels (LC3II/actin) showing average values for LC3II/actin
band intensities for n=3 individual experiments. The level of LC3II/actin in undifferentiated
keratinocyte monolayer cultures is higher than in and the differentiated keratinocyte
population. This suggests that the total levels of membrane‐bound LC3 are higher in
undifferentiated keratinocytes compared to the differentiated cells. This difference is
statistically significant, P<0.05.
Quantification of bands was done with ImageJ. This figure is representative of n=3 individual
experiments (see Appendix 2).
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Using Western blot analysis, I show that there is a statistically significant difference
in total LC3II levels (LC3/actin ratios) in undifferentiated and differentiated
keratinocytes. The undifferentiated keratinocyte population also has a higher turn‐
over of LC3I to LC3II (LC3II/LC3I ratios). These data suggest that undifferentatied
keratinocytes have a higher rate of basal autophagy compared to the differentiated
population. However, the levels of the other autophagy proteins analysed are
similar in both keratinocyte populations. Since the differentiated keratinocyte
population is a mix of keratinocytes at different stages of differentiation, a change
in autophagy marker expression levels in one of the differentiation stages may not
be detected by Western blotting. Therefore, the next step was to determine
whether the cellular localisation of autophagy markers within undifferentiated and
differentiated cells was altered. To investigate this, I cultured monolayer
keratinocytes on coverslips and performed immunofluorescence staining for
autophagy markers.

Initially, there did not appear to be any obvious difference in autophagy marker
expression patterns between undifferentiated and differentiated keratinocytes (Fig.
3.10). The ATG5‐ATG12 complex shows similar expression levels and expression
patterns in both keratinocyte populations. However, WIPI1 appears to be slightly
up‐regulated in the differentiated cells (Fig. 3.10). On closer examination,
immunofluorescence analysis shows accumulation of the proteins ULK1, LC3 and
p62 in some peri‐nuclear regions of some differentiated cells (Fig. 3.10, red arrows),
although the total protein levels of ULK1 and p62 do not appear to change when
compared to undifferentiated cells (Fig. 3.9). These “pockets” of peri‐nuclear
proteins ULK1, LC3 and p62 only appear to be present in some differentiated
keratinocytes, and not in the undifferentiated cells.
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Figure 3.10: Cellular localisation of autophagy markers in undifferentiated and
differentiated keratinocyte monolayer cultures.
Immunofluoresence staining for autophagy markers ATG5‐ATG12, WIPI1, ULK1, LC3 and
p62 show no difference in expression levels in undifferentiated and differentiated
keratinocytes. WIPI1 expression appears to be slightly increased in the differentiated
population. However, compared to the undifferentiated keratinocytes, the some of the
differentiated keratinocytes show accumulation of ULK1, LC3 and p62 in some their peri‐
nuclear regions indicated by red arrows. But overall expression levels of ULK1, LC3 and p62
appear to be equal in both keratinocyte populations.
This figure is representative of n=5 individual experiments.
Bar =20um. Red arrows = regions of peri‐nuclear protein accumulation.
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These results indicate that differentiated keratinocytes may have reduced levels of
autophagy compared to undifferentiated keratinocyte monolayer cultures.
However, tThe striking difference between both keratinocyte populations is the
localisation of autophagy proteins within the cells. Therefore, I examined the cell
morphology and cellular localisation of autophagy proteins in both cultured
keratinocyte populations more closely.
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3.5

Nucleophagy in differentiating keratinocytes

I have shown that there is no difference in autophagy marker expression levels
between undifferentiated and differentiated keratinocyte populations (Fig. 3.9).
However, in the differentiated keratinocytes, immunofluorescence analysis of
autophagy proteins shows peri‐nuclear localisation of pools of LC3, p62 und ULK1
(Fig. 3.10). To analyse this in more detail, the cell morphology of the two
keratinocyte populations was examined.
First, the cell monolayers were stained with DAPI to determine whether there are
any differences in the size or shape of the nuclei in the differentiated keratinocytes
compared to the undifferentiated cells.
By analysing the DAPI stained nuclei of both keratinocyte populations, a marked
difference was observed. The differentiated keratinocyte population was
characterised by the presence of cells with irregular or misshaped nuclei (Fig.
3.11a), whereas, these misshaped nuclei are very rare in the undifferentiated cells
(Fig. 3.11a, 3.11b). In the differentiated population, ~11% (30 of 280 cells) of the
cells have misshaped nuclei compared to ~2% (5 of 280 cells) in the undifferentiated
cell culture (Fig. 3.11b). This difference is also statistically significant (Fig. 3.11b).
Therefore, it is concluded that inducing differentiation in monolayer keratinocytes is
associated with a change in the shape of the nuclei.
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Figure 3.11: Changes in nucleus shape in differentiated keratinocytes compared to
undifferentiated cells.
(a) Immunofluorescence analysis of DAPI‐stained nuclei in undifferentiated and
differentiated keratinocytes shows some cells have misshaped nuclei in the differentiated
cell culture (red arrows).
(b) Graph shows the average number of cells with misshaped nuclei per total of 280 cells in
both undifferentiated and differentiated keratinocyte cultures. There is a significantly
higher number of misshaped nuclei in the differentiated keratinocyte population (30 of 280
cells) compared to the undifferentiated keratinocytes (5 of 280 cells).
This figure is representative of n=3 individual experiments. Total number of cells determined
using ImageJ. Number of cells with misshaped nuclei counted manually. For statistical
relevance, two tailed paired t‐test, P<0.05 (see Appendix 3).
Bar = 20um. Red arrows = misshaped nuclei.
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The next step was to determine why differentiation in culture is characterised by a
change in the morphology of the nuclei. To determine whether an apoptotic cell
death in differentiated cultures is a cause for the misshaped nuclei, I performed
immunofluorescence analysis on the monolayer keratinocyte cultures with an
antibody against cleaved Caspase‐3 (cl. C‐3). Cleavage and activation of C‐3 occurs
when apoptosis is induced and it is a classic marker for apoptosis (Christopher
Potten). As a positive control for apoptosis, cells were treated with staurosporine.
At low concentrations staurosporine is an ATP‐competitive protein kinase inhibitor,
whereas it induces apoptosis at higher concentrations (Gani and Engh 2010).
In figure 3.12, I show that staurosporine‐treated undifferentiated and differentiated
keratinocytes are cl. C‐3 positive, indicating activation of the apoptotic pathway due
to staurosporine treatment. However, the untreated undifferentiated and
differentiated keratinocyte populations, including cells with misshaped nuclei, are
negative for cleaved C‐3 (Fig. 3.12). These results show that under normal culture
conditions, both undifferentiated and differentiated keratinocytes are not
apoptotic. Also, the cells with irregular shaped nuclei have not activated their
apoptotic pathway, suggesting that another mechanism is responsible for the
change in nuclei morphology.
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Figure 3.12: Expression of apoptosis marker, cleaved Caspase‐3 (cl. C‐3), in
undifferentiated and differentiated keratinocyte monolayer cultures.
Immunofluorescence analysis shows the expression of cl. C‐3 (green) and LAMP2 (red) in
undifferentiated and differentiated keratinocytes. As a positive control for apoptosis, both
undifferentiated and differentiated keratinocytes were treated with staurosporine to
induce apoptotic cell death. Cl. C‐3 (green), as well as LAMP2 (red) are expressed in the
cytoplasm of the positive controls for apoptosis of both keratinocyte populations. However,
untreated undifferentiated and differentiated keratinocytes do not express cl. C‐3. Cells
with misshaped nuclei (red arrows) are not positive for cl. C‐3, whereas, missing parts of the
nuclei are LAMP2 positive.
This figure is representative of n=2 individual experiments (see Appendix 4 for more images).
Bar = 20um. Red arrows = misshaped nuclei.
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In the previous section, I show that some cells within the differentiated keratinocyte
population have strong peri‐nuclear expression of ULK1, LC3 and p62 (Fig. 3.10).
Closer analysis of these cells shows that ~11% of the differentiated keratinocyte
population have irregular shaped nuclei (Fig. 3.11), and this is not due to an
apoptotic cell death (Fig. 3.12). Therefore, I analysed the expression of the
autophagosome marker LC3 in differentiated keratinocytes with misshaped nuclei
more closely, and also compared them to the undifferentiated cell population.
Using immunofluorescence analysis, keratinocyte monolayers were stained with an
antibody against the autophagosome marker LC3 to show localisation of LC3 in cells
with irregular shaped nuclei.

A more detailed examination of the keratinocyte cultures shows that the
differentiated keratinocytes with misshaped nuclei have accumulation of LC3
aggregates where regions of the nuclei appear to have disappeared with the DAPI
nuclear stain (Fig. 3.13). This unexpected observation suggests that the regions of
missing nuclear material may be sites of high autophagic activity.
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Figure 3.13: Localisation of autophagosome marker LC3, in differentiated
keratinocytes with irregular shaped nuclei compared to the undifferentiated
keratinocyte population.
DAPI staining of keratinocyte nuclei shows cells with misshaped nuclei in the differentiated
population,

whereas

undifferentiated

kerationocytes

have

regular

nuclei.

Immunofluorescence analysis of LC3 expression shows accumulation of LC3 in regions of
missing nuclear material.
This figure is representative of n=5 individual experiments (see Appendix 5 for more images).
Bar = 10um. Red arrows = regions of misshaped nuclei with peri‐nuclear LC3 accumulation.
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To determine if these LC3 aggregates in regions of missing nuclear material are
really autophagosomes, a second marker was used. LAMP2 is a lysosomal
membrane protein which labels lysosomes as well as autolysosomes, formed during
the maturation step of the autophagic pathway where autophagosomes fuse with
lysosomes (see section 1.2.2). Therefore, LC3/LAMP2 double‐positive aggregates
represent autolysosomes and the maturation step of the autophagic pathway, just
before degradation of the autophagic vesicles.
To determine whether LC3 aggregates in the regions of missing nuclear material are
also LAMP2 positive, immunofluorescence analysis of the keratinocyte monolayers,
with two antibodies against LC3 and LAMP2, was done. Double staining for LC3
(green) and LAMP2 (red) shows that some of the LC3 aggregates in the
undifferentiated keratinocytes are also LAMP2 positive (Fig. 3.14). However, in the
differentiated cells, regions of missing nuclei are not only LC3 positive but also
LAMP2 positive, suggesting the presence of autolysosomes and possibly also
autophagic degradation of nuclear material (Fig. 3.14).
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Figure 3.14: LC3 positive aggregates in regions of missing nuclear material of
differentiated keratinocytes are also LAMP2 positive.
(a) The DAPI stain shows misshaped nuclei in the differentiated keratinocytes, whereas the
undifferentiated cells have no misshaped nuclei. In the differentiated cultures, regions of
missing nuclear material are positive for the autophagosome marker, LC3 (green), as well as
the lysosome marker, LAMP2 (red). This suggests that LC3 aggregates have fused with
lysosomes, representing autolysosomes, which degrade autophagic cargo.
(b) Enlarged images of undifferentiated keratinocytes, show that LC3 aggregates (green) are
in the same regions as LAMP2 (red) puncta. However, it is unclear whether these LC3 and
LAMP2 puncta are the same aggregates. In the regions of missing nuclear material of the
differentiated keratinocytes, there is a large accumulation of LC3 aggregates and these are
also LAMP2 positive suggesting nuclear degradation occurs via autophagy (nucleophagy).
This figure is representative of n=5 individual experiments. Bar = 10um. Small red arrows =
regions of peri‐nuclear protein accumulation.

143

Autophagic degradation of the whole nucleus or just parts of the nucleus have been
reported by other groups to occur in yeasts, a bi‐cellular organism Tetrahymena
thermophila, C. Elegans and also in fibroblasts from a mouse model for nuclear
envelopathies (Krick et al. 2008; Park et al. 2009; McGee et al. 2011; Liu and Yao
2012). I show that differentiation of keratinocytes in monolayer cultures is
characterised by a set of cells with irregular shaped nuclei. These regions of missing
nucleusi, shown with DAPI staining, are replaced by an accumulation of LC3/LAMP2
double‐positive autolysosomes. This indicates that missing nuclear material in
differentiated keratinocytes may be due to increased autophagy and autophagic
degradation of the nucleus. Therefore, this form of autophagic nuclear degradation
I observe in differentiated keratinocytes is termed nucleophagy.
To further characterise nucleophagy in differentiating keratinocytes, I analysed the
localisation and expression pattern of a second autophagy marker, p62. p62 is a
protein which recognises ubiquitinated autophagic cargo and binds to it. p62 can
also bind to LC3 within the autophagosomal membrane, acting as an adaptor
between LC3 and the autophagic cargo. So p62, which is commonly used as a read‐
out for targeted autophagic degradation of ubiquitinated cargo (Pankiv et al. 2007;
Lamark et al. 2009; Johansen and Lamark 2011; Klionsky et al. 2012), was analysed
in the keratinocyte monolayer cultures.
Immunofluorescence analysis of keratinocyte cultures was done using antibodies
against LC3 and p62. The cellular localisation of LC3 and p62 would show whether
LC3/LAMP2 nucleophagic vesicles are due to targeted autophagic degradation, or if
nucleophagy is a random autophagic process in differentiated keratinocytes. With
immunofluorescence staining for LC3 (green) and p62 (red), I show that most LC3
vesicles in undifferentiated keratinocytes are not p62 positive (Fig. 3.15). This
indicates that basal autophagy in untreated proliferating keratinocytes is not
targeted degradation of damaged proteins or organelles, but it is probably a
random process supporting cell homeostasis. However, the nucleophagic regions in
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the differentiated population, which have been shown to be positive for
autolysome markers (Fig. 3.14), are also p62 positive (Fig. 3.15). This data suggests
that nucleophagy in differentiating keratinocytes is regulated and targeted
autophagic degradation of ubiquitinated cargo, which is most probably nuclear
material.
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Figure 3.15: LC3 positive aggregates in regions of missing nuclear material of
differentiated keratinocytes are also p62 positive.
(a) In both the undifferentiated and differentiated keratinocyte cultures, some LC3 (green)
aggregates do colocalise with p62 (red). cells, most LC3 aggregates (green) are not p62
positive (red). Also, there are very few p62 (red) positive aggregates in undifferentiated
keratinocytes. THowever, in the differentiated cultures, the DAPI stain shows keratinocytes
with irregular nuclei and thesein the differentiated population. In these cells with
misshaped nuclei, the nucleophagic regions which are LC3 positive (green) are also p62
positive (red). This suggests that nucleophagy is targeted autophagic degradation of nuclear
material.
(b) Enlargements of both undifferentiated and differentiated keratinocytes show more
clearly that some cytoplasmic LC3 aggregates (green) are not p62 positive (red). However,
the enlarged images of differentiated keratinocytes also show nucleophagic regions which
are characterised by accumulation of LC3 vesicles (green) and these are also positive for the

146

marker of targeted autophagy, p62 (red). This suggests nucleophagy is may be targeted
degradation of nuclear material.
This figure is representative of n=5 individual experiments. Bar = 10um. Small red arrows =
regions of peri‐nuclear protein accumulation.

In this section, I have shown that monolayer keratinocyte cultures represent
different differentiation stages of epidermal keratinocytes. The undifferentiated
keratinocytes are K14 positive, representing the proliferating basal layer. Whereas,
the differentiated keratinocytes in culture express K14, K1, as well as cleaved
filaggrin, indicating that a proportion of these cells have activated their terminal
differentiation pathway. Therefore, the differentiated keratinocyte cultures are
comprised of keratinocytes at different stages of differentiation.

Closer examination of keratinocyte cell morphology shows that the differentiated
keratinocyte population is characterised by the presence of cells with misshaped
nuclei (~11%), compared to the undifferentiated keratinocyte cultures where these
cells are nearly absent (~2%). These regions of missing nuclear material are replaced
by an accumulation of LC3/LAMP2/p62 positive autolysosomes. These results
suggest that targeted autophagic degradation of nuclear material occurs in a
proportion of differentiated keratinocytes. Therefore, I have termed this form of
nuclear degradation, nucleophagy.

In summary, I have shown that keratinocyte differentiation in vitro is characterised
by targeted autophagic degradation of the nuclei, nucleophagy.
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3.6

Measuring autophagic flux in monolayer keratinocyte

cultures
Autophagy is a very dynamic process and analysing autophagy proteins at one time
point may not be representative of the true autophagic process. Autophagic flux can
be analysed by measuring LC3 turn‐over in the presence and in the absence of drugs
which prevent degradation of autophagic vesicles by interfering with lysosomal
function. This would give a true picture of how much autophagic cargo and
autophagy proteins are processed over a certain period of time. Inhibitors like
Ammonium chloride (NH4Cl) and chloroquine increase lysosomal pH preventing
function of lysosomal proteases (Fass et al. 2006; Klionsky et al. 2008; Xie et al.
2010). Other drugs routinely used like pepstatinA and E4Ad, block fusion of
lysosomes with autophagosomes (Xie et al. 2010). The inhibitor Bafilomycin A1
(BafA1) has been shown to inhibit lysosomal protease function as well as prevent
fusion of autophagosomes with autolysosomes (Klionsky et al. 2008). If cells treated
with BafA1 show no increase in LC3II levels, this is an indication for defects in the
late stages of autophagy (Rubinsztein et al. 2009). Therefore, to confirm that the
autophagic pathway is completed and functional in the keratinocyte monolayer
cultures, I compared BafA1‐treated cells to untreated keratinocytes. Blocking the
autophagy process with BafA1 would also allow measurement of autophagic flux
(turn‐over of LC3) in undifferentiated and differentiated keratinocytes.
With Western blotting I show that in both undifferentiated and differentiated
keratinocytes, BafA1 treatment, which prevents degradation of autophagic vesicles,
leads to accumulation of LC3II bands (Fig. 3.16a). This indicates that under normal
culture conditions the autophagy process is completed in both keratinocyte
populations. The LC3II/LC3I ratio is a read‐out for autophagic flux and the turnover
rate of LC3I to LC3II (Karim et al. 2007). The ratio of LC3II/actin is a measure of how
much autophagy membrane‐bound LC3 (LC3II) is present in the protein lysates. The
LC3II/LC3I ratios and LC3II/actin ratios are higher in the BafA1 treated

148

undifferentiated and differentiated keratinocytes when compared to the untreated
cells under normal culture conditions (Fig. 3.16b, c). These values indicate an
accumulation of LC3II with BafA1 treatment, which blocks the last steps of the
autophagy pathway, in both undifferentiated and differentiated keratinocytes.
Therefore, in keratinocytes under normal culture conditions the autophagy process
is completed since blocking the autophagy pathway with BafA1 leads to an
accumulation of LC3II (Fig. 3.16). With these experiments, I also observed that the
when autophagy is impaired, the LC3II/LC3I and LC3II/actin values are much higher
for undifferentiated keratinocytes compared to differentiated keratinocytes (Fig.
3.16b, Fig. 3.16c). This indicates that undifferentiated keratinocytes may have a
higher rate of autophagic flux compared to differentiated cells (Fig. 3.16b, Fig.
3.16c) supporting initial observations (Fig. 3.9). However, with Western blot
analysis, quantification of p62 levels (p62/actin ratios) shows that blocking the
autophagy pathway with BafA1 does not have a strong effect on p62 levels (Fig.
3.16d).
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Figure 3.16: Analysis of LC3 and p62 levels in undifferentiated and differentiated
keratinocytes after BafA1 treatment.
(a) Western blotting of lysates from undifferentiated and differentiated keratinocytes
treated with and without BafA1 shows accumulation of LC3II when autophagy is blocked
with BafA1. This suggests that under normal culture conditions the autophagy process is
completed and LC3II positive vesicles are degraded.
Figure 3.16 continued on the next page.
Western blot is representative of n =3 individual experiments (see Appendix 8).
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Figure 3.16: Analysis of LC3 and p62 levels in undifferentiated and differentiated
keratinocytes after BafA1 treatment.
Figure 3.16 continued.
(b) Quantification of the intensities of LC3II protein bands normalised to LC3I (LC3II/LC3I),
shows an increase in LC3II/LC3I ratios in both BafA1‐treated undifferentiated and BafA1‐
treated differentiated keratinocytes compared to the untreated cultures. However,
LC3II/LC3I levels are slightly higher are lower in the undifferentiated keratinocytes
compared to the differentiated cells. However, this difference is not statistically significant.
(c) Quantification of the mean intensities of LC3II protein bands normalised to actin
(LC3II/actin) shows increased LC3II/actin in both BafA1‐treated undifferentiated and
differentiated keratinocytes compared to untreated keratinocyte cultures. However, there
is no significant difference between the LC3II/actin levels are lower in the BafA1‐treated
undifferentiated keratinocytes compared to the BafA1 treated differentiated cells.
(d) Quantification of mean intensities of p62 bands normalised to actin shows that there is
a slight increase in p62 levels in BafA1‐treated undifferentiated keratinocytes compared to
the untreated undifferentiated cells. However, in the differentiated cultures, BafA1 has no
effects on p62 levels. The difference in p62 levels between the undifferentiated and
differentied populations is not statistically significant.
Quantification of n =3 individual experiments (see Appendix 8).
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These results obtained with Western blotting were verified by immunofluorescence
analysis with antibodies against LC3 and p62 in untreated and BafA1‐treated
undifferentiated and differentiated keratinocytes (Fig. 3.17). Quantification of LC3
and p62 expression was carried out by determining the intensities of protein
expression per cell. With immunofluorescence analysis for LC3, I show increased
LC3 intensity per cell in undifferentiated cells treated with BafA1 compared to
untreated undifferentiated cells, suggesting accumulation of LC3 aggregates (Fig.
3.17b). In the differentiated keratinocytes, BafA1 treatment also leads to increased
LC3 intensity per cell, indicating accumulation of LC3 aggregates when autophagy is
blocked at the late stages (Fig. 3.17b). These data support results from Western blot
analysis showing more membrane‐bound LC3 (LC3II) after BafA1 treatment in both
keratinocyte cultures (Fig. 3.16). Therefore, it is concluded that the autophagic
pathway is functional in monolayer keratinocytes.
However, when comparing autophagy levels in the undifferentiated and
differentiated keratinocytes, immunofluorescence analysis shows that blocking
autophagy with BafA1 leads to a much higher increase in LC3 intensities per cell in
the undifferentiated keratinocyte population (Fig. 3.17b). This confirms
observations made by analysing total LC3 protein levels with Western blotting (Fig.
3.16c), where undifferentiated keratinocytes appear to have a higher rate of LC3
turn‐over indicating a higher rate of autophagic flux. However, immunofluorescence
analysis shows that the p62 levels are higher in the differentiated keratinocytes
treated with BafA1 compared to untreated differentiated cells (Fig. 3.17c). This is
not observed with Western blot analysis (Fig. 3.16d), where blocking autophagy has
very little effects on p62 levels. Western blotting may not be as sensitive as
immunofluorescence analysis where subtle changes occur.
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Figure 3.17: Analysis of cellular protein expression patterns in undifferentiated
and differentiated keratinocytes after BafA1 treatment.
(a) Immunofluorescence staining for LC3 (green) and p62 (red) in undifferentiated and
differentiated keratinocytes treated with and without BafA1. In both keratinocyte
populations, blocking autophagic flux with BafA1 leads to an increase in LC3 and p62
expression intensities.
(b) Quantification of LC3 fluorescence intensities per cell show an increase in LC3 intensities
in BafA1‐treated undifferentiated and differentiated keratinocytes compared to the
untreated keratinocyte populations. This difference is also statistically significant in the
differentiated keratinocyte cultures with P<0.05.
(c) Quantification of p62 intensities per cell show an increase in p62 levels in both BafA1‐
treated keratinocytes compared to untreated keratinocyte cultures. This difference is also
statistically significant in the undifferentiated keratinocyte cultures with P<0.05.
Immunofluorescence images are representative of n=3 individual experiments. For
quantification of intensities per cell, n=3 independent experiments were analysed (see
Appendix 9). Bar = 10um.
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In this section I have shown with Western blot and immunofluorescence analysis
that treating keratinocyte monolayer cultures with BafA1 blocks autophagy and
leads to accumulation of LC3 and p62 within the cells. This confirms that autophagy
is functional and the autophagy process is completed in both undifferentiated and
differentiated keratinocyte cultures under normal culture conditions.
Similar observations were also made when chloroquine, another inhibitor of the
autophagy pathway, was used (see Appendix 6). However, chloroquine was only
used in initial experiments because it may have additional effects on other cellular
processes, which are still unclear, other than blocking autophagy (Maycotte et al.
2012).
The experiments performed in this section also show that autophagic flux is higher
in undifferentiated keratinocytes compared to differentiated cells. Blocking
autophagy with BafA1 or chloroquine leads to a greater accumulation of LC3,
suggesting there is a higher turn‐over of LC3, autophagic vesicles and autophagic
cargo in undifferentiated keratinocyte monolayers.
Therefore, I conclude that in both undifferentiated and differentiated keratinocytes,
the autophagy process, and most probably nucleophagy are functional. A direct
measurement of autophagic flux in nucleophagic keratinocytes alone was not
possible since this subset of the differentiated keratinocytes is not fully
characterised and it is unclear on what basis to select the cells for. So the next step
is to further characterise these nucleophagic keratinocytes in the differentiated
cultures.
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3.7

Characterisation

of

nucleophagy

in

differentiated

keratinocytes
So far in this chapter, I have shown that differentiation in monolayer cultures is
characterised by a the presence of some keratinocytes with irregular shaped nuclei.
The regions of missing nuclear material are replaced by LC3/LAMP2 double‐positive
vesicles which are also p62 positive. This strongly suggests targeted autophagic
degradation of the nuclei. Therefore, I hypothesize that nucleophagy is a
mechanism by which terminally differentiating keratinocytes degrade their nuclei in
vitro.
To test this hypothesis, I wanted to determine whether these autophagic vesicles in
regions of missing nuclei actually do contain nuclear material. First, nucleophagic
keratinocytes were analysed for expression of a histone interacting protein,
Heterochromatin Protein 1α (HP1α) and also for the histone H3. HP1α is a member
of the HP1 family of proteins which label heterochromatin, genetically inactive
tightly packed DNA found at the periphery of the nucleus (Maison and Almouzni
2004).
Double immunofluorescence staining was carried out to determine the localisation
of HP1α (green) and LAMP2 (red) in monolayer keratinocyte cultures. Analysis of
the HP1α expression pattern alone shows that HP1α is mainly expressed in the
nucleus of undifferentiated keratinocytes (Fig. 3.18). However, in the differentiated
keratinocytes, HP1α is present in the nucleus, but also in the cytoplasm of some
cells where it appears to form large peri‐nuclear aggregates (Fig. 3.18). Double
staining for HP1α (green) and LAMP2 (red) shows that the localisation of
cytoplasmic HP1α overlaps with LAMP2 in differentiated keratinocytes (Fig. 3.18).
Surprisingly, HP1α and LAMP2 colocalisation are in regions of missing nuclear
material (Fig. 3.18). The functions of the HP1 proteins are to regulate
heterochromatin formation and stability, gene expression as well as DNA repair and
replication (Maison and Almouzni 2004; Quivy et al. 2008; Luijsterburg et al. 2009).
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Therefore, to carry out these functions, the HP1 proteins are required to localise to
the nucleus. However, the fact that HP1α is present in the nucleophagic regions
suggests that nucleophagic vesicles contain nuclear material.
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Figure 3.18: Expression of Heterochromatin Protein 1α (HP1α) and LAMP2 in
keratinocyte monolayer cultures
(a) Double immunofluorescence staining for HP1α (green) and LAMP2 (red) in
undifferentiated and differentiated keratinocytes shows that HP1α is mainly localised in the
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nucleus of undifferentiated keratinocytes, while LAMP2 is cytoplasmic. In the differentiated
keratinocytes, HP1α is also localised in the nucleus, however, some cells have cytoplasmic
HP1α aggregates (red arrows). These regions of cytoplasmic HP1α overlap with LAMP2
expression. DAPI staining shows that these HP1α/LAMP2 double positive sites are in regions
of missing nuclear material of differentiating keratinocytes.
Figure 3.18 continued on the next page.
Immunofluorescence images are representative of n=3 individual experiments. Bar = 10um.
Small red arrows = regions of peri‐nuclear protein accumulation. Red box = region selected
for enlarged images.
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Figure 3.18: Expression of Heterochromatin Protein 1α (HP1α) and LAMP2 in
keratinocyte monolayer cultures
Figure 3.18 continued.
(b) Enlarged images of a nucleophagic keratinocyte of the differentiated keratinocyte
culture (red box in (a)) shows HP1α (green) is present in the nucleus as well as in the
cytoplasmic region of missing nuclear material. HP1α colocalises with LAMP2 (red) in the
nucleophagic region.
Immunofluorescence images are representative of n=3 individual experiments. Bar = 10um.
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I show that LC3/LAMP2 positive nucleophagic regions of differentiated
keratinocytes are also positive for HP1α, a nuclear protein suggesting that
nucleophagic vesicle contain autophagic material.
To determine whether binding of the nuclear protein HP1α to nucleophagic vesicles
is unspecific and a random process, I performed immunofluorescence analysis for
the expression pattern of another nuclear protein, acetylated histone H3 (Lys14).
Acetylation of histones is associated with transcriptional activation (Grunstein,
1997) and acetylation of histone H3 secifically at Lysin14 (Lys14) is required for
transcriptional activation of target genes (Kasten, 2004). Immunofluorescence
staining using an antibody against acetylated histone H3 (Lys14) shows that
acetylated histone H3 (Lys14) is only present within the nuclei of both
undifferentiated and differentiated keratinocytes (Fig. 3.19). Acetylated histone H3
(Lys14) is completely absent from nucleophagic regions (Fig. 3.19). Therefore,
acetylated histone H3 (Lys14), which labels actively transcribed genes, is not
present in nucleophagic regions and, the nuclear material within these regions
differs from that within the still intact nucleus.
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Figure 3.19: Expression of acetylated histone H3 (Lys14) and LAMP2 in
keratinocyte monolayer cultures.
(a) Double immunofluorescence staining for acetylated histone H3 (Lys14) (green) and
LAMP2 (red) in undifferentiated and differentiated keratinocytes shows that acetylated
histone H3 (Lys14) is localised in the nucleus of both undifferentiated and differentiated
keratinocytes, whereas LAMP2 is cytoplasmic. Nucleophagic regions of differentiated
keratinocytes are not positive for acetylated histone H3.
(b) Enlargements show more clearly that acetylated histone H3 (Lys14) is present in only
the intact nucleus and not in the nucelophagic regions or in the cytoplasm.
Immunofluorescence images are representative of n=3 individual experiments. Bar = 10um.
Small red arrows = regions of peri‐nuclear protein accumulation. Red box = region selected
for enlarged images.
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Figure 3.19: Expression of acetylated histone H3 (Lys14) and LAMP2 in
keratinocyte monolayer cultures.
(a) Double immunofluorescence staining for acetylated histone H3 (Lys14) (green) and
LAMP2 (red) in undifferentiated and differentiated keratinocytes shows that acetylated
histone H3 (Lys14) is localised in the nucleus of both undifferentiated and differentiated
keratinocytes, whereas LAMP2 is cytoplasmic. Nucleophagic regions of differentiated
keratinocytes are not positive for acetylated histone H3.
(b) Enlargements show more clearly that acetylated histone H3 (Lys14) is present in only
the intact nucleus and not in the nucelophagic regions or in the cytoplasm.
Immunofluorescence images are representative of n=3 individual experiments. Bar = 10um.
Small red arrows = regions of peri‐nuclear protein accumulation. Red box = region selected
for enlarged images.
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In conclusion, actively transcribed chromatin is absent from nucleophagic regions
suggesting the HP1α positive nuclear material in nucleophagic regions is
transcriptionally inactive. In addition to this, these results suggest that the
localisation of nuclear proteins, like HP1α, to the nucleophagic regions is a targeted
process and the nuclear material within the nucleophagic regions differs from that
within the still intact nucleus where gene transcription may still occur.
Therefore, in the differentiated keratinocytes with irregular nuclei, nucleophagic
regions are HP1α positive but negative for acetylated histone H3 (Lys14). A reason for
this may be that nucleophagy is a selective process and only certain regions of the
nucleus which are no more required in terminally differentiating keratinocytes are
initially degraded. The HP1 isoforms have also been shown to play a role in cellular
processes other than regulating gene transcription. The HP1 isoforms are recruited
to sites of DNA damage independently of DNA damage repair mechanisms
(Luijsterburg et al. 2009). Therefore, HP1α may be present in the nucleophagic
regions because the parts of the nucleus being degraded via autophagy may include
DNA with hallmarks of DNA damage.
Next, I wanted to determine whether the HP1α positive nucleophagic vesicles are
localised within the nucleus or outside the nucleus in the cytoplasm. If the
nucleophagic vesicles are within the nucleus, then this would mean that the
autophagic machinery would have to assemble in the nucleus, or the autophagic
vesicles would have to be transported across the nuclear membrane. However, to
date, autophagic vesicles have only been reported to be present in the cytosol
where the autophagic machinery is known to assemble.
To check whether nucleophagic vesicles are within the nucleus or in the cytoplasm, I
determined the expression pattern of the nuclear membrane protein LaminA
(LMNA). Lamins are inner nuclear membrane proteins required for the maintenance
of nuclear integrity (Hutchison 2002; Broers et al. 2006). Therefore, I performed
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immunofluorescence analysis with double‐staining for LMNA (green) and LAMP2
(red) in monolayer keratinocyte cultures.
Immunofluorescence analysis of LMNA shows that in both undifferentiated and
differentiated keratinocytes, LMNA is expressed at the nuclear membrane (Fig.
3.20). In the nucleophagic keratinocytes, there is an accumulation of LMNA at the
border between the still existing nucleus and the autophagic regions (Fig. 3.20). This
clearly shows that the autophagic vesicles at the nucleophagic sites are outside the
nucleus. But it also suggests that the nuclear membrane may play a role in
nucleophagy. A reason for the increased LMNA expression at the border of the
nucleus to the sites of nucleophagy may be due to an accumulation of over‐
expressed LMNA in these regions to compensate for a defective or leaky nuclear
membrane. This LMNA expression pattern may also indicate that the nuclear
membrane may act as a template and contribute to the autophagic membrane of
the vesicles.
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Figure 3.20: Expression of the nuclear membrane protein, LaminA (LMNA) and
LAMP2 in keratinocyte monolayer cultures.
(a) LMNA (green) labels the nuclear membrane in both undifferentiated and differentiated
keratinocytes. LMNA is excluded from LAMP2 (red) positive nucleophagic regions, with
LMNA expressed in the nuclear membrane at the border between the still intact nucleus
and the LAMP2 positive nucleophagic regions.
Figure 3.20 continued on the next page.
Immunofluorescence images are representative of n=3 individual experiments. Bar = 10um.
Small red arrows = regions of peri‐nuclear protein accumulation. Red box = region selected
for enlarged images.
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Figure 3.20: Expression of the nuclear membrane protein, LaminA (LMNA) and
LAMP2 in keratinocyte monolayer cultures.
Figure 3.20 continued.
(b) The enlargements show that LMNA is more strongly expressed at the borders between
nucleus and nucleophagic areas, indicating that the nuclear membrane is still present
between nucleus and nucleophagic regions, and may also play a role in nucleophagy.
Immunofluorescence images are representative of n=3 individual experiments.
Small red arrows = regions LMNA accumulation. Bar = 10um.
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With immunofluorescence analysis of LMNA expression, I show that nucleophagic
vesicles are present in the cytosol (Fig. 3.20) however, they are positive for the
nuclear protein HP1α (Fig. 3.18). What is unclear is whether nuclear material is
transported out of the nucleus across the nuclear membrane to be degraded in
nucleophagic vesicles, or whether nucleophagic vesicles in the cytosol engulf parts
of the nucleus.
In this chapter, I have shown that nucleophagy in differentiating keratinocytes is
targeted autophagic degradation of HP1α‐positive nuclear material within
autophagic vesicles in the cytosol. The HP1 proteins are important for
heterochromatin formation, but they also localise to sites of DNA damage
(Luijsterburg et al. 2009). Therefore, the next experiment I performed was to
determine whether nucleophagy in differentiating keratinocytes is due to DNA
double‐strand breaks. Published data on a mouse model for laminopathies where
nucleophagy in mammalian cells was initially observed shows that autophagy is a
DNA damage response and leads to cell survival (Park et al. 2009).
To determine whether nucleophagy is required to degrade damaged DNA due to
double‐strand breaks, I analysed the expression pattern of γ‐H2AX, a marker for
DNA

double‐strand

breaks

in

both

undifferentiated

and

differentiated

keratinocytes. γ‐H2AX is the phosphorylated form of the core histone H2AX and
phosphorylation occurs within minutes after DNA double‐strand breaks (Rogakou et
al. 1998; Rogakou et al. 1999).
Immunofluorescence staining with two antibodies against γ‐H2AX (red) and LC3
(green) shows that these proteins do not colocalise in undifferentiated and
differentiated keratinocytes (Fig. 3.21). Also, γ‐H2AX is only present at low levels in
the nucleus and is not present in LC3 positive regions of nuclear degradation
suggesting nucleophagic vesicles do not contain damaged DNA with double‐strand
breaks (Fig. 3.21).
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Figure 3.21: Expression of a marker for DNA double‐strand breaks, γ‐H2AX and LC3
in keratinocyte monolayer cultures.
γ‐H2AX (red) is only expressed in the nuclei of both undifferentiated and differentiated
keratinocytes. γ‐H2AX (red) is absent from the LC3 positive (green) nucleophagic regions in
the differentiating keratinocytes. This suggests that nucleophagic vesicles do not contain
DNA with double‐strand breaks.
Bar = 10um. Small red arrows = regions of nucleophagy.
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In keratinocyte monolayer cultures, differentiation is characterised by the presence
of some cells with irregular shaped nuclei. I have shown that autophagic vesicles are
accumulated in the regions of missing nuclei and these vesicles contain HP1α
positive nuclear material. However, other nuclear proteins like acetylated histone
H3 are absent from sites of nucleophagy, suggesting that specific regions of the
nucleus and specific proteins are targeted for autophagic degradation in
nucleophagic cells. Also, immunofluorescene analysis of the nuclear membrane
protein LMNA shows that the nucleophagic vesicles are outside the nucleus and in
the cytosol. Nucleophagic vesicles do not contain DNA with double‐strand breaks
indicating that nucleophagy is not due to DNA damage.
These observations support my hypothesis that nucleophagy is a mechanism by
which terminally differentiating keratinocytes degrade their nuclei in vitro.
Therefore, I would like to determine whether autophagy is also used to degrade
other organelles, like the ER and the Golgi, when the differentiation pathway is
activated in keratinocyte monolayer cultures.
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3.8

Autophagic degradation of other organelles in differentiating

keratinocytes
I performed immunofluorescence analysis to find out if proteins specific to the ER
and to the Golgi colocalise with LC3 positive autophagic vesicles. The markerAn
antibody recognising the KDEL motif is used for analysis of the ER. KDEL is an
antibody which recognises the an amino acid sequences of proteins which are
retained within the ER (Pelham 1990). Immunofluorescence analysis of the KDEL
motif expression shows no colocalisation of the ER proteins and LC3 aggregates in
both the peri‐nuclear regions of undifferentiated and differentiated keratinocytes
(Fig. 3.22). However, in the differentiated keratinocyte cultures, ER proteins only
sometimes colocalise with LC3 aggregates, but they appear to be completely
excluded from the nucleophagic regions (Fig. 3.22). Also, the ER appears to be
excluded from the nucleophagic regions of the terminally differentiating
keratinocytes (Fig. 3.22). These results suggest that at this stage of differentiation in
culture, the ER ismay not be degraded via autophagy in differentiated cells.
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Figure 3.22: Expression of an ER marker, the KDEL motif and LC3 in keratinocyte
monolayer cultures.
(a) Immunofluorescence staining for the ER marker (KDEL) (red) shows that KDEL is
cytoplasmic in both undifferentiated and differentiated keratinocytes. However,In the
undifferentiated keratinocytes, LC3 (green) and the KDEL motif (red) do not colocalise in
the peri‐nuclear regions. However, in the differentiated keratinocytes, the KDEL motif (red)
does not colocalsie with LC3 (green) and is completely excluded from the LC3 (green)
positive nucleophagic regions. both undifferentiated and differentiated keratinocyte
populations, suggesting the ER is not degraded via autophagy under these culture
conditions.
Figure 3.22 continued on the next page.
Immunofluorescence images are representative of n=2 individual experiments. Bar = 10um.
Small red arrows = regions of peri‐nuclear protein accumulation. Red box = region selected
for enlarged images.
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Figure 3.22 continued.

Figure 3.22: Expression of an ER marker, KDEL and LC3 in keratinocyte monolayer
cultures.
(b) Enlargements of the nucleophagic regions of differentiated keratinocytes shows that the
ER KDEL motif is excluded from LC3 positive nucleophagic vesicles.
Immunofluorescence images are representative of n=2 individual experiments. Bar = 10um.
Small red arrows = regions of peri‐nuclear protein accumulation. Red box = region selected
for enlarged images.
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I also performed double immunofluorescence staining for the Golgi protein GM130
and LC3 to find out if the Golgi colocalises with LC3 in keratinocyte monolayer
cultures. GM130 is a peripheral cytoplasmic protein of the cis‐Golgi matrix
(Nakamura et al. 1995). With immunofluorescence analysis, I observe that GM130
sometimes, but not always, colocalises with LC3 in nucleophagic regions of
differentiated keratinocytes (Fig. 3.23) indicating that the Golgi can also be
degraded via autophagy during terminal differentiation.
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Figure 3.23: Expression of a Golgi marker, GM130 and LC3 in keratinocyte
monolayer cultures.
(a) GM130 (red) is expressed in the cytoplasm of undifferentiated and differentiated
keratinocytes. In undifferentiated cells, GM130 (red) and LC3 (green) do notsometimes
colocalise. However, in only verya few differentiated cells, GM130 and LC3 do show
colocalisation of GM130 and LC3 in nucleophagic regions. indicatThis indicatesing that
other organelles can also be degraded via autophagy during differentiation. But this does
not occur as often as nucleophagy is observed in the differentiated cultures.
Figure 3.23 continued on the next page.
Immunofluorescence images are representative of n=2 individual experiments. Bar = 10um.
Small red arrows = regions of peri‐nuclear protein accumulation. Red box = region selected
for enlarged images.
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Figure 3.23 continued.

Figure 3.23: Expression of a Golgi marker, GM130 and LC3 in keratinocyte
monolayer cultures.
(b) Enlargements of the rare nucleophagic regions where GM130 (red) and LC3 (green)
colocalise, show that the LC3 aggregates appear to be the same aggregates which are
GM130 positive. However, in most nucleophagic regions, LC3 and GM130 do not colocalise
and enlargements show clearly that they are different aggregates.
Immunofluorescence images are representative of n=2 individual experiments. Bar = 10um.
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With immunofluorescence analysis, I show that other organelles, apart from the
nucleus, like the Golgi can also be degraded via autophagy when differentiation is
activated in monolayer keratinocyte cultures. The differentiated keratinocyte
culture is a mixed population of keratinocytes with different differentiation stages.
Some cells may still be proliferating, while others express K1, a marker of early
differentiation and others express filaggrin, a terminal differentiation marker (Fig.
3.8). At this stage of differentiation or very early terminal differentiation in culture,
nucleophagy is probably the first form of autophagic degradation occurring and is
probably also the most obvious form of autophagy to be detected in vitro.
Therefore, the next experiment I performed was to find out if autophagy is really
required for the degradation of nuclei in differentiated keratinocyte cultures.
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3.9

Autophagy inhibition in differentiating keratinocytes and its

effects on nuclei degradation
In this chapter I have shown that activation of differentiation in monolayer cultures
of primary keratinocytes is characterised by the presence of misshaped nuclei in
some differentiated keratinocytes. Autophagy appears to be responsible for
degrading the nuclei of these cells in the differentiated cultures. Therefore, I
wanted to determine whether autophagy is essential for organelle degradation,
especially degradation of nuclei, during differentiation in vitro.
3‐MA is an inhibitor of the class III PI3kinase, Vps34 which is a key player in the
autophagy pathway. 3‐MA is routinely used in culture in block autophagy (reviewed
in Klionsky et al. 2012). Therefore, to determine whether autophagy is required for
degradation of nuclear material in differentiated cultured keratinocytes, I planned
to use 3‐MA to block autophagy when differentiation was induced. However, under
some culture conditions and in some cells, 3‐MA also inhibits the class I PI3kinase
affecting the AKT/mTORC1 pathway (Wu et al. 2010; Klionsky et al. 2012). Since
AKT/mTORC1 signalling is important for epidermal development and differentiation
(Calautti et al. 2005; Thrash et al. 2006; O'Shaughnessy et al. 2007), any autophagy
inhibitor I would use to determine the effects of autophagy during terminal
differentiation must be specific for the autophagy pathway and not affect the
AKT/mTORC1 pathway. Therefore, I tested the specificity of 3‐MA on both class I
and class III PI3kinases in the keratinocyte cell line, REKs.
Western blotting of REK lysates shows that 2 different 3‐MA concentrations over a
period of 4h, 24h and 48h has no effect on LC3 cleavage which occurs down‐stream
of the class III PI3kinase, Vps34 (Fig. 3.23). However, 3‐MA inhibits phosphorylation
of AKT and S6, which are down‐stream of the class I PI3kinase (Fig. 3.23).
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Figure 3.23: The effects of 3‐MA on class I and class III PI3kinases in REKs.
Western blotting of lysates from REKs treated with 0‐20mM 3‐MA for 4h, 24h and 48h
shows that all treatments with 3‐MA down‐regulate AKT phosphorylation as well as S6
phosphorylation. LC3 cleavage is unchanged by 3‐MA treatment. These results show that 3‐
MA in cultured REKs down‐regulates the class I PI3kinase, thereby reducing its downstream
targets, phosphorylation of AKT and S6.
This Western blot is representative of n=2 experiments (see Appendix 11).
See Appendix 11 for effects of 3‐MA in REKs at other concentrations.
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Higher concentrations of 3‐MA have no effect on LC3 cleaveage but still block
phosphorylation of AKT and S6 (see Appendix 11). I conclude that in keratinocytes,
3‐MA does not specifically inhibit the class III PI3kinase but affects the class I
PI3kinase. Therefore, I had to use another approach to block autophagy during
terminal differentiation.
To determine if autophagy is essential for organelle degradation, especially
degradation of nuclei, during differentiation in vitro, a knockdown of key autophagy
proteins was carried out using siRNAs against ULK1 and WIPI1. ULK1/2, ATG13 and
FIP200 form an autophagy initiating complex which is directly regulated by
mTORC1, transferring the nutrient status of the cell to the autophagic pathway
(Jung et al. 2009). ULK1 was chosen as a target for a knockdown because ULK1 is
present in both undifferentiated and differentiated keratinocyte cultures (Fig. 3.9
and Fig. 3.10) and it is predominantly expressed in the upper layers of adult mouse
and human skin (Fig. 3.2), as well as in foetal epidermis (Fig. 3.4). So it is expected
that a knockdown of ULK1 should mainly affect differentiating keratinocytes.
Another potential candidate for a knockdown experiment is WIPI1. WIPI1 is a
human WD‐repeat protein which interacts with phosphoinositides and has been
shown to interact with autophagic structures under starvation conditions or
mTORC1 inhibition. WIPI1 also colocalises with LC3 positive puncta (Proikas‐
Cezanne et al. 2004; Proikas‐Cezanne et al. 2007; Polson et al. 2010). However,
published data shows that in most tissues, the isoform WIPI2 is more abundantly
expressed than WIPI1 (Polson et al. 2010). WIPI1 and WIPI2 are known to be
components of the autophagy‐initating complex however, their exact role has not
yet been determined (Itakura and Mizushima 2010; Polson et al. 2010; Tooze et al.
2010; Gaugel et al. 2012; see section 1.2.2). Initially, the expression levels and
expression patterns of WIPI1 and WIPI2 were analysed in cultured keratinocytes
(Fig. 3.24a and b) as well as in epidermis (Fig. 3.24c).
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Western blot analysis of WIPI1 and WIPI2 in protein lysates from monolayer
keratinocyte cultures shows that both WIPI1 and WIPI2 isoforms are expressed at
fairly equal levels in undifferentiated and differentiated keratinocyte cultures (Fig.
3.24a). However, immunofluoresence staining of monolayer keratinocytes suggests
that in differentiated cells, there is more WIPI1 and WIPI2 compared to the
undifferentiated keratinocytes (Fig. 3.24b). However, this was not observed with
Western blotting (Fig. 3.24a).
In adult mouse and human epidermis, WIPI1 is mainly expressed as puncta in the
upper layers (Fig. 3.24c). The other isoform, WIPI2 appears to be present in the
cytoplasm as well as in the nucleus of keratinocytes of all layers of human
epidermis. WIPI2 is also expressed strongly in the basement membrane (Fig. 3.24c).
This nuclear expression pattern of WIPI2 has not been previously reported and this
may suggest that WIPI2 has other functions in epidermis. Therefore, I decided that
WIPI1, which is mainly expressed in the granular layers, would be a suitable target
for a knockdown experiment to inhibit autophagy in the terminally differentiating
keratinocytes.
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Figure 3.24: Expression of WIPI1 and WIPI2 isoforms in monolayer keratinocytes
(a) Western blotting of lysates from undifferentiated and differentiated keratinocytes
shows that both isoforms of WIPI1 and WIPI2 are strongly expressed in keratinocyte
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monolayer cultures. The expression levels of WIPI1 and WIPI2 appear to be fairly equal in
both keratinocyte cultures.
(b) Immunofluorescence staining of WIPI1 and WPI2 in undifferentiated and differentiated
keratinocytes confirms that both isoforms are expressed in both populations. However, the
expression levels of both WIPI1 and WIPI2 appear to be lower in undifferentiated cells
compared to the differentiated keratinocytes. This observation is not confirmed by Western
blot analysis in (a).
Figure 3.24 continued on the next page.
The Western blot is representative of n=3 individual experiments and immunofluorescence
images are representative of n=2 individual experiments. Bar = 10um.
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Figure 3.24 continued.

Figure 3.24: Expression of WIPI1 and WIPI2 isoforms in adult mouse and human
epidermis
(c) Immunofluorescence analysis of WIPI1 and WIPI2 expression patterns in adult
human and adult mouse epidermis show that WIPI1 is present as puncta in the
upper layers of epidermis. However, staining for WIPI2 shows that it is localised in
the cytoplasm as well as in the nucleus of all layers of epidermis.
Immunofluorescence images are representative of n=2 individual experiments. Bar = 20um.
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Figure 3.24 continued.

Figure 3.24: Expression of WIPI1 and WIPI2 isoforms in adult mouse and human
epidermis
(c) Immunofluorescence analysis of WIPI1 and WIPI2 expression patterns in adult
human and adult mouse epidermis show that WIPI1 is present as puncta in the
upper layers of epidermis. However, staining for WIPI2 shows that it is localised in
the cytoplasm as well as in the nucleus of all layers of epidermis.
Immunofluorescence images are representative of n=2 individual experiments. Bar = 20um.
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In order to find out if autophagy is essential for degradation of nuclei, during
differentiation in vitro, a knockdown of key autophagy proteins was carried out
using siRNAs against ULK1 and WIPI1. Monolayer proliferating undifferentiated
keratinocytes were transfected with the different siRNAs. 24h after transfection,
differentiation was induced for a further 48h by increasing the calcium content of
the media. Undifferentiated keratinocytes were cultured in medium with low
calcium for the period before harvesting. The end‐concentration of siRNAs used was
50nM. Titrations for lower contentrations (10nM and 25nM) showed that lower
siRNA concentrations had no effects on nucleophagy.

Western blotting of protein lysates shows that 72h after siRNA transfection, both
WIPI1 and ULK1 protein expression are still knocked down in undifferentiated and
differentiated cells (Fig. 3.25a and c). In the WIPI1 knockdown cells, there is a
drastic strong reduction in the number of nucleophagic cells in the keratinocytes
grown under differentiation‐inducing conditions. SiWIPI1 transfected and
differentiated keratinocytes have hardly any nucleophagic cells (~2%) compared to
the differentiated keratinocytes with non‐targeting siRNA (~15%). This difference is
also statistically significant (p<0.05) (Fig. 3.25b). Knockdown of ULK1 also reduces
the number of nucleophagic keratinocytes in the differentiated population (~10%)
(Fig. 3.25d). However, this reduction in nucleophagic cells with siULK1 is not as
marked as with the WIPI1 knockdown.

186

Formatted: Font: 12 pt

Figure 3.25: Inhibition of autophagy via siRNA knockdowns of ULK1 and WIPI1,
and its effects on nucleophagy in differentiating keratinocytes.
(a) Western blotting of lysates from undifferentiated and differentiated keratinocytes
transfected with non‐targeting and with WIPI1 siRNA shows effective knockdown of WIPI1
in the siWIPI1 cells.
(b) Quantification of nucleophagic keratinocytes in both undifferentiated and differentiated
cultures of cells transfected with non‐targeting and with WIPI1 siRNA shows a drastic
reduction in the proportion of nucleophagic cells in the differentiated WIPI1 knockdown
keratinocytes compared to cells with non‐targeting siRNA (~2% in siWIPI cells and ~18% in
siNon‐targeting cells). This difference is also statistically significant, two‐tailed paired t‐test,
P<0.05.
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Figure 3.25 continued on the next page.
Terminal differentiation induced by increasing calcium content of media 24h after siRNA
transfection with 50nM siRNA. Cells harvested 48h after induction of differentiation (i.e. 72h
after siRNA transfection).
For quantification, n=2 knockdown experiments analysed and number of nucleophagic cells
counted per total number of 100 cells (see Appendix 10). Total number of cells determined
with ImageJ and number of nucleophagic cells counted manually.
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Figure 3.25: Inhibition of autophagy via siRNA knockdowns of ULK1 and WIPI1,
and its effects on nucleophagy in differentiating keratinocytes.
Figure 3.25 continued.
(c) Western blotting of lysates from undifferentiated and differentiated keratinocytes
transfected with non‐targeting siRNA and siRNA against ULK1 shows that there is no ULK1
expression in siULK1 cells.
(d) Quantification of nucleophagic keratinocytes in both undifferentiated and differentiated
cultures of cells transfected with non‐targeting and with ULK1 siRNA shows there is also a
reduction in the proportion of nucleophagic cells (~107% in siULK1 cells and ~168% in
siNon‐targeting cells) in the differentiated ULK1 knockdown cells compared to
differentiated cells with non‐targeting siRNA.
Terminal differentiation induced by increasing calcium content of media 24h after siRNA
transfection with 50nM siRNA. Cells harvested 48h after induction of differentiation (i.e. 72h
after siRNA transfection).
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For quantification, n=2 knockdown experiments analysed and number of nucleophagic cells
counted per total number of 100 cells (see Appendix 10). Total number of cells determined
with ImageJ and number of nucleophagic cells counted manually.
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Blocking autophagy via siRNA knockdowns of ULK1 and WIPI1 in keratinocyte
monolayer cultures compared to cells with non‐targeting siRNA, shows that there is
a drastic reduction in the number of nucleophagic cells when differentiation is
induced. Therefore, in the absence of functional autophagy in vitro, differentiating
keratinocytes cannot degrade their nuclei. These data confirm that autophagy is the
mechanism by which differentiating keratinocytes in culture degrade their nuclei.
So, with the next experiment I wanted to determine whether autophagy plays a role
in terminal differentiation of keratinocytes. Terminal differentiation, a specialised
form of keratinocyte cell death, occurs in granular layer keratinocytes where cells
degrade their organelles. I hypothesize that autophagy is the mechanism by which
terminally differentiating keratinocytes degrade their organelles in the granular
layer. I have shown that blocking autophagy in keratinocyte cultures prevents
autophagic degradation of the nuclei when differentiation is induced. Therefore,
siRNA knockdown cultures were analysed for expression of markers of epidermal
differentiation (Fig. 3.26).
In cells transfected with non‐targeting siRNA, the early differentiation marker K1 is
expressed at very low levels in the undifferentiated population, whereas, the
differentiated siNon‐targeting keratinocytes show strong K1 expression (Fig. 3.26).
This confirms activation of early differentiation in the differentiated keratinocyte
population, corresponding to keratinocytes of the supra‐basal layers. The siULK1
and siWIPI1‐transduced cells show a similar expression pattern for K1 with low
levels of K1 in the undifferentiated keratinocytes and higher K1 in the differentiated
cells (Fig. 3.26).

These results show that blocking autophagy in monolayer

keratinocyte cultures has no effect on the early differentiation of keratinocytes.
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Figure 3.26: Expression of epidermal markers of differentiation in siULK1 and
siWIPI1 keratinocytes.
The expression of differentiation markers K1 and K14 are analysed by Western blotting of
lysates from undifferentiated and differentiated keratinocytes transfected with siRNAs
against ULK1 and WIPI1. The Western blot shows markers of differentiation in the upper
half and the lower panel showing expression of ULK1 and WIPI1. In the keratinocytes with
non‐targeting siRNA, K1 is expressed at lower levels in the undifferentiated keratinocytes
compared to the differentiated keratinocytes. Both siULK1 and siWIPI1 cells express low
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levels of K1 in the undifferentiated keratinocytes. The differentiated keratinocytes of the
ULK1 and WIPI1 knockdowns show increased K1 expression. K14 is expressed at equal
levels in undifferentiated and differentiated keratinocytes with non‐targeting siRNA. The
undifferentiated and differentiated keratinocytes of both siULK1 and siWIPI1 knockdowns
also express equal levels of K14. Therefore, the expression pattern of K1 and K14 in the
siULK1 and siWIPI1 cells is very similar to the keratinocytes with the non‐targeting siRNA.
For expression of K1 and K14 in other siULK1 and siWIPI knockdown experiments, see
Appendix 10.
Terminal differentiation induced by increasing calcium content of media 24h after siRNA
transfection with 50nM siRNA. Cells harvested 48h after induction of differentiation (i.e. 72h
after siRNA transfection).
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In this section I have shown that a knockdown of ULK1 and WIPI1 in monolayer
keratinocyte cultures drastically reduces the number of nucleophagic keratinocytes
in the differentiated keratinocyte population compared to differentiated cells with
non‐targeting siRNA. Therefore, I conclude that autophagy is the mechanism by
which differentiating keratinocytes degrade their nuclei in vitro.
However, blocking autophagy in the differentiated keratinocytes has no effects on
the expression of K1 which is a marker for early differentiation in supra‐basal
keratinocytes. Also, the expression of K14, a marker for proliferating basal layer
keratinocytes, is unaffected by a block in autophagy in both undifferentiated and
differentiated keratinocytes (Fig. 3.26). These data show that blocking autophagy,
via a knockdown of ULK1 and WIPI1 expression has no effect on proliferating
undifferentiated and K1 positive, early differentiated keratinocytes.

In this chapter I show that autophagy is a mechanism of organelle degradation in
differentiating monolayer keratinocytes. In epidermis, organelle degradation occurs
in the granular layer where keratinocytes undergo terminal differentiation.
Therefore, the nucleophagic keratinocytes I have characterised probably represents
the keratinocytes which have been able to activate their terminal differentiation
pathway in culture and also may express filaggrin. The expression levels of filaggrin
could not be analysed in the ULK1 and WIPI1 knockdown cells due to the custom
made filaggrin antibody used for my analysis not being available anymore. The
commercially available anti‐filaggrin antibodies either showed a preference for pro‐
filaggrin or for processed filaggrin. Further testing of anti‐filaggrin antibodies was
not possible due to the limited time I had left and would be an aim for future work.
However, I conclude that autophagy is the mechanism by which differentiating
keratinocytes degrade their nuclei in culture.
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Discussion
At the beginning of this chapter I set out to determine whether the autophagy
process occurs in epidermis. In adult epidermis, I observe that LC3 aggregates are
present in the granular layer where other proteins required for autophagy, like
ULK1 and WIPI1, are strongly expressed. BECN1 and ATG5‐ATG12 are also expressed
in the granular layer but at very low levels (Fig 3.2). However, very low levels of
autophagy proteins are enough to sustain autophagy (personal comm. N.
Mizushima; Hosokawa et al. 2007). Therefore, these first results suggest that
autophagy can occur in the granular layers of epidermis and they indicate that
autophagy may be important in the granular layer. BECN1 and ATG5‐ATG12 also
show high basal and para‐basal expression whereas LC3 aggregates are absent in
these layers. A reason for this may be that proteins required for the autophagy
process are always present in the proliferating basal cells to facilitate the immediate
autophagic response to external stresses as a protective mechanism for the basal
layer ensuring epidermal function (see chapter 5).

To determine whether autophagy is important in the granular layer, I used mouse
foetal epidermis covering the period of epidermal terminal differentiation and
barrier formation (Fig. 3.3; Fig. 3.4). This model allows analysis of autophagy in
epidermis before, during and after granular layer formation in the mouse foetus.
Analysis of autophagy marker expression in this model shows that expression of
autophagy proteins coincides with the skin’s first attempts at terminal
differentiation and granular formation during foetal epidermal development (Fig.
3.3; Fig. 3.4). These results strongly suggest that autophagy is required for
epidermal terminal differentiation.

Autophagy is usually maintained at low levels in living cells and it is drastically up‐
regulated within minutes in response to starvation, stress or infection with

195

pathogens (Tanida 2011). Formation of LC3 aggregates only occurs with autophagy
induction (Kabeya et al. 2000; Klionsky et al. 2012). However, in the absence of
external stresses, LC3 aggregates are constitutively present in the epidermal
granular layer (Fig. 3.2; Fig. 3.4). Therefore it is proposed that autophagy is part of
the normal differentiation process in epidermis.

Published data characterising various LC3 positive vesicles shows that some
organelles in some cell types use the autophagic machinery to form non‐autophagic
vesicles which are LC3 positive. Such organelles are lipid droplets, engulfed live cells
within host cells and intracellular pathogens (Shibata et al. 2009). Therefore, I
wanted to determine whether granular layer LC3 aggregates are other known
organelles specific for terminally differentiating keratinocytes. Filaggrin is expressed
in granular layer keratinocytes where it forms keratin bundles leading to the
collapse and flattening of terminally differentiating cells. Lamellar bodies are
organelles found in the granular layer where they secrete lipids, hydrolases,
protease inhibitors and antimicrobial compounds during cornification (Menon et al.
1994; Ishida‐Yamamoto et al. 1996; Ishida‐Yamamoto et al. 2004; Raymond et al.
2008). I show that in adult human skin, LC3 aggregates do not colocalise with
filaggrin granules or with the lamellar body marker CatD (Fig. 3.5; Fig. 3.6).
Therefore, it can be concluded that LC3 puncta are not lamellar bodies and not
filaggrin granules but most probably autophagosomes.

TEM analysis of 3‐day old mouse epidermis shows double‐membrane vesicles are
present in both the lower proliferating basal layer as well as in the granular layer,
confirming the presence of autophagic vesicles in epidermis (Fig. 3.7). However,
immuno‐EM analysis would be required to confirm that these double‐membrane
vesicles are positive for LC3. At the time this thesis is being written, immuno‐EM for
LC3 in mouse epidermis is work in progress.
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These results from adult and foetal epidermis suggest that autophagy is
constitutively active in the granular layer of epidermis. This led to the main
hypothesis that autophagy is the mechanism by which granular layer keratinocytes
degrade their organelles and undergo terminal differentiation, a specialised form of
cell death.

As a first step in testing this hypothesis, I used monolayer primary keratinocytes as a
model to mimic the different epidermal differentiation stages. In vitro,
differentiation is induced by culturing keratinocytes in high calcium media
(Hennings et al. 1983; fig. 3.8). Under these conditions, the undifferentiated
keratinocyte population is predominantly K14 positive, a marker of proliferating
basal keratinocytes. However, the differentiated population is a mix of K14 positive
proliferating cells, K1 expressing differentiated supra‐basal keratinocytes and
filaggrin positive terminally differentiating granular layer cells.

Also, both undifferentiated and differentiated keratinocyte populations express
autophagy proteins; however, there is no significant difference in total autophagy
protein expression levels in both populations (Fig. 3.9). Due to the differentiated
monolayer keratinocytes being a mix of different differentiation stages, a change in
autophagy marker expression in one differentiation stage of keratinocytes may not
be detected by Western blotting of lysates from this mixed population.

Immunofluorescence analysis shows that in the differentiated population, ULK1,
LC3 and p62 appear to accumulate in peri‐nuclear regions of some cells (Fig. 3.10).
Closer examination of cell morphology reveals that the differentiated keratinocyte
population is characterised by a proportion of cells having irregularly shaped nuclei
with LC3/LAMP2 positive aggregates in regions of missing nuclei (Fig. 3.11; Fig. 3.13;
Fig. 3.14). This indicates that regions of missing nuclear material are areas of high
autophagic activity. LC3/LAMP2 aggregates are also positive for p62 (Fig. 3.15),
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which strongly suggests targeted autophagic degradation in the differentiated
keratinocyte culture. This form of autophagy in regions of missing nuclei of
differentiated keratinocytes could be autophagic degradation of nuclear material.

From these results, I conclude that induction of differentiation in monolayer
keratinocyte cultures is accompanied by the formation of peri‐nuclear
autolysosomes in some cells. This work shows that nucleophagy, which is
autophagic degradation of nuclear material, occurs when differentiation is induced
in vitro. However, only some cells of the differentiated population undergo
nucleophagy. Similar forms of autophagic degradation have been observed in
different organisms. Autophagic degradation of nuclear material has been reported
in yeast, a bi‐cellular organism Tetrahymena thermophila and in an osteosarcoma
cell line where micro‐nuclei are formed and theses are then degraded (Krick et al.
2008; Liu and Yao 2012), (Rello‐Varona et al. 2012). However, no formation of
micronuclei is observed in terminally differentiating monolayer keratinocytes. In C.
elegans, nucleophagy is responsible for degrading of whole nuclei in aging intestinal
epithelia (McGee et al. 2011). This form of nucleophagy is more similar to the
characteristics of autophagy in differentiating keratinocyte cultures. The
observations made by Park et al. on nucleophagy in fibroblasts from a mouse model
for nuclear envelopathies, is also very similar to the observations I have made in
terminally differentiating keratinocytes (Park et al. 2009). However, nucleophagy in
the reported mouse model is a pro‐survival mechanism in response to DNA‐damage
(Park et al. 2009; Mijaljica et al. 2010). The results from this chapter show that
nucleophagy in keratinocytes may be a terminal differentiation mechanism leading
to keratinocyte cell death. Therefore, nucleophagy may be a keratinocyte cell death
mechanism.

To measure autophagic flux, and to show that the autophagic process is completed,
the degradation of autolysosomes is blocked with lysosomal inhibitors like BafA1
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(Klionsky et al. 2012). In the keratinocyte cultures, BafA1 treatment blocks the late
stages of autophagy and leads to accumulation of LC3 (LC3II/LC3I and LC3II/actin
ratios) which I measured on the protein level as well as with immunofluorescence
analysis (Fig. 3.16; Fig. 3.17). However, this measurement of autophagic flux shows
that undifferentiated cells have a higher level of basal autophagy (higher LC3II/LC3I
and LC3II/actin ratios) compared to differentiated keratinocytes (Fig. 3.16; Fig.
3.17). This is unexpected since immunofluorecence analysis of autophagy proteins
in adult epidermis shows that granular layer keratinocytes have higher levels of
autophagy proteins compared to keratinocytes of the other epidermal layers (Fig.
3.2), suggesting increased autophagy. This difference between keratinocyte
monolayer cultures and adult epidermis may be due to the differentiated
monolayer keratinocyte population being a mix of different differentiation stages,
as well as incomplete terminal differentiation in keratinocyte monolayer cultures.

Western blot analysis shows that BafA1 has no significant effect on p62 levels in
both undifferentiated and differentiated keratinocyte cultures (Fig. 3.16). However,
immunofluorescence analysis shows stronger accumulation of p62 with BafA1
treatment in differentiated cells (Fig. 3.17). Therefore, from these results I conclude
that in keratinocytes, the autophagic pathway is functional and is completed. But
induction of differentiation in in vitro cultures does not increase the basal levels of
autophagy. However, the striking feature of differentiating monolayer keratinocytes
is autophagic degradation of the nucleus, which is probably the first step in
organelle clearance characteristic for terminal differentiation.

Nucleophagic regions also contain the Heterochromatin Protein 1α (HP1α). HP1α is
usually expressed in the nucleus as part of the chromatin (Maison and Almouzni
2004). In nucleophagic cells, HP1α is localised outside the nucleus but within
autophagic vesicles in nucleophagic regions, indicating that these vesicles contain
nuclear material (Fig. 3.18). These results are similar to published data on

199

nucleophagy in fibroblasts from a mouse model for nucear envelopthies (Park et al.
2009). However, nucleophagic regions of differentiated keratinocytes are not
positive for acetylated histone H3 (Fig. 3.19). This indicates that nucleophagy is
selective degradation of nuclear material and of specific nuclear regions which are
HP1α positive and negative for acetylated histone H3. However, the mechanism by
which the region of nucleus is selected and targeted for autophagy and engulfment
by autophagic vesicles is not yet known. These results support my hypothesis that
constitutive granular layer autophagy is the mechanism by which terminally
differentiating keratinocytes degrade their organelles.

I determined the expression pattern of another nuclear protein, the nuclear
membrane protein, LMNA. Nucleophagic regions do not contain LMNA (Fig. 3.20)
however, closer examination of these cells showed that there is a much stronger
expression of LMNA at the boundary to autophagic vesicles (Fig. 3.20b). This
confirms that nucleophagic vesicles are outside the nuclear membrane of what is
left of the partially degraded, DAPI‐positive nucleus. Also, this data indicates that
the nuclear membrane may play a role in the formation of these nucleophagic
vesicles. My observations with LMNA are very similar to published data on
nucleophagy in mouse laminopathies (Park et al. 2009).

To determine whether nucleophagy is due to DNA‐damage, I analysed cultured
keratinocytes for the expression of the DNA double‐strand break marker γ‐H2AX.
Nucleophagic regions do not contain the protein γ‐H2AX (Fig. 3.21) confirming that
nucleophagy is not a response to DNA double‐strand breaks. However, it is
published that nucleophagy in laminopathies is required to degrade damaged DNA
and ensure cell survival (Park et al. 2009). I show that nucleophagy during
keratinocyte differentiation in vitro is not due to damaged DNA with double‐strand
breaks. However, the presence of other forms of DNA damage were not analysed
and would be an aim for future work. These results support my hypothesis that

200

autophagy is a terminal differentiation mechanism in granular layer keratinocytes,
leading to this specialised form of cell death. My PhD project is the first report
showing nucleophagy in healthy mammalian cells under normal culture conditions,
and not as a survival mechanism, but as a cell death mechanism.

Terminal differentiation in epidermis is characterised by loss of organelles and
flattening of cells leading to cornification. To determine whether other organelles
are also degraded by nucleophagy in vitro, cultured keratinocytes were analysed for
the expression of ER and Golgi markers. LC3 positive vesicles do not colocalise with
the ER proteins (Fig. 3.22) but the Golgi sometimes is present within the autophagic
vesicles at sites of nucleophagy (Fig. 3.23). This indicates that other organelles apart
from the nucleus can be degraded via autophagy in terminally differentiating
keratinocytes. However in monolayer culture, it is mainly the nuclei which are
degraded via autophagy since autophagic degradation of other organelles like the
Golgi is rarely observed.

To confirm that autophagy is responsible for degradation of nuclei in differentiating
keratinocytes, results from siRNA‐mediated autophagy inhibtion shows that in the
absence of autophagy, the nuclei retain their orginal, rounded shape even after
culturing under conditions inducing differentiation. ULK1 and WIPI were selected as
suitable targets for a knockdown due to their strong granular layer expression in
skin (Fig. 3.2; Fig. 3.24). So it is expected that a knockdown of these genes should
not affect the proliferating, undifferentiated cells. I show that inhibition of
autophagy in keratinocytes via siRNA knockdowns of ULK1 and WIPI1 and then
inducing differentiation leads to a drastic reduction in the number of nucleophagic
keratinocytes compared to cells with the non‐targeting siRNA cultured under the
same conditions (Fig. 3.25). Therefore, it can be concluded that autophagy is
required for degradation of the nucleus during differentiation in keratinocyte
monolayer cultures.
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Blocking autophagy in keratinocyte monolayer cultures has no effect on the
expression of the early epidermal differentiation markers like K1 (Fig. 3.26). This
indicates that early epidermal differentiation does not depend on autophagy or
autophagic degradation of organelles. So a block in autophagy may not affect the
supra‐basal keratinocytes which have very low basal autophagy levels. However, it
is still unclear whether autophagy goes hand‐in‐hand with terminal differentiation
or if it directly regulates induction of terminal differentiation.

In summary, this chapter shows that autophagy proteins are expressed in
epidermis, and during foetal development their expression is induced at the time
point when the granular layer is being formed. LC3 positive autophagic vesicles are
mainly present in the granular layer, which is where keratinocytes degrade their
organelles during terminal differentiation. In vitro, terminally differentiating
keratinocyte cultures are characterised by cells having misshaped nuclei which is
due to selective autophagic degradation of nuclear material, nucleophagy.
Autophagy has no effect on early keratinocyte differentiation however its role in
terminal differentiation of granular layer keratinocytes is not yet clear.
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Chapter 4
RESULTS
mTOR regulation of autophagy in
epidermis
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mTOR regulation of autophagy in epidermis

Introduction
Immuno‐suppressed organ transplant patients (OTRs) have a 65‐fold higher
incidence of cutaneous Squamous Cell Carcinoma (cSCC) (Berg & Otley, 2002). A
new class of immunosuppressants, rapamycin and its analogues, have greatly
reduced the incidence and progression of cSCCs in transplant patients (Geissler
2008; Wulff et al. 2008; McQuillan et al. 2009; Salgo et al. 2010; see section 1.1.6).
These results from patient studies have been replicated using animal models.
However, the mechanism by which rapamycin does this is not clear. In tumour‐
bearing mice which have undergone a heart transplant, rapamycin not only
prevents allograft rejection, but also reduces proliferation and angiogenesis of
already established solid tumours (Guba et al. 2002; Koehl et al. 2004; see section
1.1.6).
In epidermis, there are two active isoforms of AKT, AKT1 and AKT2 (Fig. 4.1). AKT1
plays an important regulatory role in terminally differentiating granular layer
keratinocytes, whereas AKT2 is present in the less differentiated para‐basal
keratinocytes (Fig. 4.1; Calautti et al. 2005; Thrash et al. 2006; O'Shaughnessy et al.
2007; O'Shaughnessy et al. 2007b). In cSCC, AKT isoform expression and activity has
been associated with tumour grade. With cSCC tumour progression, AKT1
expression and activity is reduced whereas AKT2 activity is up‐regulated suggesting
a tumour‐suppressor role for AKT1 and possibly a tumour promoting role for AKT2
(O'Shaughnessy et al. 2007b).
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Figure 4.1: Expression pattern of epidermal AKT isoforms
(adapted from Sully et al. 2012)
(a) Immunofluorescence analysis of the terminal differentiation marker filaggrin shows that
the granular layer is formed in mouse foetal epidermis at E18.5 suggesting epidermal
terminal differentiation has been completed. Analysis of foetal mouse epidermis at E18.5
shows that the phospho‐AKT (S473) expressing epidermal layers are spatially separated.
Phospho‐AKT is present in the granular layers which corresponds to the localisation of the
AKT1 isoform. AKT2 is expressed in the supra‐basal epidermal layers but is only
phosphorylated in the para‐basal layers.
(b) Immunofluorescence analysis of adult mouse epidermis shows that phospho‐AKT mainly
present in the granular layer which corresponds to the localisation of AKT1. Therefore, in
adult epidermis, the predominant isoform is AKT1.
Bar = 50um. Dotted line = basement membrane
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AKT is activated at the plasma membrane by PIP3, which is produced by the class I
PI3K, resulting in phosphorylation of AKT at T308 (Fig. 1.4). For complete activation,
AKT is phosphorylated at a second site, S473 by mTORC2 (Fig. 1.4). AKT then
activates mTORC1 by blocking the inhibitory function of the TSC1‐TSC2 complex
(Fig. 1.4; section 1.1.7). mTORC1 regulates proliferation, growth, differentiation and
also, autophagy.
Rapamycin inhibits mTORC1 activity. However it has been shown in a number of
cells that a negative feedback loop exists between mTORC1 and the insulin receptor
substrate‐1 (IRS‐1) resulting in increased phosphorylation of AKT when mTORC1 is
inhibited (Fig. 1.4; Section 1.1.7; Harrington et al. 2004; Shah et al. 2004; Um et al.
2004). More recently in my lab, it has been shown that this negative feedback loop
is also active in cultured keratinocytes (Sully et al. 2012). However there are two
AKT isoforms in epidermis with differing roles during tumour progression.
Therefore, it is important to find which AKT isoform is activated by rapamycin, with
the prediction that rapamycin will exert anti‐epidermal tumourigenic affects by
selectively activating the pro‐differentiation AKT1.
Autophagy is negatively regulated by mTORC1 and rapamycin inhibits mTORC1
activity resulting in reduced growth and increased autophagy. In the previous
chapter it is shown that constitutive autophagy is involved in terminal
differentiation of granular layer keratinocytes. Autophagy can be induced in all
epidermal layers in response to stress and is shown in Chapter 5 (sections 5.2 and
5.3). Therefore, rapamycin may inhibit skin susceptibility to tumourigenesis by
increasing one or both types of skin autophagy.
The main hypothesis behind the work presented in this chapter is that rapamycin
prevents skin tumourigenesis by either affecting epidermal mTOR regulation of
autophagy and/or selectively affecting epidermal AKT isoform activity. The aims of
the work in this chapter were to investigate the effects of mTORC1 inhibitors on the
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regulation of autophagy and also to determine which AKT isoform responds to
rapamycin‐mediated inhibition of mTORC1.
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Results
4.1

The AKT1 isoform is selectively activated by rapamycin in

epidermis
Not only do the AKT isoforms, AKT1 and AKT2 have different roles in epidermis (Fig.
4.1; ; section 1.1.7; Calautti et al. 2005; Thrash et al. 2006; O'Shaughnessy et al.
2007), but they also are important in cSCCs. The immunosuppressant rapamycin,
which is also an mTORC1 inhibitor, has anti‐tumourigenic properties (Geissler 2008;
Wulff et al. 2008; McQuillan et al. 2009; Salgo et al. 2010). Therefore, it would be of
great interest to determine the mechanism by which rapamycin reduces cancers in
these patients.
In keratinocytes, rapamycin‐mediated inhibition of the negative feedback loop
between IRS‐1 and mTORC1 leads to accumulation of activated and phosphorylated
AKT (Sully et al. 2012; see section 1.1.7). Therefore, determining which AKT isoform
responds to mTORC1 inhibition with increased phosphorylation may further explain
rapamycin’s anti‐tumour properties.
I performed initial experiments in REK monolayer cultures (Baden and Kubilus
1983). One reason for using REKs is their ability to differentiate in organotypic
cultures forming a complete barrier with a cornified layer, mimicking late epidermal
differentiation (Marjukka Suhonen et al. 2003). REKs are also suitable for the
establishment of stably transfected cell lines, which will be used to determine which
AKT isoform responds to rapamycin treatment.
To determine which AKT isoform responds to rapamycin treatment, I over‐
expressed AKT1 and AKT2 in REKs and analysed their phosphorylation status after
rapamycin treatment. The effect of rapamycin was confirmed by performing a
stable knock‐down of the endogenous AKT isoforms.
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REKs stably transfected with HA‐flag‐tagged AKT1 (HA‐flag‐AKT) and HA‐tagged
AKT2 (HA‐AKT) were treated with rapamycin. Western blotting of whole cell lysates
(Fig. 4.2a) confirms over‐expression of the AKT isoforms. The lower band of the
double‐bands for AKT1 in the HA‐flag‐AKT1 transfected cells represents endogenous
AKT and the slightly larger band is the over‐expressed HA‐flag‐AKT1. The probe for
AKT2 shows increased intensity of AKT2 in HA‐tagged AKT2 cells. HA‐AKT2 is only a
few base pairs larger than endogenous AKT2 therefore, endogenous and over‐
expressed AKT2 appear as a single band on the SDS gel (Fig. 4.2a).
The anti‐HA antibody also confirms expression of these two isoforms. Reduced S6
phosphorylation with rapamycin treatment shows effective mTORC1 inhibition (Fig.
4.2a).
To determine which AKT isoform responds to rapamycin treatment via the negative
feedback loop to IRS‐1 (Fig. 4.1; see section1.1.7; Sully et al. 2012), I
immunoprecipitated the HA‐tagged AKT isoforms from the cell lysates and analysed
their the phosphorylation status of immunoprecipitated HA‐tagged AKT1 and AKT2
isoforms was analysed (Fig. 4.2b).
Immunoprecipitation of HA from cell lysates of vehicle‐treated and rapamycin‐
treated transfected REKs shows that rapamycin increases phosphorylation of HA‐
flag‐AKT1 compared to the vehicle‐treated HA‐flag‐AKT1. However, HA‐AKT2
phosphorylation levels are unaffected by rapamycin treatment when compared to
the vehicle‐treated HA‐AKT2 (Fig. 4.2b). These results suggest that AKT1 responds to
rapamycin‐mediated mTORC1 inhibition and rapamycin‐induced activation of the
negative feedback loop to IRS‐1 leading to increased AKT1 phosphorylation.
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Figure 4.2: Rapamycin‐mediated phosphorylation of AKT1 in REKs transfected
with HA‐flag‐AKT1 and HA‐AKT2.
(a) Western blotting of whole cell lysates from REKs transfected with HA‐flag‐AKT1 and HA‐
AKT2, treated with vehicle or rapamycin. With an antibody specific for the AKT1 isoform,
Western blotting shows the presence of an AKT1 doublet in the HA‐flag‐AKT1 transfected
cells representing endogenous AKT1 and the larger HA‐flag‐AKT1. HA‐AKT2 and vector
control

transfected

REKs

express

endogenous

AKT1.

The

anti‐AKT2

antibody

showsHowever, increased AKT2 in the HA‐AKT2 transfected cells show increased AKT2. This
is due to over‐expressed HA‐AKT2 which overlaps with the endogenous form of AKT2. HA‐
flag‐AKT1 and vector control transduced REKs express lower levels off only endogenous
AKT2. Reduced phosphorylation of S6 (S240/244) in the lysates of rapamycin‐treated cells
confirms effective mTORC1 inhibition. The anti‐HA antibody shows expression of both HA‐
flag‐AKT1 and HA‐AKT2 in transfected cells whereas, HA is not expressed in s. HA is not
expressed in REKs transfected with the vehicle control.
(b) Western blotting of immuno‐precipitated HA‐AKT isoforms from whole cell lysates of
transfected REKs which had been treated with vehicle or rapamycin before harvesting. The
anti‐HA antibody shows that the IP for HA was successful. The anti‐AKT1 and anti‐AKT2
antibodies confirm the presence of HA‐flag‐AKT1 and HA‐AKT2 in the immuno‐precipitated
protein from lysates of HA‐flag‐AKT1 and HA‐AKT2 transfected REKs, respectively. Analysis
of AKT phosphorylation levels shows that HA‐flag‐AKT1 responds to rapamycin‐treatment
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with increased AKT phosphorylation (S473), but phosphorylation levels of HA‐AKT2 are
unaffected by rapamycin treatment.
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Figure 4.2: Rapamycin‐mediated phosphorylation of AKT1 in REKs transfected
with HA‐flag‐AKT1 and HA‐AKT2.
(a) Western blotting of whole cell lysates from REKs transfected with HA‐flag‐AKT1 and HA‐
AKT2, treated with vehicle or rapamycin. With an antibody specific for the AKT1 isoform,
Western blotting shows the presence of an AKT1 doublet in the HA‐flag‐AKT1 transfected
cells representing endogenous AKT1 and the larger HA‐flag‐AKT1. HA‐AKT2 and vector
control transfected REKs express endogenous AKT1. The anti‐AKT2 antibody shows
increased AKT2 in the HA‐AKT2 transfected cells. This is due to over‐expressed HA‐AKT2
which overlaps with the endogenous form of AKT2. HA‐flag‐AKT1 and vector control
transduced REKs express lower levels of only endogenous AKT2. Reduced phosphorylation
of S6 (S240/244) in the lysates of rapamycin‐treated cells confirms effective mTORC1
inhibition. The anti‐HA antibody shows expression of both HA‐flag‐AKT1 and HA‐AKT2 in
transfected cells. HA is not expressed in REKs transfected with the vehicle control.
(b) Western blotting of immuno‐precipitated HA‐AKT isoforms from whole cell lysates of
transfected REKs which had been treated with vehicle or rapamycin before harvesting. The
anti‐HA antibody shows that the IP for HA was successful. The anti‐AKT1 and anti‐AKT2
antibodies confirm the presence of HA‐flag‐AKT1 and HA‐AKT2 in the immuno‐precipitated
protein from lysates of HA‐flag‐AKT1 and HA‐AKT2 transfected REKs, respectively. Analysis
of AKT phosphorylation levels shows that HA‐flag‐AKT1 responds to rapamycin‐treatment
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with increased AKT phosphorylation (S473), but phosphorylation levels of HA‐AKT2 are
unaffected by rapamycin treatment.

With these experiments, I show that in keratinocytes, over‐expressed AKT1
responds to rapamycin‐mediated mTORC1 inhibition and rapamycin‐induced
activation of the negative feedback loop to IRS‐1. Over‐expressed AKT2 is not
affected by rapamycin treatment.
Next, I wanted to verify these findings by checking the effects of rapamycin on
endogenous AKT phosphorylation levels. To do this, I performed a stable
knockdown of endogenous AKT1 in REKs and determined whether rapamycin would
have an effect on AKT2 phosphorylation levels.
REKs stably expressing two different shAKT1 (A1 and A3 shRNA) or scrambled
shRNA were treated with rapamycin. Cell lysates were then harvested for Western
blot analysis. Lysates from cells with scrambled shRNA show rapamycin induced AKT
phosphorylation, whereas AKT phosphorylation is absent in lysates from rapamycin‐
treated REKs with either of the shAKT1 constructs (Fig. 4.3a). Although only a partial
knockdown of endogenous AKT1 (~50%) was achieved (Fig. 4.3b), this shows that
only endogenous AKT1 responds to rapamycin‐induced phosphorylation in
keratinocytes.
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Figure 4.3: Rapamycin‐induced phosphorylation of endogenous AKT1 in REKs.
(a) Western blotting of whole cells lysates from REKs with a stable knockdown of AKT1
treated with vehicle or rapamycin. A stable knockdown of AKT1 in REKs using two different
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shRNA sequences shows reduced expression of AKT1 compared to cells with scrambled
shRNA. Rapamycin treatment has no effect on AKT phosphorylation (S473) in cells with
reduced AKT1 levels (shAKT1 cells). However, cells expressing the scrambled shRNA show
increased phosphorylation of AKT (S473) confirming that AKT1 is the isoform which
responds to mTORC1 inhibition with increased phosphorylation. The levels of phospho‐S6
(S240/244) are strongly reduced in rapamycin‐treated REKs confirming effective mTOR
inhibition.
(b) Quantification of AKT1 levels normalised to actin (AKT1/actin) and phospho‐AKT (S473)
normalised to actin (phospho‐AKT/actin). AKT1/actin ratios show strong reduction of AKT1
levels in shAKT1‐transfected REKs compared to cells transfected with scrambled shRNA.
Quantification of phospho‐AKT (S473) levels (phospho‐AKT/actin) shows that only REKs
transfected with scrambled shRNA respond to rapamycin treatment with increased
phospho‐AKT (S473). Rapamycin has no effects on phospho‐AKT levels in REKs transfected
with shAKT1 constructs.
Transfected REKs treated with 10nM rapamycin or vehicle for 2h before harvesting.

From these data, I show that only AKT1, and not AKT2, responds to rapamycin
treatment which induces an increase in AKT1 phosphorylation levels in monolayer
keratinocytes.
These findings have been confirmed in our lab by using immunohistochemistry
using phospho‐specific antibodies in foetal skin explant cultures (Sully et al. 2012).
In epidermis AKT1 and AKT2 are expressed in different layers (Fig. 4.1) allowing
direct observation of changes to these two isoforms. Rapamycin increases phospho‐
AKT1 levels dose‐dependently in the granular layer, whereas para‐basal phospho‐
AKT2 is unaffected (Sully et al. 2012).
I conclude that rapamycin inhibits mTORC1, and the mTORC1‐dependent negative
feedback loop leading to increased phospho‐AKT1 in epidermal keratinocytes. AKT1,
the isoform associated with granular layer keratinocytes, is the isoform which is
sensitive to rapamycin‐mediated mTORC1 inhibition. This suggests that rapamycin
may exert its anti‐tumourigenic effects on the epidermis by increasing AKT1
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phosphorylation which is associated with more differentiated granular layer
keratinocytes.
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4.2

The effect of rapamycin on autophagy in keratinocyte

cultures
Autophagy is downstream of the AKT/mTORC1 pathway. Rapamycin, an mTORC1
inhibitor, is routinely used to induce autophagy in vitro. Rapamycin is also an
immuno‐suppressant used in the clinic where it has reduced the amount of cSCCs
rapamycin‐treated transplant recipients develop. Therefore, I hypothesize that
apart from its effect on angiogenesis and proliferation (Geissler 2008), rapamycin
may reduce SCCs in patients by up‐regulating autophagy in epidermis.
To investigate the role of rapamycin on autophagy in epidermis, I performed initial
experiments in REK monolayer cultures (Baden et al, 1983) and then verified my
findings in primary human keratinocyte monolayer cultures. Primary monolayer
keratinocytes permit analysis of differentiated and undifferentiated cell populations
which may more closely reflect the situation in patient skin.

4.2.1 The effect of rapamycin on autophagy in REK monolayer cultures
Initial experiments performed on the rat keratinocyte cell line, REKs, shows that
REKs have very low levels of basal autophagy and rapamycin treatment may induce
only a slight increase in autophagy levels (Appendix 12 and 13).
To determine whether the autophagic pathway is completed in REKs under normal
culture conditions and also with rapamycin treatment, autophagy is inhibited with
chloroquine (Fig. 4.4; Appendix 13). If the pathway is completed under normal
culture conditions, chloroquine treatment would lead to accumulation of LC3II and
LC3 positive autophagic vesicles. However, if the pathway is normally not
completed, chloroquine would not affect LC3 levels.
Chloroquine increases reduces the acidity of autophagic and lysosomal vesicles
which prevents function of lysosomal proteases thereby, inhibiting autophagic
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degradation. Since chloroquine is a cheaper alternative to BafA1, another routinely
used lysosomotropic agent, it was used for initial experiments in REKs before
verification in primary keratinocytes. However, chloroquine has also been suggested
to affect DNA synthesis and DNA repair (Solomon and Lee 2009) leading to other
effects on cellular processes. Therefore, chloroquine was only used in initial
experiments in keratinocytes.
Untreated, vehicle‐treated and rapamycin‐treated REKs were cultured with and
without chloroquine to measure the turn‐over of LC3I to LC3II. With chloroquine
treatment (Fig. 4.4b), untreated cells show increased LC3II levels compared to the
cells cultured without chloroquine (Fig. 4.4a). This shows that blocking the
autophagy process with chloroquine leads to accumulation of autophagic vesicles
and suggests that, in REKs under normal culture conditions, without chloroquine,
the autophagic process is completed with degradation of autophagic vesicles.
Rapamycin treatment alone (Fig. 4.4a) leads to a low increase in LC3II levels
compared to vehicle‐treated cells (Fig. 4.4a). With chloroquine, the rapamycin‐
mediated increase in LC3II is much stronger (Fig. 4.4b). These results lead to two
conclusions: First, in the untreated as well as in the rapamycin‐treated REKs, the
autophagy process is completed since blocking autophagy with chloroquine results
in accumulation of LC3II. Second, rapamycin increases autophagy levels in REKs. In
chloroquine‐treated REKs (Fig. 4.4b), rapamycin increases LC3II levels compared to
vehicle‐treated REKs (Fig. 4.4b).
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Figure 4.4: Analysis of autophagic flux in rapamycin‐treated REKs with and
without chloroquine.
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REKs were treated with vehicle or rapamycin without chloroquine (a) or with chloroquine
(b) before harvesting. Chloroquine is a drug which prevents degradation of autolysosomes
leading to accumulation of autophagic vesicles and allowing measurement of autophagic
flux.
With and without chloroquine (a and b), rapamycin down‐regulates S6 phosphorylation and
also increases AKT phosphorylation confirming effective rapamycin‐mediated mTORC1
inhibition. Compared to the cells without chloroquine (a), the chloroquine‐ treated cells (b)
show accumulation of LC3II in the untreated, vehicle‐treated and rapamycin‐treated cells.
This is due to inhibition of the autophagy pathway at the last stage before degradation of
autophagic vesicles. Blocking the autophagy pathway with chloroquine treatment (b),
shows that rapamycin increases the levels of LC3II when compared to chloroquine‐treated
vehicle and untreated cells.
REKs treated with 10nM rapamycin or vehicle for 4h before harvesting; 200 uM chloroquine
added 2h before harvesting.

These results from Western blot analysis, as well as immunofluorescence staining
for LC3 (Appendix 13 and 14) show that blocking autophagy in REKs with
chloroquine leads to accumulation of LC3 positive vesicles. Therefore, under normal
culture conditions, the autophagy process is completed in REKs. Rapamycin
treatment not only increases turn‐over of LC3I to LC3II increasing autophagic flux
(Fig. 4.4), but also increases the amount of autophagic vesicles in REKs (Appendix
13). This suggests that keratinocytes are sensitive to rapamycin‐induced autophagy.
As the next step, I wanted to verify these observations in primary human
keratinocytes. One of the limitations of using REKs is that most commercially
available antibodies against autophagy markers only recognise human proteins.
Also, REKs are an immortalised cell line, so they may differ from primary
keratinocytes, which are more relevant for the overall aim of my work to determine
the role of autophagy in epidermis.
Appendix 14 shows results from experiments with primary keratinocyte cultures
treated with rapamycin in the presence and absence of chloroquine. However,
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chloroquine increases LC3I levels, suggesting it may have other effects other than
increasing the lysosomal pH and preventing degradation of autophagic vesicles.
Therefore, the effects of chloroquine alone mask any effect rapamycin may have on
LC3II levels.
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4.2.2 The effect of rapamycin on autophagy in primary keratinocyte monolayer
cultures
The drug, Bafilomycin A1 (BafA1) selectively blocks the degradation of autophagic
vesicles by preventing fusion of lysosomes with autophagosomes, and also inhibits
the function of lysosomal enzymes (Bowman et al. 1988; Klionsky et al. 2008;
Klionsky et al. 2012). Therefore, BafA1 is routinely used as an autophagy inhibitor
for short‐term in vitro experiments (Klionsky et al. 2008). Therefore,
undifferentiated and differentiated primary monolayer keratinocyte cultures were
treated with rapamycin and vehicle in the presence and absence of BafA1.
Western blot analysis of protein lysates shows that rapamycin treatment prevents
phosphorylation of S6 indicating effective inhibition of mTORC1 activity (Fig. 4.5a).
BafA1 treatment leads to accumulation of LC3II in both vehicle‐treated and
rapamycin‐treated cells (Fig. 4.5a; Fig. 4.5b), suggesting inhibition of autophagic
vesicle degradation.
Rapamycin does not affect total LC3II levels which are quantified as LC3II/actin
ratios (Fig. 4.5b). In the presence of BafA1, rapamycin significantly increases the
turn‐over of LC3I to LC3II (LC3II/LC3I ratios) in the differentiated keratinocytes
compared to the vehicle‐treated differentiated cells (Fig. 4.5c). Therefore,
rapamycin induces a higher rate of conversion of LC3I to LC3II, strongly suggesting
rapamycin increases autophagic flux.
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Figure 4.5: Analysis of autophagic flux in rapamycin‐treated primary keratinocyte
cultures with and without BafA1.
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(a) Monolayer keratinocyte cultures were treated with vehicle and with rapamycin in the
presence and absence of BafA1. BafA1 is an autophagy specific inhibitor which prevents the
fusion of lysosomes with autophagosomes and also inhibits the function of lysosomal
proteases. Western blotting of protein lysates shows rapamycin‐induced inhibition of S6
phosphorylation indicating effective mTORC1 inhibition. (b) In both undifferentiated and
differentiated keratinocytes, BafA1 treatment leads to accumulation of LC3II. Quantification
of total LC3II levels (LC3II/actin ratios) shows accumulation of LC3II with BafA1, however,
rapamycin has no significant effects on LC3II/actin levels in the presence and absence of
BafA1 when compared to vehicle‐treated keratinocytes. (c) Quantification of LC3II/LC3I is a
measure of the turn‐over of LC3 in the cells. In the presence of BafA1, rapamycin induces a
significant increase in LC3II/LC3I compared to vehicle‐treated cells in the differentiated
keratinocyte populations.
* Two‐tailed t‐test for means of LC3II/LC3I ratios in vehicle‐treated and rapamycin‐treated
differentiated keratinocytes, P<0.05; n=3 experiments. Primary keratinocyte monolayers
treated with 10nM rapamycin or vehicle for 4h before harvesting; 100nM BafA1 added 2h
before harvesting. See appendix 17 for quantifications.

With Western blot analysis, I show that blocking autophagy with BafA1 treatment
allows detection of a rapamycin‐induced increase in LC3 turn‐over in both
undifferentiated and differentiated keratinocytes (LC3II/LC3I ratios; Fig. 4.5c).
However, total LC3II levels (LC3II/actin ratios; Fig. 4.5b) are unaffected by
rapamycin treatment. This may be due to an incomplete block in autophagy with
BafA1. As there is no way to measure the extent of autophagy inhibition, it is
possible that BafA1 only partially inhibits the autophagy pathway and degradation
of autophagic vesicles still occurs at a reduced rate. The concentration and duration
of BafA1 treatment I used was the highest possible concentration to avoid toxicity
to the cells and this is also within the range of specifications in the literature
(Rubinsztein et al. 2009; Wang and Levine 2011).
These results suggest that rapamycin induces a low butstatistically significant
increase in autophagic flux or LC3 turn‐over in both undifferentiated and
differentiated

keratinocytes.

Therefore,

I

verified

these

results

with
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immunofluorescence analysis of LC3 expression levels in rapamycin‐treated
monolayer keratinocyte cultures.
Immunofluorescence analysis confirms these observations by showing that BafA1
treatment of both undifferentiated and differentiated keratinocytes leads to
increased LC3 levels (Fig. 4.6a, Fig. 4.6b). Rapamycin treatment combined with
BafA1 induces a very strong increase in LC3 intensities/cell in both undifferentiated
and differentiated keratinocytes compared to the vehicle‐treated cells (Fig. 4.6a,
Fig.4.6b). However, rapamycin with BafA1 has no effects on the number of LC3
aggregates/cell in the keratinocyte monolayer cultures (Fig. 4.6c). These results
suggest that rapamycin strongly increases LC3 levels, but rapamycin does not affect
the number of autophagic vesicles in keratinocytes.

Figure 4.6: Analysis of the autophagosome marker, LC3 in rapamycin‐treated
primary keratinocyte cultures with and without BafA1 treatment.
(a) Monolayer primary keratinocyte cultures were treated with vehicle and rapamycin with
and without BafA1. Immunofluorescence analysis of LC3 shows increased LC3 intensities in
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BafA1 treated cells (also see quantification of LC3 intensities/cell). (b) BafA1 treatment
increases the LC3 intensities/cell under all culture conditions. In both undifferentiated and
differentiated keratinocytes, rapamycin treatment with BafA1 increases LC3 intensities/cell
compared to vehicle‐treated cells with BafA1. (c) However BafA1 has no effect on the
number of LC3 puncta per cell.
Primary keratinocyte monolayers treated with 10nM rapamycin or vehicle for 4h before
harvesting with or without 100 nm BafA1. See Appendix 16 for quantifications.
Bar = 20um.
For quantification, the total number of cells, the LC3 intensity values as well as the number
of LC3 puncta were determined with ImageJ.
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In this section I show that monolayer primary keratinocytes respond to rapamycin‐
induced autophagy. This effect of rapamycin becomes apparent when the
autophagy process is blocked with BafA1. In both undifferentiated and
differentiated keratinocytes, Western blot analysis shows increased rapamycin‐
induced turn‐over of LC3 (LC3II/LC3I ratios; Fig. 4.5), suggesting the formation of
more membrane‐bound LC3. Immunofluorescence analysis of LC3 confirms that
rapamycin induces an increase in LC3 levels (Fig. 4.6), but rapamycin does not affect
the number of LC3 positive autophagic vesicles (Fig. 4.6). Therefore, these results
suggest that in cultured keratinocytes, rapamycin increases LC3 turn‐over and the
rate of the autophagy process but, it does not affect the number of
autophagosomes formed.
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4.3

The effect of rapamycin on autophagy in 3D keratinocyte

cultures
In the previous section, I show that monolayer primary keratinocyte cultures
respond to rapamycin‐induced autophagy with a significant increase in LC3 turn‐
over. Although, this effect of rapamycin is observed in both undifferentiated and
differentiated keratinocyte cultures, these monolayer cultures may not give a true
picture of what occurs in the epidermis. Therefore, I verified my observations from
primary monolayer keratinocytes by using REK 3D‐cultures.
REKs are suitable for organotypic cultures because they stratify and form all layers
of the epidermis including the cornified layer which is difficult to obtain with 3D
cultures of primary human keratinocytes. Organotypic cultures would also show the
effects of rapamycin on autophagy in the different epidermal layers. In section 4.2, I
also show that monolayer REK cultures respond to rapamycin‐induced autophagy.
Therefore, I treated REK organotypics with rapamycin and determined its effects on
autophagy.
First, I characterised the REK organotypics by analysing the expression of epidermal
differentiation markers. H&E staining of REK organotypics shows that the REK 3D
cultures have stratified and formed a cornified layer (Fig. 4.7a). However,
rapamycin‐treated 3D cultures have a thinner cornified layer compared to vehicle‐
treated cultures (Fig. 4.7a). The cornified layer may have been lost during
processing of the samples. Rapamycin may also affect cornification and lead to
formation of a looser cornified layer which is then more easily lost during sample
processing. But these possibilities have not yet been verified.
To determine whether differentiation and stratification has occurred in a manner
similar to healthy adult epidermis, I performed immunofluorescence analysis for the
expression of epidermal differentiation markers. The terminal differentiation
marker filaggrin is expressed in the granular layers of the vehicle‐treated REK 3D
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cultures (Fig. 4.7b). The rapamycin‐treated organotypics also show granular layer
expression of filaggrin however, filaggrin appears to be confined to fewer upper
epidermal layers than in the vehicle‐treated cultures (Fig. 4.7b). This unexpected
finding indicates that rapamycin affects granular layer keratinocytes. Loricrin, which
is also a marker of the granular layer, is also present in the upper layers of REK
organotypics (Fig. 4.7b). These results suggest that in both vehicle‐ and rapamycin‐
treated organotypics, the terminal differentiation pathway has been activated and
the granular layers are present in the upper layers of the 3D cultures, similar to
adult epidermis. However, filaggrin expression is slightly altered in rapamycin‐
treated organotypics.
A marker of early differentiation, K1, is expressed in the supra‐basal layers of both
vehicle‐ and rapamycin‐treated REK organotypics (Fig. 4.7b). This expression pattern
is very similar to healthy adult epidermis (Fig. 3.1) and shows the early
differentiated supra‐basal keratinocytes which are below the loricrin and filaggrin
positive granular layers.
K14, a marker of proliferating keratinocytes of the basal layers in adult epidermis
(Fig. 3.1), is strongly expressed in the basal and the supra‐basal layers of the vehicle‐
treated REK organotypics (Fig. 4.7b). Rapamycin‐treated organotypics show a similar
K14 expression pattern to the vehicle‐treated cultures. This unusual expression
pattern of K14 shows that although the REK organotypics stratify and form all layers
of epidermis, they do not mimic the epidermis completely.
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Figure 4.7: Expression pattern of epidermal differentiation markers in REK
organotypics.
(a) H&E staining of REK organotypics showing epidermal stratification. Vehicle‐treated
organotypics have a thick cornified layer, whereas rapamycin‐treated 3D‐cultures have a
much thinner one. It is not clear whether this thinner cornified layer is due to effects of
rapamycin or if it was lost during processing of the sample.
Figure 4.7 continued on the next page.
REK organotypics treated with 5uM rapamycin or vehicle for 4 days before harvesting;
Bar = 20um.
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Figure 4.7: Expression pattern of epidermal differentiation markers in REK
organotypics.
Figure 4.7 continued on the next page.
(b) Expression of epidermal differentiation markers in REK organotypics shows that the
terminal differentiation marker filaggrin is expressed in the granular layers of both vehicle
and rapamycin‐treated 3D‐cultures. Another terminal differentiation marker loricrin is also
expressed in the granular layers of both vehicle and rapamycin‐treated organotypics. The
expression patterns of filaggrin and loricrin suggest activation of terminal differentiation
and formation of the granular layers. K1, a marker of early differentiation is present in the
supra‐basal layers of both vehicle and rapamycin‐treated organotypics. A marker of
proliferating basal layer keratinocytes, K14 is expressed in the basal and supra‐basal layers
of the REK 3D‐cultures. This expression pattern of K14 is rather unusual. In epidermis, K14 is
present in the basal and para‐basal layers.
REK organotypics treated with 5uM rapamycin or vehicle for 4 days before harvesting;
Bar = 20um. Dotted line = basement membrane.
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I have shown that REK 3D cultures stratify and form all layers of the epidermis.
However, rapamycin treatment alters the expression pattern of filaggrin, confining
its expression to fewer upper layers compared to vehicle‐treated organotypics.
Next, I wanted to determine whether rapamycin has an effect on autophagy in 3D
cultures.
First, I checked S6 phosphorylation which occurs down‐stream of active mTORC1.
Immunofluorescence analysis of phospho‐S6 shows that vehicle‐treated REK
organotypics have strong S6 phosphorylation in the upper layers of the 3D cultures
(Fig. 4.8a). With rapamycin, S6 phosphorylation is reduced and its expression is also
confined to fewer layers (Fig. 4.8a).These results confirm that rapamycin strongly
reduces mTORC1 activity in these 3D cultures.
Immunofluorescence analysis of the autophagosome marker, LC3, in vehicle‐treated
REK organotypics shows low levels of LC3 expression in all layers of the cultures but
stronger LC3 intensities in the upper layers (Fig. 4.8b). With rapamycin‐treatment,
LC3 is still present at low levels in all the layers of the organotypics, but in the upper
layers there is a very strong induction of LC3 in the granular layer (Fig. 4.8b). Also,
granular layer LC3 is confined to fewer layers compared to upper layer LC3 in the
vehicle‐treated cultures (Fig. 4.8b).
WIPI1, with participates in the initial steps of autophagy, is expressed as puncta in
the upper layers of the vehicle‐treated REK organotypics (Fig. 4.8b). Rapamycin‐
treated REK 3D cultures show a similar expression pattern of WIPI1 (Fig. 4.8b).
However, WIPI1 is also expressed in fewer layers in the rapamycin‐treated
organotypics compared to the vehicle‐treated cultures (Fig. 4.8b). This rapamycin‐
induced change in WIPI1 expression pattern is similar to the effect of rapamycin on
LC3 in REK organotypics.
The ATG5‐ATG12 complex required for elongation of the double‐membrane is
expressed in all layers of the vehicle‐treated REK 3D cultures (Fig. 4.8b). The
expression of ATG5‐ATG12 in the rapamycin‐treated REK organotypics is very similar
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to vehicle‐treated cultures (Fig. 4.8b). Therefore, rapamycin has no effect on the
expression pattern of ATG5‐ATG12.
BECN1, which is important for the initiation of double‐membrane formation, has a
patchy expression pattern in all layers of vehicle‐treated REK organotypics (Fig.
4.8b). Rapamycin has no effect on this patchy expression pattern of BECN1 in the
REK 3D cultures (Fig. 4.8b).
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Figure 4.8: Expression pattern of autophagy markers in rapamycin‐treated REK
organotypics.
(a) Immunofluorescence analysis of S6 phosphorylation (S240/244) in REK organotypics
shows phospho‐S6 expression in the upper layers of vehicle‐treated cultures. In the
rapamycin‐treated organotypics, phospho‐S6 expression is restricted to less layers and the
intensity of phospho‐S6 is also reduced strongly.
Figure 4.8 continued on the next page.
REK organotypics treated with 5uM rapamycin or vehicle for 4 days before harvesting;
Bar = 20um. Dotted line = basement membrane.
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Figure 4.8: Expression pattern of autophagy markers in rapamycin‐treated REK
organotypics.
Figure 4.8 continued.
(b) In vehicle‐treated 3D‐cultures, the autophagosome marker LC3 is expressed at low
levels in all layers of the organotypics. In the upper layers, LC3 expression is much stronger.
In the rapamycin‐treated organotypics, LC3 is present in all layers but its expression is
strongly up‐regulated in the granular layers, suggesting rapamycin‐induced granular layer
autophagy. With rapamycin, granular layer LC3 is expressed in fewer layers than in the
vehicle‐treated organotypics. WIPI1, which participates in double‐membrane formation, is
expressed as puncta in the upper layers of vehicle‐treated REK organotypics. Rapamycin
treatment restricts WIPI1 to fewer upper layers of the REK 3D‐cultures. The ATG5‐ATG12
complex, which is important for the elongation of the double‐membrane, is strongly
expressed in all layers of both vehicle‐treated and rapamycin‐treated REK 3D‐cultures. So,
rapamycin has no effect on ATG5‐ATG12. BECN1, another complex required for the
initiation stage of autophagy, has a patchy expression in all layers of the REK 3D‐cultures.
Rapamycin has no effect on the patchy expression pattern of BECN1. So, rapamycin‐
treatment has no strong effect on BECN1 expression in REK organotypics.
REK organotypics treated with 5uM rapamycin or vehicle for 4 days before harvesting;
Bar = 20um. Dotted line = basement membrane.
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With these experiments I show that REK 3D‐cultures are capable of rapamycin‐
induced autophagy. This confirms observations made with monolayer REK cultures
and also monolayer primary keratinocyte cultures. Therefore, I conclude that
monolayer keratinocytes respond to rapamycin‐induced autophagy. However, with
in the REK‐3D cultures, I show that it isonly the granular layer keratinocytes which
up‐regulate their LC3 levels suggesting an increase in autophagy in response
respond to rapamycin treatment and they do so by a marginal increase in LC3 levels.
Therefore, I wanted to verify these results in epidermis.
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4.4
The effect of mTORC1 inhibition on autophagy in mouse
foetal skin explants
I observe that monolayer keratinocytes respond to rapamycin‐induced autophagy
(section 4.2) and in REK organotypics (section 4.3), rapamycin increases granular
layer autophagy. Therefore, I wanted to determine whether epidermal granular
layer autophagy also responds to rapamycin treatment in skin. For this, I cultured
mouse foetal skin explants in vitro and treated them with rapamycin over the
period of barrier acquisition. I used mouse foetal explants for these experiments
because it was difficult to obtain a significant number of healthy human skin
samples as well as to optimise their culture conditions. Instead of adult mouse
epidermis, I used foetal mouse skin because this eliminates any complications due
to hair or the many hair follicles in adult mouse skin. Also, foetal mouse epidermis is
similar to adult human skin with regards to the number of epidermal layers which
make it easier to observe any changes occurring in a specific epidermal layer. These
mouse foetal explant cultures are a well established culture system for studying
authentic skin differentiation (O'Shaughnessy et al. 2009; Byrne et al. 2010; Sully et
al. 2012) without inducing a stress response (K. Sully unpublished results).
Mouse explants were harvested from E15.5 foetuses. At this time‐point, mouse
embryos do not have a granular layer or a Stratum corneum (see section 3.2). The
explants are cultured for 72h at the air‐liquid interface of media with vehicle or with
two different rapamycin concentrations. The time‐point of harvest corresponds to
E18.5, which is just before birth and the granular layer and cornified layer are
already formed (see section 3.2). The rapamycin concentration used was
established to be the minimum dose required to effectively inhibit mTORC1 activity
which is determined by analysis of S6 phosphorylation, a down‐stream target of
mTORC1. With this experiment using foetal explant epidermis, I wanted to
determine whether healthy epidermis responds to rapamycin‐induced autophagy
and also, if rapamycin‐induced autophagy has any effects on granular layer
formation.
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First I performed immunofluorescence analysis of epidermal differentiation markers
to find out if epidermal terminal differentiation and granular layer formation has
occurred in the explant cultures. The terminal differentiation marker filaggrin is
expressed in the granular layer of vehicle‐treated explants (Fig. 4.9). However, with
rapamycin treatment, filaggrin expression is reduced and is present in fewer
granular layers compared to vehicle‐treated explants (Fig. 4.9). This confirms
previous observations made with REK 3D‐cultures but the effect of rapamycin on
filaggrin in the epidermal explant cultures is much stonger than in the REK
organotypics (Fig. 4.7b). However, rapamycin‐treated explants still express filaggrin,
only at lower levels, indicating that the granular layer is present. These results
support observations made previously in my lab suggesting that rapamycin alters
epidermal barrier properties due to mTORC1 modulation and increases in epidermal
lipids (K. Sully, unpublished data). Therefore, the changes in the filaggrin expression
pattern may be due to the rapamycin‐mediated changes in the epidermal barrier.
Another epidermal terminal differentiation marker, Loricrin, is expressed in the
granular layer of vehicle‐treated explants (Fig. 4.9). Loricrin is also expressed in the
granular layer of rapamycin‐treated explants, and this expression pattern is very
similar to the vehicle‐treated cultures (Fig. 4.9). Therefore, in the foetal explant
cultures, vehicle‐treated as well as rapamycin‐treated explants have undergone
terminal differentiation and formation of the granular layer.
The early keratinocyte differentiation marker, K1, is expressed in the supra‐basal
layers of vehicle‐treated and rapamycin‐treated explants, indicating the presence of
the spinous layer in the explants cultures (Fig. 4.9). The K1 expression pattern in
rapamycin‐treated explants is very similar to vehicle‐treated cultures (Fig. 4.9).
K14, which is expressed by proliferating basal layer keratinocytes, is expressed
strongly in the basal and para‐basal layer of vehicle‐treated and rapamycin‐treated
explants (Fig. 4.8). K14 is still present at lower levels in the other supra‐basal layers
of all explants cultures (Fig. 4.9).
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Figure 4.9: Expression pattern of epidermal differentiation markers in rapamycin‐
treated mouse foetal skin explants.
Immunofluorescence analysis of epidermal differentiation markers performed on mouse
foetal skin explants treated with different concentrations of rapamycin shows that the
terminal differentiation marker filaggrin is expressed in the granular layer of vehicle‐treated
explants. With rapamycin, filaggrin expression is reduced and its expression is confined to
fewer granular layers. However, no dose‐dependent effect of rapamycin is observed on
filaggrin expression. Another terminal differentiation marker, Loricrin, is expressed in the
granular layer of vehicle‐treated and rapamycin‐treated explants. K1, a marker of early
differentiation is present in the supra‐basal layers of both vehicle‐treated and rapamycin‐
treated explants. A marker for the proliferating basal keratinocytes, K14, is expressed
strongly in the basal and para‐basal layers of both vehicle‐treated and rapamycin‐treated
explants. K14 is also expressed at low levels in the spinous layer of vehicle‐treated and
rapamycin‐treated explants. Mouse skin explants from E15.5 foetuses were cultured in vitro
for 72h at the air‐liquid interface of media with vehicle or rapamycin.
Bar = 20um. Dotted line = basement membrane.
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These results confirm that epidermal differentiation has occurred in the vehicle‐
treated and the rapamycin‐treated explants. Also, the different epidermal
compartments express proteins which are characteristic for these layers. I conclude
that the epidermal differentiation marker profile of foetal embryo explants cultures
is similar to their expression patterns in healthy adult epidermis (see Fig. 3.1).
However, rapamycin reduces filaggrin expression levels and changes its localisation
to fewer granular layers. This suggests that rapamycin affects the granular layer and
may also induce reorganisation of the epidermal granular layers. Loricrin, another
protein expressed by terminally differentiating keratinocytes, is unaffected by
rapamycin treatment. This shows that rapamycin‐treated explants have a granular
layer, but filaggrin expression is altered which may be due to other effects of
rapamycin on the epidermal barrier.
Therefore, the next step was to analyse the expression profile of autophagy markers
in these foetal explant cultures. I performed immunofluorescence analysis of S6
phosphorylation in mouse foetal explants to determine whether rapamycin
treatment effectively blocked mTORC1 activity. Phospho‐S6 (S240/244) is strongly
expressed in the upper layers of vehicle‐treated explants (Fig. 4.10a) whereas
rapamycin reduces phospho‐S6 (S240/244) levels (Fig. 4.10a). This confirms
rapamycin‐induced mTORC1 inhibition. However, at the rapamycin concentrations
used, there is still some S6 phosphorylation present showing that the
concentrations of rapamycin used did not completely inhibit mTORC1 activity and
there is no over‐dose of rapamycin.
The autophagy protein complex, ATG5‐ATG12, which is required for the elongation
of the double‐membrane, is highly expressed in the basal layer of vehicle‐treated
explants. ATG5‐ATG12 is also present at very low levels in the granular layer of
vehicle‐treated explants (Fig. 4.10b). Rapamycin treatment had no effect on the
basal layer expression of ATG5‐ATG12, but granular layer ATG5‐ATG12 expression is
slightly increased (Fig. 4.10b). However, no dose‐dependent effect of rapamycin is
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observed on granular layer ATG5‐ATG12 levels (Fig. 4.10b). This may be due to the
very low levels of this complex in the granular layer and a small rapamycin dose‐
dependent increase may not be detected with immunofluorescence analysis.
BECN1, which has different roles in autophagy depending on its binding partners, is
required for autophagic double‐membrane formation. Immunofluorescence
analysis of BECN1 shows a very strong basal layer expression in the vehicle‐treated
and rapamycin‐treated explants (Fig. 4.10b). BECN1 is also present at very low levels
in the granular layer of vehicle‐treated explants (Fig. 4.10b). Rapamycin treatment
increases granular layer BECN1 but it does not affect basal BECN1 (Fig. 4.10b). With
immunofluorescence analysis, I could not detect any dose‐dependent effects of
rapamycin on granular layer BECN1 levels (Fig. 4.10b). The BECN1 expression
pattern in these explants is similar to the expression profile of the ATG5‐ATG12
complex.
Another autophagy protein required for the initiation step is WIPI1.
Immunofluorescence analysis of WIPI1 expression shows it is present as puncta in
the upper layers of vehicle‐treated and rapamycin‐treated foetal explants (Fig.
4.10c). Rapamycin treatment concentrates WIPI1 puncta to fewer granular layers
compared to vehicle‐treated explants (Fig. 4.10c).
ULK1, which is also required for one of the autophagy initiation complexes, is
present in the upper layers of vehicle‐treated explants (Fig. 4.10c). Rapamycin
treatment induces an up‐regulation of granular layer ULK1 expression and it is also
more concentrated in the granular layer (Fig. 4.10c).
The autophagosome marker LC3 is expressed strongly in granular layer of vehicle‐
treated explants (Fig. 4.10c). Rapamycin increases granular layer LC3 dose‐
dependently (Fig. 4.10c). This suggests rapamycin‐induced up‐regulation of
autophagy and increased formation of autophagic vesicles.
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These experiments show that autophagy markers are present in the granular layer
of foetal explant cultures and rapamycin alters the granular layer expression profile
of autophagy markers as well as induces the formation of LC3 aggregates.
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Figure 4.10: Expression pattern of autophagy markers in rapamycin‐treated mouse
foetal skin explants.
(a) Immunofluorescence analysis of phospho‐S6 in vehicle‐treated and rapamycin‐treated
mouse foetal skin explants shows S6 phosphorylation in the upper layers of vehicle‐treated
explants. Rapamycin strongly reduces S6 phosphorylation levels.
Figure 4.10 continued on the next page.
Mouse skin explants were harvested from E15.5 foetuses and cultured in vitro for 72h at the
air‐liquid interface of media with vehicle or rapamycin.
Bar = 20um. Dotted line = basement membrane.
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Figure 4.10: Expression pattern of autophagy markers in rapamycin‐treated mouse
foetal skin explants.
Figure 4.10 continued.
(b) The ATG5‐ATG12 complex required for autophagome membrane elongation is strongly
expressed in the basal layers of all explants cultures. ATG5‐ATG12 is also present in the
upper layers of vehicle‐treated explant cultures at low levels. Rapamycin increases granular
layer ATG5‐ATG12 expression but it does not affect basal ATG5‐ATG12 levels. However,
with immunofluorescence, no dose‐dependent effect of rapamycin is observed on granular
layer ATG5‐ATG12. BECN1, which plays an important role in initiation of the autophagy
process, is expressed strongly in the basal and para‐basal layers of all explants cultures.
BECN1 is also present in the upper layers of vehicle‐treated explants, and rapamycin
increases granular layer BECN1 levels.
Figure 4.10 continued on the next page.
Mouse skin explants were harvested from E15.5 foetuses and cultured in vitro for 72h at the
air‐liquid interface of media with vehicle or rapamycin.
Bar = 20um. Dotted line = basement membrane.
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Figure 4.10: Expression pattern of autophagy markers in rapamycin‐treated mouse
foetal skin explants.
Figure 4.10 continued.
(c) WIPI1, another protein important for autophagy initiation, is present as puncta in the
upper layers of vehicle‐treated explants. Rapamycin changes WIPI1 expression pattern
slightly by confining it to the granular layer where it is more concentratedreducing its
expression to fewer layers. ULK1, which participates in autophagosome double‐membrane
formation and is also directly regulated by mTORC1, is present in the upper layers of
vehicle‐treated explant cultures. Rapamycin increases ULK1 expression levels in the
granular layer. The autophagosome marker LC3 is expressed in all epidermal layers of
vehicle‐treated explants but is more concentrated in the granular layers. Rapamycin
treatment strongly up‐regulates granular layer LC3 levels dose‐dependently.
Mouse skin explants were harvested from E15.5 foetuses and cultured in vitro for 72h at the
air‐liquid interface of media with vehicle or rapamycin.
Bar = 20um. Dotted line = basement membrane.
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Using mouse foetal skin explants cultures I show that rapamycin has no effect on
basal layer BECN1 and ATG5‐ATG12 levels. However, rapamycin increases granular
layer BECN1 and granular layer ATG5‐ATG12. Rapamycin also increases ULK1
expression with is mainly present in the granular layer. Therefore, rapamycin
changes the granular layer expression patterns of BECN1, ATG5‐ATG12, WIPI1 and
ULK1. Granular layer LC3 expression is up‐regulated does‐dependently with
rapamycin and more LC3 aggregates are formed.
To confirm that the rapamycin‐induced increase in granular layer LC3 levels and LC3
aggregates formation is due to increased autophagy, I performed Western blot
analysis of the epidermis from foetal skin explants. The foetal epidermis was
separated from the dermis of the explant cultures before protein extraction.
Western blotting shows that the lower concentration of rapamycin (1uM) strongly
reduces phospho‐S6 in the foetal epidermis (Fig. 4.11a), confirming mTORC1
inhibition as well as observations made with immunofluorescence analysis (Fig.
4.10). Compared to the vehicle‐treated explant, Western blotting shows that
rapamycin increases may increase the level of LC3II/LC3I ratios (Fig. 4.11b),
suggesting a higher turn‐over of LC3I to LC3II in the rapamycin‐treated foetal
explant epidermis. Therefore, rapamycin‐induced autophagy occurs in the
epidermis of the foetal explant cultures.
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Figure 4.11: Expression of autophagosome marker LC3 in the epidermis of
rapamycin‐treated mouse foetal skin explants.
(a) Mouse foetal explants isolated at E15.5 were treated with vehicle and rapamycin for
72h before harvesting. Western blotting of epidermis lysates from mouse foetal skin
explant cultures shows down‐regulation of S6 phosphorylation with 1uM rapamycin,
indicating effective mTORC1 inhibition. Rapamycin treatment increases LC3II levels in the
foetal explant epidermis.
(b) Quantification of LC3II/LC3I shows increased rapamycin‐induced LC3 turn‐over.
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Mouse skin explants were harvested from E15.5 foetuses and cultured in vitro for 72h at the
air‐liquid interface of media with vehicle or rapamycin. Foetal explant epidermis was
separated from dermis and lysed for Western blotting.
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In conclusion, in mouse foetal explants cultures, rapamycin increases granular layer
autophagy marker expression levels and also changes expression patterns of
autophagy markers in the granular layer. Rapamycin also increases LC3 turn‐over
(LC3I to LC3II) suggesting rapamycin induced autophagosome formation. This data
supports previous observations made in monolayer keratinocyte cultures and REK
organotypics. Therefore, I conclude that granular layer autophagy responds to
rapamycin‐mediated mTORC1 inhibition.
As a next step, I wanted to find out if rapamycin‐induced granular layer autophagy
is due to rapamycin‐mediated mTORC1 inhibition or if this increase in granular
autophagy is due to other effects rapamycin has in epidermis. So, I used another
mTOR inhibitor, Torin1. At low concentrations Torin1 inhibits mTORC1, whereas it
blocks mTORC2 activity at higher concentrations (Thoreen et al. 2009). Foetal skin
explants were harvested at E15.5, which is before epidermal barrier formation, and
cultured in vitro for 72h in the presence of vehicle, Torin1 or rapamycin.
Initially I determined the expression pattern of epidermal differentiation markers to
find out if the foetal explants had formed a granular and cornified layer in culture.
The terminal differentiation markers in the Torin1‐treated explants were expressed
in a similar manner to vehicle treated explants (Fig. 4.12). However, Torin1 induces
expression of filaggrin in fewer granular layers where it is more concentrated (Fig.
4.12), whereas rapamycin treatment leads to an overall reduction in filaggrin
expression levels in all layers (Fig. 4.12).

248

Figure 4.12: Expression pattern of epidermal differentiation markers in Torin1‐
treated mouse foetal skin explants.
Mouse foetal explants isolated at E15.5 were treated with vehicle, Torin1 or rapamycin for
72h before harvesting. Immunofluorescence analysis of epidermal differentiation markers
shows expression of the terminal differentiation marker filaggrin in the granular layers of
vehicle‐treated and torin1‐treated explants. However, filaggrin expression levels are
reduced in rapamycin‐treated explants and it is expressed in fewer layers compared to
vehicle‐treated explants. Loricrin, another terminal differentiation marker is expressed at
similar levels in the granular layers of vehicle‐treated, Torin1‐treated and rapamycin‐
treated explants, suggesting formation of granular layers in all explant cultures. A marker
for early keratinocyte differentiation, K1, is expressed in the supra‐basal layers of vehicle‐
treated explants, torin1‐treated and rapamycin‐treated explants. K14, usually expressed in
proliferating basal keratinocytes, is present in the basal and para‐basal layers of vehicle‐
treated, Torin1‐treated and rapamycin‐treated explant cultures. K14 expression is still
present in the supra‐basal layers of all explants, but at very low levels. Mouse skin explants
were harvested from E15.5 foetuses and cultured in vitro for 72h at the air‐liquid interface
of media with vehicle, Torin1 or rapamycin.Bar = 20um. Dotted line = basement membrane.
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The foetal explant cultures used in this experiment were isolated from embryos at a
time‐point before barrier formation and cultured in vitro over the period of granular
and cornified layer formation. I show that these explants have activated their
terminal differentiation pathways and developed granular layers in vitro. The
expression profile of epidermal terminal differentiation markers shows that these
explants have normal stratification like in healthy adult epidermis. Therefore, I
proceeded to analyse the effects of Torin1‐mediated mTORC1 inhibition on
epidermal autophagy, compared to rapamycin‐induced granular layer autophagy.
Phospho‐S6 is strongly expressed in the upper layers of vehicle‐treated explants
showing active mTORC1 signalling (Fig. 4.13a). Torin1 confines phospho‐S6 to fewer
epidermal layers (Fig. 4.13a). Rand rapamycin strongly reduces phospho‐S6 levels
(Fig. 4.13a). These results suggest that Torin1 and rapamycin down‐regulate
mTORC1 activity in epidermis.
The ATG5‐ATG12 complex is strongly expressed in the basal layers of all explant
cultures (Fig. 4.13b). ATG5‐ATG12 is also present in the granular layers of vehicle‐
treated explants but at much lower levels (Fig. 4.13b). Similar to rapamycin, Torin1
increases granular layer ATG5‐ATG12 expression, whereas basal ATG5‐ATG12 is
unaffected (Fig. 4.13b). Therefore, mTORC1 inhibition via Torin1 or rapamycin has
similar effects on granular layer ATG5‐ATG12.
BECN1 is strongly expressed in the basal and para‐basal layers of all foetal
epidermal explants (Fig. 4.13b). Like rapamycin, Torin1 has no effect on basal layer
BECN1 expression levels however, compared to vehicle‐treated explants, both drugs
increase granular layer BECN1 expression (Fig. 4.13b). This effect of Torin1 and
rapamycin on BECN1 expression is similar to their effects on ATG5‐ATG12.
WIPI1 is strongly expressed as puncta in the upper layers of vehicle‐treated explants
(Fig. 4.13c). Both Torin1 and rapamycin lead to a reduction in the number of WIPI1
expressing layers compared to vehicle‐treated explants (Fig. 4.13c). Also, both drugs
increase the expression levels of WIPI1 in the granular layer (Fig. 4.13c).
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ULK1, which is directly regulated by mTORC1 activity, is expressed in the upper
layers of vehicle‐treated explants (Fig. 4.13c). Torin1 increases ULK1 expression
intensity in the upper layers (Fig. 4.13c), whereas rapamycin treatment not only
increases ULK1 expression levels, but also reduces the number of ULK1 expressing
epidermal layers (Fig. 4.13c).
The autophagosome marker LC3 is expressed in all epidermal layers of vehicle‐
treated explants with the highest levels in the granular layers where it is present as
aggregates (Fig. 4.13c). Torin1 treatment strongly up‐regulates granular layer LC3
expression and also increases LC3 aggregate formation (Fig. 4.13c). Rapamycin also
increases granular layer LC3 levels however its effect is not as strong as with Torin1
(Fig. 4.13c).
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Figure 4.13: Expression pattern of autophagy markers in Torin1‐treated mouse
foetal skin explants.
(a) Immunofluorescence analysis of phospho‐S6 (S240/244) shows strong expression in the
upper layers of the vehicle‐treated explants. Torin1 treatment has no effects on S6
phosphorylation levels however, S6 is expressed in fewer layers compared to vehicle‐
treated explant cultures. Rapamycin treatment reduces phospho‐S6 levels and confines S6
phosphorylation to fewer epidermal layers. These results show that Torin1‐induced and
rapamycin‐induced mTORC1 inhibitions have different effects on epidermal S6
phosphorylation.
Figure 4.13 continued on the next page.
Mouse skin explants were harvested from E15.5 foetuses and cultured in vitro for 72h at the
air‐liquid interface of media with vehicle, Torin1 or rapamycin.
Bar = 20um. Dotted line = basement membrane.
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Figure 4.13: Expression pattern of autophagy markers in Torin1‐treated mouse
foetal skin explants.
Figure 4.13 continued.
(b) The ATG5‐ATG12 complex required for elongation of the autophagosomal membrane is
strongly expressed in the basal layer of vehicle‐treated, Torin1‐treated and rapamycin‐
treated foetal explants. ATG5‐ATG12 is also present in the granular layer of vehicle‐treated
explants. Torin1 as well as rapamycin treatment increase granular layer ATG5‐ATG12
expression levels. BECN1 is also strongly expressed in the basal layers of vehicle‐treated,
Torin1‐treated and rapamycin‐treated explants. Torin1 and rapamycin have no effects on
basal layer BECN1 expression. BECN1 is also present in the upper layers of vehicle‐treated
explants at lower levels. Torin1 and rapamycin induce an increase in granular layer BECN1
expression.
Figure 4.13 continued on the next page.
Mouse skin explants were harvested from E15.5 foetuses and cultured in vitro for 72h at the
air‐liquid interface of media with vehicle, Torin1 or rapamycin.
Bar = 20um. Dotted line = basement membrane.
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Figure 4.13: Expression pattern of autophagy markers in Torin1‐treated mouse
foetal skin explants.
Figure 4.13 continued.
(c) In the Torin1‐treated explants, WIPI1 is also expressed as puncta in the upper layers but,
WIPI1 expression is restricted to fewer layers and is also concentrated in the granular layers
of the explants. Rapamycin‐treated explants show a similar WIPI1 expression pattern to
Torin1‐treated explants cultures. ULK1 is strongly expressed in the upper layers of vehicle‐
treated explants. Torin1 and rapamycin treatment increase granular layer ULK1 expression.
LC3 is expressed in all layers of vehicle‐treated explants with the strongest expression levels
in the granular layer where it is present as LC3 puncta. Torin1 treatment induces a very
strong increase in granular layer LC3 levels, where LC3 is also present as puncta. Compared
to vehicle treatment, rapamycin also increases LC3 in the granular layer however its effect
is not as striking as Torin1 treatment.
Mouse skin explants were harvested from E15.5 foetuses and cultured in vitro for 72h at the
air‐liquid interface of media with vehicle, Torin1 or rapamycin.
Bar = 20um. Dotted line = basement membrane.
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Therefore, Torin1 and rapamycin‐induced mTORC1 inhibition have similar effects on
autophagy in epidermis. However, Torin1 induces a much stronger increase in
granular layer LC3 expression intensities and LC3 aggregate formation. Both drugs
change the expression patterns and also increase the expression levels of granular
layer ULK1, WIPI1, BECN1 and ATG5‐ATG12 strongly suggesting mTORC1 regulates
constitutive granular layer autophagy. The basal layer expression of BECN1 and
ATG5‐ATG12 is unaffected by Torin1 or rapamycin treatment. This indicates that
BECN1 and ATG5‐ATG12 have different roles in the basal layer compared to
granular layer autophagy proteins (see chapter 5).
Both rapamycin and Torin1 have similar effects on granular layer autophagy in
mouse foetal skin explants. This shows that the initial observations on the effects of
rapamycin on epidermis, leading to increased granular layer autophagy, is not due
to other unknown effects of rapamycin, but it is due to rapamycin‐mediated
mTORC1 inhibition. I conclude that constitutively active granular layer autophagy is
sensitive to mTORC1 mediated autophagy.
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Discussion
At the beginning of this chapter I set out to determine which AKT isoform is
sensitive to rapamycin treatment in epidermis. Rapamycin and is analogues are
used as immunosuppressants for organ‐transplant recipients (OTRs). One of the
benefits of using rapamycin over other immunosuppressants is that the patients
develop less cSCCs. Rapamycin is also an mTORC1 inhibitor. AKT which is upstream
of mTORC1 plays an important role in epidermal development and differentiation.
Moreover, the AKT1 isoform, which is associated with terminally differentiating
keratinocytes (Fig. 4.1; Calautti et al. 2005; Thrash et al. 2006) is down‐regulated in
cSCCs (O'Shaughnessy et al. 2007b).
I show that in keratinocytes, rapamycin‐treatment inhibits mTORC1 activity and
increases AKT1 phosphorylation (Fig. 4.2 and Fig. 4.3). This indicates that in
epidermis, it is the AKT1 expressing terminally differentiating keratinocytes which
respond to rapamycin treatment (Fig. 4.2 and Fig. 4.3). In my lab, these
observations were verified and confirmed by using a mouse foetal explant model
(Sully et al. 2012). Therefore, these findings indicate that in immunosuppressed
patients, rapamycin may increase epidermal AKT1 phosphorylation and activity,
promoting terminal differentiation and reducing cSCCs.
Autophagy is regulated by different cell signalling pathways. However, in epidermis
the AKT/mTORC1 pathway is a key regulator of epidermal development and
differentiation (see section 2.2.; Calautti et al. 2005; Thrash et al. 2006;
O'Shaughnessy et al. 2007). Therefore, most mTORC1 probably also regulates
epidermal autophagy.

In the previous chapter I show that autophagy is a

mechanism of organelle degradation during epidermal terminal differentiation.
Therefore, I wanted to determine whether rapamycin has an effect on epidermal
autophagy and epidermal differentiation, which may contribute to the beneficial
effects of rapamycin on cSCC development in OTRs.
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Initial experiments with REK monolayer cultures show that rapamycin treatment
increases LC3II protein levels (Fig. 4.4; Appendix 12). Immunofluorescence analysis
of these cells shows a rapamycin‐induced increase in total LC3 expression levels and
LC3 aggregate formation (Fig. 4.4, Fig. 4.5, Fig. 4.6). These results show that
keratinocytes are capable of rapamycin‐induced autophagy. In the previous chapter
I used monolayer primary keratinocytes as a model to show that autophagy is a
mechanism of organelle degradation in terminally differentiating keratinocytes.
Therefore, in this chapter I wanted to find verify whether primary human
keratinocytes also respond to rapamycin‐induced autophagy.
In primary human keratinocyte cultures, both undifferentiated and differentiated
keratinocytes respond to rapamycin treatment with an increase in LC3 turn‐over
(LC3II/LC3I ratios, Fig. 4.5). Immunofluorescence analysis of LC3 in primary
monolayer cultures shows that rapamycin increases LC3 intensities/cell but it does
not affect the numbers of LC3 aggregates/cell (Fig. 4.6). Therefore, I conclude that
undifferentiated and differentiated monolayer keratinocytes respond to rapamycin
induced autophagy.
Although both undifferentiated and differentiated monolayer keratinocyte cultures
represent different keratinocyte differentiation stages, these cells cannot reflect
exactly what happens in the epidermis. The differentiated monolayer culture is a
mix of K14 positive proliferating cells, early differentiated K1 expressing cells and
filaggrin positive terminally differentiating keratinocytes (Fig. 3.8). So, analysis of
the differentiated monolayer keratinocyte population does not show exactly which
epidermal differentiation stage responds to rapamycin treatment. As a next step I
analysed the effects of rapamycin on autophagy in REK organotypic cultures.
REKs stratify in 3D cultures forming a granular and cornified layer, like in epidermis.
In REK organotypics, WIPI1 is present as puncta in the upper layers of vehicle‐
treated 3D cultures (Fig. 4.8). Rapamycin confines WIPI1 to fewer epidermal layers.
In REK organotypics, granular layer LC3 is up‐regulated but is also restricted to
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fewer layers after rapamycin treatment. These results show that rapamycin affects
the expression pattern of autophagy markers in the upper layers and increases
granular layer LC3 expression and LC3 aggregate formation. Therefore, in REK 3D
cultures granular layer keratinocytes responds to rapamycin‐induced autophagy.
Although REK organotypics are very similar to epidermis, they cannot completely
mimic the epidermis. Therefore, I treated mouse foetal explant cultures with
different doses of rapamycin to determine whether rapamycin affects epidermal
autophagy. In mouse foetal explants, rapamycin changes the expression pattern of
only granular layer autophagy markers, whereas basal BECN1 and ATG5‐ATG12 are
unaffected by rapamycin treatment (Fig. 4.10b). LC3 expression and LC3 aggregate
formation in the granular layers of foetal explants is dose‐dependently up‐regulated
with rapamycin (Fig. 4.10c and Fig. 4.11). These results show that in epidermis,
mainly granular layer keratinocytes respond to rapamycin‐induced autophagy.
However, it is unclear whether this rapamycin‐induced increase in autophagy
marker expression and LC3 aggregate formation is due to rapamycin‐mediated
mTORC1 inhibition or other effects of rapamycin. Therefore, I used another mTOR
inhibitor Torin1 to verify this.
At low concentrations, Torin1 blocks mTORC1 activity, whereas at higher
concentrations it inhibits both mTORC1 and mTORC2 (Thoreen et al. 2009). I
compared the effects of low Torin1 concentrations on foetal explants cultures to
rapamycin and vehicle‐treated explants. Torin1 has similar effects on autophagy
marker expression and LC3 levels compared to rapamycin. Both Torin1 and
rapamycin change granular layer autophagy marker expression patterns and
increase LC3 expression levels as well as the amount of LC3 aggregates in the
granular layer (Fig. 4.13c). However, Torin1 has a much stronger effect on granular
layer LC3 expression and LC3 vesicle formation (Fig. 4.13c). These results confirm
that the rapamycin‐mediated increase in granular layer autophagy is due to
rapamycin‐induced mTORC1 inhibition. Therefore, I show that constitutive granular
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layer autophagy is up‐regulated by rapamycin‐mediated mTORC1 inhibition in
epidermis.
My findings suggest that rapamycin and its analogues may exert their anti‐
carcinogenic effects on treated transplant patients by increasing epidermal AKT1
activity as well as epidermal autophagy levels. Epidermal AKT1 is associated with
more differentiated keratinocytes (Fig. 4.1) and in my previous chapter I show that
constitutive granular layer autophagy is a mechanism of organelle degradation
during terminal differentiation in epidermis. Therefore, promoting AKT1 activity as
well as increasing granular layer autophagy may support epidermal terminal
differentiation in OTRs, preventing formation and progression of cSCCs.
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Chapter 5
RESULTS
Functional importance of autophagy
in epidermis
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Functional importance of autophagy in epidermis

Introduction
Autophagy, which can be a pro‐survival or a cell death mechanism, has been
implicated in a number of cellular processes including starvation, differentiation,
immunity, aging, and tumourigenesis. In chapters 3 and 4, I show that autophagy is
constitutively active in the granular layer of the epidermis where terminal
differentiation occurs, and this constitutive autophagy is sensitive to mTORC1
inhibition. Also, autophagy is a mechanism of nucleus degradation during
keratinocyte terminal differentiation in vitro. Therefore, one of the aims of this
chapter is to determine whether autophagy plays a role in epidermal barrier defect
diseases due to incomplete keratinocyte terminal differentiation, like psoriasis.
One of the main functions of the epidermis is to protect the organism from UV
irradiation however UV exposure also increases the risk of developing cutaneous
Squamous Cell Carcinomas (cSCCs) (Alam and Ratner 2001; Eberle et al. 2007; Leiter
and Garbe 2008). HPV infections have also been implicated in SCC formation (Storey
and Simmonds 2009; Neale et al. 2013). Therefore, other aims of this chapter are to
determine the effects of UV irradiation on autophagy marker expression in healthy
mouse epidermis as well as during HPV8‐induced cSCC formation in transgenic
mice. Also, the expression pattern of the autophagosome marker, LC3 was analysed
in cSCC patient samples. The results from these experiments may have future
therapeutic implications in the treatment of barrier defects and epidermal SCCs.
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Results
5.1
Expression of autophagy markers in an epidermal barrier
defect disease, psoriasis
Psoriasis vulgaris or plaque psoriasis is a skin barrier defect which is characterized
by keratinocyte hyperproliferation and abnormal terminal differentiation, as well as
infiltration of immune cells into the dermis and epidermis, and increased
vascularisation (reviewed in Raychaudhuri 2012).
H&E staining of psoriatic and healthy human epidermis show hyperproliferative and
thicker epidermis in lesional psoriatic skin (involved skin) compared to non‐lesional
psoriasis (uninvolved skin) and healthy epidermis (Fig. 5.1a). Also, the cornified
layer of the psoriatic lesion is thicker and still contains nuclei compared to the
cornified layers in non‐lesional psoriasis and healthy skin where nuclei are
completely absent (blue vertical line, Fig. 5.1b). There is also no clear granular layer
in the involved skin compared to uninvolved epidermis and healthy epidermis
where the granular layer is clearly defined (blue arrows, Fig. 5.1b).
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Figure 5.1: H&E staining of lesional and non‐lesional psoriatic skin, and healthy
skin.
(a) H&E staining of non‐lesional and lesional psoriatic epidermis, and healthy epidermis
shows thicker epidermis in lesional psoriatic skin compared to non‐lesional psoriasis and
healthy epidermis. The uppermost layer of lesional psoriatic epidermis is para‐keratotic
with nuclei still present in the cornified envelope, whereas non‐lesional and healthy
epidermis has corneocytes without nuclei.
Black bar = 50um
(b) Enlargements of H&E staining of psoriatic lesion, non‐lesional psoriasis and healthy
epidermis show thicker uppermost layer and nuclei retention in psoriatic lesion (blue
vertical line), whereas the cornified layer of non‐lesional psoriatic skin and healthy
epidermis are completely free from nuclei (blue vertical line). Also, in psoriatic lesions,
there is no clear granular layer compared to non‐lesional psoriatic skin and healthy
epidermis (blue arrows).
Black bar = 20um. Blue vertical line = cornified layer. Blue arrows = granular layer.
The figure is representative of n=6 different samples of psoriatic lesions and n=5 different
samples of healthy adult epidermis.
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These results show that in psoriatic lesions, the granular layer is absent and the
cornified layer is para‐keratotic suggesting incomplete terminal differentiation. This
results in improper barrier function of the epidermis, which is characteristic for
psoriasis. However, in uninvolved skin, there is a clearly defined granular layer and
corneocytes have no nuclei similar to healthy epidermis.
Therefore I wanted to verify my hypothesis, that autophagy is a mechanism for
organelle degradation during terminal differentiation in epidermis, by determining
whether the autophagosome maker LC3 is present in psoriatic lesions and also, by
analysing the expression pattern of other autophagy markers.
Immunofluorescence analysis of healthy adult epidermis shows that LC3 is
expressed in all layers of the epidermis with the strongest expression in the granular
layers (Fig. 3.2; Fig. 5.2). In psoriatic lesions which are characterised by
parakeratosis, LC3 is completely absent from all layers of the epidermis, including
the upper layers (Fig. 5.2). In non‐lesional psoriatic epidermis where cornification
occurs, LC3 is present in the granular layer where it forms aggregates. However, the
expression level of LC3 in all epidermal layers of non‐lesional psoriasis is strongly
reduced compared to healthy epidermis (Fig. 5.2). This suggests that in the
epidermis of psoriatic lesions, which are characterised by nuclei retention in the
uppermost epidermal layers, there are no autophagic vesicles. However, in non‐
lesional psoriatic epidermis, where there is no nuclei retention in the uppermost
layers and cornification can occur, there are LC3 positive autophagic vesicles in the
granular layer.
WIPI1 is not expressed in any layers of lesional psoriatic epidermis, whereas it is
expressed at low levels in the upper layers of non‐lesional psoriatic epidermis,
similar to healthy epidermis (Fig. 5.2). However, WIPI1 expression levels are much
lower in non‐lesional psoriatic epidermis compared to healthy epidermis (Fig. 5.2).
This suggests that where cornification can occur, like in non‐lesional psoriatic skin
and healthy skin, WIPI1 is expressed in the upper layers.
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In healthy skin, ULK1 is expressed in all layers of the epidermis with highest
expression levels in the upper layers (Fig. 3.2; Fig. 5.2). In non‐lesional psoriatic
epidermis, ULK1 is expressed in the supra‐basal and granular layers with an
expression intensity which is much higher than in healthy epidermis (Fig. 5.2). In
lesional psoriatic epidermis, ULK1 is highly expressed in all epidermal layers except
in the parakeratotic uppermost layers (Fig. 5.2). This shows that in both lesional and
non‐lesional psoriatic epidermis, ULK1 expression is deregulated.
Immunofluorescence analysis of BECN1 expression in healthy epidermis shows that
BECN1 is predominantly expressed in the proliferating basal layer (Fig. 3.2; Fig. 5.2).
In non‐lesional psoriatic skin, BECN1 is present in the basal and para‐basal layers,
whereas BECN1 is expressed strongly in the supra‐basal layers of lesional psoriatic
skin (Fig. 5.2).
The expression pattern of ATG5‐ATG12 is similar to BECN1 with a strong basal layer
expression of ATG5‐ATG12 in healthy epidermis (Fig. 3.2; Fig. 5.2). In non‐lesional
psoriatic skin, ATG5‐ATG12 is also mainly expressed in the basal layer (Fig. 5.2).
However, in lesional psoriatic epidermis, ATG5‐ATG12 is expressed in the supra‐
basal layers (Fig. 5.2). These results suggest that both BECN1 and ATG5‐ATG12 are
highly over‐expressed in lesional psoriatic epidermis.
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Figure 5.2: Autophagy marker expression profile in non‐lesional and lesional
psoriatic skin compared to healthy skin.
Immunofluorescence analysis of autophagy markers was performed on lesional psoriatic
skin compared to non‐lesional psoriatic skin and healthy epidermis. In lesional psoriatic skin
LC3 and WIPI1 are not expressed. However, in non‐lesional psoriatic skin, LC3 and WIPI1 are
expressed in the upper layers, similar to the LC3 and WIPI1 expression patterns in healthy
epidermis. In both lesional and non‐lesional psoriatic epidermis, ULK1 expression is strongly
up‐regulated in the supra‐basal layers compared to healthy epidermis. BECN1 and ATG5‐
ATG12, which are strongly expressed in the basal layer of healthy epidermis and in the basal
and para‐basal layers of non‐lesional psoriatic epidermis, are up‐regulated in the supra‐
basal layers of lesional psoriatic epidermis.
This figure is representative of n=6 samples of psoriatic lesions and n=5 samples of healthy
epidermis. Red vertical bars = cornified layers. Black bar = 20 um.
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Therefore, I conclude that immunofluorescence analysis of autophagy markers in
psoriatic skin shows that autophagy marker expression is deregulated in psoriatic
lesions compared to healthy epidermis. In non‐lesional psoriasis, autophagy marker
expression pattern is similar to healthy epidermis however, autophagy marker
expression levels are still altered. Also, the autophagosome marker LC3, which is
expressed in all layers of healthy epidermis with the highest intensity in the granular
layers, is completely absent from the epidermis of psoriatic lesions. Non‐lesional
psoriatic epidermis expresses LC3 in the granular layers but at lower levels
compared to healthy epidermis.
In conclusion, I observe that in psoriatic skin, were cornification occurs, granular
layer autophagy markers are expressed in a manner similar to healthy epidermis,
and LC3 is present in the granular layers. However, in psoriatic lesions where there
is improper cornification with nuclear retention, autophagy marker expression is
deregulated and there is no LC3 expression in the upper layers.
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5.2
Expression of autophagy markers in mouse epidermis during
recovery from UV exposure.
One of the main hazards the epidermis is exposureexposed to is UV. UV has been
shown to induce epidermal hyperproliferation as well as altered AKT isoform
expression which is important for keratinocyte differentiation (Kinouchi et al. 2002;
O'Shaughnessy et al. 2007b; Sully et al. 2012). Therefore, I wanted to determine
whether autophagy also plays a role in the epidermal response to UV exposure.
Dorsal mouse epidermis was exposed to solar‐simulated UV irradiation (10 J/cm2
UVA and 1 J/cm2 UVB) and harvested at different time‐points. H&E staining shows
UV‐induced hyperproliferation 3 days (d3) after UV exposure compared to the
epidermis before UV exposure (d0) (Fig. 5.3a). At d10 hyperproliferation is reduced
suggesting that the epidermis is recovering from UV exposure (Fig. 5.3a). At d24, the
epidermis has fully recovered and the initial thickness of the epidermis is restored
(Fig. 5.3a).
Immunofluorescence analysis of epidermal differentiation markers shows that the
terminal differentiation marker, loricrin, is strongly expressed in the granular layer
of mouse epidermis at all the time‐points before and after UV exposure (Fig. 5.3b).
This suggests that terminal differentiation is not affected by UV exposure.
K1, a marker for early keratinocyte differentiation, is expressed in the supra‐basal
layers at d0 (Fig. 5.3b). At d3, the time point when epidermal hyper‐proliferation is
highest in my samples, K1 is only expressed at low levels in the uppermost layers of
the epidermis (Fig. 5.3b). However, at d10, K1 expression is restored in the supra‐
basal layers, and this expression pattern is maintained at d24 (Fig. 5.3b). These
results show that UV‐induced hyperproliferation coincides with reduced expression
of K1.
A marker for proliferating keratinocytes, K14 is strongly expressed in the basal layer
of epidermis at d0 (Fig. 5.3b). K14 expression is strongly up‐regulated in all layers of
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the hyperproliferative epidermis at d3 and is no more confined to the basal layer
(Fig. 5.3b). As the epidermis recovers at d10, K14 is present in the basal layer and at
lower levels in the supra‐basal layers. At d24, K14 is mainly expressed in the basal
layer (Fig. 5.3b). These results suggest that UV exposure increases the K14
expressing proliferative compartment of epidermis, which coincides with epidermal
hyperproliferation.
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Figure 5.3: Expression of epidermal differentiation markers in UV‐exposed healthy
adult mouse epidermis.
(a) H&E staining of UV exposed adult epidermis covering the period before UV irradiation
(d0) to 24 days after UV exposure (d24). At d3 the epidermis is thicker and
hyperproliferative compared to d0. Epidermal hyperproliferation and thickness is reduced
at d10 compared to d3, but is still thicker than at d0. At d24, epidermal thickness has
returned to normal, similar to d0.
(b) Expression of epidermal differentiation markers loricrin, K1 and K14 in UV exposed
mouse epidermis shows expression of the terminal differentiation marker loricrin in the
granular layers of d0, d3, d10 and d24. K1, a marker of early epidermal differentiation is
expressed in the supra‐basal layers at d0. However, at d3 when UV induced
hyperproliferation is highest, K1 is only expressed at very low levels in the upper epidermal
layers. At d10 and d24, K1 expression is back to the supra‐basal layers of the epidermis. A
marker for proliferating basal keratinocytes, K14, is strongly expressed in the basal layer of
d0 epidermis. At d3, K14 is strongly expressed in all layers of the epidermis. At d10, K14
expression is reduced but is still present in all epidermal layers. However at d24, K14
expression is mainly in the lower epidermal layers.
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Figure 5.3: Expression of epidermal differentiation markers in UV‐exposed healthy
adult mouse epidermis.
(c)(a)

H&E staining of UV exposed adult epidermis covering the period before UV

irradiation (d0) to 24 days after UV exposure (d24). At d3 the epidermis is thicker and
hyperproliferative compared to d0. Epidermal hyperproliferation and thickness is reduced
at d10 compared to d3, but is still thicker than at d0. At d24, epidermal thickness has
returned to normal, similar to d0.
(d)(b)

Expression of epidermal differentiation markers loricrin, K1 and K14 in UV

exposed mouse epidermis shows expression of the terminal differentiation marker loricrin
in the granular layers of d0, d3, d10 and d24. K1, a marker of early epidermal differentiation
is expressed in the supra‐basal layers at d0. However, at d3 when UV induced
hyperproliferation is highest, K1 is only expressed at very low levels in the upper epidermal
layers. At d10 and d24, K1 expression is back to the supra‐basal layers of the epidermis. A
marker for proliferating basal keratinocytes, K14, is strongly expressed in the basal layer of
d0 epidermis. At d3, K14 is strongly expressed in all layers of the epidermis. At d10, K14
expression is reduced but is still present in all epidermal layers. However at d24, K14
expression is mainly in the lower epidermal layers.
This figure is representative of n=2 different samples of mouse epidermis. Bar = 20 um.
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Therefore, I conclude that exposure of the epidermis to solar‐simulated UV has no
effect on epidermal terminal differentiation but it drastically reduces the K1
positive, early differentiating keratinocytes of the supra‐basal layer. This is
accompanied by UV‐induced expansion of the K14 expressing proliferative
compartment. As the epidermis recovers and hyperproliferation is reduced, normal
expression of epidermal differentiation markers is restored.
As the next step, I proceeded to analyse the expression of autophagy markers in
response to UV. At d0 before UV exposure, LC3 is expressed strongly in the granular
layers and ULK1 is expressed all through the epidermis with slightly stronger
expression intensity in the granular layers (Fig. 5.4). The ATG5‐ATG12 complex and
BECN1 are strongly expressed in the basal layer at d0 (Fig. 5.4). WIPI1 shows a
punctate expression pattern in the upper layer of d0 epidermis (Fig. 5.4).
At d3, when UV‐induced epidermal hyperproliferation is at its peak in the time
points analysed, LC3 is highly expressed in all layers of the epidermis (Fig. 5.4). At
this time‐point ULK1, ATG5‐ATG12 and BECN1 are also strongly expressed all
through the epidermis (Fig. 5.4). However, WIPI1, usually present as puncta in the
uppermost layers, is unaffected by UV irradiation and shows punctate expression in
the upper layers of d3 epidermis (Fig. 5.4). This WIPI1 expression pattern is
maintained throughout recovery of the epidermis from UV exposure (Fig. 5.4).
At d10, when hyperproliferation is reduced and the epidermis has partially
recovered from UV, LC3 expression returns to the granular layers (Fig. 5.4). ULK1 is
also mainly expressed in the granular layer (Fig. 5.4). The ATG5‐ATG12 complex and
BECN1 are strongly expressed in the basal and para‐basal layers (Fig. 5.4).
At d24 when the epidermis has recovered and epidermal thickness has returned to
normal, LC3 is strongly expressed in the granular layer and ULK1 expression is
reduced in all epidermal layers, similar to d0 (Fig. 5.4). At d24, the ATG5‐ATG12
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complex and BECN1 are mainly expressed in the basal layer like before UV exposure
at d0 (Fig. 5.4).
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Figure 5.4: Expression of autophagy markers in UV‐exposed healthy adult mouse
epidermis.
UV exposed adult epidermis covering the period before UV irradiation (d0) to 24 days after
UV exposure (d24) shows granular layer expression of LC3, and WIPI1 at d0 and ULK1 is
expressed all through the epidermis. At d0, ATG5‐ATG12 and BECN1 are strongly expressed
in the basal layer. The epidermis is thicker and hyperproliferative at d3, reflecting a strong
signal for LC3, ULK1, BECN1 and ATG5‐ATG12, whereas WIPI1 is down‐regulated and only
present in the uppermost layers. At d10, LC3 and ULK1 expression is reduced in the supra‐
basal layers and are more concentrated in the granular layers. Also at d10, WIPI1 is
expressed in the upper layers similar to d0 and, supra‐basal ATG5‐ATG12 and BECN1
expression

is

also

reduced.

The

epidermis

has

recovered

from

UV‐induced

hyperproliferation at d24 and also shows normal autophagy marker expression like at d0.
This figure is representative of n=2 different samples of adult mouse epidermis.
Bar = 20 um.
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Immunofluorescence analysis of autophagy markers during the recovery of adult
mouse epidermis from UV shows that UV induces a deregulation in autophagy
marker expression patterns which coincides with epidermal hyperproliferation. UV‐
induced hyperproliferation goes hand in hand with over‐expression of LC3, ULK1,
BECN1 and ATG5‐ATG12 in all layers of the epidermis compared to non‐irradiated
epidermis. This shows that all epidermal layers can express autophagy proteins,
suggesting all epidermal layers are capable of autophagy. Therefore, solar‐
simulated UV is ancan inducer of autophagy in all layers of the epidermis.
In this section, I show that UV induces hyperproliferation of the epidermis with
expansion of the proliferating K14 expressing compartment and reduction in the
early differentiated K1 positive cells, which coincides with a deregulation in
autophagy markers. As the epidermis recovers, the proliferating compartment
returns to the basal layer and the early differentiated supra‐basal layer is restored.
Also, autophagy marker expression returns to normal.
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5.3
Expression of autophagy markers in mouse ear epidermis in
response to culture stress
Exposure to UV is an external stress which I have shown to induce a deregulation in
autophagy marker expression. Therefore, for further experiments analysing the UV
response of epidermis, I planned to use adult ear epidermal explant cultures. The
benefit of using adult ear epidermis over epidermis from other body sites is the
ease in isolation of the skin and its culturing compared to epidermis from other
body regions which have more hair and hair follicles which would also interfere with
UV experiments.
However, as an initial experiment, adult mouse ear epidermis was isolated and
cultured for 48h before harvesting. In vitro culturing of adult ear skin is a drastic
change in environment as well as in the supply of nutrients. Therefore, it was of
great interest to determine whether in vitro culturing of adult ear epidermis has any
effects on the expression of the epidermal stress marker Keratin6 (K6), and on
autophagy markers.
To determine whether isolating and culturing adult ear epidermis induces stress,
the expression of K6 was analysed. K6 is usually expressed in the hair follicle and in
palmo‐plantar epidermis as well as in stressed skin (Stark et al. 1987; Rothnagel et
al. 1999). Immunofluorescence analysis of K6 in cultured mouse epidermis shows
that K6 is only present in the hair follicles at 0h culture, indicating healthy and
unstressed epidermis (Fig. 5.5). At 24h culture, K6 is expressed in the basal layer of
the ear epidermal explants (Fig. 5.5). After 48h in culture epidermal K6 expression is
further up‐regulated (Fig. 5.5). This suggests that in vitro culturing of adult mouse
ear epidermis induces a stress response and K6 expression.
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Figure 5.5: Expression of Keratin6 (K6) in cultured adult mouse ear epidermis.
Adult ear epidermis was cultured for 24h and 48h before harvesting. Immunofluorescence
analysis of K6 expression shows it is absent in uncultured skin (0h culture). Culturing the
epidermis for 24h induces expression of K6 which is further up‐regulated after 48h in
culture. These results suggest that culturing epidermis in vitro induces expression of the
epidermal stress marker K6.
This figure is representative of n=2 different samples of adult mouse epidermis.
Bar = 20 um.
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Immunofluorescence analysis of K6 expression in adult mouse ear explant cultures
shows that the stress response of the epidermis increases with pro‐longed in vitro
culturing. As a next step, I wanted to determine whether epidermal differentiation
in ear explant epidermis is affected by culture stress.
Immunofluorescence analysis of epidermal differentiation markers in adult ear
explant cultures shows that the terminal differentiation marker loricrin is strongly
expressed in the granular layer of uncultured ear explant epidermis (Fig.5.6). Ear
explants cultured for 24h and 48h show a similar granular layer expression pattern
of loricrin, suggesting terminal differentiation is unaffected by culture stress
(Fig.5.6).
A marker of early keratinocyte differentiation, K1, which is usually expressed in the
supra‐basal layer of body epidermis, is expressed in all layers of uncultured adult
ear epidermis with stronger expression around the hair follicles (Fig.5.6). This
suggests that the expression pattern of K1 in mouse ear epidermis is slightly
different from other body regions. However, after 24h in culture, K1 is still
expressed in all layers of the explant epidermis but at very slightly higher expression
levels compared to uncultured ear epidermis (Fig.5.6). The expression intensity of
K1 is further marginally increased after 48h in culture (Fig.5.6). These results
suggest that culture stress may affects K1 expression in adult ear explant cultures.
K14, a marker for proliferating keratinocytes is strongly expressed in the basal layer
of uncultured adult ear epidermis (Fig.5.6) which is similar to K14 expression in body
epidermis. After 24h in culture, K14 expression is very slightly reduced in the ear
explant cultures (Fig.5.6) and these reduced K14 expression levels are maintained in
the basal layer at 48h (Fig.5.6). Therefore, culturing adult ear explants in vitro
marginally reduces the K14 expression levels in the basal layer slightly, but this is
not further reduced affected with pro‐longed culture.
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Figure 5.6: Expression of epidermal differentiation markers in cultured adult
mouse ear epidermis.
Adult ear epidermis was cultured for 24h and 48h before harvesting. Immunofluorescence
analysis of the terminal differentiation marker loricrin shows granular layer expression of
loricrin in uncultured epidermis, as well as at 24h and 48h. K1, a marker for early
keratinocyte differentiation, is expressed in all epidermal layers of uncultured ear
epidermis, with a stronger expression around the developing hair follicle. At 24h and 48h,
K1 is also expressed in all layers of the epidermis with increased expression intensity. K14, a
marker for proliferating basal layer keratinocytes, is strongly expressed in the lower
epidermal layers of uncultured ear explant skin. At 24h and 48h, K14 is still expressed in the
basal layers of the ear explants, however at slightly lower expression levels compared to
uncultured epidermis.
This figure is representative of n=2 different samples of adult mouse epidermis.
Bar = 20 um.

279

Culturing mouse ear epidermis in vitro induces a stress response which leads to a
slight marginal increase in K1 expression levels accompanied by a very slight
decrease in K14 expression intensities. However, the K1 and K14 expressing
compartments are not changed, only the expression intensities are altered. The
loricrin positive terminally differentiating keratinocytes are unaffected by culture
stress. This suggests that in adult ear epidermal explants, the layers of epidermis
representing different keratinocyte differentiation stages are still maintained, but
there is a change in the expression levels of epidermal differentiation markers.
Therefore, mouse ear epidermal explant cultures are a suitable model to analyse
the effects of in vitro culture stress on the epidermis. The expression of autophagy
markers, in this model for epidermal culture stress, was then analysed.
Immunofluorescence analysis shows that at 0h culture, there is very low expression
of LC3 in the ear epidermis however LC3 is highly expressed in the hair follicles and
sebaceous glands (Fig. 5.7). WIPI1 is strongly expressed in the granular and cornified
layers of uncultured epidermis (Fig. 5.7). The ATG5‐ATG12 complex as well as
BECN1, show low expression levels in the basal layer of uncultured ear epidermis.
However, BECN1 and ATG5‐ATG12 are strongly expressed in the hair follicles and
the sebaceous glands of the ear explant epidermis (Fig. 5.7).
24h after in vitro culture of ear epidermis explants, which shows K6 expression (Fig.
5.5), LC3 is strongly up‐regulated in all layers of the ear explant epidermis (Fig. 5.7).
BECN1 and ATG5‐ATG12 expression is also increased however their expression is
still confined to the basal layer (Fig. 5.7).
Ear explant epidermis cultured for 48h maintains the LC3 expression in all layers of
the epidermis however the intensity of LC3 expression is increased (Fig. 5.7). BECN1
and ATG5‐ATG12 are still highly expressed in the basal layers of the ear explant
cultures, similar to ear epidermis explants cultured for 24h (Fig. 5.7). WIPI1
expression is unaffected by culture stress and is still present as puncta in the upper
layers of the ear epidermis explants (Fig. 5.7).
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Figure 5.7: Immunofluorescence analysis of autophagy markers in cultured adult
mouse ear epidermis.
Immunofluorescence analysis of LC3 expression shows it is expressed at low levels in the
epidermis of uncultured skin (0h culture). After 24h in culture, LC3 expression is highly up‐
regulated in all layers of the epidermis and these high levels of LC3 are maintained at 48h.
However under all culture conditions, LC3 is strongly expressed in the hair follicles and in
the sebaceous glands. At 0h culture, WIPI1 is strongly expressed in the upper layers of ear
epidermis. However, 24h and 48h culture induces a slight reduction in WIPI1 levels. ATG5‐
ATG12 is mainly expressed in the hair follicle in uncultured ear skin. After 24h and 48h
culture, ATG5‐ATG12 is strongly expressed in the basal layer of the ear epidermis. At 0h,
BECN1 shows a patchy basal layer expression pattern which is then up‐regulated and
continuously expressed in the basal layer of 24h and 48h cultured epidermis. ATG5‐ATG12
and BECN1 are also present in hair follicles and sebaceous glands of the ear epidermis.
This figure is representative of n=2 different samples of adult mouse epidermis.
Bar = 20 um.
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These results show that ear epidermis is stressed by in vitro culturing and this
induces the expression of K6. Uncultured ear epidermis does not express K6 and
shows low expression levels of LC3, ATG5‐ATG12 and BECN1. In vitro cultures of ear
epidermis explants show high expression levels of LC3 in all layers of the epidermis
and increased basal layer expression of ATG5‐ATG12 and BECN1. This shows that
culturing of adult ear epidermis induces stress as well as increases expression of
autophagy markers. The high expression levels of LC3 in stressed ear epidermis
suggest increased levels of autophagy in all epidermal layers.
To determine whether autophagy levels are up‐regulated in stressed ear explants, I
performed Western blot analysis of ear epidermis explant lysates. Culturing ear
epidermis for 24h induces an increase in LC3II levels compared to LC3II at 0h (Fig.
5.8). This suggests increased autophagosome formation and higher autophagy
levels induced by the stress of in vitro culturing. BECN1 is also up‐regulated in ear
explants cultured for 24h compared to 0h (Fig. 5.8). However, no changes in the
ATG5‐ATG12 expression level was detected with Western blot analysis (Fig. 5.8).
The expression levels of ATG5‐ATG12 at both 0h and 24h are very high, so any
subtle change in ATG5‐ATG12 expression levels may not be detected.
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Figure 5.8: Western blot analysis of autophagy markers in cultured adult mouse
ear epidermis.
The expression levels of autophagy markers LC3, BECN1 and ATG5‐ATG12 were analysed in
epidermal protein lysates of cultured ear explants using Western blot analysis. The
expression levels of BECN1 are increased after 24h culture compared to BECN1 levels in
uncultured epidermis. The ATG5‐ATG12 complex is expressed at very high levels at both 0h
and 24h cultures so, any subtle change in ATG5‐ATG12 levels is not clear. After 24h culture,
the level of LC3II is increased compared to the uncultured epidermis.
This figure is representative of n=2 different samples of adult mouse epidermis.
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In vitro culturing of adult ear epidermis explants induces K6 expression suggesting
the culture conditions trigger a stress response in the ear epidermis explants.
Immunofluorescence analysis of LC3 shows that culture stress induces a high up‐
regulation of LC3 in all epidermal layers. This was confirmed by Western blot
analysis which shows increased LC3 cleavage after 24h in culture, suggesting
increased

autophagosome

formation

in

stressed

epidermis.

Both

immunofluorescence and Western blot analysis show that culture stress also
increases BECN1 levels, which is predominantly expressed in the basal layers of ear
epidermis. Immunofluorescence analysis also shows higher ATG5‐ATG12 expression
in the basal layer of stressed ear epidermis explants. However, Western blot
analysis could not confirm this.
The ear epidermis contains numerous hair follicles and sebaceous glands which may
contaminate epidermal protein lysates analysed by Western blotting although the
dermis was separated from the epidermis before protein lysates were prepared.
However, immunofluoresence analysis of autophagy markers in ear epidermis
explants also shows that the expression of these proteins in hair follicles and in
sebaceous glands does not vary in response to culture stress.
Therefore, in this section I show that in vitro culturing of adult ear epidermis
induces stress as well as an increase in autophagy levels. Therefore, autophagy may
be an epidermal stress response which occurs in all layers of the epidermis, similar
to UV‐induced autophagy. This model was therefore not suitable for my initial plan
to analyse the effects of UV on epidermal autophagy.
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5.4
Expression of autophagy markers during HPV8‐induced cSCC
formation in adult mouse epidermis.
There is some controversy in the research field as to whether cutaneous HPV
infections are linked to SCC formation (Harwood et al. 2004; Arron et al. 2011;
commentary in Schiller and Buck 2011; reviewed in McLaughlin‐Drubin et al. 2012;
Neale et al. 2013). However, HPV8 transgenic mice expressing the complete early
region of HPV8 (HPV8‐CER) under the K14 promoter have been shown to develop
epidermal dysplasias, papillomas and cSCCs with age and also, after UV exposure
(Schaper et al. 2005; Marcuzzi et al. 2009; Hufbauer et al. 2010).
Paraffin‐embedded mouse tissue samples of transgenic hemizygous mice expressing
all early genes of HPV8 (HPV8‐CER) under the control of the K14 promoter
backcrossed into the FVB/N background were kindly provided by B. Akguel (Schaper
et al. 2005; Hufbauer et al. 2010). HPV8‐CER transgenic mice were shaved and
exposed to a combination of 10 J/cm2 UVA and 1 J/cm2 UVB on 4 cm2 areas of skin.
The transgene is controlled by the human K14 promoter and this restricts HPV8‐CER
expression to mainly the basal layer and reduced expression in the spinous layer.
UV exposure increases epidermal K14 expression and induces hyperproliferation
and expansion of the K14 expressing keratinocytes (Fig. 5.3; Kinouchi et al. 2002).
So, in HPV8‐transgenic mice, UV exposure activates K14 as well as HPV8‐CER. As
wild‐type epidermis recovers from UV exposure, K14 expression and hyperplasia is
reduced (Fig. 5.3), whereas in the transgenic mice, HPV8‐CER expression is further
increased with proliferation of HPV8‐CER expressing keratinocytes. This leads to
formation of papillomas and also SCCs (Marcuzzi et al. 2009; Hufbauer et al. 2010).
I decided to use this mouse model to determine whether autophagy marker
expression is changed during HPV8‐mediated SCC formation. UV exposed HPV8‐CER
transgenic mouse skin was harvested just before UV irradiation (d0) and then at
different time points after UV exposure. H&E staining of HPV‐8 mouse skin samples
shows 3 days (d3) after UV irradiation, the epidermis is hyperproliferative compared
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to d0 (Fig. 5.9a). This is similar to the UV‐induced hyperplasia observed in healthy
mouse epidermis at d3 (Fig 5.3). However, at d10 in HPV8 mice, epidermal
hyperproliferation is increased and the epidermis is thicker than at d3. At d24,
papillomas are formed (Fig. 5.9a). These results show that UV‐induced
hyperproliferation does not recover in HPV8‐transgenic mice but leads to the
formation of papillomas, confirming published data (Hufbauer et al. 2010).
Next, I wanted to determine the expression pattern of epidermal differentiation
markers during HPV8‐induced papilloma formation. The terminal differentiation
marker, loricrin is strongly expressed in the granular layer of non‐irradiated HPV8‐
CER mouse epidermis (Fig. 5.9b). At d3, loricrin is still present in the granular layer
of the hyperproliferative epidermis however its expression intensity is reduced (Fig.
5.9b). At d10, loricrin is strongly expressed in the upper layers of the dysplastic
epidermis and also in the keratin whorls of the papillomas at d24 (Fig. 5.9b). This
suggests that where cornification can occur, in the uppermost layers of the
epidermis, or within the papillomas, loricrin is expressed.
K1, a marker for early keratinocyte differentiation is expressed in the supra‐basal
layers of untreated HPV8‐CER mouse epidermis (Fig. 5.9b). At d3, K1 is only
expressed in very few supra‐basal keratinocytes of the hyperproliferative epidermis
(Fig. 5.9b). At d10, when epidermal hyperproliferation is further increased, K1 is still
expressed in only a few supra‐basal cells (Fig. 5.9b). In the papillomas at d24, K1 is
expressed at low levels in a few keratinocytes (Fig. 5.9b). These results suggest that
hyperproliferation induced by UV exposure and activation of the transgene HPV8‐
CER, lead to a reduction in K1 expression.
In untreated transgenic mouse epidermis, K14, a marker for proliferating
keratinocytes, is mainly expressed in the basal layer and in the hair follicle (Fig.
5.9b). At d3, corresponding to the first signs of epidermal hyperplasia in the time
points analysed, K14 expression is highly up‐regulated in all layers of the epidermis
(Fig. 5.9b). At d10, when epidermal thickness and hyperproliferation is further
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increased, K14 is still expressed in all epidermal layers (Fig. 5.9b). and is maintained
in the papillomas at d24 (Fig. 5.9b). This suggests that UV exposure of HPV8‐CER
transgenic mouse skin induces high expression of K14 and expansion of the K14
expressing keratinocytes, which are still present in the fully formed papillomas.

287

Figure 5.9: Expression of epidermal differentiation markers during HPV8‐induced
papilloma formation in mice.
(a) H&E staining of mouse epidermis before and during UV‐mediated HPV8‐induced
papilloma formation shows the healthy epidermis at d0, epidermal hyperproliferation at d3
which is further increased at d10 and papilloma formation at d24.
(b) Immunofluorescence analysis of epidermal differentiation markers shows expression of
the terminal differentiation marker, loricrin in the granular layers of d0 epidermis. Loricrin
expression is down‐regulated at d3, but is still present in the granular layers. Granular layer
loricrin expression is restored at d10 and, at d24 loricrin is also present in the whorls of the
papillomas. K1, a marker for early epidermal differentiation is expressed in the supra‐basal
layers of epidermis at d0. At d3 and d10, K1 expression is strongly down‐regulated with a
few supra‐basal keratinocytes still expressing K1. K1 remains down‐regulated at d24 with a
very low expression in some regions of the papillomas. K14, a marker for proliferating
keratinocytes is expressed in the basal layer of d0 epidermis. At d3, K14 expression is
strongly up‐regulated in all epidermal layers and is maintained at d10 and d24.
This figure is representative of n=2 different samples of adult mouse epidermis.
Bar = 20 um.
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During UV‐induced constitutive expression of the HPV8‐CER transgene in mouse
epidermis, which induces epidermal hyperproliferation and papilloma formation,
the K1 positive differentiated keratinocyte compartment is down‐regulated and the
K14 expressing undifferentiated and proliferating keratinocyte compartment is
expanded. Therefore, I determined the expression pattern of autophagy markers
during HPV8‐CER induced epidermal papilloma formation.
In the untreated HPV8‐CER transgenic mouse epidermis, the autophagosome
marker LC3 is strongly expressed in the granular layers (Fig. 5.10). ULK1 and WIPI1
also show a granular layer expression pattern similar to their expression pattern in
wild type mouse skin (Fig. 5.10; see section 3.2 and section 5.2). The ATG5‐ATG12
complex and BECN1, which are predominantly expressed in the basal layer of wild‐
type mouse epidermis (Fig. 5.4) as well as in human epidermis (Fig. 3.2), are also
strongly expressed in the basal layer of untreated HPV8‐CER mouse epidermis (Fig.
5.10). These results show that untreated HPV8‐CER transgenic mouse epidermis has
an autophagy marker expression profile similar to untreated wild‐type epidermis.
At d3, LC3 expression is up‐regulated in all layers of the hyperproliferative
epidermis (Fig. 5.10). ATG5‐ATG12 and BECN1 expression is also increased and is
present in all layers of the hyperproliferative epidermis (Fig. 5.10). ULK1 and WIPI1,
which show a strong granular layer expression pattern in untreated epidermis, are
strongly down‐regulated in the hyperproliferative epidermis at d3 (Fig. 5.10).
At d10, when epidermal thickness and hyperproliferation is further increased in
HPV8‐transgenic mouse epidermis, LC3 is still highly expressed in all epidermal
layers (Fig. 5.10). BECN1 and the ATG5‐ATG12 complex are also expressed in all
layers of the hyperproliferative epidermis however their expression intensities are
reduced compared to the earlier time point at d3 (Fig. 5.10). ULK1 and WIPI1 which
were not expressed in the upper epidermal layers at d3 are expressed at low levels
in the upper layers of d10 transgenic mouse epidermis (Fig. 5.10).
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At d24, when papillomas are formed, LC3 is still strongly expressed in the
papillomas, as well as BECN1 and ULK1 (Fig. 5.10). The ATG5‐ATG12 complex is
down‐regulated but is still present in the papillomas and WIPI1 cannot be detected
in the papillomas with immunofluorescence analysis (Fig. 5.10).
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Figure 5.10: Expression of autophagy markers during HPV8‐induced papilloma
formation in mice.
Immunofluorescence analysis of LC3 shows strong granular layer expression at d0. At d3
and d10, LC3 expression is strongly up‐regulated in layers of the epidermis. LC3 is slightly
reduced but is still present in the papillomas at d24. The expression pattern of ATG5‐ATG12
and BECN1 are very similar with strong basal layer expression at d0. At d3, both ATG5‐
ATG12 and BECN1 are highly up‐regulated in all layers of the epidermis. At d10 ATG5‐
ATG12 and BECN1 are still present in all layers of the hyperproliferative epidermis but their
expression is reduced. This expression pattern is maintained in the papillomas at d24. ULK1
and WIPI1 which are strongly expressed in the granular layer at d0, are down‐regulated in
the hyperproliferative epidermis at d3. At d10, both ULK1 and WIPI1 are still expressed at
low levels in the upper epidermal layers. However, in the papillomas at d24, ULK1 and
WIPI1 are absent.
This figure is representative of n=2 samples of adult mouse epidermis. Bar = 20 um.
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Therefore, during UV‐induced HPV8‐CER over‐expression in mouse epidermis
resulting in papilloma formation, LC3 expression is up‐regulated in epidermal
hyperplasia as well as in the papillomas which later develop. Similarly, BECN1
expression is increased in hyperproliferating epidermis and its expression is
maintained in papillomas. The ATG5‐ATG12 complex is initially up‐regulated after
UV exposure of the HPV8‐transgenic mouse epidermis, but then its expression is
reduced in the hyperproliferative epidermis and in papillomas. Both ULK1 and WIPI1
expression is down‐regulated in the hyperproliferative epidermis of the transgenic
mouse skin. However, as the epidermal hyperplasia progresses, ULK1 expression
recovers and is present in the papillomas. WIPI1 expression recovers in some
regions of the dysplastic epidermis but is absent in the papillomas.
In conclusion, UV‐induced over‐expression of HPV8‐CER in mouse epidermis induces
a reduction in the differentiated keratinocyte compartment and an expansion of the
undifferentiated proliferating keratinocytes but, it does not affect the terminally
differentiating keratinocytes. During UV‐induced epidermal hyperplasia and
papilloma formation in HPV8‐CER mouse epidermis, autophagy marker expression is
deregulated. However, LC3 expression levels are constantly increased. This does not
indicate an increase in overall autophagy levels, but it suggests that the autophagy
pathway may be involved during epidermal hyperproliferation and its progression
to papillomas.
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5.5

Expression of autophagy markers in human epidermal SCCs

Immunosuppressed organ‐transplant recipients (OTRs) have a 60‐100‐fold higher
incidence of cSCCs compared to the healthy population (Berg and Otley 2002;
Hofbauer et al. 2010). cSCCs are characterised by abnormal keratinocyte
morphology, high keratinocyte proliferation, disrupted keratinocyte differentiation
and invasion of the neighbouring tissue by abnormal keratinocytes (reviewed in
Ratushny et al. 2012).
In the previous section I show that autophagy may be involved in the development
of HPV8‐induced papillomas. However, expression of the HPV8‐transgene may
affect autophagy levels and this may not reflect the true autophagy levels in non‐
HPV8 tumours. Also, most of the samples analysed are still papillomas and not fully
developed cSCCs. Therefore, I wanted to determine whether the autophagy marker
LC3 is expressed in human cSCCs and whether there is any correlation between
human OTR cSCC tumours grade and LC3 expression levels.
Immunoflurorescence analysis of LC3 was performed on cSCC tumour samples from
OTRs treated with azathioprine, cyclosporine, prednisolone and acitretin, of which
the first three reduce patient immune response and the last, is a retinoid which
induces keratinocyte differentiation and reduces epidermal hyperplasia. Tumour
grade is a histological diagnosis which depends on tumour cell differentiation stage,
levels of necrosis, levels of mitotic activity and depth of invasion (Tufaro et al.
2011). The higher the tumour grade, the more aggressive the cSCC is, leading to
worse patient prognosis. The tumour differentiation stage reflects the degree of
keratinization and poor tumour differentiation is associated with a worse prognosis.
Therefore, I wanted to determine whether there is any correlation between SCC
tumour differentiation stage, which is a factor determining tumour grade, and LC3
expression in the tumours.
In well differentiated cSCCs, from OTRs LC3 is highly expressed (Fig. 5.11, a‐e).
However, there are variations in LC3 expression intensities within the individual
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tumours, but overall, there is a high expression of LC3 (Fig. 5.11, a‐e). A well
differentiated cSCC from an immunocompetent individual has much lower levels of
LC3 expression compared to LC3 levels in well differentiated cSCCs from OTRs (Fig.
5.11, a‐f).
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Figure 5.11: Expression of LC3 in well differentiated cSCCs.
Immunofluorescence analysis of LC3 was performed on well differentiated cSCCs from
immunosuppressed OTRs (a‐e) and compared to a low grade cSCC tumour from an
immuno‐competent individual (f). Expression levels of LC3 within the same tumour vary but
overall, LC3 is highly expressed in well differentiated cSCCs from immuno‐suppressed OTRs
(a‐e) compared to a well differentiated cSCC tumour from an immuno‐competent individual
(f).
This figure is representative of 3 images from n=6 cSCCs from OTRs and 3 images from n=1
cSCC from an immuno‐competent patient.
RT = renal transplant; CT = cardiac transplant; IC = immuno‐competent.
White bar = 20um
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These results suggest that LC3 is expressed in well differentiated cSCCs of both
immuno‐suppressed and immuno‐competent patients. However, in immuno‐
suppressed patients LC3 expression is highly up‐regulated.
Therefore, the next step was to analyse LC3 expression in poorly differentiated
cSCCs of both immuno‐suppressed and immuno‐competent patients (Fig. 5.12).
Immunofluorescence analysis of LC3 shows that LC3 is expressed in poorly
differentiated cSCCs of OTRs however LC3 expression levels vary from patient to
patient (Fig. 5.12, g‐k). A poorly differentiated cSCC from an immuno‐competent
individual shows LC3 expression, but LC3 expression levels are lower than in poorly
differentiated cSCCs from immuno‐suppressed OTRs (Fig. 5.12, g‐l).
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Figure 5.12: Expression of LC3 in poorly differentiated cSCCs.
Immunofluorescence analysis of LC3 was performed on poorly differentiated cSCCs from
immunosuppressed OTRs (g‐k) and compared to a poorly differentiated cSCC tumour from
an immuno‐competent individual (l). LC3 is expressed in poorly differentiated cSCCs from
OTRs however LC3 expression intensities vary from tumour to tumour. Compared to poorly
differentiated cSCC from an immuno‐competent individual, poorly differentiated cSCCs
from OTRs express higher levels of LC3.
This figure is representative of 3 images from n=7 cSCCs from OTRs and 3 images from n=1
cSCC from an immuno‐competent patient.
RT = renal transplant; IC = immuno‐competent.
White bar = 20um.
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Poorly differentiated SCCs are characterised by expansion of undifferentiated cells
which invade the nearby tissues. LC3 is expressed in poorly differentiated cSCCs of
OTRs, however LC3 expression levels vary from patient to patient. A poorly
differentiated cSCC from an immuno‐competent patient is also positive for LC3, but
LC3 expression levels are much lower compared to poorly differentiated cSCCs from
OTRs. Therefore, in both well differentiated and poorly differentiated cSCCs, LC3
expression levels are higher in OTRs compared to immuno‐competent patients. This
suggests that other factors including immune status influence LC3 expression levels.
Poorly differentiated cSCCs are associated with worse patient prognosis whereas
well differentiated cSCCs are not as invasive and are associated with higher patient
recovery. Therefore, I wanted to determine whether there is any correlation
between LC3 expression levels and SCC tumour differentiation stage.
In Fig. 5.11 and 5.12, it has been established that both well differentiated and
poorly differentiated cSCCs of immuno‐suppressed OTRs have higher LC3 expression
levels compared to well differentiated and poorly differentiated cSCCs of immuno‐
competent patients respectively.

However, in immuno‐suppressed OTRs, LC3

expression levels in well differentiated cSCCs are much higher than in poorly
differentiated cSCCs (Fig. 5.13, m‐n; p‐q). In immuno‐competent patients, the LC3
expression intensities are reversed with lower LC3 levels in well differentiated cSCCs
compared to LC3 expression intensities in poorly differentiated cSCCs (Fig. 5.13, o;
r).
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Figure 5.13: Comparison of LC3 expression in well differentiated and in poorly
differentiated cSCCs.
Immunofluorescence analysis of LC3 in well differentiated and in poorly differentiated
cSCCs from both immunosuppressed OTRs and in immuno‐competent patients shows that
LC3 is highly expressed in well differentiated cSCCs from OTRs (m‐n) compared to LC3 levels
in cSCC from immuno‐competent patients (o).
In poorly differentiated cSCCs from OTRs (p‐q), LC3 is also expressed but at lower levels
compared to well differentiated cSCCs from OTRs (m‐n). However, LC3 expression levels in
poorly differentiated cSCCs from OTRs vary from patient to patient (p‐q).
But compared to the LC3 expression intensity in the poorly differentiated cSCC from the
immuno‐competent individual (r), poorly differentiated cSCCs from OTRs have higher
expression levels of LC3 (p‐q).
This figure is representative of 3 images from n=6 well differentiated and n=7 poorly
differentiated cSCCs from OTRs. And 3 images each from n=1 well differentiated cSCC and
n=1 poorly differentiated cSCC from different immuno‐competent patients.
RT = renal transplant; CT = cardiac transplant; IC = immuno‐competent.
White bar = 20um
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Immunofluorescence analysis of LC3 expression in cSCCs suggests that in OTRs, LC3
expression levels are higher in well differentiated cSCCs compared to poorly
differentiated cSCCs. But in immuno‐competent individuals, it is the opposite with
poorly differentiated cSCCs showing higher expression of LC3 compared to well
differentiated cSCCs.
In conclusion, immunofluorescence analysis of LC3 expression in cSCCs shows that
LC3 expression levels depend on immune status and also on tumour differentiation
grade.
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Figure 5.14: A scheme representing the LC3 expression levels in well differentiated
and in poorly differentiated cSCCs from both immune‐compromised and immune‐
competent patients.
In immunosuppressend OTRs, LC3 is present at higher levels in well differentiated cSCCs
compared to the LC3 levels in poorly differentiated cSCCs. In immune‐competent patients,
LC3 is expressed at much lower levels in well‐differentiated cSCCs compared to poorly
differentiated cSCCs. However, LC3 levels in both tumour differentiation grades are higher
in cSCCs from immune‐compromised patients compared to cSCCs from immuno‐competent
patients.
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In this chapter, I have shown that in the epidermal barrier defect diseases psoriasis,
granular layer LC3 expression is absent in psoriatic lesions characterised by
improper terminal differentiation. Autophagy can also be an epidermal stress
response, induced by UV or culture stress, which alters autophagy marker
expression and increases LC3 levels in all epidermal layers suggesting that all layers
of the epidermis are capable of autophagy. During papilloma and cSCC formation,
autophagy marker expression is altered suggesting autophagy may play a role in the
formation of epidermal SCCs. However, in patient cSCCs, LC3 expression is higher in
well differentiated tumours compared to poorly differentiated tumours of OTRs.
And compared to cSCCs from immuno‐competent individuals, LC3 levels are higher
in OTRs.
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Discussion
In chapter 3, I show that autophagy is a mechanism of nucleus degradation in
terminally differentiating keratinocytes in culture. As a first step to test this in vivo, I
analysed the autophagy marker expression pattern in a skin disease due to barrier
defects, psoriasis. Psoriasis is characterised by epidermal hyperproliferation and
incomplete terminal differentiation, infiltration of immune cells and increased
vascularisation (reviewed in Raychaudhuri 2012).
H&E staining of psoriatic epidermis shows that there is no clear granular layer in the
lesional skin compared to the non‐lesional epidermis where the granular layer is
clearly defined (Fig. 5.1). Also LC3, which is strongly expressed in the granular layer
of adult epidermis, is not expressed in psoriatic lesions where cornification does not
occur. However, in non‐lesional psoriatic skin where cornification occurs, LC3 is
expressed in the granular layers (Fig. 5.2). These results suggest that where
constitutive granular layer autophagy is present, cornification occurs.
However, immunofluorescence analysis of LC3 expression levels does not determine
whether the autophagy process occurs or whether autophagy is functional. My
results show that LC3, which is required for autophagosome formation, is not
present in psoriatic lesions. This suggests that autophagy cannot occur in lesional
psoriatic skin, and autophagy can be activated in non‐lesional skin where LC3 is
expressed. However, analysis of LC3 cleavage in psoriatic epidermal lysates, using
Western blotting, would indicate whether autophagosome formation takes place in
psoriatic epidermis. Also, the small samples size (6 patients) I used for my
investigations should be enlarged for further analysis. The psoriasis samples used
were archive material therefore there is no patient information available like age,
body site and treatment, since these can affect severity of the disease and possibly
also autophagy marker expression.
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Published data using gene expression and proteomics analysis to characterise
psoriatic epidermis has not revealed any deregulated autophagy genes (Cargill et al.
2007; Piruzian et al. 2010; Mitsui et al. 2012). Therefore, incompetent autophagy in
psoriasis may be a consequence of other pathways being deregulated.
Most of my work has focused on characterising constitutive autophagy and its role
in keratinocyte terminal differentiation. But I also show that in epidermis,
autophagy is induced in response to stress like UV exposure and culture shock.
Published data shows that UV induces epidermal hyperproliferation and epidermal
thickening, and affects epidermal AKT isoform expression (Kinouchi et al. 2002;
O'Shaughnessy et al. 2007b; Sully et al. 2012). AKT is a key regulator of epidermal
development and differentiation (Calautti et al. 2005; Thrash et al. 2006;
O'Shaughnessy et al. 2007) and it can also affect the autophagy pathway via
mTORC1.
In mouse epidermis exposed to solar‐simulated UV (10 J/cm2 UVA and 1 J/cm2 UVB),
autophagy marker expression is deregulated and LC3, ULK1, ATG5‐ATG12 and
BECN1 are expressed in all layers of the epidermis (Fig. 5.4). This shows that all
layers of the epidermis can express LC3 as well as other autophagy proteins,
suggesting that all layers of the epidermis are capable of autophagy. UV‐induced
hyperproliferation coincides with increased autophagy marker expression in all
epidermal layers. As, the epidermis recovers and hyperproliferation is reduced,
autophagy marker expression also returns to normal (Fig. 5.3; Fig. 5.4). These
results suggest that autophagy plays a role in the UV response of epidermis.
Excessive UV exposure can lead to increased ROS levels, DNA damage, apoptosis
and formation of sunburn cells. However, the epidermal basal layer is well
protected from UV‐induced DNA damage, and sunburn cells usually form in the
supra‐basal layers (Karen L Agnew and Christopher). In healthy, non‐irradiated
epidermis, ATG5‐ATG12 and BECN1 are strongly expressed in the basal layer where
other autophagy markers are not expressed (Fig. 3.2; Fig. 5.4). Basal layer ATG5‐

304

Field Code Changed

ATG12 and BECN1 are unaffected by mTORC1 inhibition in monolayer experiments
as well as in foetal epidermal explants, suggesting they are not involved in
constitutive granular layer autophagy (see chapter 4). However, solar‐simulated UV
induces an increase in ATG5‐ATG12 and BECN1 in the basal layer as well as in the
other epidermal layers (Fig. 5.4). These results suggest that other mechanisms
regulate basal layer ATG5‐ATG12 and BECN1 expression. Also, basal layer ATG5‐
ATG12 and BECN1 may be involved in the UV response of the epidermis suggesting
that they may have a role in ensuring epidermal recovery and survival from UV
damage. But it is unclear whether UV‐induced ROS levels or UV‐induced DNA
damage, or both are the trigger for increased autophagy marker expression in my
samples of UV‐exposed epidermis. However, ROS also acts as a signalling molecule,
inducing autophagy under starvation conditions (Scherz‐Shouval and Elazar 2007;
Scherz‐Shouval et al. 2007) and, UV‐induced DNA damage has also been shown to
activate autophagy via AMPK in epidermal cells (Yang et al. 2012; Qiang et al. 2013).
Autophagy can also be an epidermal stress response to in vitro culture conditions,
which deregulate autophagy marker expression patterns in adult ear explant
epidermis (Fig. 5.7; Fig. 5.8). Culture stress also induced high LC3 expression in all
layers of the epidermis similar to the UV response of adult epidermis (Fig. 5.7; Fig.
5.4). These results also suggest that all layers of the epidermis may be capable of
autophagy.
The change from in vivo to in vitro nutrient supply and also, the high oxygen and
moisture levels in the tissue incubator may have stressed the adult ear explant
cultures which expressed increasing levels of K6, as well as high LC3 levels, with
prolonged culture (Fig. 5.5; Fig. 5.7; Fig. 5.8). Normal culture conditions within the
incubator are 5% CO2/ 95% air (21% O2) which is a much higher oxygen
concentration than cells are exposed to in vivo (Adams 2009).healthy tissues are
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exposed to (3‐6% oxygen) (Klionsky et al.). It has been published that in in vitro
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cultures of primary mammalian cells, the cells are exposed to high levels of stress or
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“culture shock” which leads to their senescence (Sherr and DePinho 2000). This
culture stress is due to high ROS levels which induces DNA damage and affects
cellular signalling pathways (reviewed in Adams 2009). ROS is also a known inducer
of autophagy in cultured cells (Scherz‐Shouval and Elazar 2007; Scherz‐Shouval et al.
2007). Therefore, this increase in autophagy markers observed in cultured ear
epidermis explants, may be due to the ROS levels the explants are exposed to under
the culture conditions which trigger a stress response and induce autophagy.
However, foetal epidermal explants previously used (see chapter 4) did not express
K6 (work done by K. Sully; Appendix 21) and prolonged culture did not affect LC3
levels (see chapter 4). An explanation for this may be that, foetal epidermal
explants, which were harvested before birth, were still growing in the amniotic
fluid, so the high moisture levels within the incubator were suitable for these foetal
explants. Also, foetal explants may adapt more easily to a change in environmental
conditions, similar to the change at birth.
With these experiments, I show that the epidermis is also capable of induced
autophagy in all epidermal layers, which may be required to ensure epidermal
survival under stress conditions. This induced autophagy may be due to high ROS
levels like in the ear explant cultures, or a combination of ROS and UV‐induced DNA
damage, like in the UV exposed mouse epidermis.
HPV infections have been implicatedplay a role in cervical cancers, anogenital
cancers and head and neck cancers (Shamanin et al. 1996; zur Hausen 1996; Gillison
and Shah 2001; Burd 2003; Gillison and Lowy 2004). However, whether HPV
infections are implicated inthe SCCs is still controversial (Harwood et al. 2004;
Underbrink et al. 2008; Arron et al. 2011; Schiller and Buck 2011; McLaughlin‐
Drubin et al. 2012). A transgenic mouse model expressing HPV8‐CER under the K14
promoter has been characterised and published showing that UV and age lead to
formation of papillomas and in some cases, cSCCs (Schaper et al. 2005; Marcuzzi et
al. 2009; Hufbauer et al. 2010). During HPV8‐induced papilloma formation in
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transgenic mice, autophagy marker expression is also deregulated and high LC3 and
BECN1 levels are maintained in the papillomas (Fig. 5.10). This suggests a role for
autophagy during the development of papillomas and possibly, SCCs.
However, it is unclear whether over‐expression of HPV8 directly induces autophagy
marker expression levels, or whether the change in autophagy markers is due to the
papilloma formation. Two recent studies show controversial results on the effects
of HPV16 on keratinocyte autophagy. One publication shows that HPV16 induces
autophagy in primary keratinocytes as a host defence mechanism to protect against
HPV16 infections (Griffin et al. 2013), whereas another study shows that HPV16
infections activate AKT/mTORC1 signalling inhibiting autophagy in keratinocytes
(Surviladze et al. 2013).
Therefore, I wanted to determine whether there is any correlation between LC3
levels in patient cSCCs and the tumour differentiation status which is a factor
determining tumour grade. Immuno‐suppressed OTRs have a 65‐100 fold higher risk
of developing cSCCs (Berg and Otley 2002; Hofbauer et al. 2010). I analysed the LC3
expression levels in cSCCs from OTRs treated with a combined therapy of
azathioprine and cyclosporine. In cSCCs from OTRs, well differentiated cSCCs
express higher levels of LC3 than the poorly differentiated tumours (Fig. 5.13 and
Fig. 5.14). However, in immuno‐competent patients, the LC3 levels are reversed
with higher LC3 levels in the poorly differentiated tumours compared to well
differentiated cSCCs (Fig. 5.13 and Fig. 5.14). But, both poorly differentiated and
well differentiated cSCCs from OTRs have higher LC3 levels than the tumours from
immuno‐competent patients (Fig. 5.11; Fig. 5.12; Fig.5.13). These results suggest
that autophagy levels may vary in cSCCs depending on the immune status of the
patients and the cSCC differentiation stage. This may have implications for the
treatment of cSCCs with autophagy inhibitors like rapamycin and its analogues,
which are known to reduce cSCC formation and progression in OTRS (Wulff et al.
2008; McQuillan et al. 2009; Salgo et al. 2010).
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Rapamycin mediated‐mTORC1 inhibition has been shown to reduce tumour
proliferation and angiogenesis which probably contributes to rapamycin‐mediated
cSCC reduction (Guba et al. 2002; Koehl et al. 2004; Geissler 2008). However,
further experiments are required to verify whether autophagy levels in cSCCs
respond to mTOR inhibitors and if this increase in autophagy can lead to tumour cell
death. Increased autophagy in healthy epidermis may also be a protective
mechanism preventing formation of more cSCCs. However, my conclusions are
based on findings using a small sample size which should be enlarged for future
analysis.
My findings in this chapter show autophagy marker expression patterns in disease
conditions as well as in response to stresses like UV exposure and culture schock.
Modulation of constitutive granular layer autophagy may be important in the
treatment of epidermal barrier diseases like psoriasis. Also, autophagy may play a
role in the epidermal response to UV exposure which is also a high risk factor
contributing to epidermal SCCs. Autophagy levels in cSCCs depend on immune
status and tumour differentiation stage which may also have future therapeutic
implications.
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Chapter 6
Final Discussion
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Final Discussion

The initial reason for investigating autophagy in epidermis, was the observation that
OTRs on a new class of immunosuppressants, rapamycin and its analogues, develop
less cSCCs. Rapamycin is an mTOR inhibitor which is also used routinely to induce
autophagy (Klionsky et al. 2012). Rapamycin has been shown to reduce tumour
proliferation and angiogenesis, as well as change the lipid composition of the
epidermal cornified layer (unpublished data, K.Sully). However, the effects of
rapamycin on epidermal autophagy have not yet been analysed. Therefore, since
there was no published data on autophagy protein expression in the different
epidermal compartments, the first step was to establish the autophagy marker
expression profile in healthy epidermis.
The epidermis is made up of basal layer keratinocytes capable of self‐renewal as
well as differentiation forming the upper epidermal layers. In the granular layer,
keratinocytes undergo terminal differentiation, a specialised form of cell death,
characterised by loss of organelles and formation of squames. The epidermal
autophagy marker expression pattern (ULK1, WIPI1, BECN1, ATG5‐ATG12 and LC3)
suggests that autophagy plays an important role in the terminal differentiation
process of granular layer keratinocytes. Also, induction of autophagy marker
expression during foetal development coincides with the initiation of epidermal
terminal differentiation. These results suggest that autophagy is constitutively
active in granular layer keratinocytes and may be important for granular layer
formation. TEM analysis of 3 day old epidermis shows that autophagy vesicles are
may be present in both the basal and granular layers. However, quantification of
autophagic vesicles with TEM was not possible. Based on this data, I hypothesized
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that constitutive autophagy is a mechanism of terminal differentiation in granular
layer keratinocytes, where organelle degradation occurs.
To investigate this, in vitro experiments were carried out using monolayer primary
keratinocyte cultures which were stimulated to differentiate by the well established
method of increasing the calcium concentration in the culture media (Hennings et
al. 1983; Menon et al. 1985; Yuspa et al. 1989; Elias et al. 2002). Analysis of
autophagy during keratinocyte differentiation in monolayer cultures shows that the
autophagy process occurs however, there are no striking differences in autophagy
levels between undifferentiated and differentiated cultures. Closer analysis of the
monolayer

cultures

revealed

that

differentiating

keratinocytes

undergo

nucleophagy, autophagic degradation of the nucleus. This is different from micro‐
nucleophagy whereby satellite nuclei are formed due to stress or genome instability
and are then engulfed by autophagosomes (Krick et al. 2008; Rello‐Varona et al.
2012). Nucleophagy is characterised by engulfment of pieces of the nucleus leading
to the complete removal of the nucleus (Park et al. 2009).
Nucleophagy in differentiating monolayer keratinocytes is characterised by
accumulation of LC3/LAMP2/p62 positive autolysosomes which are DAPI negative
but contain HP1α positive cargo in the regions of missing nuclei, suggesting
selective autophagic degradation of nuclear material. HP1α is a non‐histone
chromosomal protein which is associated with highly condensed, transcriptionally
inactive regions (James and Elgin 1986; James et al. 1989). However, while analysing
the nucleophagic regions, a very low DAPI signal could sometimes be detected in
the nucleophagic regions. But the intensity of DAPI was so low that imaging was
impossible and could not be documented. This loss of DAPI in the nucleophagic
regions could be due to conformational changes in the chromatin leading to the
inability of DAPI to incorporate in the DNA. These observations of reduced or absent
DAPI in the nucleophagic regions is similar to published data on autophagic
degradation of nuclei in the aging intestinal epithelia in C. elegans, which may be
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due to age‐related changes in LMNA and compromised nuclear integrity (McGee et
al. 2011).
In monolayer keratinocyte cultures, nucleophagic vesicles do not colocalise with
LMNA, a nuclear envelope protein, suggesting they are outside the partially
degraded nucleus. However, LMNA accumulates at the border between the still
intact nucleus and the autophagic vesicles, suggesting a role for the nuclear
membrane during keratinocyte nucleophagy. These observations are similar to
observations made in fibroblasts isolated from a mouse model for nuclear
envelopathies (Park et al. 2009).
However, in this mouse model, nucleophagy degrades γ‐H2AX positive nuclear
regions. γ‐H2AX is a marker for DNA double‐strand breaks and also plays a role in
the recognition and repair of the damaged DNA (Fillingham et al. 2006). However,
keratinocyte nucleophagy is not due to γ‐H2AX positive DNA double‐strand breaks.
The HP1 proteins are known play important roles in chromatin formation and
maintenance. More recently, HP1 proteins have been implicated in the cellular
response to DNA damage. HP1 proteins localise to sites of UV‐induced DNA
damage, DNA double strand breaks and sites of oxidative DNA damage
independently of other DNA damage repair proteins or mechanisms (Luijsterburg et
al. 2009). This suggests that nuclear material within the autophagosome may be
damaged or modified nuclear material, bound to HP1α, which is targeted for
autophagic degradation. However, other markers of DNA damage were not
analysed and would be an aim for future work.
Nucleophagy in monolayer keratinocytes is characterised by autophagic
degradation starting at a specific region of the nucleus. The signal which specifies
the exact region for the beginning of nucleophagy was not investigated. One
possibility is that HP1α accumulation in specific regions of unwanted nuclear
material could be the trigger for nucleophagy. There is also mounting evidence that
HP1 proteins can be phosphorylated regulating their functions (LeRoy et al. 2009;
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Hiragami‐Hamada et al. 2011). Therefore, further analysis of HP1α posttranslational
modifications in the nucleophagic regions may explain what signal determines the
site of nucleophagy in monolayer keratinocytes.
In the epidermis, there is a calcium gradient which is lowest in the basal layer and
increases gradually until it peaks in the granular layer before dropping drastically in
the cornified layer (Menon et al. 1985; Elias et al. 2002b). Terminal differentiation is
regulated by hormone signalling, transcription factors and lipids (Eckert et al. 1997).
Epidermal calcium also regulates lamellar body secretion as well as expression of
epidermal differentiation markers, the terminal differentiation process and barrier
formation (Menon et al. 1985; Elias et al. 2002). Therefore, terminal differentiation
probably is regulated by the interplay of various stimuli. Calcium levels also
influence autophagy with some reports claiming calcium induces autophagy and
others showing it inhibits autophagy (reviewed in Decuypere et al. 2011). Therefore,
it is possible that the epidermal calcium levels and the changes in calcium
concentrations between the layers, which play a role in regulating epidermal
terminal differentiation, also influence constitutive granular layer autophagy.
For in vitro monolayer experiments, keratinocyte differentiation was also induced
with high calcium concentrations in the media. In vivo, terminal differentiation is
probably controlled by a combination of various stimuli including calcium.
Therefore, future work should compare the effects of other methods of in vitro
induction of terminal differentiation on autophagy, such as culturing keratinocytes
in suspension cultures or exposure to TPA (reviewed in Watt 1988).
Cultured cells are exposed to high levels of cell stress due to the unsuitable culture
conditions which cannot replace the optimal in vivo conditions. This culture stress
or “culture shock” is responsible for the limited population doublings cultured
primary cells are capable of before becoming senescent (Sherr and DePinho 2000;
reviewed in Adams 2009). In my work, I show that in vitro culturing of adult ear
explant epidermis induces high levels of stress which increase with time in culture.
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This is also accompanied by a dramatic increase in LC3 expression levels and LC3
processing, suggesting increased autophagy due to culture stress. However, foetal
epidermis does not express K6 in culture, suggesting it is not stressed (K. Sully,
unpolished data). This may be due to the similar high moisture levels of the ex vivo
and in vivo conditions. Foetal epidermis may also be more resistant to stress or may
be able to adapt to changing environmental conditions more easily than adult
epidermis.
Both undifferentiated and differentiated primary monolayer keratinocyte cultures
were cultured under the same conditions therefore, both keratinocyte cultures
were exposed to equal amounts of culture stress. Nucleophagy observed and
characterised in differentiated keratinocytes is therefore not due to culture stress.
However, culture stress or “culture shock” must always be considered when
performing in vitro assays with cultured cells or tissues.
In monolayer keratinocyte cultures, impaired autophagy mediated by siRNA
knockdowns of key autophagy genes prevents nucleophagy even after inducing
terminal differentiation in culture. However, differentiated keratinocyte cultures
are comprised of keratinocytes at different stages of differentiation including
proliferating K14 positive keratinocytes, K1 expressing early differentiated cells and
filaggrin positive terminally differentiating keratinocytes. In the differentiated
culture, a fraction (~11%) of the keratinocytes undergoes nucleophagy at the time
point of analysis. Since terminal differentiation in the epidermis is characterised by
loss of organelles including the nuclei, it is possible that the nucleophagic
monolayer keratinocyte fraction are those undergoing terminal differentiation in
culture. Therefore, these findings show that autophagy may be a mechanism of
nucleus degradation in differentiating keratinocytes. Future work would include
analysing the expression of terminal differentiation markers in nucleophagic
keratinocytes as well as in the other fractions of the differentiated keratinocyte
cultures.

314

The epidermal AKT isoforms regulate epidermal proliferation and differentiation.
AKT1 has been associated with differentiated keratinocytes whereas AKT2 is
expressed in the less differentiated keratinocyes and has been associated with high
SCC tumour grade (Fig. 4.1; Brash et al. 1991; Calautti et al. 2005; O'Shaughnessy et
al. 2007b). Treatment of OTRs with rapamycin, an mTORC1 inhibitor, reduces the
incidence and progression of SCCs (Wulff et al. 2008; McQuillan et al. 2009; Salgo et
al. 2010). mTORC1 is down‐stream of AKT and is also a key regulator of autophagy.
I show that in cultured keratinocytes rapamycin inhibits the negative feedback loop
between mTORC1 and IRS‐1 leading to increased phosphorylation of AKT1. This
supports published data showing that in epidermal explant cultures only AKT1,
which is mainly expressed in the upper epidermal layers, and not AKT2, responds to
rapamycin treatment with increased phosphorylation (Sully et al. 2012). This
suggests that in addition to rapamycins anti‐proliferative and anti‐angiogenic
effects, rapamycin may also exert its anti‐tumourigenic potential through increased
AKT1 activity promoting epidermal differentiation.
Rapamycin is a commonly used autophagy inducer for cultured cells. In my work I
show that drug‐induced mTORC1 inhibition, using rapamycin and Torin1, in
organotypics and in epidermal explant cultures, leads to a strong increase in
granular layer LC3 levels. This may be another benefit of treating OTRs with
rapamycin, which may increase constitutive granular layer autophagy levels
promoting epidermal terminal differentiation, further contributing to rapamycins
anti‐tumour properties.
I also observe that rapamycin treatment alters filaggrin expression in keratinocyte
3D‐cultures and in mouse foetal epidermal explant cultures, by restricting filaggrin
expression to fewer granular layers and also reducing its expression intensity.
During terminal differentiation, filaggrin is degraded to urocanic acid, an important
component of the natural moisturising factor which is required for epidermal
hydration and protection from UV (Rawlings et al. 1994; Rawlings and Harding
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2004). Therefore, an explanation for this may be that rRapamycin may speed up the
processing of filaggrin to urocanic acid, reducing the amount of filaggrin still present
in the upper epidermal layers. However, rapamycin also affects the lipid
components in the cornified layer increasing the lipid content of the epidermis (K.
Sully, unpublished data). Rapamycin also changes the expression pattern of the
ATP‐binding cassette transporter A12 (ABCA12) required for lipid transport. Loss of
ABCA12 is associated with the skin barrier defect Harlequin ichthyosis, which is
characterised by severe hyperkeratosis (Akiyama et al. 2005; Kelsell et al. 2005;
Yanagi et al. 2008). Therefore, the effects of rapamycin on filaggrin expression may
be a consequence of rapamycin‐mediated changes in epidermal barrier properties.
To verify my hypothesis that autophagy is a terminal differentiation mechanism in
granular layer keratinocytes in vivo, an epidermal barrier defect condition, psoriasis
was used. Psoriasis is characterised by keratinocyte hyperproliferation, abnormal
terminal

differentiation

and

parakeratosis,

inflammation

and

abnormal

vascularisation (Griffiths and Barker 2007; Raychaudhuri 2012). Due to the
incomplete and deregulated terminal differentiation in psoriatic plaques, the
epidermal barrier is defective. I show that in the both lesional and non‐lesional
psoriatic epidermis, autophagy marker expression is deregulated. However, LC3
puncta are still present in the granular layer of non‐lesional psoriatic epidermis but
at a much lower expression level compared to healthy adult epidermis. In lesional
psoriatic skin, LC3 is not expressed. These results show that LC3 is only expressed in
epidermis which is capable of complete terminal differentiation. Therefore,
autophagy may play an important role in terminal differentiation. Published data on
mTOR in psoriasis shows that mTOR activity is deregulated in both lesional and non‐
lesional psoriatic epidermis, however, in lesional psoriasis, mTORC1 activity is
increased (Kjellerup et al. 2009; Buerger et al. 2013). Autophagy is negatively
regulated by mTORC1. Hyperactivation of mTORC1 would inhibit autophagy and this
may explain why the autophagosome marker, LC3 aggregate formation is not
detected with immunofluorescence analysis in psoriatic lesions.
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In addition to this, published data shows that activation of Toll‐Like‐Receptor (TLR)
signalling on keratinocytes causes inflammation. TLR signalling also induces p62
expression which further increases TLR signalling and, hyperproliferation and
inflammation. In healthy keratinocytes, autophagy regulates epidermal p62 levels
preventing inflammation. However, psoriatic epidermis expresses high levels of p62
which may be responsible for the high levels of inflammation in this disease (Miller
2008; Lee et al. 2011). My findings showing the autophagy process is absent or in
complete in psoriatic lesions, may provide an explanation for the published work
showing high p62 levels in psoriatic keratinocytes causing excessive inflammation.
Therefore, patients with epidermal barrier defect diseases such as psoriasis may
profit from treatments with mTORC1 inhibitors. These could restore constitutive
epidermal autophagy which may lead to normal terminal differentiation and barrier
formation and, reduced inflammation and hyperproliferation. Another effect of the
mTOR inhibitor, rapamycin, is a reduction in filaggrin protein levels in the upper
epidermal layers. I hypothesize that this may be due to increased degradation of
filaggrin to urocanic acid, a component of the natural moisturising factor,
supporting epidermal barrier function.
Immunosuppressed OTRs treated with rapamycin and its analogues may also profit
from similar effects of rapamycin on epidermal autophagy which protects the
patients from acquiring new cSCCs and also prevents progression of already
acquired cSCCs. Rapamycin may increase constitutive granular layer autophagy,
supporting keratinocyte terminal differentiation and preventing the proliferation of
potential and already existing cancer cells. Rapamycins effects on filaggrin and
epidermal lipids (K. Sully, unpublished data) may also increase barrier protection
against UV, one of the major risk factors for SCC formation. There are a number of
ongoing clinical trials to determine the efficacy of mTOR inhibitors in treating skin
cancers in OTRs (the TUMORAPA trial, the RESCUE study, the PROSKIN trial)
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(Leblanc et al. 2011). However, the numerous side effects of rapamycin treatment
reduce its popularity as an immunosuppressant (Leblanc et al. 2011).
To determine whether there is any correlation between cSCC differentiation grade
and autophagy levels, I analysed the expression of LC3 in poorly differentiated and
well differentiated non‐rapamycin‐treated cSCCs from OTRs. LC3 is expressed in
both cSCC differentiation grades. However, LC3 expression levels are higher in well
differentiated cSCCs compared to poorly differentiated tumours. And compared to
cSCCs from immuno‐competent patients, LC3 levels are higher in cSCCs from OTRs.
These results suggest that autophagy levels in cSCCs may depend on tumour
differentiation grade and on immune status of the patient.
My results, and published data, suggest that OTRs may profit from treatments with
mTOR inhibitors, which have a preventive effect on cSCCs formation and
progression rather than attempting to cure the acquired cSCCs. However, the
development of newer mTOR inhibitors with milder side effects would be of a great
benefit in treating these patients.
UV exposure, one of the main hazards the epidermis is exposed to is also a major
risk factor contributing cSCC formation (Leiter and Garbe 2008). Solar‐simulated UV
is a mixture of UVA and UVB, which induce oxidative stress leading to high ROS
levels, damaged DNA, proteins and lipids, which can induce autophagy (Yang et al.
2012; Qiang et al. 2013; Zhao et al. 2013). UV induces epidermal hyperproliferation
and changes the AKT1 expression patterns in epidermis, which is a key regulator of
keratinocyte differentiation (Kinouchi et al. 2002; O'Shaughnessy et al. 2007b; Sully
et al. 2012). My data shows that autophagy marker expression patterns are
deregulated in solar‐simulated UV‐exposed epidermis. LC3 which is confined to the
granular layer of healthy unexposed epidermis is expressed in all epidermal layers in
response to UV exposure. This shows that all epidermal layers are capable of LC3
expression and possibly also of autophagy. However, as the epidermis recovers and
hyperproliferation is reduced, autophagy marker expression patterns return to
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normal. These results suggest that stress‐induced autophagy plays a role in the
epidermal response to UV and may have a protective function ensuring recovery
from UV‐induced ROS and DNA damage.
Therefore, in epidermis, constitutive autophagy is associated with terminally
differentiating keratinocytes of the granular layer where organelle degradation
occurs, and inducible autophagy which occurs in all epidermal layers is a stress
response.

In conclusion, the work presented in this thesis shows that autophagy is an
important fundamental process in keratinocytes which contributes to the regulation
of keratinocyte differentiation ensuring epidermal function. Autophagy may be a
mechanism by which terminally differentiating keratinocytes of the epidermal
granular layer degrade their organelles which is required for barrier formation. This
may have implications for the treatment of patients with barrier defects. In
immunosuppressed OTRs, autophagy may contribute to the anti‐tumour properties
of the drug, rapamycin and may be a preventive treatment against cSCCs. This could
be of interest for the pharmaceutical industry in the development of anti‐cancer
treatments for patients at risk of developing skin cancers.
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Appendix 1:

Expression of epidermal differentiation markers in

undifferentiated and differentiated monolayer keratinocytes
Differentiation in primary human monolayer keratinocyte cultures is induced by
culturing keratinocytes in media with high calcium content. Western blot analysis
for epidermal differentiation markers was performed to confirm differentiation had
occurred in cultured cells.
The expression pattern of the proteins filaggrin, K1 and K14 shows that the
undifferentiated keratinocyte population consists mainly of K14 positive,
proliferating keratinocytes. However, the differentiated population consists of K14
expressing proliferating cells, K1 positive early differentiated keratinocytes and
filaggrin

positive

terminally

differentiated

keratinocytes.

Therefore,

the

differentiated keratinocytes is a mix of cells at different stages in their
differentiation.
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Appendix 1: Expression of epidermal differentiation markers in undifferentiated
and differentiated monolayer keratinocytes.
Processed filaggrin, usually present in the granular layer of epidermis, is strongly expressed
in differentiated keratinocytes, indicating activation of terminal differentiation. However
the filaggrin precursor, pro‐filaggrin, is present in both undifferentiated and differentiated
keratinocytes. K1, a marker of early differentiation in keratinocytes of the spinous layer, is
absent in undifferentiated cells but is expressed in the differentiated population. K14, a
marker of the basal layer, is expressed in both undifferentiated and differentiated
keratinocyte cultures.

This figure represents n=2 blots for Figure 3.7.
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Appendix 2:

Comparison of autophagy marker expression in

undifferentiated and differentiated keratinocyte monolayer cultures
Western blot analysis of autophagy marker expression levels in undifferentiated and
differentiated keratinocytes shows that there is no striking difference in the
expression levels of autophagy proteins in both keratinocyte populations. However,
LC3 turn‐over (LC3II/LC3I) and total LC3II levels (LC3II/actin) are higher in the
undifferentiated keratinocyte population compared to the differentiated cells. This
suggests a higher rate of autophagy in the undifferentiated cells.

Appendix 2: Comparison of autophagy marker expression in undifferentiated and
differentiated keratinocyte monolayer cultures.
(d) n=3 experiments were performed to determine the expression levels of autophagy
markers in undifferentiated and differentiated primary monolayer keratinocytes. There is
no striking difference in autophagy marker expression levels between undifferentiated and
differentiated keratinocytes. However, blot 1 shows higher ULK1 levels in the differentiated
keratinocytes. This was not observed in the other two repetitions of the experiment (blot 2
and blot 3). With each experiment, there is some variation in autophagy marker expression
levels in monolayer keratinocyte cultures.
Appendix 2 continued on the next page.
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Appendix 2: Comparison of autophagy marker expression in undifferentiated and
differentiated keratinocyte monolayer cultures.
Appendix 2 continued.
(e) Quantification LC3 turn‐over from LC3I to LC3II (LC3II/LC3I) and quantification of total
LC3II levels (LC3II/actin). The table shows the individual values for LC3II/LC3I and LC3II/actin
for each of n=3 blots from n=3 individual experiments. Graphs show average values for
LC3II/LC3I band intensities and LC3II/actin band intensities for n=3 individual experiments.
The values for the ratios of LC3II/LC3I and LC3II/actin are lower in the differentiated
keratinocytes compared to the undifferentiated keratinocytes. This suggests a reduced
turn‐over of LC3 and less total amounts of LC3II in the differentiated keratinocyte
population. This difference is statistically significant for the LC3II/actin levels, P<0.05.
Quantification of bands was done with ImageJ.
Appendix 2 continued on the next page.
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Appendix 2: Comparison of autophagy marker expression in undifferentiated and
differentiated keratinocyte monolayer cultures.
Appendix 2 continued.
(f) Results for the paired t‐test for the means of LC3II/LC3I and LC3II/actin for n=3
experiments.
This figure represents n=3 blots for Figure 3.9.
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Appendix 3: Changes in nucleus shape in differentiated keratinocytes
compared to undifferentiated cells
Immunofluorescence analysis of DAPI‐stained nuclei in undifferentiated and
differentiated keratinocytes shows some cells have misshaped nuclei in the
differentiated cell culture. Quantification of the number of misshaped nuclei in both
keratinocyte populations shows that there is a significantly higher number of cells
with misshaped nuclei in the differentiated kerainocytes compared to the
undifferentiated cultures.
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Appendix 3: Changes in nucleus shape in differentiated keratinocytes compared to
undifferentiated cells.
(a, b, c) Immunofluorescence analysis of DAPI‐stained nuclei in undifferentiated and
differentiated keratinocytes shows some cells have misshaped nuclei in the differentiated
cell culture. The number of cells with misshaped nuclei per total of ~280 cells in both
undifferentiated and differentiated keratinocyte cultures was counted for n=3 experiments.
The total number of cells was determined using ImageJ and the number of cells with
misshaped nuclei was counted manually.
Appendix 3 continued on the next page.
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Appendix 3: Changes in nucleus shape in differentiated keratinocytes compared to
undifferentiated cells.
Appendix 3 continued.
(d) The table shows the number of cells with misshaped nuclei per total of ~280 cells in
both undifferentiated and differentiated keratinocyte cultures of each of the n=3
experiments, as well as the average of the three experiments.
(e) The graph shows the average values of n=3 experiments for the number of nucleophagic
keratinocytes in the undifferentiated and differentiated keratinocyte cultures. A two‐tailed
paired t‐test shows that these differences are significant with a P<0.05.
(f) Results from the paired t‐test.
This figure represents n=3 experiments for Figure 3.11.
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Appendix 4: Expression of the apoptosis marker, cleaved Caspase‐3 in
undifferentiated and differentiated keratinocyte monolayer cultures
To determine whether an apoptotic cell death in differentiated cultures is a cause
for the misshaped nuclei, the monolayer keratinocyte cultures were analysed for
the expression for cleaved Caspase‐3 (cl. C‐3).

Appendix 4: Immunofluorescence analysis of cl. C‐3 (green) and LAMP2 (red) in
undifferentiated and differentiated keratinocytes.
As a positive control for apoptosis, both undifferentiated and differentiated keratinocytes
were treated with staurosporine to induce apoptotic cell death. Cl. C‐3 as well as LAMP2 is
expressed in the positive controls for apoptosis of both keratinocyte populations. However,
untreated undifferentiated and differentiated keratinocytes do not express cl. C‐3. Also,
cells with misshaped nuclei (red arrows) are not positive for cl. C‐3.
Bar = 20um. Red arrows = misshaped nuclei.
This figure represents n=3 experiments for Figure 3.12.
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Appendix 5: Localisation of LC3 in primary keratinocyte monolayer
cultures
Initially, there did not appear to be any obvious difference in autophagy marker
expression patterns between undifferentiated and differentiated keratinocytes (Fig.
3.9). However, closer examination of the keratinocyte monolayer cultures shows
that in the differentiated keratinocyte cultures, the regions of missing DAPI nuclear
stain of the misshaped nuclei are replaced by an accumulation of LC3 aggregates
(Fig. 3.13). This suggests that the regions of missing nuclear material may be sites of
high autophagic activity.

Appendix 5: Localisation of LC3 in undifferentiated and differentiated
keratinocytes
DAPI staining of keratinocyte nuclei shows cells with misshaped nuclei (red arrows) in the
differentiated population, whereas undifferentiated kerationocytes have regular nuclei.
Immunofluorescence analysis of LC3 expression shows accumulation of LC3 in regions of
missing nuclear material.
Bar = 20um. Red arrows = regions of misshaped nuclei with peri‐nuclear LC3 accumulation.
This figure represents n=5 experiments for Figure 3.13.
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Appendix 6: Analysis of autophagic flux in undifferentiated and
differentiated primary keratinocyte cultures using chloroquine
Autophagy is a dynamic process therefore determining the amounts of autophagy
proteins at one time point is not a reliable read out for autophagy levels.
Autophagic flux is a measure of the rate at which autophagic cargo and autophagy
proteins are processed over a certain period of time. The autophagic flux is usually
analysed by measuring LC3 turn‐over in the presence and in the absence of drugs
which prevent degradation of autophagic vesicles by interfering with lysosomal
function.
For an initial experiment, chloroquine was used to block the autophagy process.
Chloroquine increases lysosomal pH preventing function of lysosomal proteases
(Klionsky et al. 2008). This would show whether the autophagic pathway is
completed and functional in the keratinocyte monolayer cultures, and this would
also allow measurement of autophagic flux in undifferentiated and differentiated
keratinocytes.
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Appendix 6: Analysis of LC3 and p62 levels in undifferentiated and differentiated
keratinocytes after chloroquine treatment.
(a) An initial experiment was performed to determine whether p62 and LC3 levels were
affected when autophagy was blocked with chloroquine. In both undifferentiated and
differentiated keratinocyte populations, chloroquine treatment leads to an increase in LC3II
band intensities.
(b) Quantification of the LC3I, LC3II, p62 and actin was done with ImageJ.
Appendix 6 continued on the next page.
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Appendix 6: Analysis of LC3 and p62 levels in undifferentiated and differentiated
keratinocytes after chloroquine treatment.
Appendix 6 continued.
(c) Quantification of LC3II/LC3I ratios is a measure for the turn‐over of LC3I to LC3II. In the
undifferentiated keratinocyte culture, chloroquine treatment leads to an increase in
LC3II/LC3I compared to untreated cells. However, in the differentiated keratinocytes
chloroquine has no effect on LC3II/LC3I levels.

(d) Quantification of LC3II/actin ratios are a read‐out for the total amount of
membrane‐bound LC3 (LC3II) in the cells. In both undifferentiated and
differentiated keratinocyte cultures, chloroquine treatment leads to an increase in
LC3II/actin ratios. However, LC3II/actin levels are slightly higher in the
undifferentiated keratinocyte populations compared to the differentiated cultures.
This figure represents n=1 blots referred to in section 3.6.
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Appendix 7: Monolayer primary keratinocyte cultures are capable of
starvation‐induced autophagy
Withdrawal of essential growth factors can induce autophagy therefore,
keratinocytes were cultured in medium without essential growth factors. Starvation
due to withdrawal of glucose also leads to autophagy induction via activation of
AMPK (Fig. 1.5; Salt et al. 1998; Hardie et al. 2012). However, starvation
experiments were only carried out under conditions of growth factor withdrawal
due to limitations of the medium components from the supplier.
Chloroquine was used to block the autophagy process to determine whether
autophagy is induced and is also completed under conditions of growth factor
withdrawal.
Under conditions of growth factor withdrawal (starvation), the LC3II/LC3I ratios
remain unchanged in both undifferentiated and differentiated keratinocytes
(Appendix 7c). The total LC3II levels (LC3II/actin) appear to be less under conditions
of growth factor withdrawal in both undifferentiated and differentiated
keratinocytes compared to normal culture conditions (Appendix 7d). Therefore, this
experiment shows that withdrawal of essential growth factors does not induce
autophagy in primary keratinocyte cultures.
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Appendix 7: Monolayer keratinocyte cultures do not respond to starvation‐
induced (growth factor withdrawal) autophagy
(a) Both undifferentiated and differentiated keratinocytes were cultured in complete
medium as well as in medium lacking essential growth factors. Western blot analysis shows
LC3 protein levels in keratinocytes under growth factor withdrawal compared to normal
culture conditions in the presence and absence of chloroquine.

(b) Band intensities of LC3I, LC3II and actin were quantified using ImageJ.
(c) Quantification of LC3II/LC3II shows that growth factor withdrawal does not have
an effect on LC3II/LC3I levels in both keratinocyte populations in the presence and
absence of chloroquine.
(d) Quantification of LC3II/actin shows that there is less LC3II under conditions of
growth factor withdrawal in both undifferentiated and differentiated keratinocyte
cultures.
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Appendix 8: Western blot analysis of autophagy protein expression in
undifferentiated

and

differentiated

keratinocytes

after

BafA1

treatment
Autophagy is a very dynamic process. Therefore, to measure the rate of autophagy
turn‐over over a certain period of time, the autophagy pathway is inhibited to allow
measurement of the accumulated autophagy protein and autophagic cargo. Drugs
like BafA1, which inhibits lysosomal protease function as well as prevents fusion of
autophagosomes with autolysosomes (Klionsky et al. 2008), are used.
Western blot analysis shows that in both undifferentiated and differentiated
keratinocytes BafA1 treatment leads to accumulation of LC3II bands. This shows
that under normal culture conditions the autophagy process is completed in both
keratinocyte cultures. The ratios of LC3II/LC3I and LC3II/actin are higher in the
BafA1‐treated undifferentiated compared to the BafA1‐treated differentiated
keratinocytes. This suggests that undifferentiated keratinocytes have a higher rate
of autophagic flux compared to the differentiated cells. However, quantification of
p62 levels (p62/actin ratios) shows that blocking the autophagy pathway with BafA1
does not affect p62 turn‐over.
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Appendix 8: Analysis of LC3 and p62 levels in undifferentiated and differentiated
keratinocytes after BafA1 treatment.
(a, b, c) Western blot analysis of primary keratinocyte cultures treated with and without
BafA1 for n=3 individual experiments. Quantification of LC3II/actin ratios and graphs for
each experiment shows increased LC3II/actin in the BafA1 treated cells.
Appendix 8 continued on the next page.
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Appendix 8: Analysis of LC3 and p62 levels in undifferentiated and differentiated
keratinocytes after BafA1 treatment.
Appendix 8 continued.
(g) Table shows average values for LC3II/actin and standard errors for n=3 individual
experiments. Graph shows that the LC3II/actin values in the undifferentiated keratinocytes
are higher than in the differentiated keratinocyte population.
(h) Paired two tailed t‐test for average values of BafA1‐treated keratinocytes shows that
the difference in LC3II/actin ratios between undifferentiated and differentiated
keratinocytes is not statistically significant.
Appendix 8 continued on the next page.
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Appendix 8: Analysis of LC3 and p62 levels in undifferentiated and differentiated
keratinocytes after BafA1 treatment.
Appendix 8 continued.
(f, g, h) Quantification of LC3II/LC3I ratios and graphs for each of the n=3 individual
experiments shows increased LC3II/actin in the BafA1 treated cells.
Appendix 8 continued on the next page.
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Appendix 8: Analysis of LC3 and p62 levels in undifferentiated and differentiated
keratinocytes after BafA1 treatment.
Appendix 8 continued.
(i) Table shows average values for LC3II/LC3I and standard errors for n=3 individual
experiments. Graph shows that the LC3II/LC3I values in the undifferentiated keratinocytes
are higher than in the differentiated keratinocyte population.
(j) Paired two tailed t‐test for average values of BafA1‐treated keratinocytes shows that the
difference in LC3II/LC3I ratios between undifferentiated and differentiated keratinocytes is
not statistically significant.
Appendix 8 continued on the next page.
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Appendix 8: Analysis of LC3 and p62 levels in undifferentiated and differentiated
keratinocytes after BafA1 treatment.
Appendix 8 continued.
(k, l, m) Quantification of p62/actin ratios and graphs for each of the n=3 individual
experiments shows an increase in p62/actin in the indifferentiated BafA1‐treated cells.
However, in the differentiated keratinocytes, BafA1 does not have an effect on p62/actin
levels.
Appendix 8 continued on the next page.
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Appendix 8: Analysis of LC3 and p62 levels in undifferentiated and differentiated
keratinocytes after BafA1 treatment.
Appendix 8 continued.
(n) Table shows average values for p62/actin and standard errors for n=3 individual
experiments. Graph shows that the p62/actin values in the undifferentiated keratinocytes
are higher than in the differentiated keratinocyte population.
(o) Paired two tailed t‐test for average values of BafA1‐treated keratinocytes shows that
the difference in p62/actin ratios between undifferentiated and differentiated
keratinocytes is not statistically significant.
This figure represents n=3 blots referred to in Figure 3.16.
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Appendix 9: Analysis of cellular protein expression patterns in
undifferentiated

and

differentiated

keratinocytes

after

BafA1

treatment
The observations made with Western blot analysis in BafA1‐treated and untreated
keratinocyte cultures were verified using immunofluorescence analysis. BafA1
treatment increases the LC3 expression intensities per cell in both undifferentiated
and differentiated keratinocyte populations. This increase in LC3 intensities is
statistically significant in the differentiated keratinocytes with P<0.05. However, the
LC3 intensities per cell are nearly equal in both undifferentiated and differentiated
keratinocytes when treated with BafA1. Therefore, immunofluorescence analysis
shows that the LC3 intensities per cell in undifferentiated and differentiated cells
does not vary greatly. Therefore, no statistical test was performed in the LC3
intensities in the BafA1‐treated cells of both keratinocyte populations.
BafA1 treatment also increases the p62 expression intensities per cell in both
keratinocyte populations and this increase is statistically significant in the
undifferentiated cells with P<0.05. However, the difference in p62 intensities per
cell in the BafA1‐treated undifferentiated keratinocytes compared to the BafA1‐
treated differentiated cells is not statistically significant.
These results show that under normal culture conditions, the autophagy process is
completed since blocking it with BafA1 leads to an increase in LC3 and p62 levels.
However, there is no significant difference in LC3 and p62 expression intensities in
undifferentiated and differentiated keratinocytes.
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Appendix 9 Table 1: Analysis of LC3 expression in undifferentiated and
differentiated keratinocytes after BafA1 treatment for n=1 experiments.
Keratinocyte monolayer cultures treated with and without BafA1. The LC3
expression intensities were analysed with immunofluorescence analysis and
quantified with ImageJ. The average LC3 intensity per cell was calculated for each
culture condition.
Appendix 9 continued on the next page.
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Appendix 9 Table 2: Analysis of LC3 expression in undifferentiated and
differentiated keratinocytes after BafA1 treatment for n=2 experiments.
Appendix 9 continued.

Keratinocyte monolayer cultures treated with and without BafA1. The LC3
expression intensities were analysed with immunofluorescence analysis and
quantified with ImageJ. The average LC3 intensity per cell was calculated for each
culture condition.
Appendix 9 continued on the next page.

361

Appendix 9 Table 3: Analysis of LC3 expression in undifferentiated and
differentiated keratinocytes after BafA1 treatment for n=3 experiments.
Appendix 9 continued.

Keratinocyte monolayer cultures treated with and without BafA1. The LC3
expression intensities were analysed with immunofluorescence analysis and
quantified with ImageJ. The average LC3 intensity per cell was calculated for each
culture condition.
Appendix 9 continued on the next page.
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Appendix 9: Analysis of LC3 expression in undifferentiated and differentiated
keratinocytes after BafA1 treatment for n=3 experiments.
Appendix 9 continued.

(a, b, c) Keratinocyte monolayer cultures were treated with and without BafA1 in
n=3 experiments. The average LC3 intensities per cell for each experiment, n=1, 2, 3
are shown in tables on the left and the corresponding graphs for the values are in
the graphs on the right.
Appendix 9 continued on the next page.

363

Appendix 9: Analysis of LC3 expression in undifferentiated and differentiated
keratinocytes after BafA1 treatment for n=3 experiments.
Appendix 9 continued.
(d) Average values for LC3 intensities per cell of n=3 experiments, with the values on the
left and the graph on the right.
(e) The results of a paired t‐test for undifferentiated keratinocytes without BafA1 compared
to BafA1 treated cells, shows that the difference in LC3 expression intensities is not
significant.
(f) The results of a paired t‐test for differentiated keratinocytes without BafA1 compared to
BafA1 treated cells, shows that the difference in LC3 expression intensities is significant,
P<0.05. Appendix 9 continued on the next page.
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Appendix 9 Table 4: Analysis of p62 expression in undifferentiated and
differentiated keratinocytes after BafA1 treatment for n=1 experiments.
Appendix 9 continued.

Keratinocyte monolayer cultures treated with and without BafA1. The p62
expression intensities were analysed with immunofluorescence analysis and
quantified with ImageJ. The average p62 intensity per cell was calculated for each
culture condition.
Appendix 9 continued on the next page.
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Appendix 9 Table 5: Analysis of p62 expression in undifferentiated and
differentiated keratinocytes after BafA1 treatment for n=2 experiments.
Appendix 9 continued.

Keratinocyte monolayer cultures treated with and without BafA1. The p62
expression intensities were analysed with immunofluorescence analysis and
quantified with ImageJ. The average p62 intensity per cell was calculated for each
culture condition.
Appendix 9 continued on the next page.
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Appendix 9: Analysis of p62 expression in undifferentiated and differentiated
keratinocytes after BafA1 treatment for n=2 experiments.
Appendix 9 continued.

(g, h) Keratinocyte monolayer cultures were treated with and without BafA1 in n=2
experiments. The average p62 intensities per cell for each experiment, n=1, 2 are
shown in tables on the left and the corresponding graphs for the values are in the
graphs on the right.
Appendix 9 continued on the next page.
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Appendix 9: Analysis of p62 expression in undifferentiated and differentiated
keratinocytes after BafA1 treatment for n=2 experiments.
Appendix 9 continued.
(i) Average values for p62 intensities per cell of n=2 experiments, with the values on the left
and the graph on the right.
(j) The results of a paired t‐test for undifferentiated keratinocytes without BafA1 compared
to BafA1 treated cells, shows statistically significant difference in p62 expression intensities,
P<0.05
(k) The results of a paired t‐test for differentiated keratinocytes without BafA1 compared to
BafA1 treated cells, shows that the difference in p62 expression intensities is not significant.
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Appendix 9: Analysis of p62 expression in undifferentiated and differentiated
keratinocytes after BafA1 treatment for n=2 experiments.
Appendix 9 continued.
(l) The results of a paired t‐test for BafA1‐treated keratinocytes, undifferentiated cells
compared differentiated cells, shows no statistically significant difference
This figure represents n=3 experiments referred to in Figure 3.17.
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Appendix 10: Inhibition of autophagy via siRNA knockdowns of ULK1
and WIPI1, and its effects on nucleophagy in differentiating
keratinocytes
In order to find out if autophagy is essential for degradation of nuclei, during
differentiation in vitro, a knockdown of key autophagy proteins was carried out
using siRNAs against ULK1 and WIPI1. Monolayer proliferating undifferentiated
keratinocytes were transfected with the different siRNAs. 24h after transfection,
differentiation was induced for a further 48h by increasing the calcium content of
the media (corresponding to 72h after the siRNA transfection). The end‐
concentration of siRNAs used was 50nM. Titrations for lower contentrations (10nM
and 25nM) showed that lower siRNA concentrations did not efficiently down‐
regulate target gene expression. Undifferentiated keratinocytes were cultured in
medium with low calcium for the period before harvesting.
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Appendix 10: Inhibition of autophagy via siRNA knockdowns of ULK1 and WIPI1
and, its effects on the expression of keratinocyte differentiation markers.
(a, b, c, d) Western blotting of lysates from four different experiments of keratinocytes
transfected with non‐targeting, ULK1 and WIPI1 siRNA shows effective knockdown of ULK1
and WIPI1 in the siULK1 and siWIPI1 cells. Western blot analysis of differentiation markers
K1 and K14 shows that in keratinocytes with non‐targeting siRNA, K1 is expressed at lower
levels in the undifferentiated keratinocytes compared to the differentiated keratinocytes.
Both siULK1 and siWIPI1 cells show a similar K1 expression pattern. Western blot analysis of
K14 expression shows relatively constant K14 expression levels in both undifferentiated and
differentiated siNon‐targeting, siULK1 and siWIPI1 cells.
Appendix 10 continued on the next page.
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Appendix 10: Inhibition of autophagy via siRNA knockdowns of ULK1 and WIPI1,
and its effects on nucleophagy in differentiating keratinocytes.
Appendix 10 continued.
(e) Quantification of nucleophagic keratinocytes in both undifferentiated and differentiated
cultures of cells transfected with non‐targeting, ULK1 and WIPI1 siRNAs in two independent
transfections shows there is a reduction in the proportion of nucleophagic cells in the
differentiated siULK1 and siWIPI1 knockdown cells compared to differentiated cells with
non‐targeting siRNA.
Total number of cells determined with ImageJ and number of nucleophagic cells counted
manually.
Appendix 10 continued on the next page.

372

Appendix 10: Inhibition of autophagy via siRNA knockdowns of ULK1 and WIPI1,
and its effects on nucleophagy in differentiating keratinocytes.
Appendix 10 continued.
(f) The average number of nucleophagic keratinocytes of the n=2 experiments, ~10% in
siULK1 cells, ~3% in siWIPI1 cells and ~16% in siNon‐targeting cells, shows that a
knockdown of key autophagy genes reduces the number of nucleophagic keratinocytes in
the differentiated keratinocyte population. This reduction in nucleophagic cells is
statistically significant (P<0.05) in the differentiated keratinocytes with siWIPI compared to
the non‐targeting siRNA cells.
Appendix 10 continued on the next page.
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Appendix 10: Inhibition of autophagy via siRNA knockdowns of ULK1 and WIPI1,
and its effects on nucleophagy in differentiating keratinocytes.
Appendix 10 continued.
(g) A paired t‐test for the average number of nucleophagic keratinocytes in differentiated
keratinocytes, shows that the reduction in nucleophagic keratinocytes in siWIPI1
transfected cells, compared to the siNon‐targeting cells, is statistically significant with
P<0.05. However, the reduction in nucleophagic keratinocytes in the differentiated
population of siULK1 transfected keratinocytes compared to the siNon‐targeting cells is not
statistically significant.
This figure represents n=2 experiments for Figure 3.25 and 3.26.
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Appendix 11: The effects of 3‐MA on class I and class III PI3kinases in
REKs.
Western blot analysis was performed to determine whether 3‐MA specifically blocks
the autophagy pathway in REKs. 3‐MA is routinely used as an autophagy inhibitor,
however, in some cell types and under certain conditions, 3‐MA also inhibits the
class I PI3kinase. Therefore, initial experiments were performed to determine
whether 3‐MA affects the class I or the class III PI3kinase, or both, in keratinocytes.
Initial experiments were done with REKs.
However, my results show that in REKs, 3‐MA inhibits the class I PI3kinase which is
up‐stream of AKT and regulates AKT activity and its down‐stream targets like S6
phosphorylation. 3‐MA does not affect LC3 processing and so does not inhibit the
class III PI3kinase in REKs. Therefore, 3‐MA is not a suitable autophagy inhibitor for
keratinocytes under the culture conditions used in my experiments.
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Appendix 11: The effects of 3‐MA on class I and class III PI3kinases in REKs.
(a) Western blotting of lysates from REKs treated with 0‐50mM 3‐MA for 24h shows that
concentrations of 3‐MA have no effects on LC3 processing.
(b) REKs were also treated with 0‐25 mM 3‐MA and harvested after 2h, 4h and 8h. After 8h
treatment, LC3I and LC3II are decreased with 10 mM and 25 mM 3‐MA. However, this
effect of 3‐MA on LC3 processing is very mild.
(c) Western blotting of REK lysates treated with 0‐20 mM 3‐MA and harvested at 4h, 8h and
24h shows a dramatic reduction in phospho‐AKT (S473) and also in phospho‐S6 (S240/244).
However, 3‐MA had no effect on LC3 processing.
This figure represents n=2 experiments for Figure 3.23.
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Appendix 12: The effect of rapamycin on autophagy in REK monolayer
cultures
First, I wanted to determine whether REK monolayer cultures are capable of
rapamycin‐induced autophagy. REKs were treated with rapamycin or its vehicle
DMSO, before harvesting. Western blot analysis of REK protein lysates shows that
with rapamycin treatment S6 phosphorylation, which is a down‐stream target of
mTORC1 activity, is inhibited. This confirms that rapamycin treatment effectively
blocks mTORC1. Phospho‐AKT levels increase with rapamycin due to inactivation of
the negative feed‐back loop between mTORC1 and the IRS‐1 receptor (Sully et al.
2012), further confirming effective rapamycin treatment.
Analysis of LC3 by Western blotting shows that untreated REKs have low levels of
LC3II (Appendix 12a), suggesting low levels of basal autophagy in these cells.
Compared to vehicle‐treated cells, rapamycin induces a slight increase in LC3II,
indicating an increase in the number of autophagosomes (Appendix 12a). However,
due to the very low intensities of the LC3II bands, quantification was not possible.
These results were verified using immunofluorescence analysis for LC3 expression in
the REK cultures (Appendix 12b). Immunofluorescence analysis of LC3 shows a low
intensity of LC3 expression in REK monolayers, suggesting low basal levels of
autophagy. This confirms observations made by Western blotting with very low
levels of LC3II in the REK protein lysates. However, the punctate expression pattern
of LC3 indicates the presence of autophagic vesicles (Appendix 12b). But with
immunofluorescence analysis, I observed no effects of rapamycin treatment on LC3
levels or LC3 puncta when compared to the vehicle‐treated cells (Appendix 12b).
These results indicate that REKs have very low levels of basal autophagy and
rapamycin treatment may induce a slight increase in autophagy levels, however,
this is difficult to detect with Western blotting and with immunofluorescence
analysis.
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Appendix 12: Effects of rapamycin on expression of autophagosome marker, LC3,
in REKs.
(a) Western blotting of whole cell lysates of REKs treated with vehicle or rapamycin shows
that rapamycin down‐regulates S6 phosphorylation indicating effective mTORC1 inhibition.
With rapamycin treatment, AKT phosphorylation is increased suggesting rapamycin‐
mediated inhibition of the negative feedback loop and effective mTORC1 inhibition.
Compared to the untreated and vehicle‐treated cells, rapamycin induces a very slight up‐
regulation of LC3II however, due to the very low intensities of LC3II bands, quantification
cannot be done.
(b) Immuno‐fluorescence staining for LC3 and phospho‐S6 (S240/244) on REK monolayer
cultures shows reduced phospho‐S6 levels with rapamycin treatment, showing effective
mTORC1 inhibition and confirming observations made by Western blotting. LC3 is
expressed at low levels in untreated and vehicle‐treated cells. However, any changes in LC3
induced by rapamycin are not detected with immuno‐fluorescence staining. Staining for LC3
shows a punctate expression pattern in all cells indicating the presence of autophagic
vesicles.
REKs treated with 10nM rapamycin or vehicle for 4h before harvesting.
Bar = 20um.
This figure is reference in section 4.2.
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Appendix 13: Immunofluorescence analysis showing the effect of
rapamycin on autophagy in REK monolayer treated with and without
chloroquine
Rapamycin alone induces an increase in LC3 expression levels compared to vehicle‐
treated cells (Appendix 13a; Appendix 13b), which is further increased with
chloroquine (Appendix 13a; Appendix 13b). Rapamycin treatment also leads to
formation of more LC3 aggregates compared to vehicle treated REKs (Appendix
13c). Blocking autophagic degradation with chloroquine leads to a further increase
in rapamycin‐induced LC3 puncta formation (Appendix 13c). These results show that
rapamycin up‐regulates the autophagy pathway in REKs leading to formation of
more LC3 positive vesicles.
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Appendix 13: Analysis of the autophagosome marker LC3, in rapamycin‐treated
REKs with and without chloroquine.
(a) REKs were treated with vehicle or rapamycin with or without chloroquine before
harvesting. Immunofluorescence analysis of LC3 expression in REK monolayer cultures
treated with vehicle alone and with rapamycin alone (without chloroquine) shows that
rapamycin increases LC3 expression. Chloroquine‐treatment leads to accumulation of LC3 in
vehicle‐treated and in rapamycin‐treated REKs.
(b) Quantification of the LC3 expression intensity per cell shows that chloroquine treatment
increases the LC3 intensities/cell. Compared to vehicle‐treated REKs, rapamycin strongly
increase the LC3 intensity/cell and this is further increased in the presence of chloroquine.
(c) Rapamycin‐treatment also increases the number of LC3 aggregates/cell and this is
further increased with chloroquine. Since this is a preliminary experiment, only a small
sample size was analysed and statistical relevance could not be assessed.
Appendix 13 continued on the next page.
REKs treated with 10nM rapamycin or vehicle for 4h before harvesting; 200uM chloroquine
added 2h before harvesting. Bar = 20um.
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Appendix 13 Table 1: Analysis of the autophagosome marker LC3, in rapamycin‐
treated REKs with and without chloroquine.
Appendix 13 continued.
Quantification of LC3 puncta per cell for 2 fields of view.
Quantification of LC3 puncta per field of view was done with imageJ. However, number of
cells per field of view was determined by eye.
Appendix 13 continued on the next page.
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Appendix 13 Table 2: Analysis of the autophagosome marker LC3, in rapamycin‐
treated REKs with and without chloroquine.
Appendix 13 continued.
Quantification of LC3 intensities per cell for 2 fields of view.
Quantification of LC3 intensities per field of view was done with imageJ. However, number
of cells per field of view was determined by eye.
Appendix 13 continued on the next page.
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Appendix 13: Analysis of the autophagosome marker LC3, in rapamycin‐treated
REKs with and without chloroquine.
Appendix 13 continued.
(f) Table showing average LC3 puncta per cell and the standard errors
(g) Table showing average LC3 intensities per cell and the standard errors
(h) Results from the paired t‐test for LC3 intensities per cell performed on REKs with
chloroquine, treated with vehicle compared to rapamycin
(i) Results from the paired t‐test for LC3 intensities per cell performed on REKs with
chloroquine, treated with vehicle compared to rapamycin
This figure is referenced in section 1.2.

383

Appendix 14: The Western blot analysis of the effects of rapamycin on
autophagy in primary keratinocyte monolayer cultures treated with
and without chloroquine
To determine whether primary monolayer keratinocytes respond to rapamycin‐
induced autophagy, I treated both undifferentiated and differentiated primary
keratinocyte cultures with rapamycin in the presence and absence of chloroquine. If
rapamycin increases autophagy in primary keratinocytes, a much stronger increase
in LC3 levels would be expected with chloroquine.
Western blotting of lysates from primary human monolayer keratinocyte cultures
shows that rapamycin treatment down‐regulates phosphorylation of S6, indicating
effective mTORC1 inhibition (Appendix 14a).
Chloroquine increases LC3II levels in both vehicle‐treated and rapamycin‐treated
keratinocyte cultures, suggesting chloroquine blocks the autophagy pathway
leading to accumulation of LC3 (Appendix 14a). Quantification of LC3/actin ratios
shows that rapamycin treatment in the absence of chloroquine leads to a small
increase the LC3II levels in both the undifferentiated and differentiated keratinocyte
populations (Appendix 14b). Combined treatment with chloroquine and rapamycin
does not further increase LC3II/actin levels (Appendix 14b).
Quantification of LC3 turn‐over (LC3II/LC3I), shows that chloroquine treatment
leads to an increase in LC3II/LC3I ratios in both undifferentiated and differentiated
keratinocyte populations. However, rapamycin treatment alone and combined with
chloroquine, has no significant effect on LC3II/LC3I levels when compared to
vehicle‐treated cells (Appendix 14c). Chloroquine‐treatment also leads to the
accumulation of LC3I in both vehicle‐treated and rapamycin‐treated keratinocytes
(Appendix 14d). This is an unexpected effect of chloroquine, since it should only
affect the late stages of autophagy preventing degradation of autophagic vesicles.
In keratinocytes, chloroquine may affect other pathways up‐stream of autophagy
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leading to more LC3I in the cells. However, rapamycin treatment in the presence of
chloroquine leads to a strong increase in LC3I levels (Appendix 14d). This effect of
chloroquine on the rapamycin‐induced increase in LC3I may also be a reason why
LC3 turn‐over appears to be reduced with rapamycin treatment (Appendix 14d).
These results show that chloroquine is not a suitable autophagy inhibitor to
measure LC3 turn over in keratinocytes. Any effect of rapamycin on LC3II levels
cannot be measured because chloroquine also increases LC3I levels which may be
due to other effects of chloroquine.
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Appendix 14: Analysis of autophagic flux in rapamycin‐treated primary
keratinocyte cultures with and without chloroquine.
(a) Undifferentiated and differentiated monolayer primary keratinocytes were treated with
vehicle or rapamycin in the presence and absence of chloroquine. Western blot analysis of
protein lysates shows that with rapamycin treatment, S6 phosphorylation is down‐
regulated confirming effective mTOR inhibition. Chloroquine treatment blocks degradation
of autophagic vesicles leading to accumulation of LC3II in both vehicle‐treated and
rapamycin‐treated cells.
(b) Total levels of LC3II are quantified as LC3II/actin. Chloroquine treatment leads to
increased LC3II/actin. Rapamycin treatment alone has no significant effect on LC3II levels
however rapamycin treatment with chloroquine does not increase LC3II/actin levels.
(c) LC3II turn‐over is quantified as LC3II/LC3I ratios. Chloroquine treatment increases the
LC3II/LC3I ratios. Rapamycin treatment alone has no effect on LC3II/LC3I levels, and with
chloroquine, rapamycin also has no significant effects on LC3 turn‐over.
(d) LC3I turn‐over quantified as LC3I/actin shows that chloroquine treatment also increases
LC3I levels slightly in both undifferentiated and differentiated keratinocytes.
Appendix 14 continued on the next page.
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Appendix 14: Analysis of autophagic flux in rapamycin‐treated primary
keratinocyte cultures with and without chloroquine.
Appendix 14 continued.
(e) Western blot n=1 analysis of undifferentiated and differentiated monolayer primary
keratinocytes treated with vehicle or rapamycin with or without of chloroquine.
(f) Graph of quantification for LC3II/LC3I for blot 1
(g) Graph of quantification for LC3II/actin for blot 1
(h) Graph of quantification for LC3I/actin for blot 1
(i) Quantification of LC3I, LC3II, actin and the LC3II/LC3I and LC3II/actin ratios for n=1 blots
Appendix 14 continued on the next page.
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Appendix 14: Analysis of autophagic flux in rapamycin‐treated primary
keratinocyte cultures with and without chloroquine.
Appendix 14 continued.
(j) Western blot n=2 analysis of undifferentiated and differentiated monolayer primary
keratinocytes treated with vehicle or rapamycin with or without of chloroquine.
(k) Graph of quantification for LC3II/LC3I for blot 2
(l) Graph of quantification for LC3II/actin for blot 2
(m) Graph of quantification for LC3I/actin for blot 2
(n) Quantification of LC3I, LC3II, actin and the LC3II/LC3I and LC3II/actin ratios for n=2 blots
Appendix 14 continued on the next page.
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Appendix 14: Analysis of autophagic flux in rapamycin‐treated primary
keratinocyte cultures with and without chloroquine.
Appendix 14 continued.
(o) Western blot n=3 analysis of undifferentiated and differentiated monolayer primary
keratinocytes treated with vehicle or rapamycin with or without of chloroquine.
(p) Graph of quantification for LC3II/LC3I for blot 3
(q) Graph of quantification for LC3II/actin for blot 3
(r) Graph of quantification for LC3I/actin for blot 3
(s) Quantification of LC3I, LC3II, actin and the LC3II/LC3I and LC3II/actin ratios for n=3 blots
Appendix 14 continued on the next page.

389

Appendix 14: Analysis of autophagic flux in rapamycin‐treated primary
keratinocyte cultures with and without chloroquine.
Appendix 14 continued.
(t) Average band intensities of LC3II/LC3I for n=3 blots.
(u) Average band intensities of LC3II/actin for n=3 blots.
(v) Average band intensities of LC3I/actin for n=3 blots.
Appendix 14 continued on the next page.
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Appendix 14: Analysis of autophagic flux in rapamycin‐treated primary
keratinocyte cultures with and without chloroquine.
Appendix 14 continued.
(w) Standard error values for LC3II/LC3I values of n=3 blots.
(x) Standard error values for LC3II/actin values of n=3 blots.
(y) Standard error values for LC3I/actin values of n=3 blots.
This figure is referenced in section 4.2.
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Appendix 15: Immunofluorescence analysis of tThe effects of
rapamycin on autophagy in primary keratinocyte monolayer cultures
treated with and without chloroquine
Next, I wanted to verify these findings with immunofluoresence analysis of LC3
expression levels in monolayer keratinocyte cultures. Immunofluorescence analysis
of LC3 levels in vehicle‐treated and rapamycin‐treated cells shows that with
chloroquine treatment, in both undifferentiated and differentiated keratinocytes,
there is an accumulation of LC3. Quantification of LC3 intensities (Appendix 15)
shows increased LC3 levels with chloroquine treatment.
However, in undifferentiated keratinocytes with choroquine, rapamycin induces a
slight increase in LC3 levels compared to vehicle‐treated cells (Appendix 15). In the
differentiated keratinocytes with and without chloroquine, rapamycin does not
increase LC3 levels, but appears to reduce LC3 levels slightly (see Appendix 15). The
number of LC3 aggregates in undifferentiated and differentiated cultures is not
affected by rapamycin treatment (Appendix 15).
Therefore, using immunofluorescence analysis and chloroquine as a drug to
measure autophagic flux, I observe that rapamycin does not affect LC3 intensities or
LC3 aggregate formation in keratinocyte cultures. With Western blot analysis, I
observe that chloroquine has other effects on autophagy and leads to increased
LC3I levels (Appendix 14) suggesting that the effects of chloroquine alone mask any
effect rapamycin may have on autophagy. Therefore, I used another drug BafA1, to
measure autophagic flux and to determine the effects of rapamycin on primary
human monolayer keratinocytes.
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Appendix 15: The effects of rapamycin on the autophagosome marker, LC3 in
primary keratinocyte cultures with and without chloroquine treatment.
(a) Primary monolayer keratinocyte cultures were treated with vehicle or with rapamycin,
with and without chlororquine. Immunofluorescence analysis shows accumulation of LC3 in
nucleophagic regions of differentiated keratinocytes, similar to observations made
previously in chapter 3. In both undifferentiated and differentiated keratinocytes treated
with vehicle and with rapamycin, chloroquine treatment leads to an increase in LC3
expression intensities and LC3 puncta formation compared to cells without chloroquine.
Appendix 15 continued on the next page.
Primary keratinocyte monolayers treated with 10nM rapamycin or vehicle for 4h before
harvesting; 200uM chloroquine added 2h before harvesting. Bar = 20um.
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Appendix 15: The effects of rapamycin on the autophagosome marker, LC3 in
primary keratinocyte cultures with and without chloroquine treatment.
Appendix 15 continued.
(b) Quantification of LC3 intensities per cell shows that chloroquine treatment increases
LC3 intensities in undifferentiated and differentiated keratinocytes treated with vehicle and
with rapamycin. However, in both undifferentiated and differentiated keratinocytes,
rapamycin treatment in the presence and abscence of chloroquine has no significant effect
on LC3 intensities compared to vehicle treated cells.
(c) Quantification of LC3 puncta per cell shows that chloroquine increases the number of
LC3 puncta per cell in both undifferentiated and differentiated keratinocyte populations.
However, rapamycin has no effects on the number of LC3 puncta per cell in both
undifferentiated and differentiated keratinocytes with and without chloroquine.
Appendix 15 continued on the next page.
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Appendix 15 Table 1: The effects of rapamycin on the autophagosome marker, LC3
in primary keratinocyte cultures with and without chloroquine treatment.
Appendix 15 continued.
Quantification of LC3 intensities per cell for 4 fields of view.
Quantification of LC3 intensities per field of view was done with imageJ. However, number
of cells per field of view was determined by eye.
Appendix 15 continued on the next page.
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Appendix 15 Table 2: The effects of rapamycin on the autophagosome marker, LC3
in primary keratinocyte cultures with and without chloroquine treatment.
Appendix 15 continued.
Quantification of LC3 intensities per cell for 4 fields of view.
Quantification of LC3 intensities per field of view was done with imageJ. However, number
of cells per field of view was determined by eye.
Appendix 15 continued on the next page.
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Appendix 15: The effects of rapamycin on the autophagosome marker, LC3 in
primary keratinocyte cultures with and without chloroquine treatment.
Appendix 15 continued.
(e) Table showing average LC3 intensities per cell and the standard errors
(f) Results from the paired t‐test for LC3 intensities per cell performed on undifferentiated
keratinocytes with chloroquine treated with vehicle compared to rapamycin
(g) Results from the paired t‐test for LC3 intensities per cell performed on differentiated
keratinocytes with chloroquine treated with vehicle compared to rapamycin
Appendix 15 continued on the next page.
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Appendix 15 Table 3: The effects of rapamycin on the autophagosome marker, LC3
in primary keratinocyte cultures with and without chloroquine treatment.
Appendix 15 continued.
Quantification of LC3 puncta per cell for 4 fields of view.
Quantification of LC3 puncta per field of view was done with imageJ. However, number of
cells per field of view was determined by eye.
Appendix 15 continued on the next page.
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Appendix 15 Table 4: The effects of rapamycin on the autophagosome marker, LC3
in primary keratinocyte cultures with and without chloroquine treatment.
Appendix 15 continued.
Quantification of LC3 puncta per cell for 4 fields of view.
Quantification of LC3 puncta per field of view was done with imageJ. However, number of
cells per field of view was determined by eye.
Appendix 15 continued on the next page.
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Appendix 15: The effects of rapamycin on the autophagosome marker, LC3 in
primary keratinocyte cultures with and without chloroquine treatment.
Appendix 15 continued.
(i) Table showing average LC3 puncta per cell and the standard errors
(j) Results from the paired t‐test for LC3 puncta per cell performed on undifferentiated
keratinocytes with chloroquine treated with vehicle compared to rapamycin
(k) Results from the paired t‐test for LC3 puncta per cell performed on differentiated
keratinocytes with chloroquine treated with vehicle compared to rapamycin.
This figure is referenced in section 4.2.
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Appendix 16: Immunofluorescence analysis of the autophagosome
marker, LC3 in primary keratinocyte cultures with and without BafA1
treatment
Immunofluorescence analysis with antibodies against LC3 and p62 in untreated and
BafA1‐treated undifferentiated and differentiated keratinocytes was performed to
determine whether BafA1 is more suitable to determine autophagic flux in primary
human keratinocytes. Also, the effects of rapamycin on keratinocyte autophagy in
the presence and absence of BafA1 was analysed.
Quantification of LC3 and p62 expression was carried out by determining the
intensities of protein expression per cell. Immunofluorescence analysis for LC3
shows increased LC3 intensity per cell in undifferentiated cells treated with BafA1
compared to untreated undifferentiated cells, suggesting accumulation of LC3
aggregates (Appendix 16). In the differentiated keratinocytes, BafA1 treatment also
leads to increased LC3 intensity per cell, indicating accumulation of LC3 aggregates
when autophagy is blocked at the late stages (Appendix 16). These data show more
membrane‐bound LC3 (LC3II) after BafA1 treatment in both keratinocyte cultures
(Appendix 16). Therefore, it is concluded that the autophagic pathway is functional
in monolayer keratinocytes.
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Appendix 16 Table 1: Analysis of the autophagosome marker, LC3 in primary
keratinocyte cultures with and without BafA1 treatment.
Quantification of LC3 intensities in keratinocyte monolayer cultures treated with vehicle or
rapamycin the presence or absence of BafA1.
Appendix 16 continued on the next page.
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Appendix 16: Analysis of the autophagosome marker, LC3 in primary keratinocyte
cultures with and without BafA1 treatment.
Appendix 16 continued.
(a) Average values of LC3 intensities per cell in keratinocyte monolayer cultures treated
with vehicle or rapamycin the presence or absence of BafA1.
(b) Standard error for average LC3 intensities per cell in keratinocyte monolayer cultures
treated with vehicle or rapamycin the presence or absence of BafA1.
(c) Graph shows the average values of LC3 intensities per cell in keratinocyte monolayer
cultures. BafA1 treatment, increases of LC3 intensities in vehicle and rapamycin treated
cells. Rapamycin treatment increases LC3 intensities per cell in the presence of BafA1 in
both undifferentiated and differentiated keratinocytes.
Appendix 16 continued on the next page.
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Appendix 16: Analysis of the autophagosome marker, LC3 in primary keratinocyte
cultures with and without chloroquine treatment.
Appendix 16 continued.
(d) Results from a paired t‐test for LC3 intensities in BafA1‐treated undifferentiated
keratinocytes shows that the rapamycin‐mediated increase in LC3 intensities is not
statistically significant.
(e) Results from a paired t‐test for LC3 intensities in BafA1‐treated differentiated
keratinocytes shows that the rapamycin‐mediated increase in LC3 intensities is not
statistically significant.
Appendix 16 continued on the next page.
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Appendix 16 Table 2: Analysis of the autophagosome marker, LC3 in primary
keratinocyte cultures with and without BafA1 treatment.
Appendix 16 continued.
Quantification of LC3 puncta in keratinocyte monolayer cultures treated with vehicle or
rapamycin the presence or absence of BafA1.
Appendix 16 continued on the next page.
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Appendix 16 Table 3: Analysis of the autophagosome marker, LC3 in primary
keratinocyte cultures with and without BafA1 treatment.
Appendix 16 continued.
Quantification of LC3 puncta in keratinocyte monolayer cultures treated with vehicle or
rapamycin the presence or absence of BafA1.
Appendix 16 continued on the next page.

406

Appendix 16: Analysis of the autophagosome marker, LC3 in primary keratinocyte
cultures with and without BafA1 treatment.
Appendix 16 continued.
(g) Average values of LC3 puncta per cell in keratinocyte monolayer cultures treated with
vehicle or rapamycin the presence or absence of BafA1.
(h) Standard error for average LC3 puncta per cell in keratinocyte monolayer cultures
treated with vehicle or rapamycin the presence or absence of BafA1.
(i) Graph shows the average values of LC3 puncta per cell in keratinocyte monolayer
cultures. Compared to vehicle‐treated keratinocytes, rapamycin has no effect on the
number of LC3 puncta per cell in cells with and without BafA1. BafA1 treatment also does
not affect the number of LC3 puncta per cell in all keratinocyte cultures.
This figure represents quantifications for Figure 4.6.
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Appendix 17: Western blot analysis of the autophagosome marker,
LC3 in primary keratinocyte cultures with and without BafA1
treatment
Western blotting shows that in both undifferentiated and differentiated
keratinocytes, BafA1 treatment, which prevents degradation of autophagic vesicles,
leads to accumulation of LC3II bands (Appendix 17a). This indicates that under
normal culture conditions the autophagy process is completed in both keratinocyte
populations. The LC3II/LC3I ratios and LC3II/actin ratios are higher in the BafA1
treated undifferentiated and differentiated keratinocytes when compared to the
untreated cells under normal culture conditions (Appendix 17b, c). These values
indicate an accumulation of LC3II with BafA1 treatment, which blocks the last steps
of the autophagy pathway, in both undifferentiated and differentiated
keratinocytes. With these experiments, I also observed that the when autophagy is
impaired, the LC3II/LC3I and LC3II/actin values are much higher for undifferentiated
keratinocytes compared to differentiated keratinocytes (Appendix 17b, c). This
indicates that undifferentiated keratinocytes may have a higher rate of autophagic
flux compared to differentiated cells (Appendix 17b, c) supporting initial
observations (Appendix 16).
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Appendix 17: Analysis of autophagic flux in rapamycin‐treated primary
keratinocyte cultures with and without BafA1.
(a) Western blot n=1 analysis of undifferentiated and differentiated monolayer primary
keratinocytes treated with vehicle or rapamycin with or without BafA1.
(b) Quantification of LC3I, LC3II, actin and the LC3II/LC3I and LC3II/actin ratios for n=1 blots
(c) Graph of quantification for LC3II/LC3I for blot 1
(d) Graph of quantification for LC3II/actin for blot 1
Appendix 17 continued on the next page.
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Appendix 17: Analysis of autophagic flux in rapamycin‐treated primary
keratinocyte cultures with and without BafA1.
Appendix 17 continued.
(e) Western blot n=2 analysis of undifferentiated and differentiated monolayer primary
keratinocytes treated with vehicle or rapamycin with or without BafA1.
(f) Quantification of LC3I, LC3II, actin and the LC3II/LC3I and LC3II/actin ratios for n=2 blots
(g) Graph of quantification for LC3II/LC3I for blot 2
(h) Graph of quantification for LC3II/actin for blot 2
Appendix 17 continued on the next page.
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Appendix 17: Analysis of autophagic flux in rapamycin‐treated primary
keratinocyte cultures with and without BafA1.
Appendix 17 continued.
(i) Western blot n=3 analysis of undifferentiated and differentiated monolayer primary
keratinocytes treated with vehicle or rapamycin with or without BafA1.
(j) Quantification of LC3I, LC3II, actin and the LC3II/LC3I and LC3II/actin ratios for n=3 blots
(k) Graph of quantification for LC3II/LC3I for blot 3
(l) Graph of quantification for LC3II/actin for blot 3
Appendix 17 continued on the next page.
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Appendix 17: Analysis of autophagic flux in rapamycin‐treated primary
keratinocyte cultures with and without BafA1.
Appendix 17 continued.
(m) Average values and standard errors for LC3II/LC3I ratios for n=3 blots
(n) Graph shows average values for LC3II/LC3I for n=3 blots. In the presence of BafA1, the
rapamycin mediates a statistically significant increase in LC3II/LC3I in differentiated
keratinocytes, P<0.05.
Appendix 17 continued on the next page.
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Appendix 17: Analysis of autophagic flux in rapamycin‐treated primary
keratinocyte cultures with and without BafA1.
Appendix 17 continued.
(o) Results from a paired t‐test for LC3II/LC3I in BafA1‐treated undifferentiated
keratinocytes shows that the rapamycin‐mediated increase in LC3II/LC3I is not statistically
significant.
(p) Results from a paired t‐test for LC3II/LC3I in BafA1‐treated differentiated keratinocytes
shows that the rapamycin‐mediated increase in LC3II/LC3I is statistically significant with
P<0.05.
Appendix 17 continued on the next page.
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Appendix 17: Analysis of autophagic flux in rapamycin‐treated primary
keratinocyte cultures with and without BafA1.
Appendix 17 continued.
(q) Average values and standard errors for LC3II/actin ratios for n=3 blots
(r) Graph shows average values for LC3II/actin for n=3 blots.
Appendix 17 continued on the next page.
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Appendix 17: Analysis of autophagic flux in rapamycin‐treated primary
keratinocyte cultures with and without BafA1.
Appendix 17 continued.
(s) Results from a paired t‐test for LC3II/actin in BafA1‐treated undifferentiated
keratinocytes shows that the rapamycin‐mediated increase in LC3II/LC3I is not statistically
significant.
(t) Results from a paired t‐test for LC3II/actin in BafA1‐treated differentiated keratinocytes
shows that the rapamycin‐mediated increase in LC3II/LC3I is statistically significant with
P<0.05.
This figure represents quantifications for Figure 4.5.
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Appendix 18: Vector cards of HA‐AKT constructs used for transfection
experiments of keratinocytes

Appendix 18: Vector cards of HA‐AKT constructs used for transfection experiments
in REKs
(a) The vector HA‐flag pcDNA3.1 (plasmid 10792, Addgene) was made by W. Sellers and
served as the vector backbone for the HA‐flag‐AKT1.
Appendix 18 continued on the next page.

417

Appendix 18: Vector cards of HA‐AKT constructs used for transfection experiments
in REKs
Appendix 18 continued.
(b) The construct pcDNA3.1 HA‐flag‐AKT1 (plasmid 9021, Addgene) was made by W. Sellers.
HA‐flag‐AKT1 was transfected into REKs and the phosphorylation status of HA‐flag‐AKT1 in
response to rapamycin treatment was analysed.
Appendix 18 continued on the next page.
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Appendix 18: Vector cards of HA‐AKT constructs used for transfection experiments
in REKs
Appendix 18 continued.
(c) The vector backbone pcDNA3.1/Hygro (+) (Invitrogen) served as the vector backbone for
the HA –AKT2.
Appendix 18 continued on the next page.
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Appendix 18: Vector cards of HA‐AKT constructs used for transfection experiments
in REKs
Appendix 18 continued.
(d) The construct pcDNA3.1 Hygro HA‐AKT2 (plasmid 16000, Addgene) was made by M
Birnbaum. HA‐ AKT2 was transfected into REKs and the phosphorylation status of HA‐AKT2
in response to rapamycin treatment was analysed.
Figure 4.2 shows the results from the over‐expression experiments using these HA‐AKT
constructs.

420

Appendix 19: Immunofluorescence analysis of ABCA12 in rapamycin‐
treated mouse foetal explant cultures
Skin was isolated from mouse embryos at E15.5 and cultured with rapamycin for 3
days covering the period of barrier acquisition. This corresponds to new born skin.
ABCA12 is a lipid transporter required for lamellar body formation (Akiyama et al.
2005) (Hovnanian 2005; Thomas et al. 2009).
In DMSO‐treated epidermis (Appendix 19), ABCA12 is expressed in the supra‐basal
layers of epidermis. Rapamycin treatment appears to confine or concentrate
ABCA12 expression to the granular layers only. This suggests that rapamycin
changes properties of the epidermis which may also have implications for the
epidermal barrier function.

Appendix 19: Immunofluorescence analysis of ABCA12 in rapamycin‐treated
mouse foetal explant cultures
In vehicle treated explant cultures, ABCA12 is expressed in the supra‐basal and granular
layers. Rapamycin treatment changes the expression pattern of ABCA12 by restricting its
expression to the granular layers.
Bar = 20um. Dotted line = basement membrane.
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Appendix 20: Immunofluorescence analysis of phospho‐mTORs (S2481
and S2448) in adult human epidermis
A number of mTOR phosphorylation sites have been discovered (S2448, S2481,
T2446, S2159, T2164 and S1261), however there is still a lot of controversy on their
regulation of the two mTOR complexes.
The mTOR phosphorylation site S2481 was initially discovered and shown to be an
autophosphorylation site before the different mTOR complexes were known
(Peterson et al. 2000). Recently, the S2448 site was associated with mTORC1 and
S2481 with mTORC2 activity (Copp et al. 2009). However, the S2448 site was later
said to be an autophosphorylation site (Rosner and Hengstschlager 2010). Based on
these publications, the phosphorylation pattern of mTOR in adult human epidermis
was analysed.
Since mTORC1 regulates autophagy, it was expected that if S2448 is specific for
mTORC1 activity, it would be down regulated in the upper layers of epidermis
where LC3 aggregates have been found. However, both phosphorylation sites S2481
and S2448 are present in the upper layers of epidermis. Interestingly, phospho‐
mTOR S2481 also appears to stain the cell membranes in the lower granular and
upper spinous layers. Phospho‐mTOR S2448 is not only present in the granular layer
but also at low levels in the nuclei.
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Appendix 20: Immunofluorescence analysis of phospho‐mTOR (S2481 and S2448)
in adult human epidermis
Phospho‐mTOR (S2481) is strongly expressed in the granular layer. However, phospho‐
mTOR (S2481) is also expressed in the upper supra‐basal layers where it is bound to the
plasma‐membrane. Phospho‐mTOR (S2448) is present in the granular layer as well as at
lower levels in the nuclei of keratinocytes.
Bar = 20um. Dotted line = basement membrane.
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App
pendix 21
1: Immun
nofluoresscence an
nalysis of K6 expression in foetal
epid
dermal explant cu
ultures
Cultured foetaal epiderm
mal explantt cultures treated
t
wiith vehicle or with the mTOR
inhib
bitors rapaamycin and Torin1, do not exxpress the epidermal stress marker K6.
Imm
munofluoreescence analysis for ccleaved Caaspase‐3, a marker fo
or apoptossis, shows
thatt the foetall epidermaal explant cultures
c
aree also not apoptotic.
Therrefore, in vitro cultu
uring of foetal skin explants
e
do
oes not in
nduce an epidermal
e
stresss responsse or cell d
death. Drugg treatmen
nt with rap
pamycin an
nd Torin1 also
a does
not cause stress or apoptosis in thee foetal explant cultu
ures.

App
pendix 21: Rapamyciin and Torrin‐1 have no detecttable effecct on kerattin‐6 and
cleaved caspase 3 in epidermis.
(K. Sully, unpubllished data))
use foetal explants were gro
own at tthe air‐liqu
uid interfaace for 772 hours.
Mou
Immunofluorescence analyysis for epid
dermal stress marker, keratin‐6, aand apoptossis marker
cleavved caspasee 3.
Bar==50µm. A) SSkin cultured in the preesence of vvehicle or 5 µM rapamyycin. B) Skin cultured
in the presence of vehicle o
or 5 µM Torrin‐1.
(K. Sully, unpubllished data))
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