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Summary of Thesis

There is a need for a topical formulation for invasive forms of Basal cell
carcinoma (BCC), a tumour caused by constitutive activation of the Sonic
Hedgehog (SHH) signal transduction pathway. It has been shown that the
expression of a subset of SHH target genes are augmented by EGF in GLI
over-expressing keratinocytes suggesting inhibition of SHH and EGF
signalling as potential targets.

Keratinocyte monolayer cultures in the presence of recombinant SHH and EGF
were used to determine whether the subset of target genes would be increased
when full SHH signalling was activated, a necessary requirement to test SHH
inhibitors acting upstream of GLI. Activation of the SHH pathway was not
fully achieved. Keratinocytes were therefore co-cultured with fibroblasts to
find out if paracrine signalling was needed for SHH signalling induction. When
this also did not activate the pathway, scanning electron microscopy was
carried out to determine whether keratinocytes cultured under various
conditions were capable of forming a primary cilium which is needed for SHH
signalling activity. Only in co-cultures where keratinocytes were allowed to
stratify at the air:liquid interface were primary cilia induced.

Franz-type diffusion cells were used to probe whether inhibitors to PI3K/AKT
and MEK/ERK (LY294002 and PD98059 respectively) arms of the EGF
pathway could successfully permeate through full thickness skin, which they
were able to do. However, cyclopamine (SHH pathway inhibitor) proved to be
highly insoluble and difficult to use in combination.

BCC samples were compared using immunohistochemistry of EGF pathway
components to show whether the EGF pathway is important in BCC
development in vivo. The results showed variable expression of EGF receptor
and p-AKT but p-ERK was virtually absent from BCC tumours.

Despite the ability to modulate SHH signalling, EGF pathway inhibitors
targeting p-AKT and p-ERK may not be useful for treating basal cell
carcinoma. Alternative SHH signalling inhibitors such as those that target the
formation of the primary cilium may be highly effective.
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EGF Epidermal Growth Factor
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G Guanine
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GFP Green Fluorescent Protein
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GLI2 Glioma-associated oncogenes homologue 2
GLI3 Glioma-associated oncogenes homologue 3
GLIA/GLIactGLI activated

GLIR Repressor form of GLI

Grk2 G protein—coupled receptor kinase 2
GSK3p Glycogen synthase kinase 3 beta

HaCaT Keratinocyte cell line

HCA2 Fibroblast cell line

HEPES 4-(2-hydroxyethyl)- 1-piperazineethanesulfonic acid
HES-1 Hairy and enhancer of split 1

HHBBSS Hepes modified Hank’s balanced buffered salt solution
HH Hedgehog

- HIP Heparin/Heparan sulphate-binding protein
HPLC High performance liquid chromatography
HRP Horseradish peroxidase
HS Hair shaft :
hTERT - Activity limiting component of telomerase enzyme
IFT88 Intraflagella transport protein 88
IgG Immunoglobulin
IHC Immunohistochemistry
IHH Indian Hedgehog
IL1-R2 Interleukin-1 receptor, type II
IP3 Inositol triphosphate
IPTG Isopropyl B-D-1-thiogalactopyranoside
IRS Inner root sheath
JAG-2 = Jagged2
JNK c-Jun N-terminal kinases
JUN Forms the AP-1 early response transcription factor
K1-K17 Keratins 1- 17
KAPs Keratin-associated proteins
kDa Kilo Dalton
KHG Keratohyalin granules

K-SFM Keratinocyte serum free medium
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Chapter 1

General Introduction



1. Introduction

1.1 Skin Structure

The skin is a complex organ that protects the body from toxic substances and
infection by micro-organisms, maintains its temperature, and regulates water loss
(Williams, 2003). It also has immunological functions, protects against UV
damage, synthesises vitamin D and is important for attraction and social

interactions (Graham-Brown, 2007).

The skin has three main layers (Figure 1.1): epidermis, dermis and subcutaneous
adipose (Candi et al, 2005). The epidermis and appendages are derived from
embryonic ectoderm while the dermis is derived from mesoderm (Graham-Brown,

2007).

1.1.1 Subcutaneous Fat Layer (Hypodermis)

The subcutaneous fat layer is several millimetres thick and separates the skin from
the underlying fascia and muscle. It insulates the body, provides physical
protection, absorbs shock and stores energy (Graham-Brown, 2007; Young, 2006).
It consists of loose connective tissue and adipose cells. It contains major blood
vessels and long hair follicles (e.g. scalp) extend into this layer (Graham-Brown,

2007; Young, 2006).

1.1.2 Dermis

The dermis is 3-5mm thick, a major component of the skin and provides bulk and
mechanical strength (Young, 2006). It consists of connective tissue made from
interlacing fibres embedded in mucopolysaccharides and supports appendage
structures such as hair follicles and sebaceous glands. The fibres are constructed
from collagen and some elastin, which confer strength and elasticity to this tissue.
The dermis is richly supplied with blood vessels, lymphatics, nerves and sensory

receptors (Graham-Brown, 2007). The main cell types are fibroblasts (synthesize
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synthesise specialised proteins. Differentiation continues into the granular layer
where the comified envelope is formed. The cells become anucleate at this stage,
lose their organelles and flatten to form ‘dead’ corneocytes. In normal human skin
it takes approximately 30 days for basal cells to reach the skin surface (Young,
2006). Thus, cell proliferation, differentiation and death occur sequentially, and
each process is characterised by the expression of specific differentiation-related
proteins (Candi et al, 2005).

1.1.4.1 Stratum Basale

The stratum basale is the deepest portion of the epidermis and consists of a single
layer of cuboidal cells. Keratinocytes are continuously produced in this layer by
sufficient cell division to generate the overlying stratified epithelial strata (Young
et al 2006). Basal keratinocytes are anchored to the basement membrane by
hemidesmosomes, an interaction mediated by transmembrane proteins such as
integrins (Graham-Brown, 2007; Candi et al, 2005; Young, 2006). The
intermediate filaments (IF) within epidermal basal cells are formed by
polymerisation of two keratin proteins, K5 and K14 in basal cells, which form a
three-dimensional network within the cells. Keratins terminate at the
hemidesmosome (BMZ surface) and at the desmosome (lateral and apical

surfaces). These two keratins also persist as cells move into the suprabasal layers.

MERKel cells (associated with nerve'cndings in touch sensitive areas) occur on
the dermal side of the basement membrane. Langerhans cells are also found in the
epidermis and these present antigens to lymphocytes in the draining lymph nodes

thus providing the skin with constant immune surveillance (Williams, 2003).

Melanocytes produce melanin in granules (melanosomes), which is transferred to
keratinocytes and forms a cap over the nucleus to protect DNA from solar UV
radiation. Two types of melanin are present in these granules in order to absorb
UV irradiation: a brown/black pigment called eumelanin and a yellow/red pigment

called phaeomelanin. Darker and lighter skin types contain the same number of
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1.1.4.3 Stratum Granulosum

The stratum granulosum consists of cells which acquire granular structures
(keratohyalin and lamellar granules). The layer is so named because the
keratohyalin granules (KHG) are visible by light microscopy. There are two types
of KHG, F-granules that produce profilaggrin and L-granules that produce loricrin
(a major cornified envelope protein). Filaggrin helps to bundle keratin filaments
tightly together to promote the collapse of the cell into a flattened corneocyte
(Candi et al., 2005; Young, 2006). Lamellar granules (also called Odland bodies)
contribute to barrier function of the epidermis by discharging specialised lipids
(e.g. ceramides) and enzymes into the spaces between granular cells. This prevents
substances entering the tissue through channels between the dead cells of the
stratum corneum (Graham-Brown, 2007) and is a major component of the

epidermal barrier.

1.1.4.4 Stratum Lucidum

This layer is 3 to 5 cells thick and so-named because of its translucent appearance
when viewed under the microscope. It is only present in areas of thick skin such as
the soles of feet. The cell nucleus disintegrates in this layer and there is increased

keratinisation and cell flattening (Graham-Brown, 2007).

1.1.4.5 Stratum Corneum

The stratum corneum is a horny layer of flattened keratinised cells, with no nuclei
or cytoplasmic organelles. The keratin filaments have been cross-linked by
formation of disulfide (S-S) bonds and tightly bundled by the action of filaggrin.
Transglutaminase (a Ca®" dependent enzyme) covalently links glutamine to lysine
in adjacent polypeptides, forming isopeptide cross-links between envelope
proteins to provide mechanical strength (Candi et al., 2005; Young, 2006). The
cornified cell envelope provides further mechanical strength as well as forming an
important part of the essential barrier function (Graham-Brown, 2007). Cells are
locked together where adjacent cells overlap their margins and the high lipid

content between the cells acts as a permeability barrier (Young, 2006). With



general wear and tear, as well as the activity of specialised proteases, the cells are
sloughed off the skin surface in an active process called desquamation (Graham-
Brown, 2007).

1.1.4.6 Epidermal Appendages

During embryonic development, the epidermis produces appendages by down-
growth and specific re-programming of epithelial cells. During this time,
molecular signalling between the epidermal cells (keratinocytes) and dermal cells
(fibroblasts) is essential. These epithelial-mesenchymal interactions produce three
main appendage structures: hair follicle, sebaceous gland and eccrine sweat gland
(Figures 1.4 and 1.5). This region also contains an area termed the “bulge” that
represents a stem cell niche and contains multipotent, slow cycling cells which act
as a renewal source for the hair follicle, sebaceous gland and probably the sweat
gland. In addition, during wound repair, these cells can also migrate to repopulate

damaged epidermis.

the hair follicle is an invagination and down-growth of epidermal keratinocytes.
This initially forms the infundibulum and then the outer root sheath (ORS) of the
hair follicle. The sebaceous duct branches off the hair follicle below the
infundibulum. Epithelial cell down-growth from the epidermis also forms the
eccrine sweat gland and duct. Eccrine glands are innervated to regulate body
temperature by secreting water contaihing NacCl to cool the body by evaporation.
Apocrine glands in skin produce sweat and open into the hair follicle canal. They
are larger than eccrine sweat glands and are only present in certain areas such as
the arm pit and groin.

The pilosebaceous unit (PSU) is a term that describes the hair follicle, arrector pili
muscle and sebaceous gland, as a single structural entity (Figures 1.4 and 1.5).
While PSUs are present over most of the body, large PSUs are particularly
prevalent on the face, chest and back and PSUs are absent from the hands and feet.
The arrector pili muscle is a bundle of smooth muscle fibres, which attaches to the

follicle below the sebaceous gland and just beneath the epidermis (BMZ of rete
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and populate the bulb matrix region. Epithelial-mesenchymal interactions between
the dermal papilla and matrix induce all seven distinct lineages of specialised hair
follicle cell layers which all have distinct differentiation programmes and are able

to produce the hair fibre and the follicle.

The inner three epithelial layers (medulla, cortex and cuticle) undergo
keratinisation to form the hair shaft and the outer three layers (cuticle, Huxley,
Henley) form the inner root sheath (IRS). The inner root sheath is separated from
the outer root sheath (ORS) by the companion layer (CL). The ORS is surrounded
by a glassy membrane, which is a specialised basement membrane. At the base of
the follicle, a mass of epithelial cells (hair matrix) surrounds the dermal papilla, an
inductive mesenchymal cluster (Young, 2006). This mass of cells produce progeny
which terminally differentiate to form all layers of the hair shaft and inner root
sheath (Alonso and Fuchs, 2006).

The cortex of the hair fibre is composed of trichocytes that express hair specific
keratins. Nails have a similar structure to the hair fibre but are formed as a flat
(curved) plate of hair specific and epithelial keratins which originate from the nail
fold, also an invagination of the epidermis (Graham-Brown, 2007, Bowden, 1987,
Bowden, 1993).

Hair follicles undergo cycles of growth, regression and rest (Figure 1.7), known as
anagen, catagen and telogen respectively (Alonso and Fuchs 2006). Anagen can
last 2-3 years and determines the length of the hair fibre, while catagen lasts for
approximately 2-3 weeks and telogen 2-3 months. During the early anagen phase,
there is down-growth of the hair follicle and from mid anagen, proliferation in the
bulb (matrix) produces the hair shaft (HS), inner root sheath (IRS) and companion
layer (CL). The cells of the HS and IRS gain high tensile strength because they are
packed with keratin filaments cross-linked to high sulphur matrix proteins

(keratin-associated proteins or KAPs). The IRS supports the HS until the upper
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During catagen, the lower part of the follicle regresses by apoptosis of the ORS
and bulb epithelial cells. The bottom of the HS forms a rounded structure called
the club, this regresses upwards to the upper part of the follicle (Alonso and Fuchs,
2006). Club hairs are only loosely attached and are easily shed. During telogen the
follicle remains in a resting phase until anagen is initiated by the activation of one
or two quiescent stem cells at the follicle base. This enables proliferation of cells
close to the dermal papilla (DP) and formation of a new hair bulb, after which IRS

and HS differentiation returns.

1.2 Cancer

Cancer is a collection of diseases which all feature the unrestrained growth of
cells, but while a malignant tumour invades other tissues, a benign tumour is not
invasive but remains “in situ” (Pasternak, 1999). The rate of death from cancer is
second only to cardiovascular disorders, and most frequently caused by disruption
of vital organs due to extensive growth of invading cancer cells (metastasis) but
release of toxins into the circulation can also contribute (King and Robins, 2006).
There are many causes of cancer, including inherited genetic defects and lifestyle
factors such as exposure to UV (ultraviolet) light, diet and smoking (King and
Robins, 2006). Pathology is used to distinguish between benign and malignant
growth to define cancer subtypes which can help to determine the prognosis as
well as aiding selection of appropriate. therapy. Epidemiology can also give clues
to the cause of some cancers by looking at the incidence in different populations

(King and Robins, 2006).

Cancer is caused by loss of cell proliferation control and lack of DNA damage
repair usually due to an accumulation of different gene mutations in a single cell.
Changes in oncogenes (regulatory genes, whose activity is increased after genetic
alteration of one allele causing a change in protein function) or tumour suppressor
genes (encode inhibitory proteins) are major contributory factors. Thus, in simple
terms, mutation of p53 affects the cell cycle check point, allows unrestricted

growth of cells which then form a tumour (usually monoclonal in origin). Cancer
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cells also continue to change their behaviour as they develop due to genetic
instability. A tumour cell mass can be influenced by several factors including cell-
- cell contacts, immune attack, cell death, proliferation, differentiation, blood supply
and the extracellular matrix.

1.2.1 Skin Cancers

Skin cancers, are generally classified into malignant melanoma and a collection of
non-melanoma skin cancers, including squamous cell carcinoma (SCC) and basal
cell carcinoma (BCC). Non-melanoma skin cancers tend to be less aggressive and
are rarely lethal. BCC is the most common cancer in Caucasians (90% of all skin
cancers indentified) and the major causative factor is UV light (Daya-Grosjean and
Couve-Privat, 2005). Other causes include: X-rays, y-rays, industrial oils, tars,
bitumen and soot. UVB damage causes C to T (or CC to TT) structural changes in
the DNA of epidermal basal cells (Athar et al., 2006). BCCs are thought to have a
deeper origin in skin than SCCs and the most likely cause of this difference is
~ based on wavelength dependent penetration of UV (Lacour, 2002).

Tumorigenesis usually requires an accumulation of changes that often involve
more than one gene in a cell. Also, as these changes are usually required in both
alleles, tumours are actually quite a rare occurrence, usually developing in later
life probably due to accumulated age-felated errors in DNA repair and long-term
UV exposure. However, the risk is increased if one allele is already changed, such
as in patients with Gorlins Syndrome (Basal Cell Nevus Syndrome) who are born
with a mutation in one allele of either the patched (PTCH) or smoothened (SMO)
gene. There is also a predisposition for those with some genetic conditions that
affect repair mechanisms, such as xeroderma pigmentosm (an autosomal recessive
genetic disorder of DNA repair in which the body's normal ability to remove
damage caused by UV light is deficient) or in immunosuppressed individuals
because the immune system normally removes defective cells (Graham-Brown,
2007).
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While it is unusual for mutations in a single gene to cause a tumour, in the case of
BCCs, homozygous mutations in PTCH, or occasionally SMO genes are sufficient
to cause tumorigenesis, making BCCs a common tumour. Additional mutations
may also occur (in p53 for example) but these are thought to affect tumour

aggressiveness and growth patterns rather than initiating tumorigenesis.

1.2.2 Basal Cell Carcinoma

BCCs are malignant but not generally metastatic and often referred to as
carcinoma in situ. They generally grow slowly, but can be unpleasant for the
patient if not removed, because they can grow very large and may bleed (Daya-
Grosjean and Couve-Privat, 2005). The incidence increases with age and most

patients are over 50 years old when referred (Bastiaens et al., 1998).

There are 3 broad categories of BCC: nodular, morpheaform and superficial.
Nodular lesions on the skin surface (60% of cases) appear smooth, round and
waxy. The surrounding skin is thin, bleeds easily and lesions are generally slightly
| raised, red and ulcerated with a pearly border (Figure 1.8A). The histology of
these tumours shows that they grow into a nodular morphology pushing down into
the dermis (Figlire 1.8D). Morpheaform BCCs (30% of cases) are fast growing
and appear flat, shiny, and yellow on the surface (Figure 1.8B). Histology shows
they extend deep into the skin with tiny root like projections (Figure 1.8E).
Superficial BCCs (10% of cases) appear as a red mark on the skin surface (Figure
1.8C) and histology shows only superficial growth along the basement membrane
(Figure 1.8F). Superficial BCCs are the most accessible to topical treatment.
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Imiquimod cream (Aldara) has been used to treat superficial BCCs of less than
2cm in diameter (Vidal and Alomar, 2004). It activates the immune system
through toll-like receptor 7 (on the surface of antigen presenting cells), leading to
secretion of pro-inflammatory cytokines. Clinical trials have shown that
imiquimod is too toxic to be the treatment of choice, as it causes unpleasant but
transitory adverse effects: erosion, ulceration, erythema, oedema, flaking/scaling,
scabbing and inflammation (Quirk et al., 2006). Imiquimod is not indicated for
treating nodular or morpheaform subtypes due to recurrence of these tumour types
at the same site after treatment, which may be partly due to inadequate delivery to
these deeper BCCs (Chang et al., 2005).

1.3 Sonic Hedgehog (SHH) Signal Transduction Pathway

and Mutations in BCC Lesions

1.3.1 Sonic Hedgehog (SHH)

Sonic hedgehog is required for embryonic development of hair follicles (Sato et
al., 1999) and postnatally for development beyond the germ stage of hair follicle
morphogenesis (Chiang et al., 1999). The anagen phase of hair follicle cycling is
induced by SHH (Paladini et al., 2005; Sato et al., 1999) and studies suggest that
SHH responsiveness is restricted to the growth phase (anagen) in mouse hair

follicles (Oro and Higgins, 2003).

Epidermis derived SHH functions as a paracrine signal regulating development of
the mesenchymal component of the hair follicle (Chiang et al., 1999). It has also
been suggested that SHH signals the epithelial cells of developing follicles, as it is
required for the initial down-growth of epidermal keratinocytes (Chiang et al.,

1999; St-Jacques et al., 1998).

Hedgehog (HH) is a protein originally identified in drosophila development and so

named because D. melanogaster embryos develop as prickly round shapes
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(resembling a hedgehog) when HH signalling is lost (Nusslein-Volhard and
Wieschaus, 1980). Drosophila is a model organism which has been used to
identify many developmental genes including Notch and Wnt. It is particularly
useful for genetic experiments because it has a short reproductive cycle and is easy
to handle in the laboratory (Hausman, 2004). There are three homologues of
hedgehog in humans (Ingham and McMahon, 2001): Sonic Hedgehog (SHH),
Indian Hedgehog (IHH) and Desert Hedgehog (DHH). Holoprosencephaly is a
phenotype which arises from mutations that affect SHH signalling, producing a
phenotype of close set eyes with a common scleral rim. Sonic the Hedgehog, a
computer game character, also has these characteristics which led to the gene

being named after him.

The hedgehog signalling pathway is essential during embryonic development, but
is switched off in most adult tissues (Athar et al., 2006). However, SHH maintains
stem cell populations and regulates the growth of hair follicles and sebaceous
glands in adults (Athar et al., 2006). SHH is needed for down-growth of the
epidermis and morphogenesis of the hair follicle (St-Jacques et al., 1998). SHH is
also very important for other aspects of embryogenesis, including neural tube
patterning, formation of the adjacent ventral somites, development of left-right
symmetry, polarising activity in the limbs as well as morphogenesis of the axial
skeleton, limbs, lungs, skin, hair and teeth (Athar et al., 2006). In the adult, SHH is
also required for hair growth and is exﬁressed in the hair follicle during the anagen
(growth) phase (Chiang et al., 1999).

-~ SHH is a 45kDa protein, which induces epidermal hyperplasia a;ld keratinocyte
proliferation when it is over-expressed. Importantly, SHH signalling is also
activated in many neoplasms. Cells with mutations in PTCH or over-expression of
SHH cannot leave the S and G2/M phases of the cell cycle, so proliferation is
sustained (Athar et al., 2006).
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When the SHH ligand binds to its receptor (PTCH), the receptor is internalised and
destabilised causing activation of smoothened (SMO). SMO translocates to the
plasma membrane and activates GLI zinc finger transcription factors via other
signalling proteins such as Suppressor of Fused (SUFU) causing their translocation

to the nucleus (Figures 1.10 and 1.11).

Mammalian cell culture experiments showed that phosphorylation by Grk2 causes
internalisation of SMO and this also involves Arrb2. GLI is maintained in its
repressor form by direct binding of SUFU (suppressor of fused), a tumour
suppressor (Pearse et al., 1999; Stone et al., 1999). GLI activation by
phosphorylation enables GLI to regulate the expression of SHH target genes such
as PTCH, SMO, GLII1, GLI2, FOXM1, FOXE1 and HIP (Huangfu et al., 2003;
Daya-Grosjean and Couve-Privat, 2005).

There is a balance between the antagonism of SHH and PTCH. Their
concentrations are altered with respect to each other because up-regulation of
PTCH expression causes PTCH protein at the cell membrane to sequester SHH
and limit its spread beyond the cells in which it is produced, creating a negative
feedback loop (Cohen, 2003). It is of note that where most cancers require a
collection of mutated genes, sporadic BCCs can be induced by homozygous
mutations in both alleles of either PTCH or SMO and extremely rarely, SUFU,
which is downstream of SMO (Reifenberger et al., 2005).

1.3.2 Hedgehog Signalling Defects in Gorlins (BCN) Syndrome

Aberrant hedgehog signalling was first discovered to be the underlying cause of
BCC due to a study of Gorlin’s or Basal Cell Nevus (BCN) Syndrome (Hahn et
al., 1996; Johnson et al., 1996).
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Gorlin’s Syndrome is an inherited disorder, where numerous tumours occur
(including BCCs), along with other developmental defects. Linkage mapping
narrowed down the gene underlying Gorlin’s Syndrome to the PTCH locus on
chromosome 9 (9922) and frequent loss of heterozygosity at 9q was observed in
BCCs from Gorlin’s patients. Mutations in the PTCH gene were then found to be
associated with sporadic BCCs (Gailani and Bale, 1997; Unden et al., 1996; Daya-
Grosjean and Couve-Privat, 2005; Lupi, 2007). PTCH mutations were present in
both hereditary and sporadic BCC with p53 mutations found in all sporadic and
nearly half of hereditary tumours by one group of researchers (Ling et al., 2001).
Mutations in p53 are generally correlated with tumour aggressiveness but findings
in BCC vary and there are very few recent publications, so the role of p53 is still
not clear (Ansarin et al., 2006). Gailani and co-workers (1996) agreed that
inactivation of PTCH is probably a necessary step in BCC development. Northern
blots and RNA in situ hybridization showed that PTCH was expressed at high
levels in tumour cells but not in normal skin, suggesting that mutational
inactivation of the gene leads to over-expression of a mutant transcript owing to

the failure of a negative feedback mechanism (Gailani et al., 1996).

Mutations caused by UV light leading to BCCs may vary within the PTCH or
SMO genes. Unden and colleagues (1996) found different types of mutations in
one patient’s BCCs. They later used fine mapping to identify a region that might
contain PTCH mutations to within 1Mb at 9q22.3 (Unden et al., 1996; Unden et
al., 1997). These findings were confirmed and extended by Reifenberger and co-
workers (1998) who found that loss of heterozygosity due to various SMO
mutations (second allele lost, the loss of the first allele was inherited) could also
lead to BCCs. However, they later found that only 40% of BCC causative
mutations in PTCH, SMO or SUFU had UV signatures (Reifenberger et al., 1998;
Reifenberger et al., 2005). Another research group also found various UV
signature mutations for PTCH and p53 in BCCs (Soehnge et al., 1997). Allelic loss
was frequently found in sporadic BCCs, suggesting that factors other than UVB

may be a cause. Only one third of BCCs demonstrating allelic loss also had a
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mutation likely to be caused by UVB in the remaining allele, inferring that other
factors are probably involved (Gailani and Bale., 1997; Daya-Grosjean and Couve-
Privat, 2005).

SHH signalling was shown to be hyper-activated in sporadically occurring BCCs
that had high levels of GLI1 and PTCH mRNA in tumour cells (Dahmane et al.,
1997; Unden et al., 1997). Sonic hedgehog pathway activation can also cause BCC
formation in mouse models and epithelial cell down-growth in organotypic
cultures using HaCaT cells (Bigelow et al., 2005; Daya-Grosjean and Couve-
Privat, 2005). Over-expression of SHH in normal human keratinocytes was
enough to induce BCC-like features in regenerated murine skin transgenic for long
terminal repeat-driven SHH on immune-deficient mice (Oro et al., 1997).
Furthermore, the lack of collective mutations could explain the lack of

aggressiveness, slow growth, and lack of metastases in BCCs (Fan et al., 1999).

GLI accumulation was observed in induced murine BCCs, but GLI destruction
signals were also identified and removal of these signals enabled increased tumour
formation (Nilsson et al., 2000; Huntzicker et al., 2006). GLI2 over-expression in
transgenic mice under the control of a bovine K5 promoter (active in basal layer
and hair follicle outer root sheath keratinocytes) led to multiple skin tumours,
many resembling BCCs. There was also up-regulation of SHH target genes
(Grachtchouk et al., 2000) and together these results showed that the expression of
GLI transcription factors due to active SHH signalling was required for BCC

tumour formation.

PTCH and SMO mutations have also been shown to cause BCCs in xeroderma
pigmentosum patients (Bodak et al., 1999; Couvet-Privat et al.,, 2002; Daya-
Grosjean, 2000). These patients have a high rate of BCCs due to their inability to
repair UV-associated DNA damage. Activating mutations in SHH (leading to
activation of the SHH signalling pathway) may also cause these BCCs (Couve-
Privat, 2004; Daya-Grosjean and Couve-Privat, 2005). However, it has been
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shown that activation of SHH occurs very rarely in sporadic tumours, while

deactivation of PTCH is extremely common (Teh et al., 2005).

1.3.3 SHH Signalling in the Hair Follicle
The role of SHH pathway signalling is well established in the hair follicle, not just

during morphogenesis but also in the adult. Hair follicle induction is independent
of SHH, but SHH is essential for down-growth of epidermal cells and
consequently for morphogenesis of the hair shaft (Hutchin et al., 2005). In adults,
SHH is expressed in the matrix and the developing germ, and cyclopamine (SHH
pathway inhibitor) blocks cyclic regeneration of hair (Blanpain and Fuchs, 2006;
Silva-Vargas et al., 2005).

In GLI2” mice, hair follicle development was arrested, while upon GLI2
activation in transgenic rescue experiments, hair follicles developed, showing that
hair follicle down-growth requires GLI2, a SHH pathway effector. GLI2 was
shown to be effective only when constitutively expressed in SHH™ skin, otherwise
no hair follicles would develop (Mill et al., 2003). SHH” and control embryos
showed epidermal placodes and associated dermal condensates but further hair
follicle development did not occur. In addition, PTCH and GLI1 expression were
also reduced but interestingly late-stage follicle differentiation markers were
detected in SHH™ skin grafts, as well as cultured vibrissa explants treated with
cyclopamine which would effectively block SHH signalling (Chiang et al. 1999).
Furthermore, anti-hedgehog monoclonal antibody treatment caused a hairless

phenotype in mice (Wang et al. 2000).

1.3.4 Origins of BCC

Many researchers believe that BCCs originate from hair follicles. The expression
of hair follicle stem cell markers in human BCCs led to the idea that BCCs could
be derived from the undifferentiated outer root sheath (ORS) cells of the hair
follicle (Reis-Filho et al., 2002). SHH and PTCH mRNA accumulate in follicular,

but not in interfollicular skin in normal mice, supporting the argument for BCCs
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originating in the hair follicle. Further support for this idea has come from
examining SHH expression in hair placodes of embryonic skin and finding that
SHH promotes interfollicular basal cell proliferation and hair follicle down-growth
(Adolphe et al., 2004; St-Jacques et al., 1998).

It has been suggested that epithelial-mesenchymal interactions are required for the
development of epithelial invaginations, as seen in hair follicles and BCCs (Hardy
et al., 1992; Schmidt Ullrich and Paus., 2005). Mice conditionally over-expressing
GLI2 gave rise to BCCs, but nearly all of these were derived from hair follicles
and not interfollicular epidermis as judged by haematoxylin and eosin staining and
K17 immunocytochemistry. In situ hybridisation for K15 (a marker of
undifferentiated follicular epithelium, including stem cells, in adult mice) showed
high expression in early tumours located close to a hair follicle but decreased as
the tumours grew larger. Once GLI2 expression was removed and tumour cells
had regressed, an inductive mesenchyme led to hair follicle formation (Hutchin et
al., 2005). This shows a close relationship between SHH signalling in both hair
follicles and BCCs. PTCH, SMO, GLI1-3 are all expressed in mesenchymal cells,
and interactions involving the SHH pathway between the epithelium and the
mesenchyme which are important for down-growth of the hair follicle, may also
be necessary for BCC down-growth (Millar, 2002). In mice expressing GLI2,
nearly all BCCs arose from hair follicles demonstrating that BCCs are likely to be

caused by aberrant follicle organogenesis (Hutchin et al., 2005).

GLI2 also regulates the expression of cyclins D1 and D2 (required for cell cycle
progression and interaction with tumour suppressor proteins), which may be
involved in tumour progression (Mill, 2003). However, Silva-Vargas and co-
workers (2005) showed that interfollicular epidermal cells can acquire
characteristics similar to those of bulge stem cells by using B-catenin and SHH

expression gradients to induce hair follicle formation (Silva-Vargas et al., 2005).
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There are still discrepancies concerning which part of the hair follicle may be the
origin of BCCs. Researchers have shown that BCCs may originate from
undifferentiated cells of the outer root sheath. Hutchin and colleagues (2005)
found that they can arise from follicular ORS epithelium in the proximal hair
follicle, leading them to believe that ‘BCCs represent an aberrant form of follicle
organogenesis’. They found that when conditionally expressing GLI2 in mice,
nearly all BCCs arose from hair follicles (Hutchin et al., 2005). A separate group
used GliADy (mutant GLI responsive promoter) transgenic mice to show that
small BCC-like proliferations developed which appeared to come directly off the
hair follicle (Huntzicker et al., 2006). Over-expression of SHH in the skin was
found to result in epidermal hyperplasia by antagonising p21 (cyclin-dependent
kinase inhibitor 1A) cell cycle arrest. This also resulted in the proliferation of hair
follicle like structures into BCC like growths (Fan and Khavari, 1999; Oro et al.,
1997). Also, PTCH™*""* (neo cassette heterozygote) mouse skin irradiated in early
anagen (hair follicle down-growth phase), showed a higher rate of BCC induction
compared to telogen hair follicles. Inmunohistochemistry showed that these BCCs
appeared to be derived from the follicular ORS (Mancuso et al., 2006). In a
separate study, immunohistochemistry showed similar expression profiles between
BCC and the follicular ORS compared to BCC and epidermis (including
expression of basal differentiation markers K5 and K14 and no expression of K8,
K1 and K10) again hinting that BCCs may be derived from part of the hair follicle
(Kruger et al., 1999).

However, there are several publications which are in conflict with the hair follicle
origin hypothesis and suggest that BCCs may actually originate in the basal layer
of the epidermis. Hedgehog-induced proliferation was found to be restricted to the
epidermal basal cell compartment (Adolphe et al., 2004). Also, some
immunohistochemistry data has shown that PTCH induced skin tumours originate
from the basal cell compartment (Adolphe et al., 2006). In humans and mouse
BCC models, ‘many tumours arose with no visible connection to the hair follicle’,

suggesting that ectopic SHH target gene expression in interfollicular cells can
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induce hair follicle differentiation (Hu et al., 2003; Oro and Higgins, 2003). It was
observed that initiating events in the epidermis can induce BCC features (using
SHH expressing keratinocytes to regenerate human skin transgenic for long
terminal repeat-driven SHH on immune deficient mice), without any inductive
influence from mesenchymal cells and therefore hair follicle structures are not

required for BCC development (Fan et al., 1997).

Some believe that BCCs may in fact originate from putative epidermal stem cells,
SHH has been shown to have involvement in cell-fate specification and
proliferation of stem cells. BCCs also grow slowly and share similarities in gene
expression profile to stem cells along with continuous cell renewal (Parisi and Lin,
1998; Tumbar et al., 2004). The action of HH as a stem cell factor in drosophila
embryos suggested the importance of SHH in human stem cells as well as in BCCs
(Owens and Watt, 2003; Blanpain and Fuchs, 2006). It was also demonstrated that
drosophila ovary stem cells cannot proliferate in the absence of HH signalling,
inferring that HH is a stem cell factor (Zhang and Kalderon, 2001). Human
tumours caused by SHH signalling may have resulted from the expansion of stem
cell pools as it had been shown that SHH can regulate human putative epidermal
stem cell proliferation. These epidermal stem cells underwent increased
proliferation when grown in the presence of SHH (conditioned media from SHH-
N expressing cells) and proliferation was decreased in the presence of the SMO
inhibitor, cyclopamine (Zhou et al., 2006). BCCs are thought by some to be
derived particularly from the interfollicular basal cell layer of the epidermis
(Adolphe et al., 2006; Youssef et al., 2010). Tumour cells in the epidermis would
be lost by terminal differentiation if they didn’t reside in the epidermis long term,

so stem cells are a likely point of origin (Owens and Watt, 2003).

BCCs and the lower hair follicle region have similar keratin expression (K5, K6
and K14) as well as a2 and B1 integrins. Epidermal cells with high levels of Bl
integrin can be passaged for a long time, an important “stem cell” property (Fuchs

et al.,, 2008). If BCCs were derived from interfollicular basal stem cells, the
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undifferentiated phenotype of BCCs could be explained. It has been shown by
expressing SMO selectively using K15, K17 and K19 promoters in subsets of
mouse epidermal keratinocytes in different skin compartments, that BCCs did not
arise in hair follicle bulge cells, but in the majority (93% in this region) from
interfollicular epidermis (Youssef et al., 2010). It may be expected that because
stem cell associated keratins (K15 and K19) are expressed in BCCs and in the hair
follicle ORS, then the hair follicle may indeed be a likely location for the origin of
BCCs. However, BCC formation was not induced by activation of SMO in hair
follicle bulge stem cells of mice, but BCCs were found to arise from long-term
resident progenitor cells of the interfollicular epidermis and the upper

infundibulum by clonal analysis (Youssef et al., 2010).

1.3.5 Mouse Mutations in SHH Pathway

Mouse models have contributed considerably to the understanding of SHH
function in the hair follicle and in BCC. Skin of SHH” mice showed inhibition of
hair follicle morphogenesis, with no dermal papillae, almost no GLI1 present and
reduced PTCH expression in primary hair germs (Chiang et al., 1999). This
showed that activation of the SHH signalling pathway was essential for hair
follicle morphogenesis. A separate research group used SHH” mice to show that
hair follicle development initiated correctly, but did not proceed normally in the
absence of SHH. The follicular structures were abnormal and no hair was formed
(St-Jacques et al., 1998). SHH™ skin grafts on nude mice (lack T-cells) had
hairless pigmented skin after 2-3 weeks, further supporting a role for SHH
signalling in hair follicle morphogenesis. This group also found that skin grafts
from SHH™ embryos were abnormal and formation of the hair follicle arrested
after hair bud formation, supporting the findings of Chiang and co-workers (1999).
SHH present in the proximal tip is thought to be involved in down-growth of the
hair follicle, and probably involved in epithelial-mesenchymal interactions with
the underlying dermis. These publications showed that SHH is not required for
placode formation or initiation of down-growth, but is essential for hair follicle

formation. Therefore, it is likely that loss of SHH blocks essential epithelial-
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mesenchymal interactions which are involved in early hair follicle morphogenesis

(St-Jacques et al., 1998).

C57BL/6 mice (postnatal day 19) showed activation of SHH signalling in skin
with concomitant increase in expression of SHH, PTCH and GLI1 (Sato et al.,
1999). Severe combined immunodeficiency (SCID) mice also showed abnormal
BCC-like features when grafted with human keratinocytes expressing SHH (Fan
and Khavari, 1999). Furthermore, BCCs were induced in mice over-expressing
SHH (Dahmane et al., 1997) and features of basal cell nevus (Gorlin’s) syndrome
have been observed in mice expressing SHH (Oro et al., 1997). Thus, these reports
suggest that expression of SHH in skin leads to activation of the SHH pathway

which can then induce the formation of BCCs.

Mice over-expressing wild type GLI2, under the control of a K5 promoter,
developed BCCs, whereas mice over-expressing a mutant form, GLI2AN2 (GLI2
without N-terminal domain) developed a range of skin tumours, even though the
SHH pathway was activated in both types of mice. This showed that the N-
terminal domain may have a specific function and an impact on the type of tumour

formed, possibly via interactions with Glil (Sheng et al., 2002).

Mouse models also had an important role in unearthing the importance of PTCH in
embryogenesis and in adult skin. Mice null for the ligand PTCH died during
embryogenesis, whilst mice heterozygous for PTCH had developmental defects
and some developed medulloblastomas (Bai et al., 2002; Goodrich et al., 1997).
To look at the effect of loss of PTCH in adult skin, conditional PTCH knockout
mice were created. The inducible activity of Cre recombinase under the control of
a keratin 6 (K6) promoter was used to control the expression of PTCH using
retinoic acid. Normally, K6 is expressed in the companion layer of the hair follicle
and ORS, but with retinoic acid treatment, it is also expressed in interfollicular
epidermis. These experiments showed that loss of PTCH function was sufficient

for tumour progression, and the tumours formed were reminiscent of BCCs
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(Adolphe et al., 2006; Aszterbaum et al., 1999). Together these studies confirmed
the importance of SHH signalling for tumour development and showed that PTCH
deactivation alone enabled SHH pathway activation which resulted in BCC

induction.

Transgenic murine skin over-expressing smoothened (SMO), a downstream SHH
pathway protein, developed abnormalities similar to BCCs. In these experiments,
SMO was under the control of a K5 promoter that directed expression (and
therefore downstream SHH signalling) to the basal epidermis and hair follicle
ORS (Xie, 1998). As deactivating PTCH mutations and activating SMO mutations
cause BCCs, PTCH null and SMO over-expressing mice provide the most accurate
models for BCC.

SUFU normally represses activation of GLI transcription factors, so SUFU
inactivating mutations cause constitutive SHH pathway activation. SUFU”" mouse
embryos were found to die in utero at ~E9.5 with developmental defects, a similar
age to PTCH”" embryos. This was found to be due to potent ligand independent
activation of the SHH pathway, which could not be inhibited by the SMO inhibitor
cyclopamine or increased by the SMO agonist SAG. SUFU"" mice developed
similar features to Gorlins syndrome including an abnormal basal cell phenotype.
This confirmed that SUFU inactivating mutations can lead to disorders caused by
SHH pathway signalling. Although we know that SUFU mutations are extremely
rare in BCC patients, they may be important in other cancers in which SHH

signalling is involved (Svard et al., 2006).

1.3.6 SHH Signalling in Cell Culture Models

There are very few publications describing BCC cell lines, suggesting that these
cells do not grow well in culture. Therefore, several keratinocyte cell culture
models expressing components of the SHH pathway have been developed for in

vitro use. For example, an organotypic culture model using immortalised
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keratinocyte cells over-expressing SHH has been developed. In this model,
keratinocytes were grown on a collagen lattice containing fibroblasts at the air-
liquid interface (culture medium contacts the cells from the underside). This
allows keratinocytes to differentiate and stratify in air as well as invade the
collagen gel below. This model was used to view the ‘tumour-like’ down-growth
of SHH over-expressing cells (observed in sections stained with haematoxylin and
eosin). Cross-sections of the cultures were cut on a cryostat and dried onto glass
slides. Immunocytochemistry with specific antibodies were used to compare the
expression of various proteins (e.g. Ki67, a proliferative marker) in SHH
expressing cells and normal cells. Treatment with an EGFR activity inhibitor
(AG1478) reduced the invasive phenotype and reduced Ki67 staining compared to
untreated cells, showing that the EGF signalling pathway may be involved in
modulating SHH signalling which could lead to increased invasiveness. In support
of this, addition of recombinant EGF increased infiltration of SHH expressing
keratinocytes into the collagen lattice containing fibroblasts. Increased MMP-9
(matrix metalloproteinase 9) expression was also observed (Bigelow et al, 2005).
MMP-9 breaks down extracellular matrix and is therefore associated with an
invasive cell phenotype. This model is simple and lacks many factors such as
immune cells and a vascular system but has the key advantage that you can see

whether inhibitors to the SHH pathway actually inhibit tumour invasiveness.

Other models include keratinocyte cell lines over-expressing GLI transcription
factors. Kasper and colleagues (2006) treated GLI1 over-expressing keratinocytes
with recombinant EGF and found that EGF signalling modulated GLI1 target gene
expression. This seems to support the finding of Bigelow and co-workers (2005)
that SHH pathway activity is modulated by addition of recombinant EGF to SHH
over-expressing organotypic cultures (Bigelow et al., 2005). Additionally, a
separate publication demonstrated a migratory phenotype in N/TERT1 cells
expressing both EGF and GLI1, and showed that GLI1 represses ERK activity
even when EGFR is increased (Neill et al., 2008). HaCaT keratinocytes expressing
GLI1 and GLI2A under the control of doxycycline showed that c-Jun expression
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was elevated (mRNA and protein) in GLI2A expressing cells but to a lesser extent
in GLI1 expressing cells. The same was found for N/TERT1 keratinocytes and
primary human foreskin keratinocytes expressing GLI2 under retroviral control.
This was supported in BCC tissue by immunohistochemistry and qPCR, which
showed that c-Jun levels were higher than found in normal skin and located
throughout the tumour islands (where SHH pathway components were also found)
but not in the stroma. These results showed that c-Jun was a direct target of GLI

(Laner-Plamberger et al., 2009).

Another research group found that GLI1 and EGFR co-expression in rat kidney
cells (RK3E) induced anchorage-independent growth associated with
tumorigenesis, but this was not achieved when GLI1 or EGFR were expressed
individually. The tumorigenic capability of these genes when expressed in
combination was also demonstrated when HaCaT keratinocytes expressing GLI1
and EGFR under the control of doxycycline were transformed. The importance of
the MEK/ERK branch (EGF pathway) was confirmed when inhibition of
MEK/ERK activity by adding UO126 reduced anchorage-independent growth.
Wortmannin, a PI3K/AKT inhibitor, was also added but had no effect, inferring
the PI3K/AKT branch (EGF pathway) was not involved (Schnidar et al., 2009).

The drawback of these cell models is that in vivo BCCs have an up-regulated SHH
pathway due to deactivation of PTCH or activation of SMO and not due to
increased SHH ligand or activation of GLI transcription factors (except for rare
cases of SUFU deactivating mutations, where GLI cannot be repressed). This
model therefore bypasses the protein interactions between SHH and GLI which
may be important for BCC development.

1.3.7 SHH Signalling Pathway Mutations in Other Disorders

SHH signalling pathway mutations in SHH, PTCH, GLI2, GLI3 and SMO have
been reported in a variety of other genetic disorders (Table 1.1) and there is

evidence that SHH may be influenced by other signalling pathways.
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Table 1.1: Genetic Disorders Caused by Defective SHH Signalling.

Disorder Clinical Presentation Publication
Holopros- Failure of the front lobes of the Ming et al., 2002
encephaly brain to separate

Greig cephalo- Rare autosomal disorder Vortkamp, 1991

poly-syndactyly

characterised by physical
abnormalities of the head, face,

fingers and toes

Pallister-Hall

syndrome

Abnormal development of many

parts of the body

Biesecker, 1997

Medulloblastoma

Most common brain tumour in

children

Erez et al., 2002; Xie et
al., 1997; Smyth et al.,
1999

Meningioma

Common benign brain tumour

Xie et al., 1997

Squamous Cell

Carcinoma of skin, lips, mouth,

Ping et al., 2001,

Carcinoma oesophagus etc. Ahmadian et al., 1998
Tricho- Small benign nodules of the skin | Vorechovsky et al., 1997
epithelioma (derived from hair follicle) .
Oesophageal Malignancy of the oesophagus Maesawa et al., 1998
carcinoma

Foetal Derived from striated muscle DiSanto et al., 1992;
rhabdomyoma Klijanienko et al., 1988
Rhabdomyo- Malignant tumour derived from Beddis et al., 1983
sarcoma striated muscle

Small cell lung

cancer

Carcinoma of larger airways,

often metastatic

Watkins et al., 2003

Prostate cancer

Cancer that develops in the

prostate epithelium

Karhadkar et al., 2004

Breast cancer

Cancer that develops in the breast,

various types

Xie et al., 1997
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1.4 Epidermal Growth Factor (EGF)

Epidermal growth factor (EGF) is an important molecule that stimulates cell
proliferation in embryonic development and in the adult, but it is also involved in

the growth of tumours during invasion (Bigelow et al., 2005; Hausman, 2004).

1.4.1 EGF Signalling Pathway

EGF is a 53 amino acid polypeptide that binds to a specific transmembrane
tyrosine kinase receptor (EGFR). These enzymes modify proteins by adding
phosphate groups to either tyrosine, or in some cases serine/threonine residues
(Normanno et al., 2005; Cooper and Hausman, 1998). EGFR is expressed in the
basal layer and to a lesser extent in suprabasal cells of the epidermis (Bigelow et
al., 2005; Hausman, 2004) and when EGFR is blocked, cells undergo apoptosis
(Bigelow et al., 2005).

EGFR (also known as ErbB1) belongs to the ErbB1-4 family of receptors and the
other family members (ErbB2-4), also known as HER2-4 in humans, have
different ligands. EGFR is inactive as a monomeric transmembrane protein but
binding of EGF ligand to the receptor (EGFR) on the cell surface induces
conformational changes that promote protein-protein interactions leading to
receptor dimerisation and activation (Figure 1.12). A large number of
phosphorylation events are involved in the EGF signalling cascade, leading to
functional changes in target proteins. These include increasing enzyme activity,
cellular location or association with other proteins in the signalling cascade. Once
dimerised, EGFR polypeptide chains cross-phosphorylate one another at tyrosine

residues within the catalytic domain to further increase protein kinase activity.

In addition, further phosphorylation of tyrosine residues outside of the catalytic
domain, creates binding sites for additional proteins that then transmit intracellular
signals downstream of the activated receptor. These proteins bind to the receptor
phosphotyrosine residues via src homology 2 (SH2) domains (Figure 1.12)
leading to activation of various signalling cascades including PIP2/IP3, MEK/ERK
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and P13K/AKT (Bigelow et al., 2005). The SH2 domain was originally identified
as a conserved domain in the oncogene src but was subsequently found in many
other signalling proteins with phosphotyrosine containing target domains

(Filippakopoulos et al., 2009).

An important part of the EGF pathway involves phosphatidylinositol 4, 5-
biphosphate (PIP2), inositol 1, 4, 5-triphosphate 3 (IP3) and diacylglycerol (DAG).
PIP2 is bound to the inner plasma membrane and close to phospholipase C (PLC).
When cells are stimulated by EGF, the G-protein linked receptor activates PLC
which cleaves PIP2 into IP3 and DAG at the plasma membrane (Figure 1.12).
DAG remains at the membrane and is a physiological activator of protein kinase C
(PKC) while IP3 diffuses to the endoplasmic reticulum and opens Ca?* channels to
release Ca®* from storage, which then goes to the plasma membrane to co-activate
PKC. In addition, PIP2 can also be further phosphorylated at position 3 by PI3
kinase (PI3K) to make PIP3. The pleckstrin homology domain of AKT binds to
PIP3, recruiting AKT to the inner plasma membrane for phosphorylation and
activation by another protein kinase, PDK1 (Cooper and Hausman, 1998; Henson
et al.,, 2007). AKT then regulates the function of many downstream targets by
phosphorylation on serine/threonine residues to promote cellular survival (Cooper
and Hausman, 1998).

Another important arm of the EGFR pathway is the MEK/ERK cascade involving
a family of serine/threonine protein kinases. Ras activates Raf which then activates
MEK (MAP Kinase/ERK Kinase). MEK then activates members of the ERK
family by phosphorylation at both threonine and tyrosine residues (has dual
specificity). ERK then phosphorylates and activates various target protein kinases
and transcription factors. Activation of the ERK signalling pathway is known to
lead to cell proliferation, survival and differentiation (Cooper and Hausman, 1998;
Henson et al., 2005).

36



4  -c@ ( COTTEY > 2
, ?# 1
c, B% & #-#3D -
-@0-C@ % % 25 0, ?2#
25 '
1%
1A
$_
) _
@ #
& 2: F 0! F !
0 F9/HIBH +2HI2DH

3R

- &2
*I""E)' 25
5.@
%
"#10 ( -@

AA<"



1.4.2 EGF and Cancer

The EGF pathway has previously been shown to function in cancers other than
BCC, including epithelial cancers of the prostate and breast. Activation of the
EGF pathway is thought to make tumours more aggressive and more likely to
metastasize, a function linked to a role in epithelial mesenchymal transition [EMT]
(Hardy, 2010).

EMT occurs when epithelial cells lose their epithelial characteristics and express
mesenchymal markers (keratinocytes become fibroblast-like). Indeed, in BCCs
and SCCs, ErbB1 (EGFR) ligands were found to increase in the adjacent “normal”
epidermis (QPCR and immunohistochemistry data). However, downstream
ERK1/2 and AKT were found to be activated in normal epidermis adjacent to
SCCs, but importantly this was not observed for BCCs (Rittie et al., 2007). This
suggests a lack of activation of either the PI3K/AKT or MEK/ERK branches of the
EGF pathway in BCCs. Significant elevation of EGFR ligands in papillomas and
SCCs has also been supported (Kiguchi et al., 1998). Additionally, EGFR was
found in proliferating layers of skin cancers (both BCCs and SCCs) and one
research group found expression in all cells of BCCs by immunohistochemistry
(IHC) on frozen sections (Kikuchi et al., 1990; Lavrijsen et al., 1989). EGF
pathway transcription complex (AP-1) components c-Jun and c-Fos were also
shown to be increased in BCCs, suggesting that at least part of the EGF pathway is
activated. Together, these results do not clearly show that the EGF pathway is
activated in BCCs. As the EGF pathway is generally thought to be involved in cell
survival and proliferation, the low levels of p-ERK and p-AKT found previously
are consistent with the fact that BCCs are slow growing tumours that rarely

metastasize.

However, there is evidence for an interaction between SHH and EGF signalling
(particularly via MEK/ERK) at the level of GLI transcription factors, causing an
infiltrative BCC phenotype. HaCaT cells in organotypic culture that expressed
SHH showed increased EGFR phosphorylation compared to cells that did not.
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Furthermore, cells expressing SHH also showed an ability to invade a collagen
matrix and this invasion was prevented when EGFR signalling was inhibited
(Bigelow et al., 2005). Gene expression profiling (QPCR) of N/TERTI
keratinocytes over-expressing GLI1 and stimulated with EGF, identified a subset
of GLI1 target genes modulated via MEK/ERK signalling. The same research
group showed that GLI and EGF are both required for induction of cell cycle
progression and that EGF signalling inhibited GLI1 controlled stem cell marker
expression (Kasper et al.,, 2006). Another research group found p-ERK in the
tumour margin of one BCC sample by immunohistochemistry, suggesting that
EGF signalling may cause invasive characteristics in some tumour cells (Neill et
al., 2008). Interestingly, increased levels of the transcription factor c-Jun were
found in BCCs in vivo and in SHH over-expressing organotypic cultures.
However, c-Jun expression can be controlled by GLI1 and GLI2, as well as by
EGF signalling, so c-Jun may be important for transcription of augmented
downstream genes (Laner-Plamberger et al., 2009; Bigelow et al., 2005; Schnidar
et al., 2009).

If there are interactions between the EGF and SHH signalling pathways, inhibitors
of the EGF pathway might provide an effective treatment for BCC. Research has
been carried out with topical formulations that inhibit MAPK and PI3K/AKT
signal transduction pathways and these successfully limited cell proliferation in
breast cancer (Davison et al., 2008a) so it may be worth trying this approach for
BCCs.

c-Jun is thought to be up-regulated in BCCs, and constitutive activation of the AP-
1 complex can lead to cell proliferation (Figure 1.13). It is not known how c-Jun
might be activated in BCCs but crosstalk between the MEK/ERK arm of the EGF
pathway (which is possibly activated) and the MEKK1/JNK arm (activated by
inflammatory cytokines and cell stress leading to apoptosis), may play a role.

Reducing c-Jun levels with RNAI (interference RNA; inhibit gene expression by
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(Laner-Plamberger et al., 2009; Zenz et al., 2003). Both c-Fos and c-Jun are part of
the AP-1 transcription complex, so transcription may be inhibited by the MEK
inhibitor PD98059 (also inhibits c-Fos). In addition, c-Jun is also thought to be a
target of MEKK 1/JNK (Franklin et al., 1992).

1.5 Development Rationale for Novel Topical Treatments

There is a clinical need for a formulation which can be used to treat more invasive

BCC subtypes in order to reduce health service costs in the western world.

The general strategy is to look at expression of EGF proteins in BCC biopsies to
decide whether there is a need to target the EGF pathway in addition to using a
SMO inhibitor such as cyclopamine. In addition to this, a cell culture model of
BCC will be developed which can be used to test inhibitor efficacy prior to the

development of a suitable formulation.

Many possible treatments are toxic and can cause severe side effects because the
drugs are non-specific (act on more than one part of a signal transduction
pathway). If formulations targeting EGF were given orally, they would have high
toxicity due to this lack of specificity. BCCs are not metastatic, so a systemic drug
reaching organs other than the skin is not necessary and so this toxicity can be
decreased by topical administration. This reduces first pass metabolism (when the
drug is metabolised by the liver, reducing the amount that reaches the systemic
circulation), so less of the drug is needed for topical delivery thus reducing toxicity
(Rang, 2003). This means that the drug can be administered at home rather than in

hospital, saving health care costs.

1.5.1. EGF Signalling Pathway Inhibitors

There are two main types of EGF pathway inhibitor: monoclonal antibodies and
protein kinase inhibitors (Henson and Gibson, 2006). Suramin and Trastuzumab
(Herceptin) are monoclonal antibodies which inhibit the whole EGF pathway and

they have been used to treat prostate cancer and breast cancer respectively (Boylan
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et al., 1998; Harries and Smith, 2002; Kalli et al., 2004). Small molecule inhibitors
are more specific and include PX-866 (a PI3K inhibitor which has been effective
on lung cancer cell lines; Henson and Gibson, 2006), PD98059 (MAPK
phosphorylation inhibitor) and LY249002 (another PI3K inhibitor), which have
been used in combination with tamoxifen to limit breast cancer cell growth
(Davison et al., 2008a; Ellis, 2004).

1.5.2 EGF Antagonists (PD98059 and LY294002)

PD98059 and LY?294002 are EGF antagonists which may be suitable for use in a
topical formulation (Figure 1.14). Both inhibitors have previously been used in
the treatment of other carcinomas in which EGF signalling is active. LY294002 is
a derivative of the naturally occurring bioflavanoid quercetin, a PI3K inhibitor. It
acts by competitively inhibiting the ATP binding site of PI3K, thus preventing the
transfer of the terminal phosphate of ATP to phosphoinositol. This then inhibits
the formation of PIPs and activation of AKT. PI3K affects oncogenes such as v-src
and v-abl so its inhibition is likely to be useful for reduction of tumorigenesis
(Vlahos et al., 1994). Wortmannin is a more potent inhibitor of PI3K but acts

irreversibly, whereas the action of LY294002 is reversible.

PD98059 is a flavonoid that acts as a potent and selective inhibitor of MEK
phosphorylation by cRAF or MEK kinase. This leads to inhibition of MAPK
phosphorylation, directly downstream of MEK (Alessi et al., 1995; Dudley et al.,
1995).
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Figure 1.14: Chemical Structures of LY294002 (A) and PD98059 (B).

1.5.3 Cyclopamine

Cyclopamine (Figure 1.15) is a teratogenic steroidal alkaloid derived from plants
(Veratrum genus), which induces a cephalic defect (cyclopia) in vertebrate
embryos by preventing the division of the foetal brain into two lobes
(holoprosencephaly), giving rise to its name based on Homer’s Cyclops from

Greek Mythology (Taipale et al., 2000).

Figure 1.15: Chemical Structure of Cyclopamine.

Its action was first discovered when sheep grazing on Veratrum californicum gave
birth to lambs, suffering from cyclopia, on the 14™ day of gestation. Similarities
noticed between Veratrum-induced cephalic defects in lambs (including cyclopia)
and holoprosencephaly-like abnormalities (Figure 1.16). These are associated with

the loss of SHH pathway signalling which eventually led to the discovery that

43



%

%

@ K
$!

%
J $

%

%

FF

%

%

%

%














































































































































































































































































































































































































































































































































































































































































