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Abstract

Integrins are cell surface receptors, consisting of a heterodimer of an o and a 8 subunit.
The extracellular domains confer binding specificity to ligands such as extracellular
matrix proteins and cellular counter-receptors. The short intracellular portion is
associated with molecules that are known to play a role in signal transduction; hence
integrin ligation provides a mechanism by which cells can respond to their immediate
environment and profoundly affect cell functions such as survival, proliferation and
commitment to differentiation.

Normal stratified epithelia express the avB5 integrin, but in squamous cell carcinomas
(SCCs) there is a downregulation of avP5 and an upregulation of av6. To investigate
the significance of this change we studied a human SCC cell line, H357, that lacks ov
integrins. Transduction of H357 cells with an av expressing retrovirus resulted in cell
surface expression of avB5. Unlike the parental cells avB5 expressing cells underwent
suspension-induced apoptosis (anoikis), which could be inhibited by avp5 ligation.
Introduction of the 6 subunit resulted in replacement of the avB5 with avp6 and
suppressed anoikis. Cells that were resistant to anoikis activated PI3-kinase signalling in
suspension, as measured by PKB/Akt phosphorylation, whereas avp5 expressing cells
did not. Anoikis could be induced in parent and cvB6 cells by inhibition of PI3-kinase.
Conversely, activation of Akt in avp5 expressing cells suppressed anoikis. Anoikis
required the cytoplasmic domain of 5 and was independent of the death receptor
pathway. These results suggest that downregulation of avB5 and upregulation of avf36
may protect SCCs from anoikis by activating a PI3-kinase survival signal.

Normal primary kertinocytes differentiate rather than apoptose when placed in
suspension. It appears that caspases are also activated within 2 hours of the onset of
epidermal cell differentiation and that caspase activation and differentiation are inhibited

by a PI3-kinase inhibitor while an active Akt construct drives differentiation.
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Chapter 1

Introduction

1.1 Overview

Integrins regulate keratinocyte cell fate in the epidermis. When ligand bound they inhibit
differentiation, while if their number or function are down regulated they become
committed to differentiate. When other epithelial cells detach from their matrix they
undergo a suspension induced apoptosis termed anoikis. Integrin expression is frequently
perturbed in squamous cell carcinomas (SCCs) and while the reason for this is unclear,
some integrins are thought to promote or inhibit anoikis. The different responses to
detachment by different cells may involve similar signalling mechanisms. In my
introduction, I overview keratinocyte integrin structure, function and expression in
normal keratinocytes and SCCs, and the mechanisms by which they can control

differentiation and cell death.
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1.2 Integrins

Integrins are a family of cation dependent transmembrane receptors that bind to both cell
surface Ig counter-receptors and extracellular matrix ligands. They consist of an o and a
B subunit (Figure 1.1) and the ligand specificity is determined by the heterodimer
composition and the cell type in which they are expressed (Watt and Hertle, 1994).
Integrins are found in every human nucleated cell type and show conservation in other
vertebrates and invertebrates. The sponge has genes similar to mammalian integrins
(Wimmer et al., 1999) and C. elegans has two integrins homologous to a5 and ov
(Sulston et al., 1992). The biological functions of integrins are diverse, ranging from
stable anchorage of keratinocytes to the epidermal basement membrane, platelet
aggregation in clots, and mediation of leukocyte trafficking across endothelia. The
distribution and activity of integrins can be regulated by conformational changes,
clustering, and association with accessory molecules (Bazzoni and Hemler, 1998; Liu et

al., 2000; van der Flier and Sonnenberg, 2001).
1.2.1 Integrin structure

Integrins are made of an alpha and a beta subunit and there are at least 22 known
heterodimers each with a different ligand binding profile (Figure 1.2) (Watt and Hertle,
1994). The larger o subunits range from 120 to 180kDa while the 3 subunits range from
90 to 110kDa in size. The integrin subunits have short transmembrane and cytoplasmic
domains, of around 30-50 amino acids in length, with the exception of the 1000 amino
acid long P4 cytoplasmic tail. The extracellular domains of the two subunits interact non-
covalently, in a divalent cation dependent manner, and form a globular head structure
with two tails going through the lipid bilayer. This structure was first seen by electron
microscopy (Nermut et al., 1988). Experiments using truncated mutants have shown the
interaction between the subunits is independent of the transmembrane and cytoplasmic
domains (Calvete et al., 1991). Both subunits contain several disuphide bridges that

contribute to the overall integrin structure. Recent understanding of the structure of the

21



Chapter 1 Introduction

integrin heterodimer has been enhanced by the solution of the crystal structure of the
ovP3 integrin (Xiong et al., 2001) and it appears that large conformational changes can
take place in reaction to both ligand binding and signals from within the cell (Xiong et

al., 2002).

The o and B subunits interact to form the ligand binding domains and the o subunit
contains divalent cation binding sites necessary for integrin binding. The type of cation
affects both affinity and specificity of ligand binding. The o subunits are not well
conserved and the variation in sequence is thought to govern binding specificity between
heterodimers with the same f§ subunit. Truncation experiments suggest the o subunit tail
negatively regulates integrin activation and subsequent binding activity (Bauer et al.,
1993; Chan et al., 1992; Hibbs et al.,, 1991; Rabb et al., 1993). Very few direct
interactions are known between the o subunit tail and cytoplasmic components. 04 has a
high affinity interaction with paxillin (Liu et al., 1999) and an association with calnexin
(Lenter and Vestweber, 1994) and the integrin subunits ov, a5 and o1 associate laterally

with caveolin (Wary et al., 1998) but no known signalling molecules.

The B subunit comprises a ligand binding domain, and Ig fold, a ‘stalk’ of several
cysteine rich domains, and short transmembrane and cytoplasmic domains. The 8 subunit
cytoplasmic domains are highly conserved with the exception of 34 and (38. The long 4
cytoplasmic domain connects with the intermediate filament network and has a role in
hemidesmosome formation. The other 3 subunit cytoplasmic domains have three
conserved regions designated Cyto 1, 2 and 3 (Reszka et al., 1992). Cyto 1 is a 10 amino
acid sequence near the cell membrane and is necessary for binding several focal adhesion
components including FAK, filamen and o-actinin (Lewis and Schwartz, 1995; Otey et
al., 1993; Schaller and Parsons, 1994; Sharma et al., 1995). Cyto 2 and 3 are NPXY
motifs that can be phosphorylated. Disruption to these regions prevents recruitment to
focal adhesions (Bodeau et al., 2001; Mulrooney et al., 2001). All three Cyto domains are

required for adhesive function (Levy et al., 2000).
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1.2.2 Integrin signalling

Integrins are required to perform their adhesive functions in a rapid and specific manner.
Integrins can regulate there activity by receptor clustering and changes in their
conformation (Hogg and Leitinger, 2001; Hynes, 1992) allowing binding to motifs such
as ARG-GLY-ASP (RGD) found in fibronectin, vitronectin, collagen and laminin
(Ruoslahti et al., 1987). Ligand binding produces integrin clustering which leads to an
increase in the avidity of the cell for its ligand (Yauch et al., 1997). Integrin clustering
also leads to the formation of complexes such as focal adhesions where they associate
with the cytoskeleton. Focal adhesions contain a number of linker and signalling
molecules that can be recruited to their cytoplasmic tails leading to cytoskeletal changes
and triggering of signalling pathways (known as outside to in signalling) (Giancotti and
Ruoslahti, 1999; Schwartz, 2001; Schwartz and Ginsberg, 2002). Cytoskeletal proteins
can in turn alter integrin conformation and cause integrin clustering by binding integrin
tails causing the propagation of conformational changes up the integrin ‘stalk’ eventually
altering the structure of the ligand binding domain (inside to out signalling) (Hogg and
Leitinger, 2001; van Kooyk and Figdor, 2000; Yauch et al., 1997). It is currently not clear
whether conformational changes or clustering of integrins is the initiating step in integrin
activation. It is likely however that these two mechanisms of regulation of integrin
adhesion are synergistic, with conformational changes increasing integrin-ligand

interactions and clustering increasing the avidity of this interaction.

Integrins lack intrinsic kinase activity. It was thus initially thought that they had no
function beyond cell adhesion and focal adhesion formation. However it is now
recognised that they can influence a number of signalling pathways by recruiting a range
of adapter proteins and kinases through interactions with both the extracellular and
cytoplasmic domains (Giancotti and Ruoslahti, 1999; Schwartz, 2001; Schwartz and
Ginsberg, 2002) (Figure 1.3).
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Integrin signalling appears to play a role in nearly every complex physiological and
pathological process in vertebrate organisms including development, angiogenesis,
bacterial and viral infection and immune recognition and atherogenesis (Schwartz, 2001).
Importantly integrin signalling also seems to augment growth factor and cytokine

signalling pathways, extending the integrins influence on basic cell functions.

Focal Adhesion Kinase (FAK) is vital in the activation of several signalling pathways.
FAK is recruited to focal adhesions through interactions with the adaptor molecules talin
and vinculin (Chen et al., 1995) and the B subunit tail (Lewis and Schwartz, 1995).
Accumulation of FAK at the plasma membrane may be sufficient to activate FAK by
autophosphorylation and is triggered by integrin clustering (Chan et al., 1994). Ligation
of the B1, B3 and BS integrin subunits can activate FAK (Hanks and Polte, 1997;
Lukashev et al., 1994) and only the cytoplasmic domains are required (Akiyama et al.,
1994). One of the best characterised signalling pathways is FAK mediated activation of
MAPK (mitogen activated protein kinase). Autophosphorylation of Tyr*”’ activates FAK
allowing binding of Src via its Src homology 2 (SH2) domain (Schaller et al., 1994;
Schlaepfer et al., 1994). Src then phosphorylates FAK further and leads to the
prosphorylation of a number of focal adhesion components including paxillin, tensin and
p130°*S, These events lead to the recruitment of adaptor proteins CAS and Crk and to the
activation of the JNK pathway (Richardson and Parsons, 1996; Schlaepfer et al., 1994).
Alternatively Src phosphorylation of FAK can result in the binding of P130°*S and Grb2.
This allows membrane localisation of SOS, a guanine nucleotide exchange factor which
promotes GTP loading and activation of Ras. Ras activates Raf-1, which in turn
phosphorylates and activates MAPK kinase. MAPK kinase then activates Ras-
extracellular signal-regulated kinase (ERK) MAPK (Giancotti and Ruoslahti, 1999).

ERK1/2 MAPK activation by integrins can also occur independently of FAK. Integrin
subunits av, a5 and al associate laterally with caveolin which in turn binds Fyn (Wary
et al., 1998; Wei et al., 1999). Shc can bind the SH3 domain of Fyn leading to its
phosphorylation. Phosphorylated Shc then recruits the Grb/SOS complex again triggering
the activation of Ras (Wary et al., 1998). These two pathways of ERK MAPK activation
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are thought to act in tandem with the Shc mediated activation accounting for the initial
high levels of ERK after cell adhesion, and FAK sustaining ERK activation (Giancotti
and Ruoslahti, 1999; Schlaepfer et al., 1994; Wary et al., 1998). These pathways are

summarised in Figure 1.4.

PI3-kinase is also downstream of FAK and modulates adhesion and migration as well as
activating Akt (Chen et al., 1996). Growth factor binding and FAK phosphorylation lead
to the activation of PI-3-kinase leading to the production of phosphatidyinositol 3,4,5-
triphosphate (PIP3) and phosphatidyinositol 3,4-biphosphate (PIP2) and these products
bind to the PH domain of Akt (Franke et al., 1997; Frech et al., 1997). This interaction
results in the recruitment of Akt to the cell membrane, where after a change in
conformation it is phosphorylated on the threonine residue 308 by PI-3-dependent kinase
1 (PDK1) (Alessi et al., 1997; Anderson et al., 1998; Stokoe et al., 1997). Subsequently it
is also phosphorylated at serine 473 resulting in the stimulation of its kinase activity

(Toker and Newton, 2000). Akt has several pro-cell survival actions.

Phosphorylated Akt can phosphorylate and inhibit a number of different pro-apoptotic
proteins including BAD (Datta et al., 1997; del Peso et al., 1997), the Forkhead
transcription factors (Brunet et al., 1999; Tang et al., 1999) and caspase 9 (Cardone et al.,
1998), factors which have all been suggested to play a role in cell death. Phosphorylated
BAD dissociates form Bcl-2 and binds 14-3-3 proteins (Datta et al., 1997) allowing Bcl-2
to promote cell survival. Phosphorylation of caspase 9 inhibits its protease activity
leading to cell survival (Cardone et al., 1998) and the phosphorylation of forkhead
transcription factors leads to their retention in the cytoplasm, reducing expression of pro-
apoptotic proteins such as Fas-ligand (Brunet et al., 1999; Tang et al., 1999). Active Akt
also induces Nuclear Factor kB (NF-kB) which plays a role in cell survival (Kane et al.,

1999) and reduces the release of cytocrome C from mitochondria (Kennedy et al., 1999).

1.2.3 Integrin and growth factor co-operation
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The MAPK signalling pathway is also stimulated by ligation of the EGF receptor.
Integrins can affect growth factor signalling in a number of ways. The absence of integrin
ligand binding inhibits EGF signalling (Miyamoto et al., 1996). Further, co-clustering
EGF receptors with a2f1 integrins at sites of cell-cell contact induces tyrosine
phosphorylation and activation of the EGF receptor in the absence of its ligand (Moro et
al., 1998; Yu et al., 2000). Growth factors, including PDGF and VEGF, are also reported
to form complexes with integrins. Active PDGF has been immunoprecipitated with avf3
and this complex formation is increased when the integrins are ligand bound (Schneller et
al.,, 1997; Woodard et al., 1998), while avP3 is also necessary for the full activation
VEGEF (Soldi et al., 1999). Integrin signalling interacts with growth factor signalling in a
number of other pathways including; JNK, p38, Rac, Rho, Cdc42, PI3-kinase, NF-kB and
the JAK-STAT pathways (Schwartz, 2001). Growth factors and integrins use many of the
same molecules in their multicomponent complexes, including kinases, adaptors,
substrates and scaffolding proteins (Pawson et al., 1999), and it is thus not surprising

there appears a synergistic role for the two groups of receptors.

It therefore appears that most signalling events triggered by integrins originate from the 8
cytoplasmic domain, while the o subunits generally negatively regulate ligand adhesion
with the exception of a few subunits being able to modulate signalling pathways through

caveolin (Schwartz, 2001).

26



Chapter 1 Introduction

1.3 The structure and function of skin

The skin forms the protective barrier against the environment. Through its network of
capillaries and nerves within the dermis it also helps regulate body temperature and
provides sensation. It is made up of three layers: subcutaneous fat, the dermis, and,
separated from the dermis by the basement membrane the epidermis. The epidermis and

dermis interdigitate, forming the rete ridge (or peg) and dermal papillae (Figure 1.5).
1.3.1 The epidermis

The epidermis rests on the basement membrane, a dense network of matrix secreted by
both fibroblasts and epithelial cells. The majority of cells within the epidermis are
keratinocytes, and these form a stratified squamous epithelium. They are specialised cells
protecting us from physical and chemical insults and have the ability to repair and
regenerate after wounding. The epidermis also contains melanocytes, supplying pigment
(Jimbow et al., 1991), Langerhans cells, responsible for antigen processing (Hauser et al.,
1991), and Merkel cells, sensory cells (Munger et al., 1988). Most proliferating
keratinocytes lie in the basal layer; on leaving the basal layer cells undergo terminal
differentiation. Cells in the outermost layers, are dead squames that provide the barrier
function. Within the epidermis lie hair follicles, apocrine and eccrine sweat glands, and

sebaceous glands, all derived from the epidermis (Odland, 1991).
The Basal Layer

The epidermis can be split into four layers (Figure 1.6), basal, spinous, granular and
cornified. The basal layer is a single layer of keratinocytes that adhere to the basement
membrane through B1 integrin mediated focal adhesions (Jensen et al., 1999) and by
0634 mediated hemidesmosomes (Carter et ;11., 1990a; Carter et al., 1990b; Stepp et al.,
1990). Basal cells are distinguished by an intracellular cytoskeleton composed of a

relatively dispersed, but extensive, network of keratin filaments. Two distinct keratin
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proteins, K5 and K14, are expressed (Morley and Lane, 1994) and mutations in these or
o6PB4 can lead to epidermolysis bullosa (Pulkkinen et al., 1999). The basal layer contains

the proliferative cells of the epidermis.

The Spinous Layer

The four to eight layers of the suprabasal spinous cells are post mitotic, but metabolically
active. These cells produce two new keratins, K1 and K10, following cytoskeletal
filaments that aggregate into thin bundles (Eichner et al., 1986). In certain situations,
such as wound healing and in cell culture, suprabasal keratinocytes can express additional
keratins, for example K6 and K16 (Weiss et al., 1998). In addition, spinous layer cells
make a number of envelope precursor proteins, such as involucrin (Rice and Green,
1977), envoplakin and periplakin (Ruhrberg et al., 1997; Ruhrberg et al., 1996). Spinous
cells near the basal layer appear more oval than the flattened spinous cells located near
the granular layer above. Keratin filaments are conspicuous as large dense bundles and
the spines that give the layer its name are keratin filaments that insert into desmosomes of
opposing cells. The uppermost spinous cells have membrane-bound lamella granules
containing lipids and carbohydrates complexed with proteins which later fill the
intercellular spaces of the cornified layer. Mutations in these keratins can again cause
bullous disorders such as epidermolytic palmoplantar keratoderma in palms and soles
(Borradori et al., 1997; Korge et al., 1996; Reis et al., 1994, Reis et al., 1992).

The Granular Layer

The granular layer consists of two to three layers of irregular shaped keratinocytes. Cells
have electron dense keratohyalin granules containing profilaggrin (Holbrook, 1994), the
precursor form of filaggrin, a protein involved in the aggregation of keratin filaments
(Holbrook, 1994; Rothnagel et al., 1987; Rothnagel and Steinert, 1990). The cells also
contain loricrin and cornifin, two other component of the cornified layer (Mehrel et al.,
1990) (Fujimoto et al., 1993; Rothnagel and Steinert, 1990). The lamellar granules fuse

with the plasma membrane and their contents are discharged into the intercellular space.
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Granular cells synthesise and cross-link a number of structural proteins, which will form

the cornified envelope.

The Cornified Layer

The cornified layer comprises anucleate cells. Their cytoplasm is filled with keratin
bundles, and they are characterised by the presence of the cornified cell envelope which
consists of a layer of transglutaminase cross-linked proteins found under the plasma
membrane (Holbrook, 1994; Kalinin et al., 2001; Kalinin et al., 2002). Cornified cells
appear flattened and plate-like and are known as squames. The most superficial layer of

cornified cells is shed.

1.3.3 Epidermal proliferation

The epidermis is a dynamic epithelium that is constantly renewed throughout life. Its
turnover is estimated at about 7 days in mice (Potten et al., 1981) and between 28 and 60
days in humans (Hunter et al., 1995). This rapid replacement demands that adult
epidermis has stem cells capable of supplying terminally differentiated cells throughout
life. The most basic and widely accepted definition for adult stem cells is (i) that they
have a high capacity of self-renewal and (ii) the ability to generate daughter cells that
undergo terminal differentiation (Hall and Watt, 1989; Watt, 1998). The basal layer,
attached to the basement membrane, contains the dividing cells of the epidermis and as
cells move up from this layer they undergo differentiation, ending in the formation of a

terminally differentiated anucleate cell.

Not all of the proliferative cells in the basal layer are stem cells. Epidermal stem cells
generate post-mitotic terminally differentiated progeny via a population of “transit
amplifying cells”, defined as cells that are able to divide only 3 to 5 times before all of
their daughters terminally differentiate (Potten et al., 1981; Watt, 1998). These transit
amplifying cells have a low self renewal capacity and a high probability of undergoing

terminal differentiation. Their prime function is to increase the number of differentiated

29



Chapter 1 Introduction

cells produced by one stem cell division. If a transit amplifying cell is able to divide 3
times, then on average each stem cell division will generate one stem cell daughter and 8

differentiated cells (Janes et al., 2002).

The use of a transit amplifying population may help to protect the tissue from neoplastic
transformation. Cells are at the highest risk of acquiring mutations when they are actively
dividing. This risk is thus higher in tissues undergoing rapid turnover, such as the
epidermis, which is exposed to a mutagenic onslaught from the outside world. The
probability of accumulating multiple mutations over the course of a lifetime may be
minimised by the strategy of assigning most of the active proliferation to cells, which are
destined to be shed from the surface of the skin within a few weeks (the TA cells). This

allows the long term residents of the tissue (the stem cells) to remain relatively quiescent.

1.3.4 Sqamous Cell Carcinomas of the skin

Squamous cell carcinomas (SCC) are common tumours of the skin and epithelia and are
the most common tumour arising on chronic sun exposed sites. The major cause of
epidermal SCC is exposure to UV radiation but chronic ulceration, industrial carcinogens
(tars and oils), arsenic ingestion, and genetic factors (xeroderma pigmentosum — an
enzyme defect in DNA repair) all contribute. Loss of immunosurveillance (in the
immunosuppressed, post chemotherapy or organ transplantation) also increases the risk
of developing SCC. Pre-invasive lesions show epidermal dysplasia without breech of the

basement membrane and include solar keratosis and Bowen’s disease.

The incidence of SCC is so high and the mortality rate so low that, along with basal cell
carcinomas of the skin, they are excluded from the national statistical analysis of cancer
cases. The incidence non-melanoma skin cancer, which includes basal cell carcinoma, is
over 40,000 annually in England and Wales, of which a fifth are SCCs. Less than 500
mortalities per year are recorded as being directly due to non-melanoma skin cancer

(National Office of Statistics).
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Most SCCs of the skin are cured by surgery, but up to 5% metastasise, largely to local
lymph nodes. The exception to this are carcinomas of the oral cavity and especially the

lower lip of which 11% are metastatic (Friedman et al., 1985).
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1.4 Keratinocyte Integrin Expression

1.4.1 Normal epidermal integrin expression

Integrin expression in normal skin is confined to the basal layer and outer root sheath of
the hair follicle. The most abundant integrin heterodimers in the epidermis are o2f1
(collagen receptor), 31 (predominantly a laminin 5 receptor) and o634 (laminin
receptor) (Watt, 1994). av5 (vitronectin receptor) is also expressed but at lower levels
(Adams and Watt, 1991; Watt, 1994). Changes in integrin expression are observed in
wound healing and culture where o5p1 (fibronectin recptor), avf6 (fibronectin and
tenascin receptor), and a9f1 (tenascin receptor) are upregulated (Breuss et al., 1995;
Hakkinen et al., 2000; Watt, 2002; Watt, 1994; Zambruno et al., 1995). Suprabasal
integrin expression is seen in hyperproliferative skin. This occurs in benign

hyperproliferation, psoriasis and wound healing (Watt, 1994).
1.4.2 Integrin expression in Squamous Cell Carcinomas

Squamous cell carcinoma’s can have normal expression, overexpression or most
frequently focal or generalised loss of integrin expression (Bagutti et al., 1998; Jones et
al., 1993). There is also marked variation between tumours and in different regions of the
same tumour. These changes may play a role in the growth, differentiation and survival
of a primary tumour and the tumour cell’s ability to invade and spread. The focal loss of
integrins is associated with loss of basement membrane proteins and has been proposed

to play a role in SCC invasion (Downer et al., 1993; Jones et al., 1993).

064 is implicated in epithelial carcinogenesis (Mercurio et al., 2001). Over expression
in SCC cells adjacent to stroma is associated with poor prognosis in humans (Van Waes
et al., 1991) and a high risk of malignant conversion in mice (Tennenbaum et al., 1995).

Loss of expression at the stromal boundary is also associated with loss of basement
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membrane (Downer et al., 1993). 0634 becomes associated with the actin cytoskeleton in
SCC cells lacking hemidesmosomes, promoting invasion and migration. 684 is
mobilised by EGF leading to the phosphorylation of the 4 tail (Mainiero et al., 1997),
and cooperation with growth factor stimulated PI3-kinase signalling (Mercurio et al.,
2001). In addition to effects on cell motility it appears that a3f1 and avf6 can affect
matrix metalloproteinase expression leading to breakdown of the surrounding

extracellular matrix (DiPersio et al., 1997; Thomas et al., 2001a).

It is tempting to think that the integrin mis-expression seen in SCCs is a consequence of
tumour formation, possibly induced by selective pressures, rather than having a causal
role. Evidence is mounting to the contrary and integrin effects on differentiation and cell
survival are well documented. In addition, it now appears that differentiated cells, and in
particular their integrin expression, can influence whether or not a potentially oncogenic
clone of stem cell progeny expands or is held in check. Studies examining transgenic
mice expressing integrins in suprabasal epidermal layers under the control of the
involucrin promotor have revealed interesting results. The mice were first exposed to
DMBA, inducing Ras mutations and then the phorbol ester TPA, to promote expansion of
mutant clones. Mice expressing suprabasal o331 showed a decreased rate of conversion
from papilloma to carcinoma (Owens and Watt, 2001) while those expressing 0684
increased papilloma formation and conversion rates to squamous cell carcinomas (Owens
and Watt, in preparation). Therefore, despite stem cells being responsible for the
generation of most tumours, altered integrin expression in the differentiated cell

population can affect the course.

1.4.3 The o integrins in normal keratinocytes and Squamous Cell Carcinomas

The ov subunit binds to several beta subunit partners. These include 1 (Bodary and
McLean, 1990), B3 (Cheresh and Spiro, 1987), 85 (Cheresh et al., 1989), 36 (Sheppard et

al., 1990) and 8 (Moyle et al., 1991). While avf3 is able to bind to many ligands
through RGD motifs (Charo et al., 1987; Cheresh, 1987; Cheresh and Spiro, 1987) the
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majority of the other heterodimers bind to vitronectin and fibronectin. The av ligands are

listed in Table 1.1.

B subunit Ligand Reference
Vitronectin (Bodary and McLean,

B1 Fibronectin 1990)
Fibrinogen (Vogel et al., 1990)

(Marshall et al., 1995)

Vitronectin (Pytela et al., 1985)
Fibronectin (Cheng et al., 1991)
Fibrinogen (Cheresh and Spiro, 1987)
Laminin (Kramer et al., 1990)

82 Thrombospondin (Lawler et al., 1988)
Von Willebrand factor (Law et al., 2000)
Thrombin (Bar-Shavit et al., 1991)
Osteopontin (Miyauchi et al., 1991)
Bone Sialoprotein (Miyauchi et al., 1991)
Collagen types I and IV (Clyman et al., 1992)

BS Vitronectin (Adams and Watt, 1991)
Fibronectin (Cheresh et al., 1989)

B6 Fibronectin (Busk et al., 1992)

B8 Vitronectin (Nishimura et al., 1994)

Table 1.1 av binding 8 subunits and their ligands

In vivo, awv is expressed by keratinocytes of the epidermis and oral mucosa. Expression is
largely confined to the basal layer although it can extend into suprabasal layers
particularly in oral mucosa (Hertle et al., 1991; Jones et al., 1993; Nazzaro et al., 1990).
In normal epidermis av forms a heterodimer exclusively with B5 (Pasqualini et al.,
1993). However in culture and hyperproliferation stratified squamous epithelia both otvB5

and ovf36 are expressed (Adams and Watt, 1991; Breuss et al., 1995).
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1.4.4 The role of av in Squamous Cell Carcinomas

ovf6 is upregulated in squamous cell carcinomas and this is often correlated with a down
regulation in av35 expression (Breuss et al., 1995; Jones et al., 1997). The avf6 integrin
heterodimer is not only a receptor for the extracellular matrix proteins fibronectin and
tenascin but also binds the latency associated peptide (LAP) derived from latent TGF-
B (Busk et al., 1992; Munger et al., 1999; Prieto et al., 1993; Weinacker et al., 1994).
ovf6 expression is restricted to epithelial tissues at low or undetectable levels (Breuss et
al., 1993) but during development of the skin, lung and kidney and in times of wound
healing, expression is upregulated. This suggests that avf6 may have a role in the
migration of tissues and it was of interest that avf36 is upregulated in squamous cell
carcinomas of several tissues (Breuss et al., 1993; Clark et al., 1996; Haapasalmi et al.,
1996; Jones et al., 1993; Larjava et al., 1996; Regezi et al., 2002) and often expressed at
the invasive margins of tumours and the leading edge of migrating cells (Breuss et al.,

1995; Haapasalmi et al., 1996; Jones et al., 1993).

Several studies have pointed to ocv6 having a pivotal role in the invasive phenotype of
SCCs (Ramos et al., 2002) (Thomas et al., 2001a; Thomas et al., 2001b). avp6
expression increases cell migration and invasion in both normal and transformed
keratinocytes, possibly via the upregulation of metalloproteinase-9 (MMP-9). In turn
MMP-9 is essential for the migratory phenotype induced by awvf6 (Thomas et al., 2001a;
Thomas et al., 2001c). In vivo, owvf6 expression is related to tumour progression (Hong et
al., 2000; Juarez et al., 1993; O-charoenrat et al., 2000a; O-charoenrat et al., 2000b;
Simon et al., 1998; Thomas et al., 1999) suggesting that the in vitro findings may reflect
in vivo pathology. More recently other tumour cell types including breast, colon and
ovary (Agrez et al., 1996; Ahmed et al., 2002b; Arihiro et al., 2000) have also been

demonstrated to have increased expression of avf36.

The B6 integrin cytoplasmic tail has 11 unique amino acids that are implicated in

regulating the biological behaviour of SCCs including 3-dimensional growth in type 1

35



Chapter 1 Introduction

collagen gels and ligand-independent increases in pro-MMP 9 secretion. These 11 amino
acids are also necessary for avf6-dependent invasion of SCC cells and can be inhibited
by peptides designed to mimic the C-terminal tail of 6 (personal communication — J
Marshall). This importantly suggests that targeting of a § subunit tail could influence the

cancer phenotype and reduce invasion.

While avB6 expression is frequently upregulated in SCCs, avp5 is frequently
downregulated. Whether this is simply because an increase in endogenous 36 expression
displaces the B5 subunits or whether there is an additional advantage to the SCC in down
regulating avf5 is not known. In addition to effects on migration and invasion, integrins
may also influence cell differentiation. In a cell line lacking the awv integrin subunit,
replacement led to the formation of the normal epithelial heterodimer ovf5. This
renewed expression reduced anchorage independent growth and increased expression of
involucrin, a differentiation marker (Jones et al., 1996b). In contrast the replacement of
B4 into a SCC cell line lacking this integrin subunit had no effects on growth or

differentiation (Jones et al., 1996a).
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1.5 Keratinocyte Integrin Function

1.5.1 Keratinocyte adhesion and migration

Adhesion-blocking antibodies have defined the role of integrins in cell adhesion to and
migration on matrix proteins (Nguyen et al., 2000; Watt, 1994). o381 and o634 are
thought to have complementary roles. On laminin a3f1 is required at the leading edge of
cell migration while 0t6p4 stabilizes attachment distally (DiPersio et al., 1997; Goldfinger
et al., 1999; Nguyen et al., 2000). The same two integrin herterodimers may also
collaborate in cell motility and wound healing (Mercurio et al., 2001; Nguyen et al.,
2000). The a.6P4 integrin is known to promote migration through several signalling
pathways including the activation of PI3-kinase (Mercurio et al., 2001) signalling via Rac
and Rho (O'Connor et al., 2000) and the MAPK pathway (Mainiero et al., 1997). Mice
with a targeted deletion of the a6 or B4 subunits die shortly after birth with severe
blistering (Dowling et al., 1996; Georges-Labouesse et al., 1996; van der Neut et al.,
1996).

Mice with floxed B1 alleles have been crossed with mice expressing Cre under the
control of the basal cell specific promoters keratin 5 or keratin 14 (Brakebusch et al.,
2000; Raghavan et al., 2000). These mice again show epidermal blistering and wound
healing experiments confirm that B1 is essential for keratinocyte migration in vivo (Grose
et al., 2002). An a3 knockout mouse develops occasional epidermal blistering (DiPersio
et al., 1997) while the a3B1 and a6p4 double knockout has a phenotype no more severe
than the individual knockout mice (DiPersio et al., 2000). The a2 (Holtkotter et al.,
2002), 09 (Huang et al., 2000) and B5 (Huang et al., 1996) knockouts have no phenotype
although in vitro loss of B5 leads to reduced migration (Huang et al., 1996).
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1.5.2 Epidermal stem cells

The identification of stem cells in the epidermis by molecular markers remains a
controversial area. Until now, the only accepted methods of identifying stem cells have
been analysis of their replicative behaviour in vitro and the identification of the long-
living, slow cycling cells in vivo. Despite this, some progress has been made towards
identifying molecular markers that can distinguish stem cells from transit amplifying

cells.

B1 integrins are expressed by all basal keratinocytes and it has been shown that as
keratinocytes leave the basal layer they down-regulate the expression of B1 integrins
(Watt, 1994). Human keratinocytes can be analysed on the basis of whether they are
rapidly (within 20 minutes) or slowly adherent to 1 integrin ligand (Jones and Watt,
1993) such as type IV collagen. The rapidly adhering cells are found to have a high
proliferative potential, whereas cells that adhere slowly divide only a few times before all
of their progeny undergo terminal differentiation. Thus, rapidly adherent cells resemble
stem cells while the slowly adherent cells behave like transit-amplifying cells. This
observation holds true whether cells are tested directly after isolating them from

epidermis or if they have been in culture (Jones et al., 1995).

There is evidence to suggest that B1 integrins are required to maintain keratinocytes in an
undifferentiated state. When keratinocytes are placed in suspension, they initiate terminal
differentiation. This can be inhibited by ligating B1 integrins with ECM or antibodies
(Adams and Watt, 1989; Watt et al., 1993). By analysis of mutations in the cytoplasmic
domain or ligand binding site of the B1 integrin subunit for their ability to regulate
suspension-induced differentiation, it has been concluded that the signal transduced by B1
integrins is an instruction ‘do not differentiate’ (Levy et al., 2000). Interestingly, Levy et
al also demonstrated that the regulation of terminal differentiation is independent of focal

adhesion localisation.
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All these findings argue for a role of 1 integrins in keeping keratinocytes in the stem cell
compartment, but there are also arguments against 1 integrin as a stem cell marker. For
example, not all cells expressing high levels of B1 integrin are stem cells. High f1
integrin marks 20-45% of the basal cells, which is at least double the proportion that are

estimated to be stem cells in vivo (Jones et al., 1995).

Secondly the B1 integrin knockout is lethal, but this is overcome when the B1 integrin is
deleted specifically in keratinocytes by using the Cre/lox technique. Most K5 Cre mice
survive until they are about six weeks old, while the K14 Cre mice die within 2 days of
birth (Brakebusch et al., 2000; Raghavan et al., 2000). In both mice a proliferation defect
is observed, but they do not appear to have a higher rate of initiation of differentiation,
arguing against a role of 1 integrins in keeping mouse keratinocytes in the stem cell
compartment. However, when keratinocytes are isolated from 1 null mice and placed in
culture, they rapidly initiate differentiation (Grose et al., 2002). One possibility therefore
is that the lack of B1 integrin can be compensated for to some extent in vivo but not in

vitro, or that B1 plays different roles in mouse compared to human skin.

Another set of molecules proposed as stem cell markers includes the combination of high
o6 integrin expression and low expression of the transferrin receptor, recognised by
monoclonal antibody 10G7 (Li et al., 1998; Tani et al., 2000). The o6-bright-10G7-dull
cells are relatively quiescent in vivo and populations of these cells have very high long-
term proliferative capacity. These cells also have a higher nuclear to cytoplasmic ratio, a
feature of immature cells (Li et al., 1998; Tani et al., 2000). However, the use of o6 in
identifying stem cells remains controversial. It would be expected that stem cells, like all
basal cells, would express o634, however in a previous study Jones and Watt found only
a small correlation between the level of expression of a6f4 alone and proliferative
potential (Jones et al., 1995; Jones and Watt, 1993). In addition, mice lacking the a6p4
integrin heterodimer have severe epidermal blistering, but show no evidence of reduced
proliferation or abnormal differentiation (DiPersio et al., 2000). The role of a6B4 does

therefore appear to be of anchorage alone rather than governing stem cell fate, but high
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o6 expression in combination with a low transferrin receptor expression may still be of

use as a stem cell marker.

Using high-level B1 integrin expression as a marker, it has been possible to localise stem
cells in human epidermis (Jones et al., 1995; Mackenzie, 1970). The basal cells with
highest integrin expression are localised in evenly spaced clusters containing
approximately 40 cells. With the exception of palm and sole epidermis, these clusters are
on the tops of the dermal papillae. They are surrounded by an interconnected network of
integrin-dull cells, extending down into the rete ridges. Thus the integrin-bright clusters

form discrete islands surrounded by a “sea” of integrin-dull cells (Figure 1.7).

As stated above, it is unlikely that all of the integrin-bright cells are stem cells. It is
therefore possible that within an integrin-bright patch, stem cells are interspersed with
transit-amplifying cells. However, there is some evidence that this is not the case (Jensen
et al., 1999). Transit-amplifying cells can be identified on the basis that they have a high
probability of active proliferation, commitment to differentiation and exit from the basal
layer. Attempts have been made in the past to identify the proliferating and differentiating
cells in serial histological sections of human epidermis; however these cells are relatively
rare, and it has been difficult get a clear impression of their distribution within the basal
layer. Jensen developed a whole mount approach that makes it possible to visualise
proliferation and differentiation in the basal layer of an intact epidermis (Jensen et al.,
1999). This has made it clear that the integrin-dull regions of human epidermis contain
the vast majority of actively proliferating cells as assessed by BrdU incorporation, or
expression of the proliferation marker, Ki67 (Figure 1.7A). Cells expressing the early
differentiation marker K10 are found exclusively in the integrin-dull regions as are cells

that appear to be moving upwards out of the basal layer (Figure 1.7B).

A stem cell’s decision: mechanisms of commitment to differentiation

Stem cells and their daughters must continuously make cell fate decisions. Stem cells

may remain quiescent or proliferate and their daughters can remain as stem cells or
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differentiate into transit amplifying cells. How are these decisions regulated in vivo? In
theory, the number of stem cells could be kept constant by ensuring that every stem cell
division is strictly asymmetric, giving one stem and one transit-amplifying daughter.
However, this mechanism alone could not explain how the stem cell pool in the
epidermis can expand in response to tissue damage. It seems that the cell’s interactions
with its microenvironment, both with its neighbours, the basement membrane and the
milieu of surrounding growth factors and other ligands governs cell fate decisions (Watt,

1998; Watt and Hogan, 2000).

Epidermal stem cells have the capacity for unlimited proliferation while their transit
amplifying daughter cells withdraw from the cell cycle after a few rounds of cell division
(Hall and Watt, 1989; Potten and Morris, 1988). Despite the extensive studies of terminal
differentiation in the skin until recently little was known about the process of transition

from the stem cell to transit amplifying cell.

The identification of stem cell markers has allowed workers to isolate and study these
cells using in vitro culture models while optimised retroviral transduction protocols have
greatly improved our ability to genetically manipulate primary human keratinocytes
(Levy et al., 1998). Thanks to these advances, several molecules have now been
implicated in regulating the decision of a stem cell to become a transit-amplifying cell
and studies have investigated signaling pathways involved in cell fate decisions

governing both differentiation and proliferation.

Integrins are able to transduce signals from the ECM into the cell in addition to their
mechanical adhesive function (Yamada and Miyamoto, 1995). One such pathway is the
MAPK pathway. Zhu and colleagues demonstrated in vitro that $1 integrins and MAPK
cooperate to maintain the epidermal stem cell department. They found that after
introducing a dominant negative 31 subunit into cultured keratinocytes, MAPK activation
was reduced and exit from the stem cell compartment was promoted. Similarly using a

dominant negative MAPKK1 mutant (reducing MAPK activation) reduced surface 1

41



Chapter 1 Introduction

integrin levels while the opposite effect was seen with a constitutively active MAPK

mutant (Zhu and Watt, 1999).

Stem cells are known to have higher levels of non-cadherin-associated f-catenin than
transit-amplifying cells and over-expression of B-catenin has been shown to increase the
proportion of stem cells to 90% of the proliferative population in culture (Zhu and Watt,
1999). Meanwhile, expression of a dominant negative f-catenin mutant in cultured
keratinocytes, has been found to promote the formation of abortive, transit amplifying
colonies (Zhu and Watt, 1999). In vivo, targeted mis-expression of an activated form of
B-catenin in the basal layer of mouse epidermis has led to the reversion of basal layer
keratinocytes to a pluripotent state in which they can differentiate into hair follicles and

interfollicular epidermis (Gat et al., 1998).

-catenin is known to regulate c-Myc (He et al., 1998). c-Myc is a DNA binding protein
from the basic helix-loop-helix/leucine zipper family that regulates transcription through
Max. c-Myc has established roles in the stimulation of proliferation, suppression of
differentiation, induction of apoptosis, and neoplastic transformation (DePinho et al.,
1991; Henriksson and Luscher, 1996; Morgenbesser and DePinho, 1994; Packham and
Cleveland, 1995) while down-regulation accompanies differentiation in most cell types
(DePinho et al., 1991; Gandarillas and Watt, 1995). In view of these powerful effects it
was expected that c-Myc would promote epidermal proliferation while down regulation
would initiate terminal differentiation. Surprisingly, over-expression of c-Myc was not
found to stimulate proliferation or apoptosis, but rather stimulated terminal differentiation

by driving stem cells into the transit amplifying compartment.

Gandarillas and Watt examined the effects of c-Myc on the stem cell compartment by
infecting normal human epidermal keratinocytes with retro viral vectors expressing either
wild type c-Myc or the steroid-activatable construct c-MycER in which c-Myc is held in
an inactive state until the addition of 4-hydroxytamoxifen (OHT). They found that both
wild type c-Myc and activated c-MycER resulted in a reduction of cell proliferation and

an increase in the number of terminally differentiated keratinocytes. The increase in
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terminally differentiated cells took 5 days, which appeared to indicate that stem cells
were being driven into the transit amplifying compartment rather than differentiating
directly from the action of the c-Myc construct. To test this the authors showed that when
OHT treated and untreated MycER cells were compared, the treated cells had a two fold
decrease in B1 expression and clonogenicity assays demonstrated an increase in the
proportion of cells that founded abortive colonies (Gandarillas and Watt, 1997). These
assays both gave results similar in magnitude to that expected if cells had moved from the

stem to the transit amplifying compartment [Jones, 1995 #838].

Initial in vivo studies targeting Myc expression to the mouse epidermis did not produce
results consistent with the in vitro findings, (Pelengaris et al., 2000; Waikel et al., 1999),
however c-Myc expression was not targeted specifically to the basal epidermal layer and
hence the stem cells. 2 studies have broached this problem. The first used the the keratin
14 promotor targeting c-MycER expression only in the basal layer (Arnold and Watt,
2001). c-Myc was activated using OHT and activation of c-Myc caused proliferation,
leading to a thickened epidermis with an increased number of differentiated cell layers.
Interestingly, while the interfollicular epidermal keratinocytes underwent a largely
normal differentiation program those of the hair follicle did not and demonstrated
abnormal morphology with increased numbers of sebocytes. c-Myc thus appeared to
promote sebaceous differentiation at the expense of hair differentiation. In addition this

phenotype was irreversible even after grafting of treated skin onto untreated recipients.

The second study used the keratin 14 promotor to drive expression of constitutively
activated c-Myc (Waikel et al., 2001). Homozygous mice again showed a hyperplastic
phenotype but most died before 21 days. Heterozygotes survived to adulthood, losing
their hair and developing spontaneous erosions of the skin. The skin showed a greater
proliferative index on BrdU labeling, but despite this, demonstrated no signs of wound
healing 4 days after a punch biopsy. It is postulated this is due to c-Myc down-regulating
B1 integrins, which in turn impairs keratinocyte migration. Using BrdU labelling this

study also indicated a 50% decrease in stem cells compared to wild type mice after 30
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