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Abstract

Keratinocytes in the basal layer of epidermis express B1 integrins which have been shown
in vitro to regulate proliferation and differentiation via MAPK activation. In
hyperproliferative epidermis, such as in psoriasis or during wound healing, B1 integrins are
also present in the suprabasal layers. Suprabasal integrin expression in transgenic mice
generates sporadic psoriatic-like lesions demonstrating that integrin mis-expression in the

epidermis can trigger hyperproliferation and inflammation.

In my thesis I demonstrate that suprabasal $1 integrin expression correlates with MAPK
activation in hyperproliferative lesions from psoriatic patients and from the suprabasal 1
integrin transgenic mouse. To establish a role for suprabasal MAPK activation in
epidermal hyperproliferation and inflammation I have generated transgenic mice
expressing an activated MEK1 construct from the involucrin promoter. These mice show
both a hyperproliferative epidermis and an inflammatory infiltrate. At sites of abrasion

some of the mice go on to develop papillomas.

Keratinocytes from (1 integrin transgenic mice express increased levels of the pro-
inflammatory cytokine interleukin-1a (IL-10) compared to controls. The increased IL-1o
could explain the lymphocyte recruitment observed in the lesions of the transgenic mice.
From in vitro work I show that MAPK itself can regulate both basal and induced IL-1a
expression. Cells from integrin transgenic mice show an increased sensitivity to IL-
lo~inducing stimuli, particularly phorbol ester. Treatment with phorbol ester generates a
much more sustained MAPK activation in the transgene-positive cells compared to
controls. Furthermore, I demonstrate critical roles for epidermal growth factor receptor

activity and autocrine IL-1a signalling in regulation of IL-1c levels in the cells.

From these experiments I propose a model in which MAPK activation plays a central role
in both the epidermal hyperproliferation and cutaneous inflammation characteristic of

psoriasis.
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Chapter 1. Intr ion

Chapter 1. Introduction

My thesis concerns the role of ERK MAPK activation in keratinocytes in driving
epidermal hyperproliferation and cutaneous inflammation, as seen in the benign skin
disease psoriasis. In particular, I will address the mechanisms by which ERK activation in
differentiating keratinocytes of the epidermis could contribute to epidermal
hyperproliferation and inflammation via an increased production of the key pro-
inflammatory cytokine interleukin—1o (IL-1a). In this introductory chapter, I will present
an overview of the organisation of normal epidermis and the alterations of this
organisation which are observed in the prototypic inflammatory skin disease, psoriasis. In
addition to discussing possible mechanisms for the pathogenesis of psoriasis, I will
describe key regulators of keratinocyte proliferation and differentiation whose activities
could be altered in psoriasis and the role of the keratinocyte in driving cutaneous

inflammation.

1.1 Organisation of the epidermis

1.1.1 Overview

The epidermis is the outer layer of the skin and forms a protective barrier between the
organism and environment. The main cellular constituent of the epidermis is the
keratinocyte but the epidermis also contains pigment (melanin) — producing melanocytes
(Holbrook et al., 1989), sensory Merkel cells (Kim and Holbrook, 1995) and antigen —

presenting Langerhans cells (Foster and Holbrook, 1989). Human epidermis is composed
16



Chapter 1. Introduction

of several layers of keratinocytes and is separated from the underlying dermis by a
basement membrane, which contains a variety of extracellular matrix proteins. The
keratinocytes of the epidermis are described as being organised into distinct layers
according to their localisation within the epidermis and their cellular characteristics (Fig.
1.1) (for review see Holbrook, 1994). Proliferation of keratinocytes within normal
epidermis is largely restricted to the basal layer where they are in contact with the
basement membrane. The cells can detach from the basement membrane and migrate up
towards the surface of the skin, undergoing a process known as terminal differentiation as
they do so. During this differentiation process, the keratinocytes withdraw from the cell
cycle, alter in morphology and protein and lipid composition until they die and become
anucleate flattened cells lacking all organelles (squames) that form the protective surface
of the epidermis (cornified layer) (see below). These squames are continually shed through
contact with the environment and are replaced by newly differentiating cells produced

through cell proliferation in the basal layer.

Whilst the surface of the epidermis is relatively flat, the basal layer of human
interfollicular epidermis undulates: the regions where the epidermis penetrates deepest into
the dermis are known as rete ridges and the areas where the dermis approaches closest to
the skin surface the dermal papillae (Fig. 1.1 A). It should be noted that there are
additional appendages associated with the epidermis. The hair follicle, which gives rise to
the hair shaft, is formed from keratinocytes and has an associated keratinocyte — derived
sebaceous gland. Further, apocrine and eccrine sweat glands are present and thought to be
embryonically derived from the epidermis (Fuchs and Raghavan, 2002; Niemann and

Watt, 2002; Watt, 2001). It should be noted in addition that mouse epidermis, which is

17
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Chapter 1. Introduction

frequently used as a model system for investigating the regulation of epidermal
homeostasis in vivo, is much thinner than human epidermis (2-3 cell layers thick in the

adult mouse) and has a flat dermal-epidermal junction.

1.1.2 Epidermal keratins

Keratinocytes are so-named because they contain extensive cytoskeletal networks of
keratin intermediate filaments. These filaments are 10nm in diameter and formed by end-
to-end and lateral associations between heterodimers of type I (basic) and type II (acidic)
keratin subunits (Fuchs, 1995). These filaments connect to cell — cell adhesion complexes
known as desmosomes (Jamora and Fuchs, 2002; Kowalczyk et al., 1999) and form links
to the basement membrane through hemidesmosomes (Jones et al., 1998) (see below).
These intercellular and basement membrane connections to the intermediate filament

network of keratinocytes provide the structural stability of the epidermis.

The expression pattern of the various types of keratin subunits in the skin varies according
to the differentiation and proliferative status of the keratinocytes. In the basal layer of
epidermis, the type II keratin K5 is expressed alongside the type I keratin K14, whereas
during the early stages of differentiation, keratinocytes switch transcriptionally to
expression of the type II keratin K1 and the type I keratin K10 (Fuchs, 1993; Fuchs and
Green, 1980; Roop et al., 1987). The reason for this switch may be because K1/K10
filaments can aggregate to form tonofibrillar bundles which are thicker than the
tonofilament bundles produced by basal layer keratins and thus may increase the

mechanical stability of the suprabasal cells (Fuchs, 1993). At later stages of differentiation,

19



Chapter 1. Introduction

an additional type II keratin K2e is induced (Collin et al., 1992) and in palmar/plantar skin
there is expression of the type I keratin K9 in suprabasal layers (Knapp et al., 1986). Due
to the varied distribution of keratin subunits within the epidermis, their expression can be

used as markers for the terminal differentiation process (see Fig. 1.1 B).

1.1.3 The cornified envelope

During the terminal differentiation process of keratinocytes, a 15nm-thick highly insoluble
cross-linked protein structure, known as the cornified envelope, assembles beneath the
plasma membrane. When differentiating keratinocytes eventually die to form the
protective squames of the epidermis, all that remains of the cells is the cornified envelope
together with bundles of keratin filaments. In addition, to make the skin an effective water-
impermeable barrier, the envelope is coated during differentiation with ceramides
(Marekov and Steinert, 1998; Nemes et al., 1999) and the cornified layer interstices filled

with lipid lamellae (Kalinin et al., 2002; Rassner et al., 1999).

The comified envelope is constructed from a distinct set of proteins that are upregulated at
various stages during the differentiation process, with each component thought to have a
specific role in envelope formation and its eventual physical characteristics (Kalinin et al.,
2001; Kalinin et al., 2002). The insoluble nature of the cornified envelope is due to the
presence of N*-(y-glutamyl)lysine isopeptide bond cross-links between envelope protein
components. Formation of these isopeptide links is catalyzed by members of the
transglutaminase enzyme family, in particular, transglutaminases (TGs) 1, 3 and 5 (Candi

et al., 2001; Steinert et al., 1999; Tarcsa et al., 1998). TG-1 is upregulated in the spinous

20



hapter 1. Introduction
layers of the epidermis (Thacher, 1989; Thacher and Rice, 1985) (i.e. at early stages of
differentiation) along with the envelope precursors involucrin (Banks-Schlegel and Green,
1981; Rice and Green, 1979; Steven and Steinert, 1994) and the small proline — rich
protein comifin (Fujimoto et al., 1997; Marvin et al., 1992). It is thought that involucrin is
crosslinked by TG-1 to envoplakin and periplakin, members of the plakin family of
cytoskeletal linkers (Ruhrberg and Watt, 1997). Envoplakin and periplakin are known to
associate with desmosomes and the keratin intermediate filament network (Ruhrberg et al.,
1997; Ruhrberg et al.,, 1996) and when crosslinked with involucrin at the plasma
membrane of differentiating keratinocytes may provide a scaffold upon which other
cornified envelope precursor proteins, such as cornifin and loricrin, are then deposited
(Kalinin et al., 2002). Loricrin is expressed at later stages of differentiation (in the granular
layer) and is the most abundant protein in the fully-formed cornified envelopes of both
humans and mice (Steven and Steinert, 1994). A further protein upregulated in the granular
layer of epidermis is filaggrin (Dale et al., 1983; Lynley and Dale, 1983) which is involved
in the aggregation of keratin filaments which are subsequently crosslinked to the cornified
envelope (Candi et al., 1998). The characteristic electron-dense keratohyalin granules of
the granular layer are composed of the precursor to filaggrin (profilaggrin) (Holbrook,
1989). It should be noted that as the various components of the cornified envelope are
induced at different stages during the differentiation process they can be used as markers
for the progress of differentiation and for the various layers within the epidermis (Fig. 1.1

B).
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Chapter 1. Introduction

1.1.4 Epidermal stem cells

The proliferative compartment within the basal layer of epidermis has long been known to
be heterogeneous in nature. Two distinct types of proliferative keratinocyte have been
described (Potten, 1981): the stem cell, which has an unlimited proliferative potential, a
low probability of terminal differentiation and the ability to completely regenerate the
epidermis (Rochat et al., 1994; Watt and Hogan, 2000), and the transit amplifying cell
which has a limited proliferative capacity and is destined to terminally differentiate (see
Fig. 1.1 B). In this model, the stem cell is regarded as undergoing cell division relatively
infrequently and gives rise to stem cells (thereby maintaining the proliferative
compartment of the epidermis) or transit amplifying cells. It is currently thought that the
balance between stem cell maintenance and production of differentiating cells is achieved
through a populational asymmetry of cell division rather than an asymmetry of individual
mitoses (reviewed in Watt and Hogan, 2000). However, basal cells within the multi-
layered epithelium of the oesophagus have been observed to undergo asymmetric cell
division to produce one undifferentiated basal and one suprabasal differentiating daughters
(Seery and Watt, 2000). Transit amplifying cells are able to undergo about three rounds of
rapid cell division (Jones and Watt, 1993; Watt, 1998b) before withdrawing from the cell
cycle and terminally differentiating. This withdrawal from the cell cycle is associated with
an upregulation of the cyclin-dependent kinase inhibitors p21%4¥“P! p27%! and p16™*
(Harvat et al., 1998). Therefore, via the production of transit amplifying cells, a limited
number of stem cell divisions are able to generate a large number of differentiating cells

(Lajtha, 1979).
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Chapter 1. Intr ion
Differences in the inherent proliferative capacity of keratinocytes can be demonstrated by
seeding human keratinocytes at clonal density in vitro: some of the cells are able to form
large actively growing colonies whereas other cells are only able to divide a limited
number of times and produce smaller, abortive, colonies which contain mainly
differentiating cells (Barrandon and Green, 1987; Jones and Watt, 1993). The cells that
form the large colonies are able to be serially cultivated (Barrandon and Green, 1987) and
are likely to represent the stem cells whilst the cells that give rise to the abortive colonies
have characteristics of transit amplifying cells (Jones and Watt, 1993). It has been shown
that human keratinocytes with stem cell characteristics have a higher expression of 1
integrin than transit amplifying cells and adhere more rapidly to extracellular matrix (Jones
and Watt, 1993) (see below). Immunostaining human epidermis with antibodies to 1
integrin revealed clusters of B1 integrin “bright” cells in the basal layer, presumably
locations within the epidermis enriched for stem cells (Jensen et al., 1999; Jones et al.,
1995; Watt, 1998b). These B1 integrin bright clusters were found at the tips of the dermal
papillae and were surrounded by a sea of 1 integrin dull (transit amplifying) cells which
were consequently present predominantly in the rete ridges (Jensen et al., 1999; Jones et
al., 1995) (see Fig. 1 A). This clustered distribution of epidermal stem cells at the tips of
the dermal papillae may represent a stem cell “niche” (Watt and Hogan, 2000). Studies of
mouse epidermis have shown that keratinocytes with stem-cell characteristics reside in a
defined region of the hair follicle referred to as the “bulge” which may therefore act as the

mouse epidermal stem cell niche (for a review see Watt, 2001).
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Chapter 1. Introduction

1.1.5 Keratinocyte integrins

Integrins are a group of heterodimeric transmembrane receptors composed of one o and
one f} subunit (associated non-covalently) which cells use to adhere either to extracellular
matrix proteins or IgG superfamily counter receptors (Aplin et al., 1998). Keratinocytes
are found to express a range of integrins which are found to be critically involved in
epidermal morphogenesis (Watt, 2002). The main integrins expressed by keratinocytes are:
021, a3pB1 and o6p4 (Watt and Hertle, 1994). Both o381 and a6B4 are receptors for
laminin whilst a2p1 binds collagen. Keratinocytes can express other integrins, for
example, a5B1 and ovPB6 (both bind fibronectin, avB6 is also able to bind tenascin), which
are induced upon wounding or when cells are cultured in vitro (Breuss et al., 1995; Watt

and Hertle, 1994).

In normal epidermis integrin expression is largely confined to the basal layer of
keratinocytes where they mediate adhesion to the underlying basement membrane (Watt
and Hertle, 1994). The basement membrane contains a variety of matrix and other protein
components including laminins, types IV and VII collagen, nidogen and heparan sulphate
proteoglycan (Burgeson and Christiano, 1997). Both the epidermal keratinocytes and
dermal fibroblasts contribute to formation of the basement membrane: keratinocytes
produce types IV and VII collagen, laminins 5 and 6 and heparan sulphate proteoglycan
whilst the fibroblasts produce additional laminins, nidogen and collagens IV and VII

(Burgeson and Christiano, 1997; Marinkovich et al., 1993).

06B4 is localised mainly to the basal membrane of the keratinocytes and is a major

component of the hemidesmosome (Jones et al., 1998). The o6B4 integrin binds
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principally to the laminin 5 component of the basement membrane and connects to the
keratin filament network inside the cell via an interaction of the unusually long
cytoplasmic tail of the 34 subunit with a keratin-binding protein, plectin (Rezniczek et al.,
1998). Further important non-integrin components of the hemidesmosome include the
transmembrane BP180 (type XVII collagen) (Hopkinson et al., 1992; Klatte et al., 1989)

and the cytoplasmic, keratin binding BP230 (Guo et al., 1995).

The vital role of the hemidesmosome in maintaining the structural integrity of the skin is
illustrated in a variety of skin blistering diseases where the epidermis becomes dysadherent
to the basement membrane, e.g. junctional epidermolysis bullosa (JEB) and the
autoimmune disease bullous pemphigoid (BP). Both diseases are caused by disruption of
the hemidesmosome integrity which can occur by mutations in 684 integrin subunits and
laminin 5 (JEB) (Pulkkinen et al., 1994; Ruzzi et al., 1997; Vidal et al., 1995) or by
production of autoantibodies to BP180 and BP230 components (BP) (Borradori and
Sonnenberg, 1996). Furthermore, mice deficient in either o6 or B4 integrin subunits are
unable to form hemidesmosomes and die shortly after birth due to extensive skin blistering
reminiscent of JEB (Dowling et al., 1996; Georges-Labouesse et al., 1996; van der Neut et

al., 1996).

The PB1 integrins of keratinocytes are not localised to basal membrane hemidesmosome
structures and instead are distributed over basal, lateral and apical membrane surfaces
(Watt and Hertle, 1994). Furthermore, 1 integrins do not associate with the keratin
network and instead interact with the actin cytoskeleton. From in vitro studies with human

keratinocytes it has been shown that ligation of B1 integrins is important in the regulation
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of keratinocyte terminal differentiation. Denying keratinocytes integrin — extracellular
matrix interaction by placing them into suspension culture has long been known to trigger
growth arrest and differentiation of the cells (Green, 1977). Addition of the a5P1 integrin
ligand, fibronectin, or adhesion blocking antibodies to B1 integrin or combinations of
adhesion — blocking antibodies to &2, a3 and o5 integrin subunits inhibits the suspension-
induced differentiation of keratinocytes (Adams and Watt, 1989; Watt et al., 1993).
Furthermore, expression of a dominant negative 1 integrin in human keratinocytes in
vitro caused the cells to exit the stem cell compartment and terminally differentiate (Zhu et
al., 1999). These data demonstrate a role for f1 integrin ligation in inhibiting the
differentiation of keratinocytes which is consistent with its described role as a marker for

keratinocyte stem cells (see previous section).

Investigations into the mechanism by which B1 integrin ligation can inhibit the terminal
differentiation process have found that it is independent of integrin clustering or actin
polymerisation within the cells (Levy et al., 2000; Watt et al., 1993) (see also later
sections). It is of interest that the downregulation of 1 integrin that occurs upon induction
of differentiation of keratinocytes in vitro is preceded by the conversion of the integrin into
an inactive conformation incapable of binding ligand (Adams and Watt, 1990). This
implies that the modulation of 1 integrin activity may be an early step in the detachment
of differentiating keratinocytes from the basement membrane and subsequent
downregulation of B1 integrin expression in vivo (Adams and Watt, 1990; Hotchin et al.,

1995).
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Mice with a keratinocyte-specific deletion of B1 integrin display defects in hair follicle
morphogenesis, assembly of the basement membrane and wound healing (Brakebusch et
al., 2000; Grose et al., 2002; Raghavan et al., 2000). Furthermore, there is a decrease in
0634 expression within the basal layer of the epidermis, loss of hemidesmosome integrity
and an accompanying blistering of the skin. Proliferation of the epidermal keratinocytes
was found to be impaired as judged by a significantly reduced number of basal
keratinocytes in the mutant mice staining positive for the proliferative nuclear marker Ki67
when compared to wild type controls (Brakebusch et al., 2000; Raghavan et al., 2000).
However, the mutant keratinocytes were not prematurely induced to undergo terminal
differentiation as there was no detectable expression of the early differentiation marker
K10 in the basal layer of the epidermis. Furthermore, expression of the granular markers
loricrin and filaggrin appeared normal in the mutant mice suggesting that differentiation
was not significantly altered. Subsequent in vitro studies of B1 integrin null primary
keratinocytes isolated from these mice showed a decrease in proliferation and migration
and also a significant increase in the proportion of differentiating cells (Grose et al., 2002),
at odds with the in vivo data. This discrepancy in induction of terminal differentiation upon
ablation of B1 integrin may reflect the intact intercellular interactions existing within the

epidermis of the mutant mice in vivo (Watt, 2002).

It has been suggested that given the primary blistering phenotype of mice lacking o634
integrin subunits and lack of differentiation effects (Georges-Labouesse et al., 1996; van
der Neut et al., 1996) compared to the effects of 1 integrin deletion on keratinocyte

proliferation and differentiation (Brakebusch et al., 2000; Grose et al., 2002; Raghavan et

al., 2000) that the a6P4 integrin function is principally one of keratinocyte anchorage to
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the basement membrane whilst B1 integrin has vital roles in regulating the proliferative
status of the cells (Watt, 2002). It has also been suggested that o634, rather than 31
integrin, has important roles in regulation of keratinocyte proliferation (Mainiero et al.,
1997) and in inhibition of terminal differentiation and also apoptosis (Dowling et al., 1996;
Kaur and Li, 2000). However, the extensive in vitro evidence implicating 1 integrin in
regulating keratinocyte proliferation and differentiation (Adams and Watt, 1989; Levy et
al., 2000; Watt et al., 1993; Zhu et al., 1999) together with its use as a stem cell marker in
human epidermis (Jensen et al., 1999; Jones et al., 1995; Jones and Watt, 1993), suggest
that B1 integrin rather than o6P4 is the more important in regulating onset of terminal

differentiation in keratinocytes.

1.2 Psoriatic epidermis

1.2.1 Overview

Psoriasis is a chronic inflammatory skin disease which affects more than 2% of people of
European ancestry. The most common form of the disease (greater than 90% incidence) is
plaque psoriasis (psoriasis vulgaris) which presents as well-demarcated areas of thickened,
scaly and inflamed skin which usually symmetrically involves elbows, knees, buttocks and
lower back. The presence of psoriatic plaques at sites of mechanical irritation of the skin
(e.g. elbows and knees) is a characteristic feature and is referred to as the Koebner
phenomenon (Melski et al., 1983) although clearance of lesions at these sites can also
occur (reverse Koebner). Other types of psoriasis include guttate psoriasis, the most
common variant, which is characterised by multiple small inflamed papules which

subsequently become scaly (Stern, 1997). The body coverage and severity is variable
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between individuals although it has been judged that 20% of people with psoriasis have a
significant impairment in their quality of life (Finlay and Coles, 1995). Furthermore,
approximately 5 - 10% of sufferers also develop psoriatic arthritis which shares clinical

features with rheumatoid arthritis and can cause severe mutilation (Torre Alonso et al.,

1991).

The skin lesions of psoriasis are characterised by four main features (Barker, 1998; Stern,
1997): hyperproliferation of the epidermis, alterations in the keratinocyte differentiation
program (discussed below), the presence of an inflammatory infiltrate in both dermal and
epidermal compartments and vascular alterations which contribute to the redness of the
lesions (includes expansion of the vascular bed and vaso-dilation). The inflammatory
infiltrate is rich in CD4 and CD8 positive T-lymphocytes and also in granulocytes.
Granulocytes that enter the epidermis in psoriasis form characteristic aggregates beneath

the cornified layer known as microabscesses of Munro (Stern, 1997).

1.2.2 Epidermal hyperproliferation and abnormal differentiation

The regulation of keratinocyte proliferation and differentiation is perturbed in psoriatic
lesions as mentioned above. The epidermis is massively thickened due to an increase in the
number of keratinocyte layers (acanthosis) and there is an elongation of the rete ridges
(Fig. 1.2 A compared to Fig. 1.1 A). Squames of the cornified layer retain their nuclei
(parakeratosis) and there is no observable granular layer (agranulosis) (Fig. 1.2 A and B).
When sections of psoriatic lesions are stained for the proliferative marker Ki67, it is found

that there is a substantial increase in the numbers of proliferating cells compared to normal
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