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Abstract
Kératinocytes in the basal layer of epidermis express p i integrins which have been shown
in vitro to regulate proliferation and d ifferentiation via M A PK activation. In
hyperproliferative epidermis, such as in psoriasis or during wound healing, p i 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 p i integrin expression correlates with MAPK
activation in hyperproliferative lesions from psoriatic patients and from the suprabasal p i
integrin transgenic mouse. To establish a role for suprabasal M APK activation in
epiderm al hyperproliferation and inflam m ation I have generated transgenic mice
expressing an activated M EK I 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.

K ératinocytes from p i integrin transgenic mice express increased levels of the proinflammatory cytokine interleukin-la (IL -la ) compared to controls. The increased IL - la
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 -la
expression. Cells from integrin transgenic mice show an increased sensitivity to ILla-in d u cin g stimuli, particularly phorbol ester. Treatment with phorbol ester generates a
much more sustained M APK activation in the transgene-positive cells compared to
controls. Furthermore, I demonstrate critical roles for epidermal growth factor receptor
activity and autocrine I L - la signalling in regulation of I L - la 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.

To Mum and Dad
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Chapter 1. Introduction

Chapter 1. Introduction

My thesis concerns the role of ERK M APK activation in kératinocytes 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 kératinocytes of the epiderm is could contribute to epiderm al
hyperproliferation and inflam m ation via an increased production of the key proinflammatory cytokine in terleu k in -la (IL -la ). In this introductory chapter, I will present
an overview of the organisation of norm al epiderm is 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 epiderm is 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
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of several layers of kératinocytes and is separated from the underlying dermis by a
basement membrane, which contains a variety of extracellular matrix proteins. The
kératinocytes 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 kératinocytes 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 kératinocytes 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 (comified 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.

W hilst 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 kératinocytes 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
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Figure 1.1 Organisation of human epidermis.
(A) Hematoxylin and Eosin - stained section of human skin indicating the epidermis (“E”)
and dermis (“D”). The basement membrane is indicated with a dotted line. The bracket
marks the tip of a rete ridge and the arrowheads a dermal papilla. Magnification 20X.
(B) Diagram representing organisation of the epidermis. Kératinocytes of the various layers
of the epidermis are shown along with differentiation markers specific for those layers of
cells. Within the basal, proliferative compartment of the epidermis, the putative stem cells
are indicated in orange and transit amplifying daughters in light blue. A terminally
differentiating cell that has left the basal layer and is migrating towards the surface of the
skin is indicated in dark blue. For more details see main text.
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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
Kératinocytes are so-named because they contain extensive cytoskeletal networks of
keratin intermediate filaments. These filaments are lOnm in diameter and formed by endto-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 kératinocytes 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 kératinocytes. In the basal layer of
epidermis, the type 11 keratin K5 is expressed alongside the type 1 keratin K14, whereas
during the early stages of differentiation, kératinocytes switch transcriptionally to
expression of the type 11 keratin K1 and the type 1 keratin KIO (Fuchs, 1993; Fuchs and
Green, 1980; Roop et al., 1987). The reason for this switch may be because K l/K lO
filam ents can aggregate to form tonofibrillar bundles which are thicker than the
tonofilam ent bundles produced by basal layer keratins and thus may increase the
mechanical stability of the suprabasal cells (Fuchs, 1993). At later stages of differentiation,
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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 com ified envelope
During the terminal differentiation process of kératinocytes, a 15nm-thick highly insoluble
cross-linked protein structure, known as the com ified envelope, assembles beneath the
plasm a membrane. When differentiating kératinocytes eventually die to form the
protective squames of the epidermis, all that remains of the cells is the comified envelope
together with bundles of keratin filaments. In addition, to make the skin an effective waterimpermeable barrier, the envelope is coated during differentiation with ceramides
(Marekov and Steinert, 1998; Nemes et al., 1999) and the comified 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 com ified envelope is due to the
presence of N^-(y-glutamyl)lysine isopeptide bond cross-links between envelope protein
components. Form ation 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
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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 kératinocytes may provide a scaffold upon which other
com ified envelope precursor proteins, such as comifin 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 com ified 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 comified
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 com ified 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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1.1.4 Epidermal stem ceils
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 m aintaining 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 W att and Hogan, 2000). However, basal cells within the m ulti
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^^'^^^'''\ p27^^^ and plô^”^"^^
(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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Differences in the inherent proliferative capacity of kératinocytes can be demonstrated by
seeding human kératinocytes 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
num ber of times and produce smaller, abortive, colonies w hich contain mainly
differentiating cells (Barrandon and Green, 1987; Jones and W att, 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 kératinocytes with stem cell characteristics have a higher expression of |3l
integrin than transit amplifying cells and adhere more rapidly to extracellular matrix (Jones
and Watt, 1993) (see below). Immunostaining human epidermis with antibodies to (31
integrin revealed clusters of p i 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 p l integrin bright clusters were found at the tips of the dermal
papillae and were surrounded by a sea of p l 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 kératinocytes 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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1.1.5 Keratinocyte integrins
Integrins are a group of heterodimeric transmembrane receptors composed of one a and
one p subunit (associated non-covalently) which cells use to adhere either to extracellular
matrix proteins or IgG superfamily counter receptors (Aplin et al., 1998). Kératinocytes
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 kératinocytes are:
a 2 p i, a 3 p l and o6p4 (Watt and Hertle, 1994). Both a 3 p l and a 6 p 4 are receptors for
laminin whilst a 2 p i binds collagen. Kératinocytes can express other integrins, for
example, a S p i and avp6 (both bind fibronectin, otvp6 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
kératinocytes 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 V ll collagen, nidogen and heparan sulphate
proteoglycan (Burgeson and Christiano, 1997). Both the epiderm al kératinocytes and
dermal fibroblasts contribute to formation of the basement membrane: kératinocytes
produce types IV and V ll collagen, laminins 5 and 6 and heparan sulphate proteoglycan
whilst the fibroblasts produce additional laminins, nidogen and collagens IV and V ll
(Burgeson and Christiano, 1997; Marinkovich et al., 1993).

a6 P 4 is localised mainly to the basal membrane of the kératinocytes and is a major
com ponent of the hemidesmosome (Jones et al., 1998). The a 6 |3 4 integrin binds
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principally to the laminin 5 component of the basement membrane and connects to the
keratin filam ent network inside the cell via an interaction of the unusually long
cytoplasmic tail of the p4 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 basem ent membrane, e.g. junctional epiderm olysis 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 a6 P 4 integrin subunits and
laminin 5 (JEB) (Pulkkinen et al., 1994; Ruzzi et al., 1997; Vidal et al., 1995) or by
production of autoantibodies to BP 180 and BP230 com ponents (BP) (Borradori and
Sonnenberg, 1996). Furthermore, mice deficient in either a 6 or p4 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 p i integrins of kératinocytes are not localised to basal membrane hemidesmosome
structures and instead are distributed over basal, lateral and apical membrane surfaces
(W att and Hertle, 1994). Furthermore, p i integrins do not associate with the keratin
network and instead interact with the actin cytoskeleton. From in vitro studies with human
kératinocytes it has been shown that ligation of p i integrins is important in the regulation
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of keratinocyte terminal differentiation. Denying kératinocytes 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 a 5 P l integrin
ligand, fibronectin, or adhesion blocking antibodies to p i integrin or combinations of
adhesion - blocking antibodies to a2, a3 and a 5 integrin subunits inhibits the suspensioninduced differentiation of kératinocytes (Adams and W att, 1989; W att et al., 1993).
Furthermore, expression of a dominant negative p i integrin in human kératinocytes in
vitro caused the cells to exit the stem cell compartment and terminally differentiate (Zhu et
al., 1999). These data demonstrate a role for p i integrin ligation in inhibiting the
differentiation of kératinocytes which is consistent with its described role as a marker for
keratinocyte stem cells (see previous section).

Investigations into the mechanism by which p i 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; W att et al., 1993) (see also later
sections). It is of interest that the downregulation of p i integrin that occurs upon induction
of differentiation of kératinocytes 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 p i integrin activity may be an early step in the detachment
of differentiating kératinocytes from the basem ent m em brane and subsequent
downregulation of p i integrin expression in vivo (Adams and Watt, 1990; Hotchin et al.,
1995).
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M ice with a keratinocyte-specific deletion of p i 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
a6 p 4 expression within the basal layer of the epidermis, loss of hemidesmosome integrity
and an accompanying blistering of the skin. Proliferation of the epidermal kératinocytes
was found to be im paired as judged by a significantly reduced num ber of basal
kératinocytes 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 kératinocytes were not prematurely induced to undergo terminal
differentiation as there was no detectable expression of the early differentiation marker
KIO 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 P l integrin null primary
kératinocytes 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 p 1 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 a6p4
integrin subunits and lack of differentiation effects (Georges-Labouesse et al., 1996; van
der Neut et al., 1996) compared to the effects of p i integrin deletion on keratinocyte
proliferation and differentiation (Brakebusch et al., 2000; Grose et al., 2002; Raghavan et
al., 2000) that the a 6 p 4 integrin function is principally one of keratinocyte anchorage to
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the basement membrane whilst P l integrin has vital roles in regulating the proliferative
status of the cells (Watt, 2002). It has also been suggested that a 6 P 4 , rather than p l
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 p i 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 W att, 1993), suggest
that p i integrin rather than a6p4 is the more important in regulating onset of terminal
differentiation in kératinocytes.

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 m ultiple small inflam ed 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; Stem,
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 CDS positive T-lym phocytes and also in granulocytes.
Granulocytes that enter the epidermis in psoriasis form characteristic aggregates beneath
the comified layer known as microabscesses of Munro (Stem, 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 com ified 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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Figure 1.2: Psoriatic epidermis.
(A) Hematoxylin and Eosin - stained section of a human psoriatic lesion. Note the thickened
epidermis, nucleated squames (parakeratosis) and dermal inflammatory infiltrate.
Magnification lOx.
(B) Diagram representing the epidermis of a psoriatic lesion with the main abnormalities/
features compared to normal epidermis indicated (compare with Figure 1.1). Key to coloured
cells is as in Figure 1.1. For more details see main text.
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epidermis (Gerritsen et al., 1997; Mils et al., 1994). These Ki67 positive cells are
predominantly localised to the basal layer of the psoriatic epidermis although some are
present in the immediately suprabasal layers (Mils et al., 1994).

It has been proposed that the observed elongation of rete ridges in psoriasis is due to the
increased numbers of proliferating cells in the basal layer causing this compartment to
expand (lizuka et al., 1997; lizuka et al., 1999; lizuka et al., 1996). Furthermore, due to the
location of transit amplifying cells in the rete ridges and stem cells at the tips of the dermal
papillae (Jensen et al., 1999; Jones et al., 1995) (see preceding section), it has also been
suggested that the hyperproliferation of psoriatic epidermis is due to an expansion of the
transit amplifying compartment (lizuka et al., 1996) (Fig. 1.2 B). This proposal is
supported by the fact that the majority of Ki67 positive kératinocytes in psoriatic lesions
are present along the rete ridges and not at the tips of the dermal papillae (Asumalahti et
al., 2002).

The hyperproliferative nature of the psoriatic epidermis can also be demonstrated by the
expression of keratins K6, K16 and K17. The type II keratin K6 and the type I keratins
K16 and K17 are constitutively expressed within the hair follicle and sporadically
expressed in palmar/plantar epidermis but absent from normal interfollicular epidermis
(Moll et al., 1983; Troyanovsky et al., 1989). However these keratins are induced in
hyperproliferative epidermis such as found during wound healing and also in squamous
cell carcinomas (SCCs) (Coulombe, 1997; M ansbridge and Knapp, 1987; Moll et al.,
1983; Paladini et al., 1996; Stoler et al., 1988). As expected, these keratins are present in
psoriatic epidermis (Leigh et al., 1995; M ils et al., 1994; Stoler et al., 1988). The
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expression of K17 has even been used as a marker for evaluating the treatment of psoriasis
(de Jong et al., 1991). Forced K l 6 expression has been dem onstrated to trigger a
reorganisation of the keratin network within kératinocytes and its induction at wound
edges may play a vital role in the re-epithelialisation process (Paladini et al., 1996). K l7
expression has been suggested to regulate keratinocyte contractility and possibly lead to
the re-organisation of provisional basement membranes formed during wound healing
processes (Freedberg et al., 2001; Troyanovsky et al., 1992). It is also of interest that
mutations within keratins 6, 16 and 17 have been found to cause the keratinising disorder
Pachyonychia congenita (McLean et al., 1995; Smith et al., 1999; Terrinoni et al., 2001).
Psoriatic lesions display an increase in the number of basal K14 positive layers and a delay
in the onset of suprabasal K1 expression (Bernard et al., 1988; Mils et al., 1994) and these
are also regarded as features of hyperproliferative epidermis (Haase and Hunzelmann,
2002; Wongwaisayawan et al., 1991).

Aside from alterations in the expression of keratins within psoriatic lesions, the expression
of comified envelope precursors is also abnormal. In particular, the localisation of spinous
and granular layer markers are different from that seen in normal epidermis (Fig. 1.2 B). It
is well documented that whilst involucrin can be detected in the upper spinous and
granular layers of normal epidermis, in psoriatic lesions it shows an extended expression
and is present in most of the lower spinous cell layers (Bernard et al., 1988; Bernard et al.,
1986; Bernard et al., 1985; Mils et al., 1994; Watanabe et al., 1991). Furthermore, there is
an increase in involucrin mRNA in psoriatic epidermis (Takahashi et al., 1996). Through
the use of dansylcadaverine to detect transglutaminase activity in sections of psoriatic and
normal skin sections, it was found that the activity was present in most suprabasal layers of
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the psoriatic epidermis but localised to upper spinous and granular layers only of normal
epidermis (Bernard et al., 1986). This was confirmed through use of antibodies to TG-1
(Bernard et al., 1988). Comifin was also found to have an extended expression pattern in
psoriatic versus normal epidermis, similar to involucrin, (Fujimoto et al., 1993; Fujimoto
et al., 1997) thus confirming that multiple spinous layer markers are precociously
expressed in psoriatic lesions. Conversely, the expression of granular layer markers is
much reduced. Loricrin protein and mRNA are absent or reduced in psoriatic lesions
(Hohl, 1993; Juhlin et al., 1992; Takahashi et al., 1996) and there is also much less
detectable filaggrin (Bernard et al., 1988; Mils et al., 1994; Watanabe et al., 1991).

These observations establish that the differentiation program of kératinocytes within
psoriatic lesions is significantly altered. It has been suggested that due to the delayed
expression of the early differentiation marker keratin K1 and the extended spinous layer
marker expression that these two stages of the differentiation program are inverted in
psoriatic epidermis (Bernard et al., 1988). It is of interest that this abnormal differentiation
of kératinocytes in psoriasis is also seen transiently during wound healing although not in
another hyperproliferative skin disease, lichen planus (Bernard et al., 1988; Démarchez et
al., 1986; Mansbridge and Knapp, 1987). Psoriasis is regarded as a chronic wound-healing
response of the skin, lacking resolution and return of the epidermis to a steady state
condition.

A further key feature of psoriasis is the alteration of integrin expression within the
epidermis. It was found that in psoriatic epidermis expression of p i integrins extends into
the suprabasal layers as compared to the predominantly basal location in normal epidermis
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(Hertle et al., 1992). The a3 and a2 subunit partners of p i are also found in the suprabasal
layers. The oc6 integrin subunit is expressed suprabasally but its partner subunit p4 remains
basal. It is considered possible that when a 6 is present in the suprabasal layers it may
partner with the suprabasal p i integrin subunit (Hertle et al., 1992); alternatively it may
reach the cell surface without a P subunit partner (Owens and W att, unpublished
observations). Forced expression of the p i integrin subunit alone in the suprabasal layers
of mouse epidermis from the involucrin promoter causes an upregulation of endogenous
a 6 integrin in those same layers under some circumstances (Carroll et al., 1995). The de
novo expression of a 5 p l integrin is also observed in psoriatic epidermis and the polarised
distribution of p l integrins (predominantly to cell-cell contact sites) and a6P 4 integrin (to
basal membrane in hemidesmosomes) is lost (De Luca et al., 1994; Pellegrini et al., 1992).
Furthermore, the changes in integrin distribution around the keratinocyte membrane are
reported to be present in uninvolved psoriatic epidermis and have been suggested as an
initial trigger of the skin lesions (Pellegrini et al., 1992). The presence of p l integrins in
the suprabasal layers of psoriatic epidermis is also seen during wound healing of the
epidermis (Cavani et al., 1993; Hertle et al., 1992), thus demonstrating again that psoriasis
is very much like a chronic wound-healing response. Keratinocyte suprabasal p i integrin
expression has been found to have a possible role in the generation of many of the features
of psoriasis and this is discussed in later sections.

34

Chapter 1. Introduction

1.3 Pathogenesis of psoriasis
1.3.1 Genetic susceptibility
That susceptibility to psoriasis can be determined genetically has been a long standing
observation (Bhalerao and Bowcock, 1998; Capon et al., 2002; Elder et al., 1994). Along
with familial clustering, there is an increased concordance rate of psoriasis between
monozygotic versus dizygotic twins. A study of Danish twins found that monozygotic
twins have a psoriasis concordance rate of 72% whilst that of dizygotic twins is 15%
(Brandrup et al., 1978). Similar figures were obtained from a group of twins in the USA
(Farber et al., 1974) although in an Australian twin study the concordance rate was much
lower (Duffy et al., 1993), suggesting the influence of ethnicity on the degree of
inheritance of psoriasis. Furthermore, due to the significant num ber of discordant
monozygotic twins, it is apparent that environm ent can exert an influence over the
development of psoriasis. This is also evident from the sporadic nature of the skin lesions
and the spontaneous recurrence and regression of the disease. Psoriasis is typically
regarded as being triggered by environmental factors in genetically susceptible individuals
(Barker, 1998; Capon et al., 2002). Also, rather than displaying a simple autosomal
dominant mode of inheritance, the genetic susceptibility to psoriasis is thought to be more
commonly polygenic in a manner similar to atopy (Anderson and Cookson, 1999; Barker,
1998).

Reports on the linkage of susceptibility to psoriasis to a variety of genetic loci have been
made and the main loci have been assigned PSO RS1 - 7 identities although linkage has
been identified to other regions without a PSORS nomenclature (reviewed in Bhalerao and
Bowcock, 1998; Capon et al., 2002). It is of interest that regions overlapping the PS0RS2,
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4 and 5 loci show linkage to atopic dermatitus susceptibility (Cookson et al., 2001) which
is suggestive of the existence of common genes underlying multiple inflammatory skin
disorders (Capon et al., 2002). Furthermore, a region on chromosome 16q with linkage to
psoriasis has been implicated in the inflammatory bowel disorder, Crohn’s disease (Nair et
al., 1997).

The major psoriasis susceptibility locus, as established from the sheer number of
independent studies implicating the region, is named PSORS 1 and is located within the
MHC region on chromosome 6p (Balendran et al., 1999; Nair et al., 1997; Nair et al.,
2000; Oka et al., 1999). Candidate genes within this region have been suggested to be able
to contribute to the pathogenesis of psoriasis. The most notable of these is the class IH L A Cw6 antigen which has been extensively linked to psoriasis (Elder et al., 1994). However,
the class I HLA antigens are involved in antigen presentation to CDS positive T cells and
there is evidence to suggest that CD4 positive T cells are more important in generation of
psoriasis than CDS positive cells (see below). It should be noted though that class I
antigens are also involved in the inhibition of NK cell-mediated cytotoxicity and a role for
NK and NK-T cells in psoriasis has been suggested (Cameron et al., 2002; Nickoloff,
1999; Nickoloff et al., 1999). Refinement of the PSORS 1 locus by recent studies has
shown that an approximately lOOkb region telomeric to HLA-C is likely to contain the
psoriasis susceptibility gene and thus HLA-C probably lies outside the PSORS 1 locus
(Capon et al., 2002; Nair et a l, 2000; Oka et al., 1999). Therefore, HLA-Cw6 is thought
merely to be in linkage disequilibrium with the true PSORS 1 gene (Allen et al., 1999;
Capon et al., 2002).
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Two other genes that are within or close to the lOOkb region telomeric to HLA-C have
been suggested to be the PSORS 1 gene, both of which have associations with the
epidermis: comeodesmosin (CDSN) (Allen et al., 1999; Jenisch et ah, 1999a) and the
alpha-helix-coiled-coil-rod homologue (HCR) (Asumalahti et ah, 2000; Asumalahti et ah,
2002). CDSN is a desmosomal protein expressed within the upper spinous and granular
layers of human epidermis; it becomes incorporated into the com ified envelope and may
play a role in desquamation (Serre et ah, 1991; Simon et ah, 1997). A coding SNP within
CDSN has been linked to psoriasis (Allen et ah, 1999; Jenisch et ah, 1999a; Tazi Ahnini et
ah, 1999) and CDSN expression is increased in psoriatic lesions (Allen et ah, 2001).
However, subsequent studies have reported that there is no significant association between
polymorphisms within the CDSN gene and psoriasis (Asumalahti et ah, 2000; Hui et ah,

2002).

A twin coding SNP variant of the HCR gene has been linked to psoriasis in some reports
(Asumalahti et ah, 2000; Asumalahti et ah, 2002) although not in others (Chia et ah, 2001;
O'Brien et ah, 2001). Expression of HCR has been shown by in situ hybridisation to be
increased in the kératinocytes of a psoriatic lesion compared to an uninvolved area from
the same individual (Asumalahti et ah, 2000). Further, through use of antibodies raised to
the HCR protein, it was found that whilst in normal epidermis HCR is uniformly expressed
in the basal layer, in psoriatic epidermis it is predominantly present in the basal layer at the
tips of the dermal papillae and is essentially absent from the elongated rete ridges
(Asumalahti et ah, 2002). However, any effect of HCR on keratinocyte proliferation and/or
differentiation has yet to be demonstrated. Also, doubts have to be raised about the
uniqueness of the localisation of HCR in psoriatic versus normal epidermis; an almost
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identical distribution of the insulin-like growth factor binding protein 3 (IGFBP-3) is seen
(Wraight et al., 1997). IGFBP-3 has, in addition, been demonstrated to affect keratinocyte
mitogenic responses to IGF-1 stimulation (Wraight et al., 1994) and there is an altered
distribution of the IGF-1 receptor in psoriatic lesions (Krane et al., 1992). Thus, abnormal
functions of CDSN or HCR have yet to be formally linked to psoriasis and whilst other
candidate genes within the PSORS 1 locus have been investigated (Gonzalez et al., 2000;
Teraoka et al., 2000), identification of the psoriasis susceptibility gene at this locus is still
considered to be ongoing work (Capon et al., 2002).

1.3.2 The immune system in psoriasis
The development of psoriatic lesions is associated with the presence of an inflammatory
infiltrate in both the dermis and epidermis. In particular, CD4 and CDS positive T-cells
and neutrophils are found to be recruited. A role for B-cells and antibody mediated
immune responses has not been reported. The majority of T-cells found within psoriatic
lesions express the cutaneous lymphocyte-associated antigen (CLA) (Picker et al., 1994;
Pitzalis et al., 1996), a ligand for E- and P-selectin which enhances their extravasation in
skin (Picker et al., 1993). It has been demonstrated that CLA positive T-cells accumulate
in evolving psoriatic lesions prior to evident hyperproliferation of the epidermis, as
determined by numbers of Ki67 positive kératinocytes (Davison et al., 2001). In addition,
it has been shown that the defects in keratinocyte differentiation present in psoriatic
plaques are observed at the edges of lesions before characteristic abnormalities in the
vasculature develop (Parent et al., 1990). Given that T-cells cloned from psoriatic lesions
are able to stimulate keratinocyte proliferation via the production of soluble factors (BataCsorgo et al., 1995a; Bata-Csorgo et al., 1995b; Strange et al., 1993) and activated
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kératinocytes can modulate development of the vasculature via production of VEGF
(Detmar et al., 1994), it is possible that infiltration of activated lymphocytes into the
epidermis triggers the hyperproliferation and abnormal differentiation of the kératinocytes
which then leads to vascular changes and hence to a fully developed psoriatic lesion
(Norris et al., 1997; Ortonne, 1999).

A critical role for the immune system in the pathogenesis of psoriasis has been suggested
following the observation that patients treated with an activated T-cell specific toxin (a
fusion between IL-2 and fragments of the diptheria toxin) show clinical improvements in
their psoriasis (Gottlieb et al., 1995). Treatment with anti-CD4 or anti-CD3 antibodies can
also lead to reductions in the severity of psoriasis (Bachelez et al., 1998; Morel et al.,
1992; Rizova et al., 1994; Weinshenker et al., 1989), as can antibodies directed against
other proteins involved in activation of T-cells such as CD80 (Gottlieb et al., 2002) and
GDI la (Gottlieb et al., 2000). Furthermore, potent im m unosuppressive drugs and
regimens such as cyclosporin A and PU VA are standard treatments for severe psoriasis
(Fry, 1992; Horroccks et al., 1989; Vallat et al., 1994).

It is known that systemic superantigen-mediated activation of T-cells through pharyngeal
streptoccal infection can trigger acute guttate psoriasis which can also subsequently
develop into chronic plaque psoriasis (Leung et al., 1995b; Valdimarsson et al., 1995). The
cutaneous localisation of lymphocytes in this disease could be generated through the
induction of the skin homing receptor (CLA) in T-cells by bacterial superantigen (Leung et
al., 1995a). Streptoccal infection is also known to exacerbate plaque psoriasis but analysis
of T-cells present in lesions has provided evidence of a classical antigen stimulation of
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these cells (Chang et al., 1994; Mens sen et al., 1995; Norris et al., 1997). It is currently
widely thought that psoriasis may be a T-cell mediated autoimmune disease directed at
epidermal self-antigens. It has been postulated that an initial streptoccal infection activates
T cells non-specifically through production of exotoxins which can act as super antigens.
Subsequently, T cells specific for a cell wall component of streptoccus, the M protein, are
generated which when present in skin are able to cross-react with epidermal keratins which
have a high degree of homology to this bacterial component thus generating a chronic
inflam m atory skin response (McFadden et al., 1991; Valdimarsson et al., 1995).
Circulating T cells from psoriatic patients have been shown to be responsive to streptoccal
M proteins with homology to, for example, keratin 14 (Brown et al., 2000; McFadden et
al., 1991; Sigmundsdottir et al., 1997). In addition, T cells from psoriatic patients react to
peptides from keratin 17 which share sequences with M-protein (Gudmundsdottir et al.,
1999).

Evidence for a central role of the immune system in psoriasis is also obtained from mouse
models of the disease. For example, the spontaneous flaky skin mutant (fsn) shares many
of the features of psoriasis, generating hyperproliferative skin lesions with a mixed
inflammatory infiltrate and neovascularisation within the dermis (Sundberg et al., 1997).
The exact nature of this autosomal recessive mutation is not known although it maps to the
distal end of the mouse chromosome 17 (Beamer et al., 1995; Pelsue et al., 1995). It has
recently been shown that the peripheral lymphoid compartment of these mice is greatly
expanded and contains large numbers of activated T cells (Abem ethy et al., 2000a;
Abemethy et al., 2000b). Furthermore, bone marrow grafts from fs n homozygote mice
(fsnlfsn) to severe combined immunodeficient (scid) homozygote mice recreates the
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lesions (Sundberg et al., 1993) emphasizing the role of the im m une system in the
development of the phenotype. However, skin grafts from fsn /fsn mice to athymic nude
mice (nu) which lack T cells maintain the psoriatic-like phenotype for at least 10 weeks
post-graft (Sundberg et al., 1994). Furthermore, scid/scid,fsn/fsn double mutant mice also
have the skin phenotype despite lacking T-cells, B-cells and Thy-l-i- dendritic cells
(Sundberg et al., 1993). These reports suggest that even \ h o u ^ fsn /fsn mice have large
numbers of activated T-cells, these are not required for maintenance of the skin phenotype.
However, for example, fsn/fsn skin grafts on nu/nu mice have a substantial recruitment of
host innate immune cells, both macrophages and neutrophils (Sundberg et al., 1994) and
depletion or blocking of neutrophil recruitment by antibodies in fsn/fsn mice substantially
reduces the skin lesions (Schon et al., 2000). Therefore, even though the exact role of T
cells in the flaky mouse skin phenotype is unclear, other elements of the immune system
are implicated. This is of interest given that neutrophil infiltration into the epidermis of
psoriatic lesions may have a role in production of the observed keratinocyte
hyperproliferation (Beurskens et al., 1989) and contribute to activation of intraepidermal T
cells (Terui et al., 2000).

Other mouse models of psoriasis have clearly implicated T cells in generation of the
hyperproliferative skin lesions. It has been reported that when uninvolved skin from
psoriatic patients is grafted onto scid/scid mice and autologous immunocytes are injected
into the underlying dermis, the skin converts into a lesion with many psoriatic features
(Wrone-Smith and Nickoloff, 1996). This conversion effect required the activation of the
immunocytes with IL-2 and bacterial superantigen prior to intradermal injection in the
majority of cases. As a control, psoriatic-like lesions were not produced when skin and
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immunocytes derived from normal, healthy, donors were used. It was additionally noted
that intradermal injection of activated autologous CD4+ T cells alone could trigger the
conversion to a psoriatic lesion but injection of activated CD8+ T cells could not
(Nickoloff and Wrone-Smith, 1999), emphasizing the importance of CD4-I- rather than
CD8+ T cells in initiating psoriatic lesions. In a further murine system, psoriatic - like skin
lesions could be induced in scid/scid mice when injected with minor histocompatability
mismatched naïve CD4-I- T cells (Schon et al., 1997).

These mouse models clearly implicate CD4+ T cells in the pathogenesis of psoriasis and
fit well with the observed clinical benefits of anti-CD4 antibodies in the treatment of the
disease (see above). It is of interest that CD4+ T cells predominate in early-phase psoriatic
lesions whereas CD8-I- cells are the more abundant lymphocyte in chronic plaques
(Onuma, 1994). Indeed, CD8+ T cells are regarded as more of an effector cell in the
development of psoriatic lesions (Chang et al., 1995). The m ajority of CD4+ T cells
present in psoriatic lesions exhibit a Thl cytokine expression profile and as such produce
large quantities of interferon-y (IFNy) (Austin et al., 1999; Schlaak et al., 1994). The
production of IFNy by lesional T cells is thought to be im portant in generating the
hyperproliferation and differentiation defects observed in psoriatic kératinocytes.
Kératinocytes are known to express the receptor for IFNy (Scheynius et al., 1992) and
conditioned medium of T cell clones from psoriatic lesions can stimulate keratinocyte
growth in vitro in an IFNy dependent fashion (Prinz et al., 1994). Furthermore, injection of
recombinant IFNy into human skin is found to increase keratinocyte proliferation (Barker
et al., 1993) and overexpression of IFNy in the epidermis of transgenic mice from the
involucrin promoter induces hyperproliferation of the kératinocytes and focal parakeratosis
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in severely affected animals (Carroll et al., 1997; Seery et al., 1997) (see Table 1.2). It has
also been shown that several markers of psoriatic kératinocytes, including intercellular
adhesion m olecule-1 (ICAM-1), HLA-DR and keratin 17 are induced in kératinocytes
following IFNy stimulation (Barker et al., 1990a; Barker et al., 1990b; Dustin et al., 1988;
Jiang et al., 1994). It could be shown in the mouse model of psoriasis of (Schon et al.,
1997) that IFNy production by the injected T cells contributed to the severity of the lesions
although not to the incidence, for which a role was attributed to IL-12 (Hong et al., 1999).

1.3.3 A role for kératinocytes in the pathogenesis of psoriasis
An accumulating amount of evidence discussed above points towards the vital role of the
immune system in the pathogenesis of psoriasis. However, the exact role (if any) that the
kératinocytes themselves play in development of the lesions is less clear although should
certainly be addressed given that two candidate genes o f the PSORS 1 psoriasissusceptibility locus are mis-expressed w ithin psoriatic epiderm is (see above). A
“framework” hypothesis has been suggested where an inherent abnormality within the skin
of psoriatic patients (kératinocytes, dermal fibroblasts or endothelial cells) is triggered to
disease expression by circulating cells of the immune system (Kadunce and Krueger,
1995). Inherent defects in kératinocytes derived from the skin of psoriatic patients have
been reported and include altered calcium-mediated cell signalling (Karvonen et al., 2000),
increased cell spreading and activation of focal adhesion kinase (FAK) on fibronectin
(Chen et al., 2001a), increased sensitivity to combinations of IGF-1 and EOF growth
factors (Ristow, 1997), a reduced response to interleukin (IL) -6 stimulation (Olaniran et
al., 1995) and an enhanced resistance to apoptosis (W rone-Smith et al., 1997). However,
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other reports have failed to find differences in the responses of normal and psoriatic
kératinocytes to cytokines thought to be upregulated in psoriatic lesions such as TG Fa, IL8, T N F a and TGF(3 (Malkani et al., 1993; O laniran et al., 1995) (see below).
Abnormalities in the activity of mitogen-activated protein kinase (MAPK) have also been
described for psoriatic fibroblasts (Dimon-Gadal et al., 1998) although a primary role for
dermal fibroblasts in the pathogenesis of psoriasis is disputed (Fransson et al., 1995;
Priestley and Lord, 1990). It is of interest that medium conditioned by T cell clones from
psoriatic lesions promotes the growth of psoriatic but not normal kératinocytes (via a
coordinated action of IFNy and other cytokines) (Bata-Csorgo et al., 1995b). This suggests
that kératinocytes from psoriatic patients have an inherent hypersensitivity to cytokines
produced by T cells present in lesions and lends support to the framework hypothesis.

A side from the response of kératinocytes to im m unocyte - derived cytokines,
kératinocytes themselves are known to be potent initiators and modulators of the immune
response in skin via production of a massive range of inflammatory cytokines and growth
factors (Kondo, 1999; Schroder, 1995). Many keratinocyte - derived cytokines have an
altered expression in psoriatic lesions and are likely to contribute to the generation and/or
maintenance of the lesion (Table 1.1). Furthermore, activation of T cells in vitro is
potentiated by cytokines produced by lesional but not normal kératinocytes (Chang et al.,
1992) and is dependent, at least partially, on IL-1 and IL-8 production by the
kératinocytes. Transgenic mice which overexpress particular cytokines in their epidermis
have been instrumental in elucidating the roles of keratinocyte-derived cytokines not only
in triggering cutaneous inflammation but also in regulating keratinocyte proliferation and
differentiation in an autocrine fashion or via induction of secondary cytokines (Table 1.2).
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Table 1.1: Epidermal - derived cytokines with altered expression in psoriatic lesions
compared to non-lesional or normal epidermis.
For reviews on keratinocyte - derived cytokines and their proposed roles in inflammatory
skin diseases see (Bonifati and Ameglio, 1999; Kondo, 1999; Schroder, 1995).

Cytokine

/ Proposed function and change of expression in References

Growth Factor / psoriatic lesions
Chemokine
IL -la

Pleiotropic pro-inflammatory effects. Stimulates ( B o n i f a t i
many target cells including T cells, B cells, A m e g lio ,

and
1999

m onocytes, fibroblasts, endothelial cells and Cooper et al., 1990
kératinocytes (see Section 1.4). C hanges of Debets et al., 1997
expression observed in psoriatic lesions are Debets et al., 1995
variable with some reports claim ing levels are Prens et al., 1990)
increased and others that they are decreased.
Epidermal cells cultured ex vivo from psoriatic
epidermis secrete more I L - la than those from
norm al skin. The reduction in I L - l a levels
sometimes observed in vivo may be due to
increased release of the cytokine and subsequent
depletion of intracellular stores.
IL -ip

Thought to have similar, if not identical, biological ( B o n i f a t i

and

effects to I L - la . Protein levels reported to be A m e g lio ,

1999;

significantly increased in psoriatic epidermis but Cooper et al., 1990;
may accumulate in an inactive form.
IL-6

Debets et al., 1997)

Promotes lymphocyte activation and is involved in (A m eglio

et

al.,

the acute phase inflammatory response. Produced 1997; Bonifati et al.,
by dermis and endothelial cells as well as 1994; Grossman et
epidermis. There is an increased expression of IL-6 al., 1989)
in psoriatic lesions. Also reported to induce
keratinocyte proliferation.
IL-7

Growth factor for development of immature T and (B o n ifati

et

al.,

B cells. Produced by kératinocytes and may be 1997; Heufler et al.,
needed for maintenance of resident intraepidermal 1993; Matsue et al.,
yô T cells. Psoriatic lesions contain increased levels 1993)
of IL-7.
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IL-8

Belongs to C-X-C fam ily of chem okines and (A m eglio

et

al.,

triggers recruitment of T cells and neutrophils. 1997; Gillitzer et al.,
Produced by fibroblasts and endothelial cells as 1996; Larsen et al.,
well as kératinocytes and can be potently induced 1989; Schroder et
by IL-1 or T N F a. The epiderm is of psoriatic al., 1992)
lesions contains increased amounts of IL-8.
TNFa

Pleiotropic pro-inflammatory cytokine which is (B o n ifati

et

al.,

able to induce expression of many secondary 1994; Ettehadi et al.,
cytokines such as IL-6, IL-8 and GM-CSF. Levels 1994; N ickoloff et
are increased in psoriatic lesions due to production al., 1991)
by dermal macrophages as well as epiderm al
kératinocytes.
GM-CSF

Able to induce proliferation of kératinocytes and (B o n ifati

et

al.,

activate neutrophils. Fibroblast - derived GM-CSF 1994; Kelly et al.,
has

been

shown

to

reg u la te

k era tin o cy te 1993; Szabowski et

differentiation in a paracrine fashion. Levels of a l . ,

2000;

GM-CSF are increased in psoriatic lesions and T a k e m a ts u
adm inistration

of G M -C SF can

an d

ex acerb ate Tagami, 1990)

psoriasis.
G ro-a

Member of the C-X-C chemokine family. Induces (G illitz e r

et

al.,

recruitment of T cells and activates neutrophils. Is 1996; Kojima et al.,
e x p ressed

by

fib ro b lasts

and

e n d o th e lia l 1993;

S c h ro d e r,

components of skin as well as kératinocytes. 1995)
Potently induced by IL-1 and TN Fa. Levels are
increased in epidermis and some areas of dermis in
psoriasis.
MCP-1

C-C chemokine that can induce recruitm ent of (Barker et al., 1991;
m onocytes and possibly T cells. Induced in G illitz e r

et

al.,

et

al.,

response to IFNy but not IL-1 or T N Fa. Produced 1993)
by fibroblasts and endothelial cells as well as
kératinocytes. There are abundant levels of MCP-1
mRNA in the basal layer of psoriatic epidermis at
the tips of the rete ridges.
IP-10

C-X-C chemokine that is chemotactic for activated (G o ttlieb

T cells and is induced in kératinocytes in response 1988; Kaplan et al.,
to IFNy. There are increased levels of IP -10 mRNA 1987)
and protein in psoriatic epidermis, presumably due
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to the infiltration of IFNy - producing T cells into
the epidermis and dermis.
CCL27

C-C chemokine critically involved in recruitment (Homey et al., 2002;
of CLA+ T cells to the skin. E xpression is Morales et al., 1999)
restricted to the basal layer o f norm al or
uninvolved epidermis but expression extends into
the suprabasal layers of psoriatic lesions. CCL27 is
induced by IL-1 and TNFa.

TG Fa

EGF receptor (EGFR) ligand that acts as a potent (Elder et al., 1989;
mitogen for kératinocytes. Expression is increased Watts et al., 1994)
in psoriatic versus normal or uninvolved epidermis.

Amphiregulin

Heparin binding EGFR ligand implicated as a key (P iep k o rn ,
autocrine growth factor for kératinocytes. Increased P ie p k o rn

1996;
et

al.,

et

al.,

expression is detected in basal and spinous layers 1998)
of psoriatic epidermis.
VEGF

Endothelial cell mitogen capable of triggering (B a lla u n
neovascularisation.

Both

k ératin o cy tes

and 1995; B hushan et

fibroblasts are able to produce V EG F but al., 1999; Detmar et
kératinocytes are the dominant producer cells. The al., 1994)
e p id e rm is
substantially

of

psoriatic

increased

lesio n s
am ounts

ex p resses
of

V EG F

compared to normal epidermis. Vascular changes
induced in psoriasis are generally attributed to
epidermal - derived VEGF activity. Expression can
be induced by EGFR ligands such as TG Fa.
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Table 1.2: Overexpression of various cytokines and growth factors in the epidermis
of transgenic mice and resultant phenotypes.

Promoter

/ Phenotype of transgenic mouse

Reference

cytokine or growth
factor
Keratin 14 / IL -la

Hyperkeratotic epidermis with macrophage/monocyte (G roves et al.,
dermal infiltrate. M ost anim als also developed 1995b)
spontaneous focal cutaneous inflam m atory lesions
containing T cell and neutrophil infiltrates. Epidermis
of lesions displayed focal parakeratosis.

Keratin 14 / IL-6

Epidermal hyperkeratosis without hyperproliferation. (Turksen et al.,
No inflammatory infiltrate.

Keratin 14 / IL-7

1992)

Dense dermal and epidermal T cell infiltrate which (W illiams et al.,
tended to form loose aggregates o f cells and 1997)
concentrate around the hair follicles. Epidermis was
thickened at sites with extensive lymphocyte infiltrate.
Mice developed alopecia.

Keratin 14 / IL-12 Hyperproliferation of epidermis and production of (K opp
p40 subunit

et

al.,

mixed inflammatory infiltrate including CD4-k T cells, 2001)
macrophages/monocytes, eosinophils, mast cells and
neutrophils.

Keratin 14 / IL-20

H yperproliferative and thickened epiderm is with (Blumberg et al.,
hyperkeratosis. No inflammatory infiltrate. Sim ilar 2001; Rich and
epidermal defects were produced when IL-20 was Kupper, 2001)
driven from non-epidermal promoters such as the liver
- specific albumin promoter. This was presumably
due to increased system ic IL-20 stim ulating the
epidermis.

Keratin 14 / TN Fa

Degenerative, necrotic epidermis with hyperkeratosis. (C heng

et

Infiltration of macrophages, neutrophils, eosinophils, 1992)
and lymphocytes. Fibrosis of dermis and inhibition of
adipose tissue development. Similar to graft versus
host skin disease.
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Involucrin / IFNy

Hyperproliferation, acanthosis and parakeratosis of (C arroll et al.,
epidermis. T cell and macrophage/monocyte infiltrate 1997; Seery et
in dermis. Loss of epidermal Langerhans cells. Skin al., 1997)
displayed

increased

co n tac t

h y p e rse n sitiv ity .

Production of autoantibodies to double stranded DNA
and histones resulting in a phenotype sim ilar to the
hum an

autoim m une

d isease

sy stem ic

lupus

erythematosus (SLE).
K eratin 14 / KGF Epiderm al hyperproliferation, no inflam m ation. (Guo et al., 1993)
(FGF-7)

S u p p ressed

hair

fo llic le

m orphogenesis and

adipogenesis. Early signs of epithelial transformation.
Keratin 14 / T G Fa

Epiderm al hyperproliferation and hyperkeratosis. (V a s s a r

and

Areas subject to irritation could display leukocytic Fuchs, 1991)
infiltration, intraepiderm al m icroabscesses and
g e n e ra te

b en ig n

p a p illo m a s.

G e n era lly

no

inflammatory infiltrate.
K e r a tin

14

Amphiregulin

/ H y p e rp ro lifera tio n

of

e p id erm is

w ith

focal (C o o k

et

al.,

parakeratosis. T-cell and neutrophil infiltrate in both 1997)
dermis and epidermis. Dilated dermal blood vessels.
Occasional papillomatous growths.

Bovine Keratin 5 / Increased proliferation and apoptosis w ithin the (Breuhahn et al.,
GM-CSF

epidermis resulting in no net increase in thickness. 2000; M ann et
Enhanced numbers of Langerhans cells and mast cells. al., 2001)
Increased rate of re-epithelisation following full
thickness skin wounds.

Keratin 14 / Activin High levels of transgene expression caused epidermal (M unz
A

h y p e rp ro liferatio n ,

aca n th o sis

and

et

al.,

ab n o rm al 1999)

differentiation but without parakeratosis or generation
of an inflammatory infiltrate. W ound healing was
enhanced.
Keratin 10 / BMP-6 H igh

levels

of epiderm al B M P-6

ex p ressio n (Blessing et al.,

suppressed proliferation of the kératinocytes. Weak 1996)
and

patchy

e x p re ssio n

in d u c e d

hyperproliferation, h y p e rk e ra to sis
parakeratosis.

These

anim als

also

e p id e rm a l
and

fo cal

dev elo p ed

inflam m atory infiltrates in derm is and epiderm is
including intraepidermal neutrophilic pustules.
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Keratin 1 and 10 /

Transgene expression either suppressed or enhanced (Cui et al., 1995;

TGFP,

keratinocyte proliferation. This was dependent on Liu et al., 2001;

Keratin 5

timing and levels of transgene expression. Chronic Sellheyer et al.,

tetracycline-

ex p ressio n

regulatable / TGFp

hyperproliferation and apoptosis, dermal fibrosis, an

in

in flam m a to ry

the

ad u lt

in filtra te

led
and

to

ep id erm al 1993)

in tra e p id e rm a l

neutrophilic pustules plus progressive hair loss.
Keratin 14 / MCP-1 No spontaneous cutaneous inflammation or epidermal (Nakamura et al.,
abnorm alities although enhanced dendritic and 1995b)
Langerhans cell recruitment was observed. Increased
monocyte and lymphocyte infiltration in response to
contact hypersensitivity.
Keratin 14 / VEGF Increased vascularity and limited epidermal defects. (D etm ar et al.,
and hyperplasia - Enhanced numbers of m ast cells and leukocyte 1998; Larcher et
inducible keratin 6 / adhesion in postcapillary skin venules. Accelerated al., 1998)
VEGF

p a p illo m a

d e v e lo p m e n t

fro m

carcinogenesis

experiments on K6-VEGF mice.
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It is intriguing that the production of certain cytokines such as IL - la , (3 and T N F a by
kératinocytes can be inhibited by the antipsoriatic treatment cyclosporin A in vitro (Won et
al., 1994) but others, e.g. the chemokine gro-a, are only inhibited by cyclosporin in vivo
(Elder et al., 1993; Kojima et al., 1993). This suggests that cyclosporin treatment could act
in part by directly inhibiting pro-inflammatory cytokine production by kératinocytes
although it would also indirectly inhibit keratinocyte cytokine production via its welldocumented immunosuppressive effects (Elder et al., 1993; Kojima et al., 1993); this
would reduce the skin inflammatory infiltrate and subsequent keratinocyte activation by T
cell - derived cytokines such LFNy. It is also interesting to note that whilst LFNy can trigger
many psoriatic features in kératinocytes (see above), some of these may be mediated
indirectly via increased IL -lp production in the kératinocytes themselves (Wei et al.,
1999).

1.4 Keratinocyte regulation of epidermal homeostasis and cutaneous
inflammation
1.4.1 Keratinocyte - derived cytokines: IL-1 as a primary cytokine
Epidermal cytokines vary in their abilities to trigger cutaneous inflammation, as illustrated
by overexpression of individual cytokines from epiderm al - specific promoters in
transgenic mice (see Table 1.2). For example, overexpression of MCP-1 or lL-6 does not
induce either a spontaneous inflammatory infiltrate or significant epidermal alterations.
However, overexpression of either IL -la or T N F a is sufficient to induce both a cutaneous
inflammatory infiltrate and epidermal abnormalities. I L - la and T N F a are thus referred to
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as primary cytokines whilst MCP-1 and IL-6 should be referred to as secondary cytokines
(Kupper and Groves, 1995). It is also of interest that overexpression of the adhesion
molecule ICAM-1 in the epidermis of transgenic mice is insufficient to induce cutaneous
inflammation, given its roles in T cell recruitment and its upregulation in inflammatory
skin diseases such as psoriasis (Griffiths et al., 1989; Singer et al., 1990; W illiams and
Kupper, 1994). Primary cytokines can mediate their pleiotropic effects on diverse cell
types either directly or indirectly via induction of a range of secondary cytokines (see
below).

IL-1 is a critical primary cytokine produced in abundance by kératinocytes. Mouse
kératinocytes primarily produce the a form and human kératinocytes are able to produce a
and P forms, encoded by different genes (Ansel et al., 1988). Both a and p are produced as
31-34 kDa precursors which can be cleaved to mature 17 kDa forms. I L - la is active in
both precursor and mature form whereas IL -ip requires cleavage by caspase-1 for activity
(Thompson, 1998). It is thought that human kératinocytes normally lack caspase-1 activity
and are therefore unable to produce active, m ature IL -ip (M izutani et al., 1991).
Synthesised IL-1 remains in the cytoplasm of kératinocytes as it has no secretory signal
peptide; however, it can be released upon disruption of the epidermis (Lee et al., 1997;
Wood et al., 1996). Released IL-1 triggers the recruitment of CLA-i- T lymphocytes to sites
of cutaneous injury by inducing E-selectin expression in underlying endothelial cells and
then acting as a chemoattractant for lymphocytes tethered to these activated endothelial
cells (Freedberg et al., 2001; Kupper and Groves, 1995; Murphy et al., 2000).
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Whilst IL-1 by itself can initiate inflammation, many of its actions in this process are via
the autocrine and paracrine induction of secondary cytokines and growth factors including
GM-CSF, IL-6, IL-8, T N F a and ligands for the epidermal growth factor receptor (TGFa
and amphiregulin) (Boxman et al., 1996; Chen et al., 1995; Chung et al., 1996; Freedberg
et al., 2001; Kupper et al., 1988; Larsen et al., 1989). Besides its effect on initiating
cutaneous inflammation, IL-1 is also able to activate kératinocytes in an autocrine fashion
to initiate a “wound-healing” type response from the cells: IL-1 causes kératinocytes to
become more migratory and express keratins associated with a hyperproliferative state
(e.g. keratin 6) (Chen et al., 1995; Komine et al., 2001). A model has been proposed
whereby release of IL-1 in response to cutaneous injury triggers a “keratinocyte activation
cycle” of induction of multiple cytokines and keratins associated with various stages of
wound healing (Freedberg et al., 2001).

Recent work has uncovered a vital role for IL-1 in epidermal homeostasis. Via a so-called
“double-paracrine” mechanism, keratinocyte-derived IL-1 stimulates dermal fibroblasts to
produce both keratinocyte growth factor (KGF) and granulocyte-macrophage colonystimulating factor (GM-CSF) which act in concert on the kératinocytes themselves to
stimulate appropriate proliferation and terminal differentiation (Maas-Szabowski et al.,
1999; Maas-Szabowski et al., 2000; Szabowski et al., 2000; W erner and Smola, 2001).
Fibroblasts are also stimulated to produce IL-6 in response to keratinocyte IL-1 (Boxman
et al., 1996), which given the phenotype of keratin 14 / IL-6 transgenic mice (see Table
1.2) may also play a role in regulating keratinocyte differentiation. Therefore, keratinocyte
- derived IL-1 not only potently induces inflammation in response to cutaneous injury but
is involved in the regulation of epidermal proliferation and differentiation. IL-1 is thus a
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central regulator of skin integrity and suggests that the altered expression of IL-1 found in
psoriatic lesions may have a pathogenic role (see Table 1.1).

The mechanism by which binding of IL-1 to its cell surface receptor transduces signals
into the cell has received much attention of late and is summarised in Fig. 1.3 (for reviews
see Auron, 1998; Janssens and Beyaert, 2002). In particular, a central role has been
described for the IL-I receptor-associated kinase (IRAK) family members of which four
have been characterised in humans and mice (IRA K I, 2, M and 4) (Gao et al., 1996a;
Croston et al., 1995; Kobayashi et al., 2002; Li et al., 2002; Muzio et al., 1997; Rosati and
M artin, 2002; Suzuki et al., 2002; W esche et al., 1999). IL-1 is known to efficiently
activate the NF kB pathway and also the stress-activated MAPKs, p38 and JNK (Auron,
1998; Janssens and Beyaert, 2002) (see also e.g. Holtmann et al., 2001; Ninomiya-Tsuji et
al., 1999) similar to the proinflammatory cytokine T N F a (Baud and Karin, 2001).

Most likely due to the potent pro-inflammatory effects of IL-1, there are multiple negative
regulators of IL-1 dependent stimulation. These include a non-transducing decoy receptor
for IL-1, the type 2 IL-1 receptor (IL-IR) (Mantovani et al., 2001) and the IL-1 receptor
antagonist (IL -lra), which binds to the transducing type 1 IL -IR but does not trigger
receptor activation (Arend, 1993; Arend et al., 1998) (see Fig. 1.3). Kératinocytes express
an intracellular variant of the IL -lra (icIL-lra) (Corradi et al., 1995; Haskill et al., 1991)
which is released in response to cutaneous injury alongside the pre-formed pools of IL-1
(Lee et al., 1997) and is also induced in response to IL-1 stimulation (La and Fischer,
2001; La et al., 1999). Furthermore, kératinocytes can be induced to express the type 2 ILIR (Groves et al., 1995a). In psoriatic lesions there are reports of an upregulation of both
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Figure 1.3: Signal transduction pathways activated in response to IL-1.
(figure legend over page).
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F ig u re 1.3: Binding of I L - la or P to the type 1 IL -IR (IL -lR l) is required for the
initiation of signal transduction within a cell. This can be inhibited competitively by the
IL-1 receptor antagonist (IL -lra) which binds to the receptor but does not trigger any
signal transduction response. Further, the type 2 IL -IR (IL-1R2) acts as a decoy receptor
as it can bind IL-1 but does not transduce a signal from its short cytoplasmic domain. Once
IL-1 is bound to the EL-lRl, the complex needs to associate with a homologous receptor,
the IL -IR accessory protein (IL-lRA cP), to effectively activate downstream signalling
pathways. Neither receptor subunit possesses an intrinsic kinase activity. The EL-IRAcP is
involved in the recruitment of a Ser/Thr kinase, IL -IR associated kinase I (IRAKI), a key
mediator of IL-1 dependent signalling. IRAKI is recruited to the receptor in a complex
with Toll interacting protein (Tollip) where it can interact with the MyD88 adapter protein
bound to the receptor. IRAKI is subsequently multiply phosphorylated on Ser and Thr
residues, most likely by IRAK4, which is recruited to the receptor by its interactions with a
distinct domain of MyD88. Other IRAK family members (IRAK-M and 2) are kinase dead
and may negatively regulate IL-1 dependent signalling. Phosphorylated IRAKI dissociates
from the receptor and interacts with TRAF6 which subsequently becomes ubiquitinated
(Ub) and able to activate the MAPK kinase kinase (MAPKKK) T A K l with the aid of
TA B l and 2 adapter proteins. TA K l is thought to play a central role in coupling IL-1
dependent transduction pathways to both stress activated MAPKs (p38 and JNK) and
NF k B. TRAF6 is also able to activate another MAPKKK, M EK K l, and atypical protein
kinase C (aPKC) via ECSIT and p62 adaptor proteins respectively. M EK K l and aPKC
may have roles in activation of the NF kB pathway (not shown). Also, IL -lR l possesses a
PI3 kinase (PI3K) binding site within its cytoplasmic domain which can be recruited in an
IRAKI - independent fashion.
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icIL -lra and IL -IR type 2, suggestive of a negative feedback response to chronic IL-1
stimulation of the kératinocytes (Debets et al., 1997; Groves et al., 1994; Hammerberg et
al., 1992).

1.4.2 Intrinsic regulators: NF kB
A key downstream effector of IL-1 signalling is the NF k B pathway (Fig. 1.3) (Karin and
Ben-Neriah, 2000). NF k B is a sequence - specific transcription factor formed from hetero
or homodimers of a family of closely related NF kB proteins, the most commonly observed
NF kB form being a heterodimer of p65(RelA) and p50 subunits. NF kB is held inactive in
the cytoplasm of cells in a complex with members of the inhibitor of k B (IkB) family of
proteins (which includes iKBa, P and e). Stimulation of cells with pro-inflammatory
cytokines such as IL-1 or T N F a leads to activation of an I k B kinase (IKK) complex and
phosphorylation of I kB at two conserved Ser residues in the N-terminal regulatory domain.
Phosphorylated I k B is subsequently targeted for ubiquitin - mediated degradation, which
frees NF k B and allows it to translocate to the nucleus and regulate the expression of
various sets of genes. NF kB is known to induce genes critically involved in the immune
response, e.g. cytokines such as T N Fa, IL -ip , IL-6, IL-8, and has consequently been
im plicated in triggering many inflam m atory diseases (Tak and Firestein, 2001).
Furthermore, due to the ability of NF kB to induce anti-apoptotic, e.g. Bcl-X^, and proproliferative, e.g. cyclin D1 genes, alongside pro-inflammatory genes, it is thought to play
a role in tumourigenesis (Karin et al., 2002). Indeed, it has been shown that mouse skin
tumours have increased NF kB activity, mainly attributable to the p50 NF kB subunit, and it
is likely this plays a role in the development of neoplasias (Budunova et al., 1999).
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NF k B is known to be an important regulator of epidermal homeostasis (Kaufman and
Fuchs, 2000) although the exact role this pathway plays is complex and still unclear. An
initial indication of the role of NF k B in regulating keratinocyte proliferation,
differentiation and also cutaneous inflamm ation came from the generation of iKBa
knockout mice (Beg et al., 1995a; Klement et al., 1996). These mice die shortly after birth
and demonstrate constitutive NF k B activation in various cell types. The mice were also
found to develop a widespread dermatitis where the epidermis becomes hyperproliferative
and thickened and exhibits hypogranulosis. There is also an increased infiltration of
macrophages, formation of intraepidermal neutrophilic pustules and elevated levels of
T N F a in the skin as might be expected from increased NF kB activation (Klement et al.,
1996). However, whether the defects in epiderm al hom eostasis were due to cellautonomous defects of the kératinocytes or due to indirect signals from the immune
infiltrate was not elucidated. Mice null for specific NF kB family members do not display
skin phenotypes, most likely due to functional redundancy and early embryonal lethality in
the case of the RelA knockout (Beg et al., 1995b; Kaufman and Fuchs, 2000).

Immunostaining sections of human skin for the p50 subunit shows that NF kB is primarily
cytoplasmic in the basal layer of epidermis but translocates to the nucleus in the suprabasal
layers, suggesting a role for NF kB activation in regulating differentiation of kératinocytes
(Seitz et al., 1998). If NF k B activation is specifically blocked in the epidermis of
transgenic mice by expression of a dominant repressor iK Ba construct (with substitutions
of the conserved Ser phosphorylation sites) from either the keratin 14 or bovine keratin 5
promoters, the epidermis becomes substantially hyperproliferative although it is able to
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correctly express various differentiation markers (Seitz et al., 1998; van Hogerlinden et a l,
1999). Conversely, expression of a constitutively nuclear/active p50 subunit from the
keratin 14 promoter in transgenic mice results in a hypoproliferative, unusually thin,
epidermis (Seitz et a l, 1998). The phenotypes of these mice suggest that activation of
NF k B plays an important role in the growth arrest of kératinocytes undergoing terminal
differentiation. This is thought to occur partly by induction of the cell cycle inhibitor
p21^^^ (Seitz et a l, 2000). Intriguingly, K5-lKBa transgenic mice developed a pronounced
cutaneous inflammatory infiltrate and there was increased expression of T N F a in the skin.
This is apparently contradictory as activation rather than inhibition of NF kB is associated
with increased T N F a expression and inflammation. It is possible that the degeneration of
hair follicles also observed in these mice may trigger the inflammatory response and
subsequent increase in T N F a expression (van Hogerlinden et a l, 1999).

The IKK complex that phosphorylates I k B and leads to NFkB activation is composed of
three subunits: two homologous catalytic subunits, IK K a (IK K l) and IKKP (IKK2) and a
regulatory subunit, IKKy or NF kB essential modulator (NEMO). IKKy mediates assembly
of the IKK complex and is required for activation of IK K a and p which occurs by
phosphorylation of two Ser residues in their activation loops (Karin and Ben-Neriah, 2000;
Karin et a l, 2002). A rare X-linked skin disease, incontinentia pigmenti, is caused by a
mutation of IKKy and is characterised by severe disturbances in epidermal proliferation
and differentiation (Makris et a l, 2000; Smahi et a l, 2000).

Despite their similarities, IK K a and p respond to different stimuli and activate NFkB in
distinct manners (Karin et a l, 2002; Senftleben et a l, 2001). IKKP is required for the
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activation of NF k B in response to proinflammatory cytokines, e.g. T N F a and IL-1, a
function not rescued by IK K a (Delhase et al., 1999; Li et al., 1999). Furthermore, the
IKKp knockout is embryonically lethal due to extensive liver apoptosis (Li et al., 1999),
similar to the RelA knockout (Beg et al., 1995b).

A critical and novel role for IK K a in regulation of keratinocyte differentiation has recently
been demonstrated. IK K a null mice die very shortly after birth due to epidermal barrier
impairment (Hu et al., 1999; Takeda et al., 1999). The epiderm is from these mice is
hyperproliferative and there is severe im pairm ent of differentiation; expression of
involucrin and filaggrin is essentially absent and there is no granular layer (Takeda et al.,
1999). This role of IK K a in regulating epidermal differentiation is not dependent on its
kinase activity or activation of NF kB and is thought to involve production of a soluble
keratinocyte differentiation-inducing factor (kDIF) (Hu et al., 2001). The manner in which
this novel IK K a - dependent, NF kB - independent differentiation pathway integrates with
the more classical NF k B - dependent keratinocyte growth arrest pathway in regulating
epidermal homeostasis is not yet clear.

Intriguingly, mice with an epidermal - specific knockout of IKXP, which blocks activation
of NF k B in the kératinocytes in response to proinflam matory cytokines, develop a
hyperproliferative and inflammatory skin disease (Pasparakis et al., 2002). This is a non
cell autonomous effect, is dependent on T N F a and independent of a|3 T cells, rather
requiring an innate immune response to activate the epidermis (Pasparakis et al., 2002). It
therefore seems that an imbalance of NF k B activation within the epidermis, either
increased (Beg et al., 1995a; Klement et al., 1996) or decreased (Pasparakis et al., 2002;
60

Chapter 1. Introduction

van Hogerlinden et al., 1999), generates cutaneous inflammation. Furthermore, NFkB and
IK K a are also able to regulate proliferation and differentiation of the epidermis,
demonstrating that the NFkB pathway acts as a critical intrinsic regulator of both
epidermal homeostasis and cutaneous inflammation. This may be a common theme in
keratinocyte biology. Protein kinase C (PKC) family members have been demonstrated to
regulate keratinocyte differentiation in vitro (Cabodi et al., 2000; Denning et al., 1995;
Dlugosz and Yuspa, 1993) and activation of overexpressed P K C a in the epidermis of
transgenic mice generates a striking infiltration of neutrophils via an increased production
of inflammatory mediators such as M IP-2 (W ang and Smart, 1999). These studies
demonstrate the potent ability of the epidermis to drive cutaneous inflammation and of the
existence of proteins/systems such as NFkB, PKC and IL-1 (see previous section) that
coordinately regulate both keratinocyte proliferation and differentiation and the
recruitment of inflammatory infiltrates.

1.4.3 Intrinsic regulators: the E R K M A PK pathway
The extracellular signal regulated kinase (ERK) MAPK cascade is activated in response to
a large variety of stimuli such as growth factors and integrin ligation and is involved in the
induction of many distinct biological responses, including the regulation of keratinocyte
proliferation and differentiation (see below). There are two isoforms of ERK found in
mammalian cells, ER K l and 2 (also referred to as p44 and p42 M APK respectively)
(Seger et al., 1991) which are thought to have similar functions. E R K l and 2 are activated
by phosphorylation of Thr and Tyr residues within a TE Y motif by the dual specificity
kinases M EK l and 2 (Rossomando et al., 1992). The M E K l/2 kinases are themselves
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activated by phosphorylation catalysed by members of the R af Ser/Thr protein kinase
family (Alessi et ah, 1994), which includes A-Raf, B-Raf and the most well-studied
member, Raf-1 (Kolch, 2000). This arrangement whereby MAPK is activated by a dual
specificity MAPK kinase (MAPKK) which is itself activated by a M APK kinase kinase
(MAPKKK) is known as the MAPK cascade or module (Marshall, 1994). Similar modules
are found to be involved in activation of the stress-activated MAPKs, JNK and p38 (see
Fig. 1.3) and are conserved from yeast to mammals.

Whilst p38 and JNK are regarded as being important in inflammatory and stress responses,
ERK activation is more associated with mitogen stimulation (Kyriakis and Avruch, 2001).
ERK is able to act via both transcriptional and post-translational mechanisms to induce the
activation of cyclinD/cdk4 complexes and thus stimulate cell division (see for e.g. Cheng
et ah, 1998). Inactive ERK is found to be retained in the cytoplasm via its interaction with
MEK (which contains a nuclear export sequence) (Fukuda et ah, 1997a; Fukuda et ah,
1997b) but once activated dissociates and is able to enter the nucleus (Brunet et ah, 1999)
where it phosphorylates a variety of transcription factors such as Ets, Elk and c-Myc
(Lewis et ah, 1998). ERK also has cytoplasmic targets such as phospholipase A2 (PLA^)
(Clark and Hynes, 1996) and myosin light chain kinase (MLCK) (Klemke et ah, 1997). In
addition, ERK is able to phosphorylate and activate downstream kinases such as p90ribosomal S6 kinase (p90-RSK) which subsequently phosphorylates and modulates the
activity of other substrates, such as the CREB transcription factor (Nebreda and Gavin,
1999). Anti-apoptotic effects observed in response to activation of the ERK MAPK
pathway may operate through p90-RSK (Bonni et ah, 1999; Nebreda and Gavin, 1999).
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Activation of the Raf/MEK/ERK MAPK cascade is usually mediated by the small GTPase
Ras (Kolch, 2000; Marshall, 1995). Ras exists in an inactive conformation when bound to
GDP but can be triggered to exchange the GDP for GTP and hence convert into an active
conformation. This GDP/GTP exchange is catalysed by guanine nucleotide exchange
factors of which the archetypal member is son-of-sevenless (SOS). SOS is recruited to the
plasma membrane in response to growth factor stimuli by the adapter protein Grb2 which
contains an SH2 domain and is able to interact with phospho-tyrosine residues on a variety
of receptor and non-receptor protein tyrosine kinases and their substrates. Membrane localised SOS is then able to activate Ras which is also localised to the plasma membrane
by virtue of its post-translational modifications including fam esylation (Kikuchi and
Williams, 1994). Active, GTP-bound Ras then recruits Raf-1 to the plasma membrane
where Raf-1 is phosphorylated by a combination of Ser/Thr and Tyr protein kinases and
subsequently activated (Kolch, 2000).

It should be borne in mind that Ras feeds into effector pathways other than Raf/MEK/ERK
and these are important in its biological functions. Examples include PI3 kinase and
RalGDS (Marshall, 1995). Indeed, Raf has also been attributed many M EK/ERK independent effector pathways (Hindley and Kolch, 2002); the NF kB pathway is able to be
activated by Raf and may contribute to Raf-induced transformation (Baumann et al., 2000;
Vale et al., 2001). However, MEK is only thought to have ERK amongst its substrates
(Dhanasekaran and Premkumar Reddy, 1998; Kolch, 2000).

Integrins are found to be critical regulators of the ERK M APK pathway as they are able to
activate ERK upon ligation and clustering and also modulate activation of ERK by growth
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factor receptors. A variety of mechanisms have been described by which integrins are able
to activate the ERK MAPK pathway (Aplin et al., 1998; Howe et al., 1998). The
recruitm ent of SOS to the plasma m em brane and subsequent activation of the
Ras/Raf/MBK/ERK pathway can occur upon integrin ligation and clustering via activation
of the non-receptor protein tyrosine kinase, focal adhesion kinase (FAK) (Schlaepfer and
Hunter, 1998), which is normally associated with the integrin p subunit. Activated FAK
autophosphorylates and creates a binding site for the SH2 domain of Src. Phosphorylation
of FAK by the recruited Src results in the subsequent binding of G rb2/S0S and also of the
adapter protein p i 30^^^. However, overexpression of a dom inant negative FAK in
fibroblasts does not block ERK activation by integrins (Lin et al., 1997a) and
overexpression of a constitutively activated FAK in epithelial cells does not activate ERK
(Frisch et al., 1996), suggesting FAK - independent mechanisms of integrin - mediated
ERK activation. One such mechanism involves the interaction of the integrin a subunit
with the transmembrane protein, caveolin 1 (Wary et al., 1998). Caveolin mediates an
interaction with the Src family kinase Fyn which, upon integrin ligation, becomes
activated and associates with the adapter protein She. She subsequently becomes tyrosine
phosphorylated and recruits Grb2/SOS. In addition, a Grb2/SOS/Ras - independent
mechanism by which integrins are able to activate ERK has been suggested (Chen et al.,
1996) and may involve the adhesion-dependent association of R af with membrane associated cytoskeleton / complexes (Howe et al., 1998).

Besides the activation of ERK in response to integrin ligation, signalling from growth
factor receptors to the ERK pathw ay is dependent on integrin -

m ediated

adhesion/anchorage of cells to extracellular matrix (for review see Howe et al., 2002). A
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grow th factor receptor such as the EG F recep to r is, upon

activation and

auto/transphosphorylation, able to activate ERK via the direct or indirect (via She)
recruitment of G rb2/S0S complexes to its cytoplasmic domain and subsequent activation
of Ras (Rojas et al., 1996; Rozakis-Adcock et al., 1992; Yarden and Sliwkowski, 2001).
H ow ever, it has been demonstrated that when fibroblasts are denied adhesion to
extracellular matrix and stimulated with serum, Ras and R af are activated but they are
unable to couple to MEK and ERK (Renshaw et al., 1997). A different group reports a
block between Ras and Raf in suspended cells (Lin et al., 1997b). Thus integrin - mediated
adhesion is required for the complete coupling of the ERK MAPK pathway to growth
factor receptors. p21-activated kinases (PAKs) and protein kinase A (PKA) have been
suggested to regulate the anchorage-dependent activation of ERK (Eblen et al., 2002; Frost
et al., 1997; Howe and Juliano, 2000; King et al., 1998). In addition, the nuclear
translocation of activated ERK and subsequent phosphorylation of a nuclear substrate, the
transcription factor Elk-1, is inhibited in suspended cells (Aplin et al., 2001).

Accumulating data has identified the Ras/Raf/MEK/ERK pathway as a critical regulator of
keratinocyte proliferation and differentiation. Expression of activated v-Ras forms in
mouse epidermis via suprabasal keratin promoters has been well established to generate
hyperproliferative epidermis and benign tumours at sites of wounding (Bailleul et al.,
1990; G reenhalgh et al., 1993b). A pplication of the tum our in itiato r 7,12dimethylbenzanthracene (DMBA) to the skin of mice is also known to produce activating
mutations in Ras which are involved in subsequent generation of skin tumours (Bizub et
al., 1986). Furthermore, expression of dominant negative Ras in the basal layer of mouse
epidermis via the keratin 14 promoter generates a thin, hypoproliferative epidermis with

65

Chapter 1. Introduction

increased expression of differentiation markers such as keratin 10 and filaggrin (Dajee et
al., 2002). Conversely, transgenic mice expressing constitutively activated Ras from the
keratin 14 promoter have a massively hyperproliferative/hyperplastic epidermis with little
expression of differentiation markers and die shortly after birth (Dajee et al., 2002). These
data demonstrate that Ras acts to promote proliferation and inhibit differentiation of
kératinocytes in vivo. It could also be demonstrated by in vitro studies using inhibitors and
Ras mutants that preferentially activate specific effector pathways that the Raf/MEK/ERK
downstream pathway rather than the PI3 kinase and RalGDS pathways were needed for the
effects of Ras (Dajee et al., 2002).

In contrast to the above studies, expression of activated Ras V I2 or an inducible Raf
construct in murine kératinocytes in vitro leads to growth arrest and induces features of
terminal differentiation (Lin and Lowe, 2001; R oper et al., 2001). However, this
discrepancy may be due to the excessive, non-physiological signal strength produced by
these constructs (Dajee et al., 2002). Although the effects of the Ras/Raf/MEK/ERK
pathway on keratinocyte proliferation and differentiation have been well studied, a
possible role for activation of this pathway in epidermis on the generation of cutaneous
inflammation has not yet been addressed.

1.4.4 Adhesion molecules
As discussed in Section 1.1.5, adherence of kératinocytes to extracellular matrix via
integrins is known to regulate both their proliferation and differentiation most likely via
ligation of p i integrins. This was demonstrated by the ability of p i integrin ligation to
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block suspension - induced differentiation of kératinocytes (Adams and Watt, 1989; Levy
et a l, 2000; Watt et al., 1993) and by the expression of a dominant negative |3l integrin in
human kératinocytes in vitro which was found to trigger the exit of kératinocytes from the
stem cell compartment and induce terminal differentiation (Zhu et al., 1999).

Constitutive activation of the ERK MAPK pathway by introduction of an activated M EKl
construct (Alessi et al., 1994) rescues dominant negative p i integrin - expressing
kératinocytes from differentiation (Zhu et al., 1999). This suggested that activation of ERK
MAPK by p i integrin ligation inhibits differentiation of kératinocytes. This conclusion is
supported by the central role of integrins in regulating activation of the ERK MAPK
pathway and by the described role of the Ras/Raf/M EK/ERK cascade in promoting
proliferation and inhibiting differentiation of kératinocytes. It should be noted however,
that the ability of p i integrins to signal to ERK in kératinocytes has been disputed and
a6p4 integrin ligation, acting via She, has been proposed to couple to the ERK pathway in
kératinocytes (Mainiero et al., 1997).

As previously mentioned, expression of p i integrins in normal epidermis is tightly
restricted to the basal layer where they mediate attachment of the kératinocytes to the
underlying basement membrane. However, when the epidermis is hyperproliferative, such
as in psoriasis or during wound healing, p i integrin is also detected in suprabasal layers
(Hertle et al., 1992). Given the importance of p i integrin in regulating keratinocyte
proliferation and differentiation, a possible role for suprabasal integrin expression in the
pathogenesis of psoriasis was postulated. Therefore, transgenic mice expressing p i
integrins in the suprabasal layers of their epidermis via the involucrin promoter were
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crossed with mice expressing a2, «3 and a 5 integrin transgenes also from the involucrin
promoter to generate mice with the corresponding suprabasal integrin heterodimers (a2|3l,
a S p i, or a 5 p l) (Carroll et al., 1995; Romero et al., 1999). These mice were subsequently
found to develop sporadic hyperproliferative and inflammatory epidermal lesions with
remarkable similarity to psoriasis (Fig. 1.4). This dem onstrated that the suprabasal p i
integrin expression observed in hyperproliferative epidermal disorders could have a causal
role and provides further evidence that the primary defect in psoriatic patients resides
within the epidermis rather than the immune system (Carroll et al., 1995).

The exact mechanism by which suprabasal integrins are operating to generate psoriatic like lesions is unclear, particularly as the receptors are unligated (Carroll et al., 1995). One
mechanism considered was that the presence of integrins in the suprabasal layers of
epidermis signals to the basal cells that there is a deficit in the differentiation compartment
and thus induces their proliferation to replenish the differentiating cells (Carroll et al.,
1995; Romero et al., 1999). However, adding p i integrin expressing suprabasal cells to
basal kératinocytes in vitro does not stimulate the proliferation of the basal cells, so
arguing against this model (Romero et al., 1999). Alternative mechanisms include the
signalling of suprabasal p i integrins to the suprabasal cells themselves, or a model in
which the presence of suprabasal p i integrins sensitises the epidermis to other stimuli
which then are able to trigger the hyperproliferative lesions.
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Figure 1.4: Expression of pi integrins in the suprabasal layers of transgenic mouse
epidermis generates psoriatic-like lesions (Carroll et al.y 1995).
(A) Diagram of transgene constructs (taken from Carroll et a i, 1995). The involucrin
promoter is used to drive expression of p i, a2, a3 (not shown) and a5 integrin subunits
in the suprabasal layers of mouse epidermis (Invpi, Inva2, Inva3, Inva5 mice respectively).
Crossing of Invpd mice with Inva2, a3, or a5 mice generates double positive mice with
suprabasal expression of the corresponding integrin heterodimers (a 2 p i, a 3 p i, a 5 p l
respectively). Mice produce a phenotype when the pi subunit is expressed alone or in
combination with a subunit partners.
(B) Hematoxylin and Eosin - stained sections of back skin from wild type control and Inva2pi
transgenic mice. Invpl mice generate a hyperproliferative epidermis with focal parakeratosis
and intraepidermal neutrophilic pustules. An inflammatory infiltrate containing T cells is also
generated. The phenotype was sporadic and displayed incomplete penetrance. Scale bar is
100pm.
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1.5 Aims of thesis
In my thesis I will address the possible mechanisms by which the Involucrin - p i integrin
transgenic mice may generate psoriatic - like lesions. In particular, I will concentrate on
the role of the p i integrin effector ERK MAPK pathway in the generation of cutaneous
inflammation alongside its proposed pro-proliferative role within the epidermis. I will
demonstrate how alterations of ERK activity within the epidermis can affect epidermal
homeostasis and generate inflammatory infiltrates, such as observed in skin diseases like
psoriasis. My experiments provide further evidence of the critical role of the epidermis in
regulating cutaneous inflammatory responses.
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2.1 Cell Culture

2.1.1 General solutions
The Central Cell Services of Cancer Research UK provided sterile distilled deionised
water (dH 2 0 ) and solutions that are indicated by “CR-UK”. All reagents used were of
tissue culture grade and kept sterile.

Phosphate buffered saline (PBS. CR-UK)
8g

NaCl, 0.25g KCl, 1.43g NazHPO^ and 0.25g KH 2PO 4 were dissolved in 11 (IH2O, the pH

was adjusted to 7.2 and the solution was autoclaved. P B S^w as PBS supplemented with
ImM CaCl2 (B ) and ImM MgCl2 (C ).

Tris buffered saline (TBS)
lOx stock solution was prepared by dissolving 24.2g Trizm a base and 80g NaCl in 11
dH 2 0 . The pH was then adjusted to 7.6 and the solution autoclaved.

EDTA solution (versene. CR-UK)
8g

NaCl, 0.2g KCl, 1.15g Na 2HP 0 4 , 0.2g KH 2PO 4 and 0.2g ethyldiaminotetraacetic acid,

disodium salt (EDTA) and 1.5ml 1% (w/v) phenol red solution were dissolved in 11 dH 2 0 ,
the pH was adjusted to 7.2 and the solution was autoclaved.
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Trypsin solution (CR-UK)
8g NaCl, O.lg NazHPO^, Ig D-glucose, 3g Trizma Base, 2ml 19% (w/v) KCl solution and
1.5ml of 1% phenol red solution were dissolved in 200ml dH20, the pH was adjusted to
7.7 and 0.06g penicillin and O.lg streptomycin (Gibco ERL) were added. 2.5g pig trypsin
(Difco, 1:250) was dissolved in 200ml dH20; air was bubbled through the solution until
the trypsin dissolved. The trypsin solution was added to the Tris-buffered saline, made up
to 11 with dH20, sterilised by filtration through 0.22p,m filter (Millipore) and stored at 20°C.

Mitomycin C stock solution
Mitomycin C is an inhibitor of DNA synthesis and nuclear division (Tomasz et al., 1987).
It is used to metabolically inactivate J2-3T3 cells for the keratinocyte cultures. 4mg
mitomycin C powder (Sigma) was dissolved in 10ml PBS. The stock solution (0.4 mg/ml)
was sterilised by filtration through a 0.22pm filter, aliquoted and stored at -20°C. In the
treatment of J2-3T3 cells, mitomycin C solution was added to the cell culture medium at a
final concentration of 4 pg/ml.

Puromvcin stock solution
lOOmg puromycin powder (Sigma) was dissolved in 50ml PBS. The stock solution (2
mg/ml) was sterilised by filtration through a 0.22pm filter, aliquoted and stored at -20°C.
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2XHBS

To make a 2x stock of HBS to be used for calcium phosphate transfection, 8.0g NaCl and
6.5g HEPES sodium salt were dissolved in (IH2O to which was added 10 ml of a Na 2HP 0 4
stock solution (5.25g Na 2HP 0 4 in 500 ml dH20). The pH of the solution was brought to
exactly 7.0 with NaOH or HCl and made up to 500 ml. The stock was aliquoted and stored
at -70®C until use.

Polybrene stock solution
lOOmg polybrene powder (Sigma) was dissolved in 20 ml PBS to produce a concentration
of 5 mg/ml. The stock solution was sterile filtered through a 0.22pm filter, aliquoted and
stored at -20°C.

2.1.2 Cultured cell types
Human epidermal kératinocytes were isolated from neonatal foreskins, grown and serially
passaged as described below. J2-3T3 cells were used as feeder cells for supporting
keratinocyte growth. Puromycin resistant J2-3T3 cells (J2-puro) were used as feeder cells
for retrovirally infected human kératinocytes. The Phoenix amphotropic packaging line
was used to infect spontaneously immortalised mouse keratinocyte lines. Primary mouse
kératinocytes were isolated from 3-4 day old neonates as described below. Spontaneously
immortalised mouse keratinocyte lines were originally derived from adult mice (Romero et
al., 1999). All cells except for primary mouse kératinocytes were cultured on plastic dishes
or flasks of tissue culture grade (Becton-Dickinson or Nunc) in a humidified incubator at
37°C or 32°C with 5% CO 2. Primary mouse kératinocytes were cultured on Biocoat
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Collagen I - coated dishes (Becton-Dickinson) at 32°C as above. M edia or any solutions
added to cells were first warmed to 37°C. All cells were confirmed by the CR-UK Cell
Production U nit as being negative for m ycoplasm a infection. If any mycoplasma
contamination was detected all of those cell stocks were disposed of.

2.1.3 J2-3T3 feeder cells

J2-3T3 and J2-puro culture medium (E4 + DCS)
J2-3T3 cells were cultured in Dulbecco's modification of Eagles' medium (DMEM) (E4,
CR-UK) supplemented with 10% (v/v) donor calf serum (DCS, Gibco ERL). J2-3T3 cells
transfected with the puromycin resistance gene (J2-puro) were cultured in medium
containing 2.5 pg/ml puromycin.

J2-3T3 and J2-puro cell cultures
Clone J2 of 3T3 Swiss mouse embryo fibroblasts is a clone selected for its ability to
support keratinocyte growth (Rheinwald and Green, 1975; Watt, 1998a). When J2 cells
approached confluence they were harvested by rinsing with versene and incubating at
37°C in trypsin diluted 1:5 in versene for 5 min. The trypsin was then inactivated by
dilution in serum-containing culture medium and the cells were replated at a dilution of
1:10 or 1:20. J2-3T3 cells were maintained in culture for no more than 2 months before
discarding and replacing with a freshly thawed vial of low-passage cells, because when J23T3 are maintained for many months in culture they tend to become transformed.
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Freezing and thawing ofJ2-3T3 cells
Cells were harvested as described above and pelleted. Those cells obtained from a
confluent 75cm^ flask were typically resuspended in 3-5 ml DCS containing 10% (v/v)
sterile dimethyl sulphoxide (Gibco BRL). 1ml of cell suspension was frozen in each
cryotube (Nunc) in an insulated box at -70°C overnight and then transferred to liquid
nitrogen for long term storage. Cells were thawed by transferring the cryotube of cells
from liquid nitrogen directly to a water bath at 37°C. As soon as the cell suspension was
thawed, it was added to 10ml medium and centrifuged at lOOOrpm for 3 min. The
recovered cells were resuspended into 15 ml medium and plated onto a 75cm^ flask.

2.1.4 Primary human kératinocytes

Keratinocvte culture medium (FAD + FCS + HICE)
FAD powder (F12 4- adenine + DMEM: Imperial Labs) was supplemented with 3.07 g/1
NaHCOj, 100 IU/1 penicillin and 100 pg/1 streptomycin. FAD medium (CR-UK) was
bubbled with CO 2 until the pH dropped below 7.0, then sterilised by filtration through a
0.22pm filter. Medium was stored at 4°C until use.

Stock solutions of additives were kindly prepared by Simon Broad (Keratinocyte Lab, CRUK). 10 ^ M cholera enterotoxin (ICN) was stored at 4°C. Hydrocortisone (Calbiochem)
was dissolved in 95% ethanol at 5 mg/ml and stored at -20°C. 100 mg/ml recombinant
human epidermal growth factor (Peprotech) was prepared by first dissolving in 1/100
volume O.IM acetic acid (BDH) before adding to FAD medium containing 10% (v/v)
batch-tested foetal calf serum (FCS, Imperial Labs.) and stored at -20°C. The additives
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were com bined into a lOOOx ‘cocktail’ (HCE): 1ml hydrocortisone, lOOpl cholera
enterotoxin and 1ml epidermal growth factor stock solutions were added to 7.9ml FAD
medium with 10% FCS and stored at -20°C. The final concentrations in the medium were
10

M cholera enterotoxin, 0.5 ng/ml hydrocortisone and 10 |ig/ml epidermal growth

factor. lOOOx insulin stock solution (5 mg/ml in 5mM HCl, Sigma) was stored at -20°C.
The final concentration in the medium was 5gg/ml insulin. Complete keratinocyte medium
(FAD + FCS + HICE) was prepared by adding 10% (v/v) FCS, ‘cocktail’ and insulin
solutions to the FAD medium prior to use (Watt, 1998a). For kératinocytes infected with
retrovirus, puromycin was added to the culture medium at Igg/m l (Zhu et al., 1999).
Complete medium was stored at 4°C for up to 10 days.

Preparation o fJ2-3T3 cells as feeder cells
The culture of human kératinocytes is supported by co-cultivation with mitotically
inactivated J2-3T3 cells, which are referred to as feeder cells (Rheinwald and Green,
1975). Feeder cells were incubated with 0.4 pg/ml mitomycin C for 2-3h at 37°C in order
to inhibit mitosis. Cells were then harvested and plated as described earlier. Typically, the
treated feeders from Ix 75cm^ flask were divided equally between 3x 75cm^ flasks or 9x
25cm^ flasks. Kératinocytes were added within 24 hours of preparing the feeder layer. J2puro cells were used as feeders for kératinocytes infected with retroviruses.

Isolation o f primary human keratinocvtes
Neonatal foreskins were provided with the informed consent of the donors. Isolation of
primary kératinocytes was carried out as soon as possible after circumcision (Watt, 1998a).

76

Chapter 2. Materials and Methods

Under sterile conditions, using a pair of forceps and curved scissors, a piece of foreskin
was trimmed of dermal and fatty tissues. The foreskin was cut into pieces of about 5mm^
and transferred into a Wheaton Cellstir (Jencons) containing 5ml trypsin and 5ml versene
and stirred over a magnetic stirrer at 37°C. Dissociated cells were collected every 30 min
and added to 5ml keratinocyte culture medium. The num ber of cells obtained was
estimated using a haemocytometer. Dissociation of cells from the tissue was continued
with addition of fresh versene and trypsin solution. This procedure was repeated 2 to 3
times before the number of cells obtained started to decrease. The yield from a neonatal
foreskin was usually between l-5x 10^ cells. Feeder cells had been plated onto 25cm^
flasks in readiness. Isolated cells were pooled, pelleted and plated at a density of 10^ cells
per 25cm^ flask. Cells were cultured until just confluent. One flask of cells was tested for
mycoplasma infection by the CR-UK Cell Production Unit, while the remaining cells were
harvested and frozen at 10^ cells per ml as for J2-3T3 cells.

Serial culture o f human kératinocytes
Frozen kératinocytes (passage 2-4) were thawed as described for J2-3T3 cells. The strains
used were named z, n, km, kq, kp. Each strain corresponds to kératinocytes isolated from a
single individual. The usual number of cells seeded in Ix 75cm^ was 2x 10^ cells; but 5x
10^ cells from a frozen cryotube were plated in a 75cm^ flask to allow for loss of viability
resulting from freezing and thawing. Fresh medium was given to kératinocytes every 2
days. A day prior to any experimental manipulation, kératinocytes were fed with fresh
medium. Kératinocytes were passaged just before they reached confluence. The cultures
were rinsed once with versene and then incubated with versene for 5-10 min at 37°C. This
treatment caused any remaining feeder cells to detach. Kératinocytes would round up but
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would not detach from the flask. The versene solution was discarded and the remaining
kératinocytes were incubated in 5ml trypsin/versene solution (1 part trypsin and 4 parts
versene) at 37°C for about 10 min, until all kératinocytes had detached from the flask. 5ml
medium was added to the suspension and the num ber of cells was counted using a
haemocytometer. The cells were pelleted and resuspended in medium as described and
plated onto flasks with feeder cells; 10^ cells were added to a 25cm^ flask or 2x 10^ cells
were added to a 75cm^ flask. Kératinocytes could be cultured for up to 6-8 passages before
they had to be discarded due to poor growth and excessive accumulation of terminally
differentiated cells.

2.1.5 Primary mouse kératinocytes
Primary mouse keratinocyte culture medium
A low calcium FAD medium was used which was prepared in the same way as normal
FAD except calcium salts were not included in the DM EM and F12 formulations. The
FCS used as a supplement in low calcium FAD also had to have calcium salts removed.
This was achieved by treatment with Chelex deionising resin as follows: 300g of Chelex
100 resin (Biorad; 100-200 mesh, sodium form) was added to 4L of dH20 and stirred
slowly at room temperature for at least an hour to generate a swollen resin form. The pH
was adjusted to 7.0-7.5 with HCl and the swollen resin was then recovered by filtering
through a stericup (Millipore). The recovered Chelex was added to IL of FCS and stirred
at room temperature for 1 h before being allowed to sit undisturbed for 30-60 min. The
Chelex was removed and the FCS sterilised by filtering through a 0.22pm stericup
(Millipore). The sterile chelated FCS was then aliquoted and stored at -20°C. Complete
low calcium FAD was prepared by adding 10 % chelated FCS to low calcium FAD
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supplemented with the HICE cocktail at the concentration used for standard complete
FAD. Additionally, 1 % standard FAD was added to produce a final free calcium ion
concentration of approximately 0.1 mM.

Isolation o f primary mouse keratinocvtes
Keratinocyte isolation from mouse neonates was performed according to (Roper et al.,
2001). Newborn mice (2-4 days old) were killed and placed on ice for at least 1 hour. The
mice were then washed sequentially with 10 % povidone and twice with 80 % ethanol.
Under sterile conditions the tails, limbs and heads of the mice were amputated. For
genotyping purposes the tail from each mouse was often frozen on dry ice and stored at
-20°C before DNA extraction (see Section 2.5.2). A longitudinal cut was then made along
the back of the mice and the skin removed with forceps. Harvested skins were spread out
epidermis side up in petri dishes and covered with trypsin solution overnight at 4®C. The
epidermis was then peeled off from the underlying dermis and minced into complete low
calcium FAD using a pair of forceps. The released epidermal cells were pelleted by
centrifugation at 1000 rpm for 3 min. The pellet was resuspended in complete low calcium
FAD and filtered through a 70p.m cell strainer (to remove debris) onto Biocoat Collagen I
coated dishes (Becton-Dickinson). Typically, the cells isolated from 1 mouse were plated
onto 1 well of a 6-well plate.

Passaging o f primary mouse kératinocytes
Primary mouse kératinocytes were cultured at 32®C with 5 % CO 2 in a hum idified
incubator and fed with complete low calcium FAD every 2 days. Cells were passaged
when completely confluent and were split at no higher dilution than 1:2 as if they became
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too sparse they tended to differentiate. To remove cells from the dish, they were rinsed
twice with versene then incubated at 37°C with trypsin solution (not diluted in versene)
until the kératinocytes detached. Complete low calcium FAD was then added, cells
pelleted, resuspended in media and plated. Primary mouse kératinocytes could also be
frozen down in a manner similar to other cell types except that chelated FCS with 10 %
DMSO was used.

Induction o f stratification
In low calcium medium primary mouse kératinocytes grow as a monolayer and
differentiated cells detach into the medium leaving predominantly undifferentiated cells
attached to the dish (Hennings et al., 1980). W hen the kératinocytes are switched to
standard (“high calcium ”) FAD they are induced to stratify and differentiated cells
accumulate (Hennings et al., 1980). Incubation of primary mouse kératinocytes overnight
in standard FAD was sufficient to cause the upregulation of differentiation markers in the
cultures (see Chapter 5).

2.1.6 Mouse keratinocyte lines
Mouse keratinocyte line culture
Keratinocyte lines isolated from adult transgenic mice expressing p i integrins from the
involucrin promoter were used (Carroll et al., 1995; Romero et al., 1999). A transgene
negative control keratinocyte line was also grown (N egl). These cells could be grown and
passaged like human kératinocytes on J2-3T3 feeder layers in standard complete FAD
although at 32°C. Cells of passages 19-24 were used in this way (Chapter 3). However, in
later experiments (Chapter 5) the lines were cultured in the absence of feeder cells and
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Split at no more than 1:3 to 1:5 at each passage. In this later case, cells of passages 25-45
were used but after this were disposed of as they tended to become fibroblastic.

2.1.7 Retroviral producer cells
Retroviral producer cell culture
The Phoenix cell second-generation retrovirus packaging line (obtained from ATCC with
kind permission of Dr G Nolan, Stanford University School of M edicine, Stanford, CA,
USA) (Lorens et al., 2000) was used in conjunction with modified pBabepuro retroviral
vectors (Markowitz et al., 1988a; Markowitz et al., 1988b) to generate retrovirus. The
Phoenix line is based on the 293T embryonic kidney cell line transformed with adenovirus
E l a and containing a temperature sensitive T antigen. Gag-pol and envelope protein
constructs were introduced separately into the 293T line and are driven by different, nonM oloney promoters to reduce recombination potential. Gag-pol was introduced with
hygromycin as the co-selectable marker and the envelope protein constructs with diptheria
resistance as the co-selectable marker. Both ecotropic and amphotropic Phoenix packaging
lines are available but I only used the amphotropic. Cells were cultured in E4 medium
supplemented with 10 % FCS (Sigma) and passaged, frozen and thawed as the J2-3T3
feeder cells were.

Retrovirus generation
To produce retrovirus using the Phoenix packaging line, cells were transfected with the
retroviral vector construct using a calcium phosphate method. 18-24 h prior to transfection,
Phoenix cells were plated at 8 x 10^ cells per 10cm dish. 5 min before starting the
transfection, chloroquine was added to the cells to 25 pM (from a 50 mM stock). The
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chloroquine acts to inhibit lysosomal DNases and as DNA delivered via the calciumphosphate method is thought to transit through lysosomes, chloroquine improves the
efficiency of transfection. In a 15 ml tube, 10-20|ig DNA was made up to 439 p,l with
dH20 before addition of 61 |xl of 2M CaCl 2. The solution was mixed thoroughly with
finger tapping and then had 500 \i\ 2xHBS added. An automatic pipettor was used to
vigorously bubble the combined solutions for 15s before adding drop wise onto the
Phoenix cells’ medium. The cells were inspected using a microscope for the presence of
fine black particles and the medium rocked back and forth to ensure an even distribution.
24 h post-transfection, the medium was replaced with fresh complete FAD (for subsequent
infection of kératinocytes) and the cells transferred to 32°C as the retrovirus is more stable
at this temperature in comparison to 37®C (Dr David Prowse, personal communication).
Retrovirus-containing supernatant was collected at 24 and 48 h after transfer to 32®C and
the Phoenix cells then disposed of.

Infection o f kératinocytes
Retrovirus-containing supernatant was either centrifuged at 1500 rpm for 5 min or put
through a 0.45pm filter (Millipore) to remove cell debris before addition to cells that were
to be infected. To improve the efficiency of the infection, polybrene was also added to a
final concentration of 2.5 pg/ml (from a 5 mg/ml stock). Spontaneously immortalised
mouse keratinocyte lines were infected when at approximately 50 % confluency and
polybrene - containing medium was not kept on the cells for more than 48 h due to
toxicity effects. 48-72 h post infection, purom ycin was added to the medium at a
concentration of Ipg/ ml to select for cells successfully infected with the pBabe puro
constructs.
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For infection of a mouse keratinocyte line with wild type (wt) and kinase dead (kd) IRAKI
constructs (Chapter 5), a modified pBabe puro vector was used in which an Enhanced
green fluorescent protein construct driven from an internal ribosome entry site (IRESEGFP) follows the multiple cloning site (modified vector kindly provided by Dr Sally
Lowell). Therefore, flow cytometric analysis of live cells after selection with puromycin
allowed quantitation of the proportion of cells that were expressing the constructs. In the
case of the wt and kd IRAKI constructs, approximately 40 % of cells were EGFP positive
(Fig. 2.1). The constitutively activated and dominant negative M E K l constructs used in
Chapter 3 were present in a standard pBabe puro vector and infection of human
kératinocytes with these constructs was performed by Dr Ingo Haase (Haase et al., 2001;
Zhu et al., 1999).

2.1.8 Suspension culture

Medium for keratinocyte suspension culture
To induce terminal differentiation of primary human kératinocytes, cells were placed in
suspension in methyl-cellulose supplemented medium to prevent integrin-m ediated
attachment (Adams and Watt, 1989; Green, 1977). 3.5g methyl cellulose (Sigma) was
autoclaved in a 400 ml centrifuge tube along with a stirrer bar. 180 ml FAD medium
(preheated to 60°C) was added to the methyl cellulose and the contents stirred for 30 min
at room temperature and then overnight at 4®C. After addition of 20 ml FCS, the medium
was centrifuged in a Beckman J2-21 at 9500 rpm for 30 min. Methyl cellulose (1.75 %
w/v) medium was aliquoted and stored at -20®C. Imm ediately before use, the HCE
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Figure 2.1: Flow cytometric analysis of IRAKI pBabe puro 1RES EGFP infected
kératinocytes.
A transgene negative mouse keratinocyte line was infected with pBabe puro 1RES-EGFP
empty vector alone or vector containing IRAKI wild type (wt) or kinase dead (kd) inserts.
Two independent infections with each IRAKI construct were set up (1 and 2). After
puromycin selection cells were harvested as a single cell suspension and analysed by
flow cytometry for EGFP expression. Constructs are as shown and are compared to an
uninfected control. Percentage gated, EGFP positive cells in each sample is indicated.
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cocktail plus insulin (HICE) was added as for keratinocyte medium and mixed thoroughly.
The FCS used for keratinocyte culture contains soluble fibronectin which is able to inhibit
the suspension - induced differentiation of kératinocytes (Adams and Watt, 1989). FCS
could therefore be depleted of fibronectin by incubation with Gelatin Sepharose 4B
(Amersham Pharmacia Biotech) for 1 h at room temperature with gentle stirring. The
fibronectin-stripped FCS was then sterilised and purified away from the gelatin sepharose
by filtering through a 0.22pm stericup (Millipore). The stripped serum was used in the
suspension culture of primary human kératinocytes (Chapter 3).

Preparation ofpohH E M A coated dishes
To prevent substrate attachment of kératinocytes during suspension culture, bacteriological
grade plastic petri dishes were used. These were coated with polyHEMA (type NCC, cell
culture grade. Hydro Medical). A 10 % stock solution was prepared by dissolving
polyHEMA in 95 % ethanol overnight at 37®C. To produce a working solution, the 10 %
stock was diluted to 0.4 % in 50 % acetone, 50 % ethanol at room temperature. 2 ml
working solution was added to a 10 ml petri dish and swirled quickly to coat the bottom of
the dish before being immediately removed. Plates were left to dry for 1 h in a tissue
culture hood before use.

Keratinocyte suspension culture
Preconfluent primary human kératinocytes were rinsed with versene to remove feeders,
harvested with trypsin/versene solution and resuspended at 2x10^ cells/ml in complete
FAD. The cells were then diluted 10 fold into complete methyl cellulose supplemented
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FAD and mixed gently to ensure that the kératinocytes were evenly distributed. 50 ml of
cell suspension was added to one 10cm dish and incubated for the required time in a
humidified 37°C incubator. To harvest the kératinocytes after suspension, the methyl
cellulose was diluted 10 fold with versene and centrifuged in 250 ml conical bottom
Beckman bottles at 2000 rpm for 10 min. The recovered cells were then washed once in
10 ml PBS^bc and fixed in 4 % paraformaldehyde for flow cytometry (Section 2.2.4). Time
0 suspension cells were harvested immediately after placing in methyl cellulose.

Suspension culture for mouse keratinocvte lines
To induce differentiation of spontaneously im m ortalised mouse keratinocyte lines a
modified suspension culture protocol was used com pared to that for primary human
kératinocytes. In this case, the complete FAD medium used for suspension culture was not
supplemented with methyl cellulose. This modified suspension method was used for the
mouse keratinocyte lines as the secretion of cytokines in suspension was to be assayed by
ELISA (see Section 2.3.3 and Chapter 3) and it was more convenient to collect and assay
samples of suspension media that were not supplemented with methyl cellulose. 6cm petri
dishes were coated with 3 ml of a 2 % molten agarose solution made up in PBS which was
then allowed to solidify in a tissue culture hood. 10 ml complete FAD medium was added
to the agarose-coated dishes which were then incubated overnight in a humidified 32°C
incubator. The medium was removed from the dishes leaving the medium-conditioned
agarose coating which is more effective at preventing cell adhesion than polyHEMA
coating (Harvat et al., 1998).
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Preconfluent mouse kératinocytes were harvested as usual, pelleted, resuspended in
com plete FAD at 2x10^ cells/ml and added to the agarose-coated plates. 5 ml of
resuspended cells were placed into one 6cm dish and incubated at 32®C in a humidified
incubator for the required length of time. To harvest cells from suspension they were
centrifuged at 1000 rpm for 3 min, a sample of suspension medium supernatant removed
for cytokine ELISA (see Section 2.3.3) and cells then washed once in 10 ml FBS^^bc before
lysing to assay for levels of intracellular cytokine (Section 2.3.1). Samples of media to be
used for cytokine ELISA were stored at -20°C before use.

Replating o f suspended cells
In some experiments, mouse keratinocyte lines harvested from suspension culture were re
plated onto collagen coated dishes (Chapter 3). Human placental type IV collagen (Sigma)
was dissolved in sterile filtered 0.25 % acetic acid at 2mg/ ml by mixing end over end at
4°C for 2-4h. This stock solution was aliquoted and stored at -20°C until use. Petri dishes
were coated at 4°C overnight with 10 p-g/ml type IV collagen diluted in PES^ bc ^rid then
blocked with 0.5 mg/ml heat denatured ESA in PES^ bc ^137^C for Ih. Plates were washed
3 times with PES^ bc before use. 5 ml of mouse kératinocytes from suspension (containing
1x10^ cells) were added to one 6cm collagen-coated dish. After the required re-plating
time a sample of medium was taken for cytokine assays and the remaining medium
discarded. Adherent cells were then washed twice in 10 ml PES^ bc before lysis (Section
2.3.1).
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2.1.9 Manipulation of cultured kératinocytes
The various growth factors, cytokines and inhibitors of signalling molecules used to
manipulate keratinocyte activities are listed in Tables 2.1 and 2.2.

Table 2.1 Growth factors, cytokines and other stimuli
Factor/Cytokine/

Stock solution

Working

Source

compound

concentration

Recom binant human 1mg/ml

lOng/ml or O.lng/ml

Peprotech

lOng/ml

R&D Systems

lOng/ml

R&D Systems

lOng/ml

R&D Systems

EOF
Recom binant human 20|xg/ml
IL -la
Recom binant human 20pg/ml
IL -ip
Recombinant human 20pg/ml
IL-6
Porcine TGF-(3

lOpg/ml

lOng/ml

R&D Systems

TPA

Img/ml

25ng/ml

Sigma

All compounds were handled and stored according to M anufacturer’s instructions. TPA
stock was made up in DMSO. Lyophilised cytokines where resuspended in 0.5 % BSA
dissolved in PBS, aliquoted and stored at -20°C.
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Table 2.2 Inhibitors
Compound

AG1478

Target

Stock

W orking

Source/references

molecule/s

solution

concentration

EGFR

10 mM

10 |xM or 1 pM Sigma (Levitzki and
Gazit, 1995)

Bisindolylmaleimide

PKC

5 mM

5 pM

Sigma

(Martiny-

Baron et al., 1993)
CAPE

NF kB

25 mg/ml

25 |xg/ml

B IO M O L (Bian et
al., 2001; Natarajan
et al., 1996)

Soluble Heparin (Cell HB-EGF,
culture grade)

100 mg/ml

500 pg/ml

AR

Sigma (Cook et al.,
1995; Kalmes et al.,
2000)

LY294002

PI3 kinase

50 mM

50 pM

Sigma (Vlahos et al.,
1994)

SB203580

p38 MAPK 10 mM

10 pM

Sigma (Cuenda et al.,
1995)

U0126

M EK l/2

10 mM

10 pM

Prom ega (Favata et
al., 1998)

All stock solutions except for heparin were made up in DMSO, aliquoted and stored at
-20^C. Heparin was added to PBS and warmed to 37®C to dissolve before storing at -20°C.
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Response to growth factors/cMtokines
In many experiments, kératinocytes were monitored for their response to exogenous
stimuli in terms of activation of signalling systems such as the ERK MAPK cascade and
NF kB pathway and subsequent alterations in cytokine production. Preconfluent primary
human kératinocytes had feeders removed with versene washes and were starved overnight
in FAD alone without FCS or HICF cocktail. The overnight medium was then replaced
with FAD alone as an un stimulated control or FAD supplemented with various growth
factors and cytokines (Chapter 3). Mouse keratinocyte lines could be cultured without
feeder cells so were simply rinsed with FAD containing 0.5 % FCS with no HICF cocktail
and then transferred to 0.5 % serum medium overnight. The required stimulus was added
to the overnight medium and mixed by gentle rocking of the tissue culture dish (Chapter
5). Also, in some instances, inhibitors were added to the cells 30 min prior to stimulation
and com pared to diluent - treated controls. A fter the required incubation period,
kératinocytes were washed twice with PBS^bc and harvested in lysis buffer (Section 2.3.1).
For these experiments, cells were typically cultured in 6 well tissue culture plates (Costar)
with each well of cells subject to different conditions/stimulation as was necessary.

Cytokine neutralisation studies
Inhibition of autocrine stimulation of kératinocytes was perform ed using neutralising
antibodies against specific cytokines (see Section 2.2.2 and Table 2.5). Mouse keratinocyte
lines were washed twice in FAD + 0.5 % FCS then transferred for approximately 16h to
FAD + 0.5 % FCS containing the appropriate neutralising antibody. The low serum and
absence of HICF cocktail enabled predominantly autocrine stimulation of the cells to
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occur. Cells were subsequently washed twice in PBS prior to harvesting in lysis buffer
(Section 2.3.1).

2.2 Immunological methods

2.2.1 General solutions

Paraformaldéhyde solution
A 10 % solution was prepared by adding paraformaldehyde powder (BDH) to PBS and
heating at 60°C until mostly dissolved. A few drops of IM NaOH were added to
completely clear the solution which was then allowed to cool to room temperature before
adjusting the pH to 7.6 with HCl. The stock was aliquoted and stored at -20°C. A 4 %
paraformaldehyde solution was used to fix cells and tissue.

Formol saline (Prepared by CR-UK)
50g NaCl and 150g NazSO^ were dissolved in 81 of dH20 before addition of 11 of 40 %
formaldehyde. The final solution was made up to 101 and was not autoclaved.

Gelvatol mounting solution
The Gelvatol mounting solution was prepared as described by Harlow and Lane (Harlow
and Lane, 1988). 2.4g Gelvatol (Monsanto Chem icals) was mixed with 6g glycerol
(Sigma) and vortexed. 6ml dH20 was added, mixed and left to stand for 90 minutes at
room temperature. 12.5ml of 200mM Tris-HCl, pH8.5 was added and the solution was
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vortexed, heated to 50°C and vortexed again. Heating and vortexing were repeated three
times and the solution placed on an end over end mixer overnight at room temperature.
DABCO (Sigma) was added as an antifade agent to 2.5 % and mixed to dissolve. The
solution was then centrifuged at 2000rpm for 10 minutes at room temperature and stored in
aliquots at -2QPC until use.

2.2.2 Antibodies
All the antibodies used are listed in Tables 2.3 to 2.8. (Key to antibody uses: FC, Flow
cytom etry; W B, W estern blot; IF, Im m unofluorescence/histochem istry; Neut,
Neutralisation).

Table 2.3 Antibodies to keratinocyte differentiation markers
Antibody Antigen
name
specificity
SY5
Human involucrin
B.Cl
SQ37C

Species

mouse
monoclonal
Transglutaminase I mouse
monoclonal
a comifin
rabbit
polyclonal

ERLI-3

mouse involucrin

rabbit
polyclonal

MK6

mouse keratin 6

MKIO

mouse keratin 10

MK14

mouse keratin 14

rabbit
polyclonal
rabbit
polyclonal
rabbit
polyclonal
rabbit
polyclonal
rabbit
polyclonal

keratin 17
A F62

loricrin

Dilution

References/
source
FC 1:100 (Hudson et al., 1992)
FC 1:100 gift of Dr R. Rice (Thacher
and Rice, 1985)
gift of D r A. Jetten (Fujimoto
FC
et al., 1997)
1:800.
WB
1:5000
IF 1:800. (Li et al., 2000)
WB
1:10000
IF 1:600 purchased from Covance
IF 1:1000 purchased from Covance
IF
purchased from Covance
1:10000
IF 1:1000 (M cGowan and Coulom be,
1998)
IF 1:500 purchased from Covance
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AF 111

filaggrin

rabbit
polyclonal

IF 1:1000 purchased from Covance

Table 2.4 Antibodies to signalling molecules
Antibody Antigen
name/no. specificity
ElO
Phospho-ERKl/2
(Thr202/Tyr204)
Phospho-ERKl/2
#9101
(Thr202/Tyr204)
#9102

ER K l/2

SC-1647

ERK2

#9211

Phospho-p38
MAPK
(Thrl80/Tyrl82)
p38 MAPK

SC-7972
5A5
#9242

Phospho-lKBa
(Ser32/36)
iKBa

SC-219

M EK l

SC-7883

IRAKI

Species

Dilution

mouse
monoclonal
rabbit
polyclonal

WB
1:2000
WB
1:1000.
IF 1:100
WB
1:1000
WB
1:1000
WB
1:1000

rabbit
polyclonal
mouse
monoclonal
rabbit
polyclonal
mouse
monoclonal
mouse
monoclonal
rabbit
polyclonal
rabbit
polyclonal
rabbit
polyclonal

WB
1:1000
WB
1:2000
WB
1:1000
WB
1:1000.
IF 1: 100
WB
1:1000

References/
source
p u rc h a se d
fro m
Signaling Technology
p u rc h a se d
fro m
Signaling Technology

C e ll
C e ll

p u rc h a se d
fro m
C e ll
Signaling Technology
purchased from Santa Cruz
p u rc h a se d
fro m
Signaling Technology

C e ll

purchased from Santa Cruz
p u rc h a se d
fro m
C e ll
Signaling Technology
p u rc h a se d
fro m
C e ll
Signaling Technology
purchased from Santa Cruz

purchased from Santa Cruz

Table 2.5 Antibodies to cytokines
Antibody
name/no.
AF-400NA
MAB400
AF-480NA

Antigen
specificity
mouse IL -la
mouse IL - la
mouse IL -lra

Species
goat
polyclonal
rat
monoclonal
goat
polyclonal

Concentration

References/
source
W B 0.2pg/m l. p u rc h a s e d
Systems
Neut. 0.2|Lig/ml
p u rc h a s e d
Neut. 5pg/ml
Systems
WB 0.04pg/ml
p u rc h a s e d
Systems

fro m

R&D

fro m

R&D

fro m

R&D
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AF-406NA
AF-410NA
AF-415NA
MAB1835

mouse IL-6
mouse TN Fa
mouse GM-CSF
TGF-P1,-P2,-P3

goat
polyclonal
goat
polyclonal
goat
polyclonal
mouse
monoclonal

Neut. 0.4pg/ml
Neut. l_g/m l
Neut. 0.4_g/ml
Neut. l_g/m l

p u rc h a s e d
Systems
p u rc h a s e d
Systems
p u rc h a s e d
Systems
p u rc h a s e d
Systems

fro m

R&D

fro m

R&D

fro m

R&D

fro m

R&D

Table 2.6 Antibodies to inflammatory cell markers
Antibody
name/no.
17A2

Antigen
speciflcity
mouse CD3

RM4-5

mouse CD4

53-6.7

mouse C D 8a

CI:A3-1

F4/80 antigen

NLDC-145 DEC-205

7/4

mouse neutrophils

Species

Dilution

rat
monoclonal
rat
monoclonal
rat
monoclonal
rat
monoclonal
rat
monoclonal

IF 1:100

rat

IF 1:100
IF 1:100
IF 1:100

References/
source
p u rc h a se d
Biosciences
p u rc h a se d
Biosciences
p u rc h a se d
Biosciences
purchased from

fro m

BD

fro m

BD

fro m

BD

Serotec

IF
n e a t gift o f D r Reis E Sousa
(Kraal et al., 1986)
(hybridoma
supernatant)
p ro v id ed by the C R-U K
IF 1:100
H is to p a th o lo g y
U n it
(purchased from Serotec)

Table 2.7 Miscellaneous antibodies
Antibody Antigen
Species
name/no. speciflcity
human p i integrin mouse
P5D2
monoclonal
AC40
actin
mouse
monoclonal
ab6196
(His)g tag
mouse
monoclonal
NCLK367 Ki67
rabbit
polyclonal

Dilution
Neut
O.Img/ ml
WB 1:1000

References/
source
obtained from DSHB (Dittel
et al., 1993)
purchased from Sigma

WB 1:1000

purchased from Abeam

IF 1:100

provided by the CR-UK
H is to p a th o lo g y
U n it
(p u rch ased from V ector
Laboratories)
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3D4
JAMA147
12A6

BrdU

IF 1:25
mouse
monoclonal
mouse IL -IR type hamster
Neut l|xg/ml
I
monoclonal

mouse IL -IR type rat
IF 1:50
I
monoclonal

p u rc h a se d
fro m
BD
Biosciences
purchased from Santa Cruz
(Rogers et al., 1992) (Azide
free version)
p u rc h a se d
fro m
BD
Biosciences

Table 2.8 Secondary antibodies
Antigen specificity

Conjugate

Species

Source

mouse IgG, whole molecule

Alexa 488

Goat

Molecular Probes

rat IgG, whole molecule

Alexa 488

Goat

Molecular Probes

rabbit IgG, whole molecule

Alexa 488

Goat

Molecular Probes

mouse IgG, whole molecule

Alexa 594

Goat

Molecular Probes

rat IgG, whole molecule

Alexa 594

Goat

Molecular Probes

rabbit IgG, whole molecule

Alexa 594

Goat

Molecular Probes

mouse IgG, whole molecule

HRP

Sheep

BD Biosciences

rabbit IgG, whole molecule

HRP

Donkey

BD Biosciences

goat IgG, whole molecule

HRP

Rabbit

Sigma

mouse IgG, whole molecule

Biotin

Rabbit

DAKO

2.2.3 Immunofluorescence and Immunohistochemistry

Preparation o f paraffin and cryosections o f human and mouse skin
To collect mouse skin for paraffin sections, the back and/or belly of the mouse was shaved
before removing the skin and stretching out onto a backing card (dermal/connective tissue
side down). The supported skin was then placed into formol saline overnight before
transferring to a 70 % ethanol solution. Small squares of skin (approximately 15mm x
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5m m) were cut out and mounted in paraffin blocks by the CR-UK Histopathology Unit.
5|Lim sections were then cut from the blocks using a microtome and mounted onto glass

slides. Prior to immunostaining, sections were dewaxed by washing twice in Xylol
followed by four washes in isopropanol solutions of decreasing concentration (100 %,
96 %, 75 %, 50 %). Sections could be stained with haematoxylin/eosin (H&E) for
observation of skin histology (Performed by CR-UK Histopathology Unit). For general
immunostaining, dewaxed sections were placed in Citra Plus antigen retrieval solution
(BioGenex) and microwaved for sufficient time to boil the retrieval solution for 10-15s
(Typically requiring 2 min 15s at full power). The slides were then left to cool down in the
retrieval solution for 20 min at room tem perature before washing in PBS and then
processing according to the standard immunostaining procedure.

To produce frozen sections of both human and mouse skin, small squares of skin sample
were placed in a plastic mould containing O.C.T compound (BDH) and then frozen on
liquid nitrogen - cooled isopentane. Frozen blocks were stored at -70®C before cutting
6pm sections with a cryomicrotome (Reichart-Jung) and mounting onto slides (Superfrost
Plus, BDH). All sectioning was performed by the CR-UK Histopathology Unit. Frozen
human skin samples (e.g. psoriatic lesions, foreskin, abdomen) were thawed at room
temperature for 20 min and then fixed in 4 % paraformaldehyde for 10 min also at room
temperature. Fixed sections were washed with 3 changes of PBS before immunostaining.
Frozen mouse skin sections were fixed according to a different protocol: sections were
again thawed at room temperature but were then fixed in pre-cooled acetone at -20°C for
10 min, washed 3 times in PBS and used for immunostaining. Frozen and paraffin sections
that were to be stained by immunohistochemistry rather than immunofluorescence were
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incubated prior to immunostaining in 3 % H 2O 2 in dH20 for 5 min to quench peroxidase
activity present in the tissue.

Immunofluorescence and immunohistochemistry staining protocols
Fixed sections were blocked with 10 % goat serum (Sigma) in PBS for 1 h at room
temperature and then incubated with primary antibody diluted to an optimal concentration
in the blocking solution. Typically, sections were incubated with the primary antibody for
1 h at room temperature but in the case of antibody against phospho-ERK l/2 incubation
was at 4°C overnight. Further, when using phospho-specific antibodies PBS was replaced
with TBS as the phosphate present in PBS interferes with recognition of the phosphoepitope by these antibodies (Dr Douglas Campbell, personal communication). Sections
were then washed in PBS or TBS 3 times for 20 min each wash. For immunofluorescence,
secondary antibody coupled to a fluorophore (either Alexa 488 or Alexa 594) was used at a
dilution of 1:1000 in blocking solution for 30 min at room temperature before washing as
before. Sections were finally rinsed 3 times in dH20 for 5 min each to remove PBS and
then mounted in gelvatol solution. In some experiments, sections were double stained
using two primary antibodies of distinct species simultaneously and then probed with
species-specific secondary antibodies coupled to different fluorophores. Also, DAPI
(Molecular Probes) could be used to produce a nuclear counter-stain. Stained sections were
viewed using either a Zeiss Axiophot microscope (Carl Zeiss) or a Zeiss LSM 510
confocal laser scanning microscope (Carl Zeiss) with an argon laser at 488nm and 568nm
and a helium-neon laser at 633nm.
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For immunohistochemistry, a secondary antibody coupled to biotin was used (biotinylated
rabbit anti-mouse from DAKO was used at a dilution of 1:750). Sections were washed
tw ice

in

PBS

before

incubation

for

30

m in

at room

tem p eratu re

w ith

streptABComplex/HRP (prepared according to the manufacturers instructions, DAKO).
Slides were washed twice again in PBS and then developed in DAB substrate solution for
exactly 1 min at room temperature in the dark (5mg DAB in 10 ml PBS supplemented with
20 pi of 30 % H 2O 2 in dIÎ20). After 3 washes in dïÎ20 sections were counterstained with
haematoxylin and mounted.

BrdU immunostaining protocol
To detect S-phase kératinocytes mice were injected with BrdU 1 h before being killed and
their skin harvested (see section 2.5.4). BrdU that had been incorporated into the DNA of
those cells going through S-phase of the cell cycle could be detected by
immunofluorescence or immunohistochemistry as follows. Paraffin skin sections were
dewaxed as above and placed in Automation Buffer (Biomeda Corporation) for 5 min.
Slides were then incubated in prewarmed 2N HCl at 37°C for 30 min followed by borate
buffer pH 7.6 for 3 min at room temperature. The sections were digested in prewarmed
0.01 % trypsin in 0.05M Tris pH 7.5 for 3 min at 37®C before a further incubation in
Automation Buffer for 5 min at room temperature. The sections were blocked with 10 %
goat serum in Automation Buffer for 30 min before incubation for 1 h at room temperature
with anti-BrdU antibody (Becton Dickinson) diluted 1:25 into 1 % BSA in Automation
Buffer. After 3 washes of 20 min each with Automation Buffer slides were probed with
either Alexa 488 or biotin - conjugated secondary antibody for 20 min at room
temperature, for immunofluorescence or immunohistochemistry respectively (described
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above). The secondary antibody was diluted in 1 % BSA in Automation buffer and final
washes were in PBS then dH20 as usual. Mounting of slides was performed as described in
the previous section.

2.2.4 Flow cytometry
To stain keratinocyte intracellular epitopes for flow cytometry, harvested cells were first
washed with 10 ml EBS^bc

then fixed in 4 % paraformaldehyde for 10 min at room

temperature. Fixed cells were washed twice in PBS^bc and at this point could be stored at
4°C for up to a week before immunostaining. The following method used for staining
intracellular epitopes is modified from (Gandarillas and Watt, 1997). Up to 5x10^ fixed
cells were placed in an Eppendorf tube in 0.45 ml PBS to which was added 50 pi of a 3 %
saponin (Sigma) solution to permeabilise the cells. The stock saponin solution was 10 %
(w/v) in PBS, aliquoted and stored at -20°C. A fter incubation for 20 min at room
temperature, 0.5 ml of PBS was added and the cells pelleted by spinning in a bench top
centrifuge at 14000 rpm for approximately 16s. The pellet was resuspended in 100 pi of
primary antibody diluted in 10 % FCS and 0.1 % saponin in PBS (PSF) and incubated for
20 min at room temperature with occasional agitation. The cells were then washed twice in
1 ml PSF before resuspending in 100 pi Alexa 488 conjugated secondary antibody diluted
1:100 in PSF. After a 20 min room temperature incubation, cells were again washed twice
in PSF and finally resuspended in 0.5 ml PBS. The stained kératinocytes were analysed on
a Becton-Dickinson FACScan machine (Gandarillas and W att, 1997).
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2.3 Biochemistry

2.3.1 Extraction of proteins

Extraction o f proteins for Western blot analysis
Kératinocytes that were to be harvested for Western blot analysis were washed twice in
PBS then lysed on ice in a modified RIPA buffer containing 50 mM Tris pH 8.0, 150 mM
NaCl, 1 % NP-40, 0.1 % SDS, 0.5 % Deoxycholate, 5 mM EDTA and 1 % Triton X-100
which was supplemented with protease and phosphatase inhibitor cocktails (Sigma). The
inhibitor cocktails were used at a dilution of 1:100 and were aliquoted and stored
according to the Manufacturer’s instructions. Phosphatase cocktails 1 and 2 were both used
to inhibit as broad a range of protein Tyr and Ser/Thr phosphatases as possible. The
protease inhibitor cocktail is specifically designed for mammalian tissues.

Cells were scraped into the supplemented RIPA buffer and stored at -20°C. Immediately
prior to use, samples were thawed and cell debris pelleted by centrifugation at 14000 rpm
for 10 min at 4°C in a bench top centrifuge. The supernatant was assayed for protein
content and then used for subsequent analysis.

Extraction o f proteins for cytokine ELISA
For the assay of intracellular levels of cytokine by ELISA, cells were washed twice in PBS
then lysed on ice in a buffer typically containing 1.0 % NP-40, 150 mM NaCl, and 50 mM
Tris pH 8.0 supplemented with protease inhibitor cocktail. Samples were stored at -20®C
and immediately before use were thawed and cell debris pelleted as above. Lysates were
assayed for protein content and diluted prior to the ELISA so cytokine concentrations in
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the sample were within the range of cytokine standards used (see Section 2.3.3). For the
assay of intracellular I L - la in mouse keratinocyte lines, all lysates were diluted to 10
pg/ml total protein in 5 % BSA in PBS and processed immediately.

BCA protein assay
The concentration of protein in samples was determined using a BCA protein assay kit
(Pierce). The kit is based upon the Biuret reaction involving the reduction of Cu^^ ions to
the Cu^^ (cuprous) ion by protein in alkaline medium. Chelation of the cuprous ion to
bicinchoninic acid (BCA) molecules provides a sensitive colorimetric detection method
with the reaction product exhibiting a strong absorbance at 562nm. The absorbance is
linear over a 20-2000 |ig/ml protein concentration range. A protein standard curve was
produced from 0 to 2000 p,g/ ml protein by making dilutions of a 2 mg/ ml BSA solution
(Pierce) into PBS according to the M anufacturer’s instructions. Protein samples to be
assayed were diluted 1:4 to 1:5 in PBS to minimise interference of lysis buffer detergent
and supplements with the reaction and also to place the protein concentration within the
standard curve. The assay was set up on a 96-well plate (DYNEX Technologies) according
to the Manufacturers instructions and all standards and samples were assayed in triplicate
wells. The plate was incubated at 37°C for 30 min and the absorbance at 562nm was then
read

on

a T itertek M ultiscan M CC/340 M KII spectrophotom eter. The protein

concentration of each sample was determined against the standard curve.
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2.3.2 SDS-PAGE and Western blotting

Laemmli sample buffer
2x Laemmli sample buffer (reducing) comprised 125mM Tris-HCl, pH6.8, 2% SDS, 20%
glycerol, 0.02% bromophenol blue and 10% (v/v) P-mercaptoethanol. The sample buffer
was aliquoted and stored at -20°C.

SDS-PAGE
Vertical mini-gel electrophoresis apparatus (Atto) was used. Gels were prepared between
the glass plates using the method of Laemmli (Laemmli, 1970). Table 2.9 describes the gel
compositions. Immediately after pouring the resolving gel solution, 0.5 ml of dH20 was
carefully applied to ensure a level interface as well as to eliminate an air-acrylamide
interface. Gels were allowed to polymerise at room temperature for approximately 30 min.
The dH20 layer was discarded from the top of the resolving gel and the stacking gel
solution was then poured. An 8 or 12 well comb was inserted to create wells and the gel
was left to polymerise. After the gel had set, the comb was removed and the wells were
flushed with SDS-PAGE running buffer which comprised 50mM Trizm a base, 384mM
glycine and 0.1% SDS.

Equal amounts of protein from each sample (typically 10-20pg total protein) were diluted
into Laemmli sample buffer and placed in a 100°C hot block for 5 min before being briefly
spun down in a bench top centrifuge and applied to the wells using capillary pipette tips.
lOpl pre-stained rainbow molecular weight markers (Amersham) were added to lOpl
Laemmli sample buffer, boiled for 5 min and loaded into one of the wells. Samples were
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electrophoresed at 120V until the dye front had run off the bottom of the gel and the gel
was then removed and prepared for Western blot.

Table 2.9 Preparation of SDS-PAGE gels

Stock solutions
4 0 % Acrylamide mix (37.5:1 acrylam ide to bis-acrylamide

Solution A

ratio) (Amresco)
Solution B

3M Tris-HCl, pH 8.8 (BDH)

Solution C

10 % SDS in dH^O

Solution D

2M Tris-HCl, pH 6.8 (BDH)

AP

10 % ammonium persulphate (Bio-Rad) in dH20, aliquots stored
at -20°C
N,N,N’,N’-tetramethylethylenediamine (Bio-Rad)

TEMED

Resolving gels (15 ml)
stock solutions
A

B

C

dH^O

AP

TEM ED

8%

3 ml

1.9 ml

0.15 ml

9.8 ml

0.15 ml

9 pi

10%

3.75 ml

1.9 ml

0.15 ml

9.05 ml

0.15 ml

6 pi

12%

4.5 ml

1.9 ml

0.15 ml

8.3 ml

0.15 ml

6 pi

15 %

5.625 ml

1.9 ml

0.15 ml

7.715 ml

0.15 ml

6 pi

103

Chapter 2. Materials and Methods

Stacking gel (10 ml)
stock solutions
A

C

D

dH^O

AP

TEM ED

1.275 ml

0.1 ml

0.625 ml

7.85 ml

0.1 ml

10 pd

Transfer huifer

.. .

. _

The transfer buffer for Western blotting was made up freshly each time: 8.75g Trizma base
and 43.5g Glycine were dissolved in 500 ml dH20 to which was added 15 ml of a 10 %
SDS solution. The buffer was made up to 1.21 before the addition of 300 ml of methanol
and was then thoroughly mixed.

Western blotting
After electrophoresis, proteins were transferred onto PVDF membrane (Millipore) which
had been pre-wet in absolute methanol. Mini-Tran^ Blot Cells (Bio-Rad) were used to
transfer the protein and were set up according to the manufacturers instructions. Transfer
took place on the bench for 1 hour 15 min at 350mA current using the supplied cooling
units. The blot was then rinsed briefly in TBS containing 0.1 % Tween-20 (TBST) before
blocking with 5 % milk powder (99 % fat free, Premier Brands UK Ltd.) dissolved in
TBST for at least 1 hour at room temperature.

Probing blots with antibodies and ECL detection
Blocked membranes were incubated with primary antibody typically diluted in 5 % milk
powder solution in TBST. Some antibodies (according to manufacturers instructions) were
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diluted in 5 % BSA in TBST. Incubation with primary antibody was at 4°C overnight with
gentle agitation. After 3 x 20-30 min washes with TBST, the blots were incubated for 1
hour at room temperature with HRP-coupled secondary antibody diluted 1:5000 in 5 %
milk, TBST. Membranes were then washed 3 or 4 times with TBST again. To detect
bound HRP, a chem ilum inescence kit was used according to the M anufacturer’s
instructions (“W estern Lightning” NEN). X-ray films were exposed in autoradiography
cassettes lined with reflective screens. Densitometry of bands produced on films was
carried out using NIH Image vl.58. If blots were to be re-probed they were stripped in a
200 mM Glycine pH 2.5 solution containing 0.4 % SDS for 30 min at room temperature
with agitation. Blots were then rinsed in IM Tris-HCl pH 7.5 and washed 3 times for 5
min each with TBST before re-blocking and subsequent incubation with another primary
antibody.

2.3.3 ELISA
To quantitate levels of secreted or intracellular cytokines (IL -Ia, IL -lp , IL-6 and TNFa),
samples of conditioned media (assayed neat) or cell lysates (typically diluted to 10

|Lig/

ml

total protein) respectively were assayed using Quantikine ELISA kits (R&D Systems). The
kits were used according to the Manufacturer’s instructions and the microplates read on a
Titertek Multiscan MCC/340 MKII spectrophotometer. All samples and standards were
assayed in duplicate wells.
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2.4 Molecular Biology

2.4.1 General solutions
L-broth (LB) (CR-UK)
L-broth (LB) for bacterial culture comprised 1% Bacto-Tryptone (Difco), 0.5% yeast
extract (Difco) and 170mM NaCl and was sterilised by autoclaving.

L-agar (CR-UK)
L-agar comprised 1.5% bacto-agar (Difco, w/v) in LB. The agar was dissolved by heating
in a microwave oven and allowed to cool to 50°C before adding the selection antibiotic.
The solution was then poured into 100mm bacteriological petri dishes and left to set on a
level platform. Agar dishes were stored at 4°C, agar side up.

Ampicillin stock solution
Ampicillin (Sigma, stock 100 mg/ml in dH20) was used as a selection antibiotic and was
added to LB or L-agar to a final concentration of 100 pg/ml.

Tris/EDTA buffer (TE)
TE was used as a general storage buffer for DNA and comprised lOmM Tris-HCl and
ImM EDTA, pHS.O.
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Tris-acetate-EDTA buffer (TAE)
A 50x stock solution was prepared by dissolving 242g Trizma base and 57.1ml glacial
acetic acid (BDH) in dHzO. 100ml 0.5M EDTA, pH8.0 were added and the final volume
was made up to 11.

S S C ( CR-UK)
A 20x stock solution was prepared by dissolving 175g NaCl and 882g sodium citrate in 11
dH^O.

Church Buffer
This was freshly made up before each Southern blot hybridisation. 100 ml of Church
Buffer contained 50 ml IM Sodium Phosphate buffer pH 7.2, 35 ml 20 % SDS, 200 |xl
0.5M EDTA and 0.5g Milk powder (Premier Brands UK Ltd.) dissolved in 10 ml dH20.

Agarose/TAE gel
This was used in the electrophoresis of DNA. 0.8-2% (w/v) ultra pure agarose (Gibco
BRL) was melted in a microwave oven in Ix TAE buffer. Ethidium bromide was added at
0.05 pg/ml to agarose solution before casting in gel mould. Typically, DNA was
electrophoresed at constant voltage of 80-100V in Ix TAE buffer.
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DNA loading buffer
6x DNA gel loading buffer comprised 0.25% bromophenol blue (Sigma), 0.25% xylene
cyano (Sigma) and 30% (v/v) glycerol in dH20. The loading buffer was stored at 4°C.

2.4.2 DNA techniques

Enzymatic manipulation o f DNA fragments
Restriction enzymes and T4 DNA ligase were purchased from NEB and used for
restriction digestions and DNA ligations, respectively. DNA polymerase Klenow fragment
(NEB) and dNTPs (Gibco BRL) were used to blunt end DNA fragments. Calf intestinal
alkaline phosphatase or shrimp alkaline phosphatase (Boehringer Mannheim) were used to
remove 5’ phosphate groups from DNA fragments.

Bacterial transformation
One Shot TOP 10 competent E. coli (Invitrogen) were used for cloning of DNA. 0.1 |xg
DNA from ligations or Ing of plasmid DNA was added to a 50 |il aliquot of competent
cells. The transformation was performed according to the M anufacturer’s instructions.

Preparation o f plasm id DNA
To screen colonies after ligation and transformation, single colonies were picked and
inoculated in 5 ml LB media containing the appropriate antibiotic, then grown overnight in
a 37°C agitator. 2 ml of the overnight culture was used for small scale preparation of

108

Chapter 2. Materials and Methods

plasmid DNA whilst the remainder was stored at 4°C. Qiagen mini-prep kits (Qiagen Ltd.)
were used for this initial plasmid purification.
For maxi preparations, 0.5 ml of the overnight culture was added to 150 ml LB plus
antibiotic and incubated overnight at 37°C in an agitator. Bacteria were pelleted by
centrifugation at 6000 rpm for 15 min in a Beckman J2-21 centrifuge. The plasmid DNA
was then purified using a Qiagen maxi kit according to manufacturers instructions.

Quantitation o f nucleic acids
Nucleic acids were diluted in 10 mM Tris-HCl pH 8.5 and placed in disposable plastic
UVettes (Eppendorf). Absorbance at 260nm and 280nm was read in an Eppendorf
BioPhotometer with the correct DNA or RNA program set-up.

Purification o f DNA from Agarose gels.
The percentage of agarose used in a gel was dependent on the size of DNA fragment that
was to be purified: a 0.5kb fragment was typically run on a 2 % gel whilst fragments of
3kb and larger were run on 1 % or 0.8 % gels. Ikb and lOObp DNA ladders (NEB) were
run alongside to determine fragment size. The gel slice containing the correct fragment
was removed using a clean scalpel. DNA was then purified from the agarose using a
Qiagen Gel Extraction kit. DNA was resuspended in 10 mM Tris-HCl pH 8.5.
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Sub-cloning cDNA constructs into the pBabe puro retroviral vector
pBabe puro was a gift from Dr H. Land (Morgenstem and Land, 1990; Morgenstem and
Land, 1991). It is a high titre, direct orientation, replication deficient retroviral vector
which expresses the inserted gene from the promoter within the Mo MuLV long terminal
repeats (LTR) and an RNA encoding puromycin resistance marker from the SV40 internal
early promoter (Figure 2.2). Homologous env coding sequences are deleted in the vector
(ATG-gag) without compromising recombinant vector titre. I used a modified pBabe puro
vector made by Dr Sally Lowell with an internal ribosome entry site driving an enhanced
green fluorescent protein construct following the multiple cloning site (pBabe puro IRESEGFP) (Figure 2.2). This provides a convenient way to monitor the efficiency of infection
in live cells (see Section 2.1.7 and Figure 2.1). The pBabe puro IRES-EGFP vector was
used in combination with the amphotropic retrovirus packaging Phoenix cell line (section
2.1.7).

Both wild type (wt) and kinase dead (kd) IRAKI constructs (kind gifts of Dr Keith Ray)
were provided in the pBK-RSV expression vector (Stratagene) (Cooke et al., 2001). The
kd version has a D340N mutation within the kinase subdomain VIb. The constructs were
removed from the vector by EcoRUXbal digestion and blunted using Klenow fragment and
dNTPs. The resulting fragments (2.5kb) were gel purified and ligated into pBabe puro
IRES-EGFP that had been digested with BamHl and also blunted. T4 DNA ligase was
used for the ligation which was performed at 16®C overnight. Prior to ligation, the cut and
blunted pBabe puro IRES-EGFP had 5' phosphate groups rem oved using alkaline
phosphatase to prevent self-ligation. The molar ratio of insert to vector was approximately
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Figure 2.2: Retroviral vector pBabe puro IRES-EGFP (see text for details). Modified from (Morgenstem and Land, 1990).
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10:1. Orientation of the insert was checked by 5am H I/£’c oRI digestion. To check that the
construct was also intact within the vector, the joins between the construct and vector were
sequenced using primers originating within the IR A K I cDNA. All sequencing was
performed using the Big Dye Terminator reaction mix provided by the CR-UK sequencing
facility.

Southern blots
Southern blots could be used as an alternative to PGR for the genotyping of transgenic
mice and also to estimate transgene copy number (see Section 2.5.2). 10 p,l of mouse tail
snip DNA sample was digested with the appropriate restriction enzyme overnight to ensure
complete digestion. Samples were run on a 0.8 % agarose TAE gel. The gel was denatured
in 400 mM NaOH for 30 min at room temperature with occasional agitation and the DNA
transferred overnight onto Hybond N-Plus membrane (Amersham Biosciences) by a
standard Southern blotting technique (Sambrook et al., 1989). The membrane was pre
hybridised in Church Buffer (20 ml per blot) for 1-4 h in a hybridisation oven (supplied by
Jencons) at 65°C in roller bottles. An Amersham Rediprime kit along with [a-^^P]-dCTP
(ICN) were used to generate labelled probe. The labelling reaction was performed
according to the Manufacturers instructions for 1 h at room temperature. Unincorporated
nucleotide was removed from the reaction with Nick columns (Parmacia) and the probe
eluted in TE. The purified, labelled probe was then denatured at 100°C for 5 min before
adding to the pre-hybridisation Church Buffer. The membrane was incubated with the
probe overnight at 65®C in roller bottles before discarding the hybridisation buffer,
washing briefly in 2xSSC/0.1 %SDS then for 15 min each first in 2xSSC/0.1 %SDS then
in O.lxSSC/0.1 %SDS. All washes were perform ed in roller bottles at 65°C. The
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membrane was then placed in Sarin wrap in an autoradiography cassette with reflective
screens at -70°C with X-ray film. Typically, an overnight exposure was sufficient to
produce a signal on the film.

2.4.3 cDNA macroarrays

RNA preparation
To address the possibility that InvEE transgenic mice have increased expression of
cytokines and/or growth factors (Chapter 4), a mouse cytokine expression macroarray
(R&D Systems) was probed with

labelled cDNA that had been generated from

transgenic and negative littermate control mouse skin. The isolation of total RNA from
mouse skin was based upon methods developed by Dr Isabel Arnold and D r David Owens
and is as follows. Mice were killed, their backs shaved and the skin removed. The dorsal
skin (containing dermis and connective tissue along with the epidermis) was then cut up
into approximately Icm^ pieces, wrapped in aluminium foil and flash frozen in liquid
nitrogen. Samples were stored in liquid nitrogen for up to one week before processing.

Processing of the skin to obtain RNA was perform ed with care using standard RNA
techniques (Sambrook et al., 1989). Four squares of skin from each mouse (approximately
200mg of tissue) were placed into 4 ml of TRI Reagent (Helena BioSciences) in a 50 ml
Falcon tube and homogenised on ice for 1 min using a Polytron homogenizer set to a high
speed. 0.8 ml chloroform was then added, mixed by vortexing and placed on ice for 20
min. The samples were transferred to centrifuge tubes and spun at 9500 rpm for 30 min at
4°C in a Beckman Ultracentrifuge using a 70Ti rotor. The upper, aqueous phase containing

113

Chapter 2. Materials and Methods

the RNA was carefully removed into RNase - free eppendorfs and equal volumes of
isopropanol were added and then mixed vigorously. Samples were placed at -20°C
overnight to precipitate the RNA which was then pelleted by spinning in a bench top
centrifuge at 14000 rpm for 20 min at 4°C. The pellet was washed twice in 70 % cold
ethanol, dried and resuspended in 200 p.1 RNase free dH20.

The resuspended RNA was cleaned up with an RNeasy kit (Qiagen) according to
manufacturers instructions: 2 Mini columns were used per sample and the bound RNA
eluted in a total of 60 \i\ RNase free dH20. The concentration of RNA in each sample was
then determined as described above. Quality of RNA was confirmed by running samples
on formaldehyde/agarose/ethidium bromide gels according to (Sambrook et al., 1989) and
to the suggestions of the macroarray manufacturer (R&D Systems).

Preparation o f probe and hybridisation
Radiolabelled cDNA was generated from the skin total RNA samples according to the
array M anufacturer’s instructions. An equimolar mix of primers corresponding to each
cDNA on the macroarray (also purchased from R&D Systems) was used in the cDNA
synthesis reaction. [a -” P]-dCTP (ICN) was used to radiolabel the cDNA; ^^P gives betterdefined spots on the array when compared to ^^P. The cDNA synthesis and purification kits
were purchased from R&D Systems. RNasin which was used as an RNase inhibitor during
the cDNA synthesis reaction was from Sigma.

Labelled cDNA samples from the InvEE transgenic and negative control mice were
incubated with separate array membranes. All subsequent washes and exposure onto X-ray
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film and Phosphorimager plates were performed in parallel between the two arrays so that
they were directly comparable. Array hybridisation, washing and exposure were performed
according to the Manufacturer’s instructions.

2.5 Transgenic mice

2.5.1 Generation of mice
To drive the expression of an activated M E K l construct in the suprabasal layers of
transgenic mouse epidermis (see Chapter 4), the involucrin promoter was coupled to the
S217E / S221E activated M EK l mutant (Alessi et al., 1994; Cowley et al., 1994). The
3700INV-pL2 plasmid contains a 3.7kb fragment of the human involucrin promoter which
is sufficient to drive a high level of expression in the suprabasal layers of mouse epidermis
(Carroll et al., 1993). 3700INV-pL2 was digested with Notl to remove the |3-galactosidase
insert (Figure 2.3) and blunted using Klenow fragment and dNTPs. The backbone was then
purified from a TAE agarose gel. The activated M EK l construct (originally provided by
Dr Chris Marshall) was obtained from a pBabepuro M EK l construct (Zhu et al., 1999) by
BamHUSall digestion, blunted as above and gel purified. Ligation of the blunted M EK l
cassette into the blunted 3700INV-pL2 backbone was performed using T4 DNA ligase.
The 3700INV-pL2 backbone had 5' phosphate groups removed with alkaline phosphatase
prior to the ligation to prevent self-ligation. The joins between construct and backbone
were sequenced using primers originating in the M EK l construct to check the orientation
of ligation and whether the construct was intact. The resultant plasmid was digested with
Sail to remove vector sequences (Figure 2.3) and the (Involucrin promoter-activated
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Figure 2.3: 3700INV-pL2 plasmid. Contains a 3.7kb fragment of the Human Involucrin
promoter which can be used to drive a high level of expression in suprabasal, differentiating
kératinocytes of transgenic mice. The (3-galactosidase construct is removed by Notl digestion
and replaced with the insert of choice. Vector sequences are removed by Sail digestion and
the resultant linearised construct used for pronucleus injection (see main text for details).
Plasmid constructed by Dr J. Carroll (Carroll et a l, 1993).
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M EK l) construct (5.7kb) purified in large quantities (10|xg) from TAE agarose gels using
Qiagen gel purification kits.

Injection of the involucrin-M EKI construct into the male pronucleus of fertilised E l
hybrid (CBA X C57BL/6) mouse em bryos and subsequent im plantation into
pseudopregnant foster mothers was performed by the Clare Hall Transgenic Services Unit.
Mice were initially screened by Southern blot for the presence of the transgene and to gain
an estimate of transgene copy number (Figure 2.4). The template used for generation of
radiolabelled probe was a Ikb fragment from the involucrin promoter, gel - purified from a
Xhol digestion of the 3700INV-pL2 plasmid (see Figure 2.3). 5 transgene positive mice
with high copy numbers were initially used for breeding and displayed the phenotype to
varying degrees of severity (see Chapter 4). The 3376A founder line consistently produced
the most severe phenotype and was subsequently used for the majority of experiments.
These various lines of transgenic mice are collectively referred to as "InvEE" mice.

In some experiments I used transgenic mice in which the type 1 IL -IR is overexpressed in
basal kératinocytes from the Keratin 14 promoter (K14-IL-1R1) (Groves et al., 1996).
These mice were kindly provided by Dr John Mee and are in the FVB background.

2.5.2 Genotyping

DNA isolation from mouse tail snips
To genotype mice, an approximately 5mm long tail snip was taken from each animal,
frozen on dry ice and stored at -20°C prior to DNA extraction. All mouse tail snipping was
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Figure 2.4: Southern blot analysis of founder InvEE transgenics. Litters of mice produced from rounds of pronucleus injection
with the involucrin promoter - M EKl construct were analysed by Southern blot for the presence of transgene and to obtain an estimate
of transgene copy number. Tail snip DNA was digested with Hindlll prior to running on an agarose-TAE gel and performing Southern
blot analysis (see full text for details of methods). This figure shows an example of the blot produced from tail snip DNA of 3 such
litters (1,2 and 3). Individual mice are numbered and are run alongside a positive control produced by Hindlll digestion of the original
involucrin promoter - MEKl plasmid construct. Mice marked * were used for breeding. Litter 1 mouse 4 and Litter 2 mouse 5 produced
founder lines 3359D and 3376A respectively (see Chapter 4 for details).
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performed by the Clare Hall Animal Unit. Each tail snip was incubated in Tail Buffer
containing 50mM Tris pH 8.0, lOOmM EDTA, lOOmM NaCl, 1% SDS and supplemented
with 20p,l of a 25mg/ml proteinase K (Sigma) solution at 55®C overnight. 0.7ml of 1:1
phenol/chloroform (Amresco) was added and samples mixed end-over-end for 20 min at
room temperature before spinning in a bench top centrifuge at 14000rpm for 10 min. The
upper phase (containing the DNA) was carefully removed to prevent disturbance of the
interface and placed in a fresh Eppendorf tube. 0.7ml of isopropanol was added and the
solution mixed vigorously to precipitate the DNA and the samples centrifuged again as
before. The DNA pellet was then washed in 70% cold ethanol (4°C) and dried in a DNA
Speed Vac (Savant) before resuspension in lOOpl dH20. The DNA was allowed to
dissolve in the dH20 at 4°C overnight before being used for genotyping.

PCR genotyping
Mice were routinely genotyped by PCR using the primers listed in Table 2.10.

Table 2.10 Transgenic mice genotyping primers
Transgenic mouse Forward primer

Reverse primer

strain
InvEE

K14-IL-1R1

5-TACGGAAGTGTTACTTCT

5'-ACTGGGCTTGTGGGAGAC

GCTCTAAAAGCTG-3'

CTTGAAC-3'

(within SV40 intronic sequence)

(within 5' region of M EK l)

5-CACGATACACCTGACTA

5-CATCACCCACAGGCTAGC

GCTGGGTG-3'

GCCAACT-3'

(w ithin

K eratin

14 p ro m o ter (within Keratin 14 promoter region)

region)
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Primers (0.6|xg per 30)il reaction) were diluted in 2x PCR M aster Mix (Promega) plus
dH^O to set up the reactions. In a 30)li1 reaction, Ijxl of a 10 fold dilution of tail snip DNA
was added. The following PCR conditions were used for both InvEE and K14-IL-1R1
transgenic mouse strains:

1 cycle

95®C, 3 min

30 cycles

94®C, 30s
60"C,30s
72°C,30s

1 cycle

72°C 5 min

10|xl of the PCR reactions were run on a 2% agarose TAE gel as described above. Samples
positive for the InvEE transgene produce a 0.4kb fragment and those positive for the K14IL -lR l transgene produce a 0.5kb fragment. Transgene negative mice generate no PCR
product.

2.5.3 Transgenic mouse breeding
All animal care and breeding was carried out by the Clare Hall Animal Unit. Transgenic
mice were maintained as heterozygotes with InvEE and K14-IL-1R1 mice kept in CBA X
C57BL/6 and FVB backgrounds respectively. Crosses between InvEE and K14-IL-IR1
mice were also made. As both lines are heterozygous for transgene expression, mice
negative for both transgenes, mice positive for one or other of the transgenes and mice
positive for both transgenes (double positives) were all obtained from such crosses.
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2.5.4 Experimental manipulation of mice
To be able to detect cells that were going through S-phase of the cell cycle i.e. were
actively cycling, 300 |xl of a 10 mg/ml BrdU (Sigma) stock was injected i.p. into mice 1 h
before the harvesting of skin. The BrdU stock was made by dissolving BrdU powder in
PBS which was then sterile filtered, aliquoted and stored at -20®C.

2.6

List of suppliers and distributors

Aldrich Chemical Company Ltd. Dorset, UK.
American Tissue Culture Collection (ATCC), Rockville, Maryland, USA.
Amresco, Solon, Ohio, USA.
Amersham Biosciences, Amersham, Buckinghamshire, UK.
Atto - supplied by Bio-Rad.
BDH Laboratory Supplies Inc., Hemel Hempstead, Hertfordshire, UK.
Beckman Instruments, Palo Alto, California, USA.
Becton-Dickinson, Lincoln Park, New Jersey, USA.
Bio 101 Inc. La Jolla, California, USA.
BioGenex, San Ramon, CA, USA.
BIOMOL Research Laboratories, Plymouth Meeting, PA, USA
Bio-Rad Laboratories Inc. Hemel Hempstead, Hertfordshire, UK.
Boehringer Mannheim UK Ltd. Lewes, East Sussex, UK.
Calbiochem -Novabiochem (UK) Ltd. Nottingham, UK.
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Carl Zeiss Ltd. Welwyn Garden City, Hertfordshire, UK.
Cell Signaling Technology Inc, Beverly, MA, USA.
Chance Propper Ltd., Swethwick, Warley, UK.
Clontech, Palo Alto, UK.
Costar Europe Ltd, Badhoevedorp, Holland.
Coulter Electronics Ltd. Harpenden, Herts, UK.
DAKO A/S, Denmark.
Developmental Studies Hybridoma Bank (DSHB), University of Iowa, Iowa, USA.
Difco Laboratories, Manston, Wisconsin, USA.
DYNEX Technologies Inc, Chantilly, VA, USA.
Eastman Kodak Co. is distributed by Sigma Chemical Co.
EOS Electronic, South Glamorgan, Wales, UK.
European Collection of Animal Cell Cultures (ECACC), Salisbury, UK.
Flow Laboratories Ltd., Aryshire, Scotland, UK.
Genetics Research Instrumentation Ltd. Dunmow, Essex, UK.
Gibco BRL/Life Technologies Ltd. Paisley, Renfrewshire, UK
Helena BioSciences, Sunderland, Tyne and Wear, UK.
Hoefer Scientific Instruments is distributed by Biotech Instruments Ltd., Beds, UK.
Hydro Medical Sciences Division, Brunswick, New Jersey, USA.
ICN Pharmaceuticals Ltd. Thame, Oxon, UK.
Imperial Laboratories (Europe) Ltd. Andover, Hampshire, UK.
Integrated Separation Systems, Natick, Maryland, USA.
Jackson Immunoresearch Laboratories, Luton, Bedfordshire, UK
Jencons, Leighton Buzzard, Beds, UK.
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Monsanto Chemicals. Springfield, Massachusetts, USA.
Millipore, Harrow, Middlesex, UK
Molecular Probes, Leiden, Netherlands.
New England Biolabs (NEB). New York, USA.
Nunc A/S, Roskilde, Denmark.
Peprotech, Rocky Hill, New Jersey, USA.
Perkin-Elmer Co. Foster City, California, USA.
Pharmacia Biotech. Uppsala, Sweden.
Pharmingen, San Diego, California, USA.
Pierce, Rockford, Illinois, USA.
Premier Brands UK Ltd. Knighton, Stafford, UK.
Promega UK Ltd. Southampton, UK.
Qiagen Ltd. Crawley, UK.
R&D Systems, Abingdon, Oxford, UK.
Santa Cruz Biotech. Inc. Santa Cruz, California, USA.
Savant supplied by Life Sciences International, Basingstoke, Hampshire, UK.
Seikagaku Corp. Tokyo, Japan.
Serotec Ltd. Kidlington, Oxford, UK.
Scotlab Ltd. Coatbridge, Strathclyde, Scotland, UK.
Sigma Chemical Co. Poole, Dorset, UK.
Transduction Laboratories, Lexington, Kentucky, USA.
US Biochemical Corp. Cleveland, Ohio, USA.
Vector Laboratories, Burlingame, California, USA.
Whatman International Ltd. Maidstone, Kent, UK
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Zeneca Pharmaceuticals, Macclesfield, UK
Dr A. Jetten, NIEHS, Research Triangle Park, North Carolina, USA.
Dr C. J. Marshall, Institute of Cancer Research, London, UK.
Dr J. Mee, UCL Centre for Dermatology, Middlesex Hospital, London, UK.
Dr K. Ray, Department of Cell Biology, GlaxoSmithKline, Gunnels W ood Road,
Stevenage, UK.
Dr R. Rice, University of California, Davis, USA.
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Chapter 3. A possible role for ERK MAPK activation by
integrins in the generation of hyperproliferative epidermal
lesions

As described in Chapter 1, p i integrins have been demonstrated to regulate keratinocyte
proliferation and differentiation. Expression of a dominant negative p i integrin in human
kératinocytes in vitro triggers exit from the stem cell compartment and induction of
terminal differentiation, an affect rescued by co-expression of a constitutively activated
M EK l construct (Zhu et al., 1999). This suggests that p i integrin signalling through the
ERK MAPK pathway inhibits terminal differentiation of kératinocytes.

p i integrin expression is confined to the basal layer of normal epidermis but extends into
the suprabasal layers of hyperproliferative epidermis e.g. during wound healing and in
psoriasis (Hertle et al., 1992). Expression of p i integrin in the suprabasal layers of
transgenic mouse epidermis from the involucrin prom oter generates psoriatic - like
lesions, suggesting a causal role for suprabasal p i integrins in the pathogenesis of psoriasis
(Carroll et al., 1995). The mechanism by which suprabasal integrins could operate to
generate hyperproliferative and inflammatory skin lesions is unclear although may directly
signal to the suprabasal cells themselves or sensitise the epidermis to other stimuli
(discussed in Chapter 1). In particular, p i integrins in the suprabasal layers of psoriatic
lesions and the Involucrin - p i integrin transgenic mice are thought to be unligated
(Carroll et al., 1995; Penas et al., 1998). Therefore, to first determine whether suprabasal
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integrins are actively signalling to the suprabasal cells in epidermis, the activation state of
the dow nstream ERK MAPK cascade was evaluated in the suprabasal layers of
hyperproliferative epidermis.
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3.1 Activation of ERK MAPK in hyperproliferative lesions
It has been shown using antibodies to total ERK M APK that in normal epidermis ERK is
mainly localised to the plasma membrane but in psoriatic lesions ERK is distributed in the
cytoplasm and nucleus of both basal and immediately suprabasal layers (Haase et al.,
2001). A sim ilar nuclear localisation of ERK was observed in wounded but not
unwounded mouse skin (Haase et al., 2001). As translocation of ERK to the nucleus is
strictly dependent on its activation (Brunet et al., 1999; Lenormand et al., 1998), it was
concluded that ERK was activated in hyperproliferative epidermis and that this activation
correlated with suprabasal p i integrin expression (Haase et al., 2001). However, ERK has
been reported to accumulate in the nucleus in an inactive state after persistent activation
(Volmat et al., 2001) and so use of activation state-specific antibodies to phosphorylated
ERK is necessary to confirm the presence of activated ERK.

1 therefore stained sections of normal epidermis and psoriatic lesions with antibodies to
phospho-ERK l/2: normal epidermis produced no signal above background (Fig. 3.1 A)
whereas positive (mainly nuclear) staining was observed in psoriatic lesions (Fig. 3.1 B).
As well as being present in the basal layer of the psoriatic lesion, phospho-ERK 1/2 was
observed in immediate suprabasal layers and so correlated with suprabasal integrin
expression. This observation of increased ERK activation in psoriatic skin has been
confirmed by W estern blot analysis of shaved biopsies from normal skin and psoriatic
lesions which show increased levels of phospho-ERK 1/2 in the psoriatic sample compared
to the control (Haase et al., 2001).
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Figure 3.1: Detection of active, phosphorylated ERK 1/2 in normal and hyperproliferative epidermis. Frozen sections of normal human epidermis (A) and a
psoriatic lesion (B) stained with an antibody to phospho-ERK 1/2 (rabbit polyclonal)
and analysed by confocal microscopy.
Sections of phenotypically normal epidermis (C) and a hyperproliferative lesion (D)
from an Invabpl mouse and Invpi epidermis 7 days after wounding (E) stained for
phospho-ERK 1/2 and analysed using a Zeiss-Axiophot fluorescent microscope.
Scale bars: 100pm (A and B), 50pm (C, D and E).
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To further investigate possible activation of ERK by suprabasal integrins, sections from
the Involucrin-(3l transgenic mice (Carroll et al., 1995) were stained for phospho-ERK 1/2.
As the phenotype produced in these mice is sporadic, areas both of unaffected skin (which
still retain expression of the transgene) and hyperproliferative lesions were used. I found
that in the hyperproliferative epidermis nuclear phospho-ERKl/2 was detected in basal and
suprabasal layers but in the phenotypically normal epidermis, no positive staining was
produced (Fig. 3.1 C and D). This suggested that if the suprabasal integrins are signalling
to ERK, they are doing so in a non-constitutive fashion. As a positive control, I also
stained mouse skin 7 days after a full thickness wound had been made. In this case, nuclear
phospho-ER K l/2 staining was again detected (Fig. 3.1 E), confirm ing the general
observation that ERK activity is increased in hyperproliferative epidermis.

3.2 Disruption of the keratinocyte differentiation program by constitutive
activation of ERK MAPK
Due to the fact that ERK activity is increased in hyperproliferative epidermis, a possible
role for ERK in generating features of these lesions was investigated. In psoriasis, the
kératinocytes are not only hyperproliferative but have defects in differentiation. Namely,
the terminal differentiation program is incomplete as no granular layer is present and the
squames retain their nuclei (parakeratosis) (Bernard et al., 1988). Also, expression of
spinous layer markers such as involucrin and transglutaminase is altered (Bernard et al.,
1988; Bernard et al., 1986; Bernard et al., 1985).
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ERK MAPK is activated by phosphorylation of its key TEY motif by the dual specificity
kinase M EK l (Canagarajah et al., 1997) which is itself activated by Ser217 and Ser221
phosphorylation catalysed by the Ser/Thr kinase Raf (Alessi et al., 1994), thus forming the
MAPK cascade. Substitution of Ser217 and Ser221 of M EK l with glutamic acid produces
a constitutively activated, phospho-mimetic form of the kinase whereas mutation of
Ser221 to alanine creates a dominant negative form (Cowley et al., 1994). Therefore, to
manipulate ERK activity of kératinocytes in vitro, Ingo Haase retrovirally infected primary
human kératinocytes with these activated or dominant negative M EK l constructs (Haase et
al., 2001; Zhu et al., 1999).

It has been shown that activated M EKl increased and dominant negative M EK l decreased
the rate of proliferation of kératinocytes compared to empty vector control cells (Haase et
al., 2001). This illustrated that ERK activation co rrelated w ith keratinocyte
hyperproliferation. To investigate effects of ERK on keratinocyte differentiation, cells
expressing the activated M EK l along with empty vector control cells were harvested and
placed in suspension in methyl cellulose-supplemented medium (to induce differentiation)
for Oh (harvested kératinocytes prior to suspension), 8h and 24h. Collected cells from these
time points were stained for three different differentiation markers: involucrin, comifin
and transglutaminase I (TG-I) and analysed by flow cytometry (Fig. 3.2). Over time in
suspension, the control cells increased expression of all three markers, as indicated by an
increase of cell counts in the brighter fluorescence peak and a concomitant decrease of cell
counts in the dimmer fluorescence peak. The cells expressing the activated M EK l also
increased marker expression but at a much delayed rate; M E K l cell counts in the brighter
fluorescent peaks were always much lower than those of the control cells at the same time
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Figure 3.2: Effects of constitutive ERK activation on suspension-induced differentiation.
Human kératinocytes infected with empty vector alone or activated MEKl were placed in
suspension for the indicated times before harvesting and immunostaining for the three
differentiation markers shown. Stained cells were analysed by flow cytometry:
black line - empty vector controls, red line - cells expressing activated MEKl.
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points. Therefore, constitutive activation of ERK can also perturb keratinocyte
differentiation.

The hyperproliferation and delayed differentiation produced in response to constitutive
ERK activation is also observed when kératinocytes expressing activated M E K l are
seeded onto dead, de-epidermised dermis and cultured at the air-liquid interface to create a
reconstituted epidermis (Haase et al., 2001). The reconstituted epidermis of kératinocytes
expressing dominant negative M EK l is conversely hypocellular and differentiation is
stimulated as evidenced by the presence of involucrin-expressing cells in the basal layer
(Haase et al., 2001). Furthermore, the reconstituted epidermis produced with activated
M EKl-expressing cells, in contrast to the empty vector controls, lacks a granular layer and
exhibits parakeratosis, two key features of psoriasis. Therefore, the effects of ERK activity
on keratinocyte differentiation are observed both in suspension and in reconstituted
epidermis.

3.3 Increased pro-inflammatory cytokine production due to suprabasal
p i integrin expression - indirect activation of ERK MAPK
Given that the suprabasal integrins of the Involucrin-Pl transgenic mice do not appear to
activate ERK constitutively (Fig. 3.1 C and D), possible indirect, non-constitutive
mechanisms of ERK activation by suprabasal integrins were investigated. In particular, it
was suggested that the presence of suprabasal integrins may lead to the unscheduled
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synthesis of growth factors and/or cytokines which are then able to activate ERK (Carroll
et al., 1995; Romero et al., 1999). This seemed feasible as many different growth factors
and pro-inflammatory cytokines have been reported to be over-expressed in psoriatic
lesions (Bonifati and Ameglio, 1999). Further, expression of single cytokines from
epithelial - specific promoters in transgenic mice can produce hyperproliferative and
inflammatory epidermis (for review see Schon, 1999). Therefore, I compared keratinocyte
lines established from Involucrin-a2pi integrin transgenic mice to non-transgenic controls
(Carroll et al., 1995; Romero et al., 1999) for production of a range of cytokines that
kératinocytes are known to express (Kondo, 1999). Using specific ELISAs (IL -la , IL -ip,
IL-6 and T N F a), I measured cytokine production by kératinocytes first from overnight
cocultures with feeder cells and then, after feeders had been washed off, when placed in
suspension for various times to induce differentiation and increase transgene expression.
Also, kératinocytes subject to an initial 8 h suspension and then plated onto type IV
collagen to ligate the transgenic a 2 p i integrin (along with remaining active endogenous
integrins) were analysed for cytokine production. The culture medium at each time point
was assayed for secreted cytokine and keratinocyte lysates were assayed for intracellular
levels of cytokine.

Interestingly, I found that In v a 2 p i cells had up to 4 times more intracellular I L - la
compared to controls and under all the experimental conditions also secreted 3-4 times
more I L - la (Fig. 3.3 A and B). When cells were placed in suspension, they released IL -la
from intracellular stores, which became progressively more depleted but were replenished
when cells were re-plated onto collagen. The increased cytokine production was specific
for the a form of IL-1 as differences in the levels of secreted IL -ip between transgene
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Figure 3.3: Proinflammatory cytokine production induced bjy the Invpl transgene and
MAPK activation in response to cytokines. Secretion of IL- lot (A), IL -lp (B) and IL-6 (D)
by Inva2pi mouse kératinocytes (shaded bars) and a transgene negative control (open bars).
Intracellular levels of IL -la are shown in B Cytokine levels weire assayed from overnight
cocultures of kératinocytes and feeder cells (o/n co-culture) and from kératinocytes placed in
suspension for the times indicated or when replated onto lOpg/mil type IV collagen after 8h
suspension.
(E) Analysis of ERK and p38 MAPK phosphorylation by Weste rn blot. Primary human
kératinocytes were starved overnight and then stimulated for 15rmin with medium alone
(FAD) or medium supplemented with the cytokines indicated. A 11 cytokines were used at
lOng/ml except in the case of EGF which was used at lOng/ml w/hen added alone but at
O.lng/ml when used in combination with other cytokines (0.1 EGF).
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negative and positive cells were not statistically significant (Fig. 3.3 C). Intracellular IL -ip
was below the detection limits of the ELISA as was production and secretion of TN Fa by
both cell types. Secretion of IL-6 also did not differ between In v a 2 p i and negative cells
(Fig. 3.3 D). Levels of IL-6 in the o/n coculture medium were an order of magnitude above
levels secreted by kératinocytes placed in suspension or replated after suspension. This is
most likely derived from the feeder cells of the coculture (Smola et al., 1993).

To investigate whether increased production of I L - la could contribute to increased ERK
activity in hyperproliferative epidermis, I checked whether IL - la could efficiently activate
ERK in kératinocytes in vitro. Primary human kératinocytes had feeder cells removed and
were starved overnight before being stimulated with a variety of cytokines including ILl a , alone or in combinations to check for possible synergy between them. Levels of
activated ERK (and also p38 MAPK) were then detected by Western blot (Fig. 3.3 E). I
found that both IL - la and P were able to activate ERK in kératinocytes to equal levels,
more efficiently than IL-6 but less efficiently than EGF. No synergy was detected between
IL-1 a /p and either IL-6 or low levels of EGF. Out of the stimuli used, only I L - la and
P activated p38 MAPK to a detectable level, which agrees with the well characterised
activation of stress-activated MAPK cascades by these potent proinflammatory cytokines
(Ichijo, 1999). Taken together, these results suggest that increased EL-la production due to
suprabasal integrin expression could elevate active ERK levels in kératinocytes.
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3.4 Discussion
Using antibodies to phosphorylated ERK 1/2 I could demonstrate an increased activation
of ERK in hyperproliferative epidermal lesions including involved psoriatic skin, wounded
mouse epidermis and a hyperproliferative lesion from a transgenic mouse expressing a 6 p l
integrin from the involucrin promoter. This could be detected both in the basal and
suprabasal layers of the epidermis and thus would coincide with suprabasal p i integrin
expression in the lesions. Similar conclusions were obtained by staining sections of
hyperproliferative skin with antibodies to total ERK and using its nuclear localisation as a
read-out of activity (Haase et al., 2001). However, care must be taken in interpreting
nuclear ERK as being in an activated state; a recent study using hamster lung fibroblasts
has demonstrated that persistent activation of ERK by mitogenic stimuli (3-6 h) results in
the nuclear accumulation of ERK in an inactive state, most likely complexed with dual
specific MAPK phosphatases which also act as nuclear anchors (Volmat et al., 2001). The
authors claim this effect is observed in the HeLa epithelial cell line and endothelial cells as
well as in fibroblasts and so represents a general and novel mechanism to downregulate
ERK activity. Therefore, nuclear total ERK observed in the hyperproliferative epidermis
may in fact be inactive although it would still indicate that ERK has previously been
persistently activated in the kératinocytes. The use of antibodies specific for phospho,
active E R K l/2 to confirm the activation of ERK in hyperproliferative lesions was
therefore important.

It was considered that the increased ERK activation detected in hyperproliferative
epidermis could play a role in the increased proliferation and differentiation defects
present in, for example, psoriatic lesions. It has been shown that constitutively activating
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ERK in kératinocytes in vitro by retroviral infection with an activated M EK l construct
does increase the proliferative rate of the cells (Haase et al., 2001) but without affecting
the proportions of stem and transit amplifying cells in the population (Zhu et al., 1999).
Here I show that constitutive ERK activation delays although does not block suspension
induced differentiation. This effect could explain the increase in keratinocyte proliferation
as a delay in onset of terminal differentiation may allow transit amplifying cells to divide a
greater num ber of times before withdrawing from the cell cycle and expressing
differentiation markers. This is an attractive explanation as the transit am plifying
compartment is thought to be expanded in psoriatic lesions (lizuka et al., 1996). My
results, together with those of Ingo Haase (Haase et al., 2001) agree with the emerging role
of ERK as a key regulator of both keratinocyte proliferation and differentiation (Cai et al.,
2002; Dajee et al., 2002; Haase and Hunzelmann, 2002; Zhu et al., 1999) (see Chapter 1)
and lend credence to the hypothesis that increased/disregulated ERK activity could
contribute to the pathogenesis of hyperproliferative epidermal lesions such as psoriasis.

Transgenic mice expressing |3l integrins from the involucrin promoter generate sporadic
psoriatic-like lesions (Carroll et al., 1995), leading to the conclusion that the suprabasal (31
integrin present in hyperproliferative epidermis may have a causal role in the generation of
the lesion. Suprabasal |3l integrin correlated with activated ERK in psoriasis and in
hyperproliferative lesions from Involucrin-|3l integrin mice, suggesting that these integrins
are signalling to ERK which in turn is responsible for the hyperproliferation and abnormal
differentiation of kératinocytes present in the lesion. However, phenotypically normal
epidermis from Involucrin-Pl integrin mice did not display active ERK although it retains
transgene expression which implies that if the suprabasal p i integrin is able to signal to
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ERK, it is doing so in a non-constitutive fashion. It has been reported that kératinocytes
derived from Involucrin-pl integrin mice, when placed in suspension to induce
differentiation and transgene expression and then plated onto antibodies specific for the
transgenic integrin, are able to activate E R K l/2 (Haase et ah, 2001), thus demonstrating
that the suprabasal integrins are capable of transducing a signal. However, the lack of
accumulation of major ligands for p i integrin in the hyperproliferative lesions (laminin 1,
type IV collagen and fibronectin) (Carroll et ah, 1995) would mean that the integrins
would therefore not be activated and so directly signal to ERK. The possibility that
suprabasal integrins are ligated should not be com pletely discounted though as, for
example, a novel type XIII collagen is found in all layers of human epidermis (Peltonen et
ah, 1999).

I show here a possible indirect mechanism of ERK activation by suprabasal integrins.
Kératinocytes derived from Involucrin-a2pi integrin mice produce more I L - la compared
to controls. I L - la , in turn, is able to activate ERK in kératinocytes. This indirect
mechanism could provide an explanation as to the non-constitutive nature of ERK
activation by suprabasal p i integrins as the response of kératinocytes to IL-1 is tightly
regulated. Kératinocytes express high levels of an intracellular variant of the IL -lra
(Corradi et ah, 1995; Haskill et ah, 1991), which blocks access of IL-1 to the IL -lR l
(Arend, 1993). Furthermore, kératinocytes can be induced to express the decoy receptor
for IL-1, IL-1R2 (Groves et ah, 1995a), which titrates out active IL-1 without transducing
a signal into the cell (Mantovani et ah, 2001). Dermal fibroblasts can also act as a sink for
keratinocyte-derived IL-1, probably through receptor binding and internalisation and
would thus influence the accumulation of IL-1 in the epidermis (Boxman et ah, 1996).
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Injection of IL - la into human skin potently induces an inflammatory response (Camp et
al., 1990; Dowd et al., 1988; Groves et al., 1992) and overexpression of I L - la from the
K eratin
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macrophage/monocyte dermal infiltrate (Groves et al., 1995b). Thus, an increased IL -la
production from the kératinocytes of Involucrin-|3l integrin transgenic mice could explain
the inflammatory infiltrate observed in these mice. Furtherm ore, double-paracrine
stim ulation pathw ays between kératinocytes and derm al fibroblasts have been
characterised where keratinocyte-derived IL-I induces fibroblasts to produce KGF, GMCSF and IL-6 which can subsequently regulate keratinocyte proliferation and
differentiation (Boxman et al., 1996; Maas-Szabowski et al., 1999; Maas-Szabowski et al.,
2000; Szabowski et al., 2000). Therefore, elevated I L - la production from Involucrina 2 p i integrin kératinocytes could trigger the increased production/accumulation of many
different cytokines and growth factors from both an accompanying inflammatory infiltrate
and dermal fibroblast stimulation. Many of these could also contribute to activation of
ERK in the kératinocytes.

A basic w orking hypothesis of m echanism s involved in the generation of
hyperproliferative and inflammatory epiderm al lesions via suprabasal p i integrin
expression is depicted in Fig. 3.4. This model, based on the evidence presented in this
chapter, led to further studies in the next two chapters where I address the exact role of
ERK in driving epiderm al hyperproliferation, differentiation abnorm alities and
inflammation (Chapter 4) and further, the exact mechanisms by which suprabasal p i
integrin expression elevates IL -la production (Chapter 5).

139

Keratinocyte
hyperproliferation
Direct ligation

Suprabasal |31 integrins

IL -lcx

ERKl/2 MAPK
cascade
Disruption of
differentiation
program

Inflammatory
infiltrate

Figure 3.4: Working model for mechanisms by which suprabasal pi integrin generates psoriatic-like lesions.
Suprabasal p i integrin could drive the observed ERK activation in hyperproliferative lesions by direct ligation or indirectly through
an increase in IL -la production. The latter mechanism would provide a non-constitutive pathway of activating ERK as sufficient
IL -la would have to accumulate to overcome the negative regulators of IL-1 signalling including IL-lra and IL-IR2.
Active ERK may then play a role in keratinocyte hyperproliferation and disruption of the differentiation pathway as illustrated in vitro.
Important questions to address are; the mechanisms of increased IL -la production by suprabasal p i integrins and whether activation of
ERK in suprabasal layers of epidermis in vivo is able to generate hyperproliferative and inflammatory lesions (See main text for details).
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Chapter 4. Activation of ERK MAPK in the suprabasal layers
of mouse epidermis in vivo generates hyperproliferative and
inflammatory lesions.

I have demonstrated in Chapter 3 that activation of ER K l/2 in kératinocytes via suprabasal
p i integrin expression may be responsible for the generation of key features of psoriatic
lesions. Retroviral infection of kératinocytes in vitro with an activated M EK l construct to
induce constitutive activation of E R K l/2 effectively caused hyperproliferation and
abnormal differentiation of the cells. However, retrovirus infects actively dividing cells so
the M EK l construct will be expressed in basal kératinocytes and subsequently in their
differentiating/suprabasal daughters. Therefore, this approach does not address the
question as to whether activation of ERK in suprabasal cells via expression of suprabasal
integrins can drive the generation of hyperproliferative epidermal lesions. Furthermore, a
key feature of psoriasis is the presence of an inflammatory infiltrate and the in vitro
systems used in Chapter 3 cannot assay for recruitment of immune cells in response to
ERK activation in kératinocytes. To investigate w hether activation of ERK in the
suprabasal layers of epidermis alone can recreate all key features of psoriasis, I adopted a
transgenic mouse, in vivo, approach, which is described in the present chapter.
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4.1 Expression of an activated M E K l construct in the suprabasal layers
of mouse epidermis produces hyperproliferative and inflammatory skin
lesions
To produce a sustained activation of ERK MAPK in the suprabasal layers of mouse
epidermis, a constitutively activated M EK l construct (Alessi et al., 1994; Cowley et al.,
1994; Haase et al., 2001; Zhu et al., 1999) (Chapter 3) was placed under the control of the
human involucrin promoter in a transgenic mouse system (see Chapter 2: Materials and
Methods for details of transgenic mouse generation) (Fig. 4.1). The involucrin promoter
has been shown to be active in the suprabasal, differentiating kératinocytes of both
interfollicular and follicular epidermis when linked to a p-galactosidase reporter gene
(Carroll et al., 1993). Furthermore, the involucrin promoter has successfully been used to
drive high levels of expression of p i integrins (Carroll et al., 1995), IFNy (Carroll et al.,
1997), an activatable c-Myc construct (c-MycER) (Pelengaris et al., 1999) and the Whn
transcription factor (Prowse et al., 1999) in the suprabasal layers of mouse epidermis. The
transgenic mice I produced where the involucrin promoter is linked to the activated M EKl
construct are referred to as “InvEE” mice throughout my thesis.

Mice generated by pronucleus injection of the involucrin promoter - activated M EK l
construct were initially screened by Southern blot for the presence of the transgene
(Chapter 2). Several positive mice were identified of which 5 were deemed to have a
sufficiently high copy number of the transgene to be used as founder mice (Founder lines:
3062A, 3062B, 3376A, 3359D and 3358A&B). These founder mice were paired with wild
type FI (CBA X C57BL/6) mice and the offspring subsequently screened by PCR for the
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Figure 4.1: InvEE mice transgene construct. The human involucrin promoter (Carroll et a i, 1993) is used to drive expression of an activated
S217E/S221E MEKl construct in suprabasal, differentiated kératinocytes of mouse epidermis. For further details of construct see Chapter 2
(Materials and Methods).
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transgene. Mice were typically maintained heterozygous for the transgene and were used
for analysis from 2 - 6 months of age. Skin samples were collected from the back and/or
belly of the mice. Skin sections from InvEE positive mice were compared to sex- and body
site - matched negative littermate control samples whenever possible.

Transgene positive mice from all the founder lines did not typically display any gross
phenotype although older mice from the 3376A line (and to a lesser extent the 3062A line)
often had “scruffy” coats and slightly flaky skin. In addition, 3376A line transgenics were
sometimes slightly runted. To check for alterations in skin histology in the transgenics,
skin samples were collected from transgene positive and negative littermate control mice
of 2-3 months age and sections stained with Hematoxylin and Eosin (Fig. 4.2 A - F). I
found that positive offspring from 3 of the founder lines (3062A, 3359D and 3376A)
showed pronounced epidermal hyperproliferation and hyperkeratosis when compared to
negative littermate controls. Furthermore, these mice had increased numbers of cells
present in the underlying dermis, indicative of an inflammatory infiltrate (Carroll et al.,
1995). The hyperproliferative and inflammatory phenotype was observed in both male and
female InvEE mice to a sim ilar extent. One key feature of psoriatic epidermis,
parakeratosis, was not observed in any of the mice. Also, the degree of epidermal
hyperproliferation tended to vary to some extent along the skin sections of transgenics. It
was noticed that the sebaceous glands of InvEE skin often appeared to be enlarged
compared to those present in negative control skin (Fig. 4.2 B, F), a feature commonly
associated with hyperproliferative epidermis (Dr David Owens, personal communication).
Mice from the 3376A founderline produced the most consistently severe phenotype and
were used for the majority of subsequent analysis. In contrast, mice from the 3062B and
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Figure 4.2: InvEE transgenic mice have hyperproliferative and inflammatory skin
lesions.
Sections of H&E stained back skin from three independent InvEE transgenic founder lines
(B - 3062A, D - 3359D, F - 3376A) alongside negative littermate controls (A, C, E).
Founder line 3376A displayed the most consistently severe phenotype and was used for the
majority of further experiments. Paraffin - embedded sections from InvEE transgenic (H,
J, L) and negative controls (G, I, K) were stained for Ki67 (G, H), BrdU incorporation (I,
J) and total M EK l (K, L). Dashed line in (I, J) represents the basement membrane and red
nuclear counterstain in (K, L) is TO - PRO. Scale bars are 100pm (A - F) and 50pm (G L).
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3358A&B founders showed very limited epidermal hyperproliferation (data not shown)
and breeding of these lines was therefore halted.

To confirm the hyperproliferative status of epidermis from InvEE mice, sections of skin
were immunostained for the proliferative marker Ki67, which labels cells in late G l, S, 0 2
and M phases of the cell cycle (Fig. 4.2 G, H). Animals were also injected 1 h prior to
death with BrdU which is incorporated into the DNA of cells in S-phase of the cell cycle.
Subsequent immunostaining using anti-BrdU antibody enables the identification of cells
that are actively cycling (Fig. 4.2 I, J). InvEE epidermis was found to contain greatly
increased numbers of both Ki67 and BrdU positive kératinocytes in the basal layer of
interfollicular epidermis when compared to negative controls. Few Ki67 positive and no
BrdU positive cells were observed in the suprabasal layers of the epidermis where the
transgene is expressed although the occasional BrdU positive cell was seen in the
immediately suprabasal layer (Fig. 4.2 J left hand side of image).

Given that the increase of proliferation in the epidermis of InvEE mice was largely
confined to the basal layer, it was important to confirm the exact localisation of the M EKl
transgene within the epidermis. The activated M E K l construct contains a C-terminal
(His)^ tag (Fig. 4.1) but attempts to detect this tag by immunofluorescence in either frozen
or paraffin - embedded sections of InvEE skin were unsuccessful (data not shown).
However, use of an antibody to M EK l showed that whilst in wild type epidermis the
levels of M EK l are relatively low and uniformly expressed, in InvEE epidermis there is an
accum ulation of M E K l protein in the more differentiated layers (Fig. 4.2 K, L).
Preincubation of the M E K l antibody with a blocking peptide abolished this signal,
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demonstrating specificity (data not shown). These data indicated that the transgene was
being correctly expressed in the suprabasal layers of the epidermis. Further, the reactivity
of the transgene with the anti-M EK l antibody was later confirmed by W estern blot
analysis of cultured primary kératinocytes from InvEE mice (see Section 4.5). It is
interesting to note that the M EK l staining is exclusively cytoplasmic with no significant
nuclear signal (Fig. 4.2 L); this is consistent with the fact that M EK l contains a nuclear
export signal and acts as a cytoplasmic anchor for inactive E R K l/2 (Adachi et al., 2000;
Fukuda et al., 1997a; Fukuda et al., 1997b).

4.2 Interfollicular epidermis of InvEE mice expresses keratins associated
with hyperproliferation.
Expression of keratin 6 is normally confined to the hair follicles of mouse skin but is also
found to be expressed in interfollicular epidermis when hyperproliferative (Heyden et al.,
1994). K eratin 17 shows a sim ilar pattern of expression and is also induced in
hyperproliferative interfollicular epiderm is (M cG ow an

and C oulom be,

1998).

Furthermore, keratins 6 and 17 are upregulated in the interfollicular epidermis of psoriatic
lesions (Leigh et al., 1995; Mils et al., 1994; Stoler et al., 1988). To verify the observed
epidermal hyperproliferation of the transgenics, sections of skin from InvEE transgenic
and negative control mice were immunostained for keratins 6 and 17 (Fig. 4.3). It was
found that in negative control epidermis keratin 6 could only be detected in hair follicles
and was completely absent from interfollicular epidermis (Fig. 4.3 A). However, as could
be expected from the histology and Ki67/BrdU staining of InvEE epidermis (Fig. 4.2),
keratin 6 was expressed in the interfollicular epidermis of transgenics (Fig. 4.3 B). The
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Figure 4.3: Expression of keratins 6 and 17 in interfollicular epidermis of InvEE
transgenic mice.
Acetone-fixed frozen sections of InvEE transgenic (B, C, D, F) and negative control (A, E)
skin stained for keratins 6 (A - D) and 17 (E, F). Scale bars are lOOtim (A, B) and 50^im
(C - F).
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degree of keratin 6 staining, i.e. the number of keratin 6 positive cells and intensity of the
staining, was found to correlate with the extent of hyperproliferation found within the
InvEE epidermis: areas of epidermis with extensive hyperproliferation showed intense
keratin 6 staining throughout all layers (Fig. 4.3 B) whilst regions of epidermis with more
limited hyperproliferation had a patchy keratin 6 expression (Fig. 4.3 C, D).

The staining for keratin 17 was similar to that for keratin 6 as interfollicular epidermis was
only positive for keratin 17 in the transgenics although was present in the hair follicles of
the negative control mice (Fig. 4.3 E, F).

4.3 Expression of term inal differentiation m arkers within InvEE
epidermis is perturbed
To check whether the terminal differentiation program of kératinocytes in the epidermis
from InvEE transgenic mice was normal or perturbed to any extent, sections of transgenic
and negative control epidermis were stained using antibodies to a variety of differentiation
markers (Fig. 4.4).

As expected, the basal cell marker keratin 14 was localised to the undifferentiated
kératinocytes of wild type epidermis; however, in InvEE epidermis its staining was found
to extend into all the viable layers i.e. both basal and suprabasal (Fig. 4.4 A, B). This
altered localisation of keratin 14 is seen in other instances of hyperproliferative epidermis
such as in psoriasis and malignant acanthosis nigricans and is indicative of a delayed onset
of terminal differentiation (Haase and Hunzelmann, 2002; Wongwaisayawan et al., 1991).
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Figure 4.4: Keratinocyte differentiation m arker expression in InvEE transgenic
epidermis.
Acetone-fixed frozen (A, B, G - K) and paraffin em bedded (C - F, L) sections of
epidermis were stained for keratin 14 (A, B), keratin 10 (C, D), involucrin (E, F), filaggrin
(G, H) and loricrin (I, J). Secondary antibody controls are shown in (K, L). Transgene
negative control epidermis is shown in (A, C, E, G, I, K) and InvEE transgenic in (B, D,
F, H, J, L). Secondary antibody was conjugated to Alexa-488. Blue nuclear counterstain
in (C - F, L) is DAPI. The basal layer of epidermis is indicated with arrow heads in (D).
Scale bar is 50|Lim.
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Expression of the early terminal differentiation marker, keratin 10 was detected in the
immediately suprabasal layer of wild type epidermis but onset of expression was delayed
in InvEE epidermis, which contained several suprabasal, keratin 10 negative layers (Fig.
4.4 C, D). The prolonged expression of the basal layer marker keratin 14 and delay in
expression of the suprabasal marker keratin 10 is consistent with the presence of a
hyperproliferative epidermis. Involucrin expression was found to localise to the most
suprabasal cells of both wild type and transgenic epidermis (Fig. 4.4 E, F). The presence of
involucrin predominantly in the last viable cell layers of InvEE epidermis supports the data
regarding the accumulation of M EK l (which is presumably transgene - derived) in these
same cell layers (Fig. 4.2 L).

The terminal differentiation program of kératinocytes present in psoriatic lesions has been
shown to be incomplete; in particular, there is no granular layer and the squames retain
their nuclei (parakeratosis) (Bernard et al., 1988). Sections of psoriatic skin show a much
reduced or absent staining for the granular layer markers loricrin and filaggrin (Hohl,
1993; Juhlin et al., 1992; Watanabe et al., 1991). As m entioned in Section 4.1, the
epidermis from InvEE transgenic mice did not display parakeratosis. To follow up on this
observation, sections of skin from transgenic and negative control mice were stained with
antibodies to filaggrin and loricrin (Fig. 4.4 G - J). It was found that expression of both
filaggrin and loricrin was enhanced in the transgenic epidermis compared to wild type
controls, with several suprabasal layers of InvEE epidermis staining positive for these
markers. It thus seems that whilst early stages of terminal differentiation are delayed in
kératinocytes of InvEE epidermis (i.e. keratin 10 expression), the later stages are enhanced
(more extensive loricrin and filaggrin expression). The increased granular layer
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development and lack of parakeratosis displayed by transgenic epidermis demonstrates
that whilst the epidermis is massively hyperproliferative, the terminal differentiation
program of the kératinocytes still runs to completion. This represents a major difference
between the InvEE transgenic mouse model and human psoriasis.

4.4 InvEE transgenics develop a mixed inflammatory infiltrate
As can be seen in Figure 4.2 (B, D, F), InvEE transgenics display a dermal infiltrate
suggestive of a cutaneous inflammatory response. To further characterise this immune
infiltrate, sections of skin from transgenic and negative control mice were stained using
antibodies to markers of a variety of immune cells (Fig. 4.5). When sections were stained
for the pan T-cell marker CD3, it was found that there was a large increase in CD3 positive cells present in the dermis of InvEE transgenics compared to controls (Fig. 4.5 A,
B). Further, there were increased numbers of CD3 positive cells infiltrating into the
transgenic epidermis. It should also be noted however that the wild type control skin,
whilst having very few CD3 positive cells present in the dermis, did contain a number of
positive cells in the epidermis (Fig. 4.5 left hand side of panel A), presumably representing
resident y8 T-cells (Matsue et al., 1993; Salerno and Dieli, 1998). The extensive dermal Tcell infiltrate in InvEE transgenics could be shown to be composed mainly of CD4 positive
cells (Fig. 4.5 C, D), although a limited number of CDS positive T-cells were detected
infiltrating into the epidermis of severely affected transgenics (Fig. 4.5 E, F). This
lymphocyte infiltrate is similar to that developed in the involucrin - p i integrin transgenic
mice and in psoriasis (Carroll et al., 1995).
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Figure 4.5: Characterisation of the immune infiltrate in the skin o f InvEE transgenic
mice.
Acetone fixed frozen (A - J) and paraffin embedded (K, L) sections from InvEE mice (B,
D, F, H, J, L) and transgene negative controls (A, C, E, G, I, K) were stained for the
following markers to a variety of immune cells: CD3 (A, B), CD4 (C, D), CDS (E, F),
F4/80 (G, H), DEC205 (I, J) and for neutrophils (K, L). Scale bar is 50p.m (A - F) and (G
- L). Sections (A - F) are counterstained for keratin 14 in red.
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Along with the development of an extensive T-cell infiltrate, InvEE transgenics showed a
substantial F4/80 positive macrophage infiltrate in the dermis plus increased epidermal
F4/80 positive cells (Fig. 4.5 G, H). There also appeared to be a slight increase in the
number of dendritic cells (DEC205 positive) in the epidermis of transgenics compared to
controls (Fig. 4.5 I, J) and a limited number of neutrophils could be detected in the dermis
of transgenic but not control skin (Fig. 4.5 K, L). Taken together, these data demonstrate
that expression of an activated M E K l construct in the suprabasal layers of mouse
epidermis is sufficient to generate a cutaneous inflammatory infiltrate comprised chiefly of
macrophages and CD4 positive T-cells. It should also be noted that I did not observe
epidermal hyperproliferation without some degree of accom panying inflammatory
infiltrate and the two were almost certainly linked.

4.5 InvEE transgenic primary kératinocytes express increased levels of
the pro-inflammatory cytokine XL-la
To further the analysis of the InvEE transgenics, primary kératinocytes were isolated from
individual neonates of a litter from the 3376A founder line. Out of the 6 newborn mice
used, 2 were subsequently found by PCR to be positive for the transgene (mice #2 and #4).
Passage 2 kératinocytes from each mouse were incubated overnight either in complete low
calcium medium, or in standard (“high calcium”) medium to induce stratification and an
accumulation of differentiated cells. Lysates were collected from the kératinocytes and
analysed by Western blot for a variety of proteins (Fig. 4.6).
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Figure 4.6: Analysis of InvEE transgenic primary mouse kératinocytes by
Western blot.
Primary mouse kératinocytes (passage 2) were isolated from a litter containing
InvEE transgenic mice and negative littermate controls (Founder line 3376A, Het X
FI). Individual cultures were set up from each neonate, 6 in total. Confluent cells
were incubated overnight in low or high calcium medium, lysed and analysed by
Western blot for the proteins indicated. The individual cultures from the 6 mice are
numbered (1-6) and mice positive for the InvEE transgene are indicated by *.
Loading controls are actin and ERK2.
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Probing of the blots with an anti - (His)^ tag antibody showed that only those mice found
to be positive for the InvEE transgene by PCR produced a reactive band both in low and
high calcium medium. This band was of the appropriate m olecular weight to be the
activated M EK l construct (approximately 45 kDa; data not shown) and confirmed that
kératinocytes from the InvEE mice could successfully express the transgene. Furthermore,
under both experimental conditions, the transgenic kératinocytes expressed increased
levels of total M EK l when compared to the negative controls; corroborating the results
obtained with the (His)^ tag antibody and also confirming that the anti - M EK l antibody,
which 1 used to detect transgene expression in skin sections by immunofluorescence (see
Figs. 4.2, 4.10, 4.12 and 4.13), was cross-reactive with the activated M EK l construct. It
should also be noted that of the two cultures of InvEE positive kératinocytes, those from
mouse #2 were found to express higher levels of the M EK l construct both in low and high
calcium medium than those from mouse #4 (compare levels of (His)g tag in Fig. 4.6).

As InvEE kératinocytes were expressing detectable levels of the activated M EK l
construct, it was expected that they should also display an increase in E R K l/2 activity.
However, when blots were probed with an antibody to phospho-ERKl/2, it was found that
there was no significant difference in levels of phospho-ER K l/2 between transgene
positive and negative cells cultured in low calcium medium and a very minor, although
detectable, difference when in high calcium medium (Fig. 4.6). Levels of phospho-ERKl/2
in both transgene positive and negative cells were found to decrease when induced to
accumulate differentiated cells in high calcium medium, an effect consistent with the role
of ERK in maintaining proliferation and inhibiting differentiation of kératinocytes (Dajee
et al., 2002; Haase et al., 2001; Zhu et al., 1999) (this observation is discussed again in
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Chapter 5). These results indicate that the M EK l transgene is, at least in vitro, driving a
very low level of ERK activation. This is interesting given that attempts to reliably detect
in creased

levels

of p h o sp h o -E R K l/2

in

sectio n s

o f InvE E

epiderm is

by

immunofluorescence were unsuccessful (data not shown). It is likely that as the transgene
is constitutively active, cells are able to efficiently induce negative feedback pathways to
limit the activity of the transgene (Brondello et al., 1997; Brondello et al., 1999) and that
the low level of continued ERK stimulation induced in transgenics must be sufficient to
produce the observable phenotype. Western blots of lysates generated from the epidermis
of InvEE mice would be required to confirm that the transgene is driving an increase in
ERK 1/2 activation in vivo.

An indication that the M EK l transgene, whilst driving very m inor increases in ERK
activity in vitro, was still producing significant biological effects in the kératinocytes came
from analysis of I L - la levels in the cells. As discussed in detail in Chapter 5, IL -la is
potently regulated by both ERK MAPK and the NFkB pathway in mouse kératinocytes.
When the blots from the InvEE primary kératinocytes were probed for EL -la it was found
that the culture with highest detectable expression of the transgene (from mouse #2)
displayed significantly increased levels of p ro IL -la both in low and high calcium medium
compared to transgene negative controls. This effect was particularly noticeable when cells
were transferred to high calcium medium, conditions which norm ally inhibit I L - la
expression (see Chapter 5). Kératinocytes from InvEE positive mouse #4, which expressed
lower amounts of the M EK l transgene than mouse #2 cells, did not contain increased ILl a levels thus suggesting that a threshold of transgene expression needs to be reached
before effects on I L - la expression are observed. Levels of icIL -lra were not altered in
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InvEE positive cells, consistent with later observations (Chapter 5). It can therefore be
concluded from these data that the M EK l transgene was not only successfully expressed in
the kératinocytes but was also active, as it could increase I L - la expression. Furthermore,
due to the central role of keratinocyte - derived I L - l a in triggering cutaneous
inflammatory responses (Kupper and Groves, 1995) and in the regulation of keratinocyte
proliferation and differentiation (Szabowski et al., 2000), this increased I L - la expression
by InvEE transgenic cells could provide a possible mechanism for the observed phenotype
of the InvEE mice.

4.6 Increased I L -la production by epidermal kératinocytes of InvEE
mice contributes to the hyperproliferative and inflammatory phenotype
In order to assess whether the increased I L - la production detected in primary InvEE
kératinocytes (Fig. 4.6) could account for some or all of the phenotype of InvEE transgenic
mice the following strategy was decided upon. Kératinocytes are known to bind IL-1 via
the type 1 IL -IR and are able to induce secondary cytokines in response, such as GM-CSF
(Kupper et al., 1988). However, kératinocytes also employ mechanisms to downregulate
their responsiveness to IL-1 and to this end express both an intracellular variant of the ILIra and the decoy receptor for IL-1, the type 2 IL -IR (Bigler et al., 1992; Groves et al.,
1995a; Haskill et al., 1991). Kératinocytes derived from the epidermis of transgenic mice
which overexpress the type 1 IL -IR from the keratin 14 prom oter (K14-IL-1R1
transgenics) display an enhanced sensitivity to IL-1 stimulation in terms of GM-CSF
induction (Groves et al., 1996). Overexpression of the type 1 IL -IR has also been observed
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to increase sensitivity to IL-1 in other cell systems (Curtis et al., 1989) and thus represents
a general mechanism. K14-IL-1R1 transgenic mice have no spontaneous phenotype but are
found to amplify IL-1 dependent responses in the epidermis via increased production of
IL-1 inducible secondary cytokines such as GM-CSF and g ro-a (Groves et al., 1996). For
example, when K14-IL-1R1 mice are crossed with transgenics expressing a modestly
increased level of I L - la in the epidermis (TgIL-1.2 mice) (Groves et al., 1995b), the
spontaneous epidermal hyperproliferation and cutaneous inflammatory infiltrate observed
in the double transgenics is much increased compared to the TgIL-1.2 single transgenics
alone (Groves et al., 1996). I therefore postulated that if the InvEE transgene was driving
an increased expression of I L - la in vivo then crossing InvEE transgenics with K14-ILIR l mice to produce animals positive for both transgenes should amplify the downstream
hyperproliferative and inflammatory effects. Thus the phenotype of double transgenic
animals (InvEE X K14-IL-1R1) should be more severe than that of the InvEE single
transgenics alone.

Both InvEE and K14-IL-1R1 mouse stocks were heterozygous for the transgenes and
crosses between them therefore produced mice positive for both or one or other of the
transgenes as well as transgene negative mice. Mice were screened by PCR using primers
specific for each transgene.

Skin of mice from InvEE X K14-IL-1R1 crosses that were positive for the K14-IL-1R1
transgene only showed no epidermal hyperproliferation or spontaneous inflammation and
was therefore indistinguishable from transgene negative mouse skin (Fig. 4.7 A, B). The
lack of a spontaneous phenotype in the K14-IL-1R1 transgenic mice is consistent with
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Figure 4.7: Mice positive for both the InvEE and K14-IL-1R1 transgenes produce an
exacerbated phenotype.
S e c tio n s o f H e m a to x y lin and E o sin - stained back skin from a g e m atched m a les (4 m on th s old )
from c r o sse s b etw een In vE E and K 1 4 -IL -1 R 1 tran sgen ics (for m ore d etails se e m ain text).
T h e figu re sh o w s rep resen tative reg io n s o f skin from a transgene n eg a tiv e m o u se
K 14 -IL -1 R 1 m o u se

(A), a

(B), tw o InvE E m ice (C , D) and tw o m ic e p o sitiv e for both K I4 -IL -IR 1
(E, F). S c a le bar is 100p m .

and In vE E tran sgen es
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published data (Groves et al., 1996). Those mice that were positive for the InvEE
transgene developed a hyperproliferative epidermis and accompanying inflammatory
infiltrate as previously observed (Fig. 4.7 C, D; see also Fig. 4.2). However, mice that
were positive for both InvEE and K14-IL-1R1 transgenes frequently displayed an
exacerbated skin phenotype when compared to InvEE transgenics (Fig. 4.7 E, F). The
interfollicular epidermis of these mice was generally more hyperproliferative than InvEE
epidermis and also had increased hyperkeratosis and hypergranulosis. In some instances,
the dermal inflammatory infiltrate also appeared to be increased (Fig. 4.7 E, F compared to
C, D). Out of eight double positive (InvEE / K14-IL-1R1) transgenic mice, five were
found to display a convincingly worsened phenotype when compared to either littermate or
sex and age-matched InvEE transgenic control mice.

I therefore concluded from these initial studies that an increased IL-1 production in the
InvEE transgenics was likely to contribute to the phenotype of these mice. However,
further work needs to be done on characterising the InvEE / K14-IL-1R1 double
transgenics and in particular, whether the nature of the inflammatory infiltrate is altered
when compared to that of InvEE single transgenics. The expression of IL-1 inducible
secondary cytokines in the epidermis of these mice should also be investigated; an increase
in the expression of the chemokine gro-a might be expected (Groves et al., 1996). The
results of these InvEE X K14-IL-1R1 crosses are particularly interesting given that i.p.
injection of InvEE single transgenics with a neutralising antibody to the IL -IR 1 (Rogers et
al., 1992) (bOOpg/mouse) failed to reduce the skin phenotype when the mice were
harvested a week later and compared to saline - injected controls (data not shown). In fact,
mice injected with antibody displayed an aggravated phenotype to some extent.
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4.7 InvEE transgenic mice develop severe epidermal hyperproliferation
and inflammation of the feet
An additional, particularly striking phenotype that was found to develop as InvEE
transgenics grew older is illustrated in (Fig. 4.8). It was found that the majority of InvEE
mice from the 3376A founder line, typically from the age of 3 months and upwards,
accumulated excessive amounts of comified/flaky material on their feet which often
became very sore and inflamed. Also, the nails tended to overgrow and become twisted
and due to an accumulation of com ified material at the tips of the digits, sometimes
adopted a “pincer” like appearance (Fig. 4.8 E). In extreme cases the nails were found to
become large homy masses that were poorly defined from the digits themselves (Fig. 4.8
C, D). When attempts were made to generate mice homozygous for the InvEE transgene
(by crossing InvEE heterozygous mice together), several mice from the litters developed
severe foot lesions within weeks of birth and had to be killed before test crosses could be
made to confirm homozygosity. It is likely that these InvEE mice were homozygotes and
that increased levels of the InvEE transgene accelerate development of the foot lesions.

To prepare transverse sections through the soles of feet, the samples needed to be de
calcified for 10 days prior to embedding in paraffin blocks and cutting. When histology
was examined on Hematoxylin and Eosin stained sections it was found that the epidermis
of affected feet from InvEE transgenics was severely hyperproliferative and appeared
disorganised to a certain extent (Fig. 4.9 A - D). The distinction between the dorsal and
ventral epidermal surfaces of the feet was not as clear in InvEE transgenics as in negative
controls. A dense inflammatory infiltrate was also often observed in the underlying dermis
(Fig. 4.9 C, D) and there was extensive hyperkeratosis (Fig. 4.9 A - D), explaining the
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Figure 4.8: The feet of InvEE transgenic mice are often severely inflamed and accumulate excessive cornifled material.
A 3.5 month-old InvEE transgenic male with foot problems (B) and a negative littermate control mouse (A).
Detail of the rear and front feet of the InvEE transgenic (C and D respectively). InvEE transgenics often develop
characteristic “pincer” double nails due to excessive accumulation of cornified material at the tips of the digits (E).

E

F
.V

Figure 4.9: Hyperproliferation and disorganisation of epidermis from the feet of InvEE
transgenics.
Sections of InvEE transgenic (B, D, F, H) and negative control (A, C, E, G) feet stained
with Hematoxylin and Eosin (A - D) and immunostained for Ki67 (E, F) and for BrdU
incorporation (G, H). Scale bars are 500pm (A, B) and 100pm (C, D) and (E - H). Sections
are from rear feet (A - E) and front feet (F - H) The ventral surface is shown in (C - H) and
is at the bottom of the image in (A, B) Sweat glands are marked with * in (C, D).
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gross flaky appearance of InvEE feet. It should be noted that the sections shown at low
magnification in (Fig. 4.9 A, B) are from the rear feet of the InvEE and negative control
littermate mice illustrated in (Fig. 4.8 A, B).

When sections of transgenic and negative control feet were stained for Ki67 or for BrdU
incorporation (see Section 4.1), it was found that the transgenic epidermis contained many
more positive cells than negative controls, illustrating that the kératinocytes were
hyperproliferative (Fig. 4.9 E - H). In substantially thickened transgenic epidermis, nearly
all the basal cells were found to have incorporated BrdU compared to a minimal number in
negative controls (Fig. 4.9 G, H). However, despite this, the majority of Ki67 and BrdU
positive cells were present in the basal layer of the transgenic epidermis (Fig. 4.9 E - H)
and no breakdown of the basement membrane was observed (Fig. 4.9 C, D), suggesting
that these lesions were of a benign nature (Brown et al., 1998; Click et al., 1993) (Dr
David Owens, personal communication).

To verify the differentiation status of the epidermal lesions present in the feet and to also
check for expression of the transgene, sections from InvEE and negative control feet were
immunostained for both involucrin and total M EK l and compared with the histology of
H&E - stained sections (Fig. 4.10). It was found that in the ventral surface epidermis from
a transgene negative mouse foot, involucrin was expressed in the last few viable cell layers
whereas low levels of staining for total M EK l were found to reside in the first few cell
layers, closest to the basement membrane (Fig. 4.10 E, F). This localisation of M EK l in
the wild type epidermis may be expected given that its downstream target, ERK MAPK, is
thought to function as a negative regulator of differentiation and stimulator of proliferation
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Figure 4.10: Expression of involucrin and M EKl in epidermis from the rear feet of an InvEE transgenic and littermate control.
P ara ffin -em b ed d ed serial se c tio n s from the rear fe e t o f an InvE E transgenic (A, B, C) and n e g a tiv e litterm ate control m o u se (D, E, F) w ere treated w ith
H e m a to x y lin and E o sin stain (H & E - A, D) and im m u n ostain ed for in volu crin (B, E) and total M E K l (C, F). V ie w s are o f ventral fo o t su rface and sca le
bar is lOOpim.
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in kératinocytes (Dajee et a l, 2002; Haase et al., 2001; Zhu et al., 1999). Involucrin and
M E K l are therefore expressed in separate com partments of the epidermis from the
transgene negative foot. In the wildly hyperproliferative epidermis from the ventral surface
of an InvEE transgenic foot (Fig. 4.10 A), involucrin expression was substantial in the
suprabasal layers, indicating that the lesion was well differentiated (Fig. 4.10 B). In
contrast to the weak, predominantly basal, staining for M E K l in epidermis from the
transgene negative mouse foot, massive amounts of M E K l were found to accumulate in
the suprabasal layers of the transgenic epidermis (Fig. 4.10 C). Localisation of M EK l thus
m irrored expression of involucrin and again indicated that the transgene was being
correctly expressed in the InvEE mice, both in the hyperproliferative interfollicular
epidermis from the back of the mice (Fig. 4.2 L) and in the severe hyperproliferative
lesions that develop in the epidermis from the feet (Fig. 4.10 C).

4.8 InvEE mice develop spontaneous papillomas at sites of mechanical
irritation and wounding.
As discussed above, the majority of InvEE transgenic mice from the most severely
affected founder line (3376A) developed foot lesions to some degree. It was also noticed
however that InvEE mice from this line occasionally developed papillomas at sites of
wounding or irritation, for example at the site of the tail snip taken for genotyping
purposes and also on the lower back and around the ears, sites known to be frequently
scratched by mice (Bailleul et al., 1990) (Fig. 4.11 A, B). Papillomas were also found to
develop on the soles of the feet in some cases, although this event was rare compared with
the general hyperproliferative and inflammatory lesions frequently present on the feet of
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Figure 4.11: Spontaneous papillomas generated in InvEE transgenic mice.
InvEE transgenic mice (founder line 3376A) displaying spontaneous papillomas at sites of
wounding: on lower back (A) and around ears and at tail snip site (B). Hematoxylin and Eosin
stained papilloma at low magnification (C) and higher magnification images of various areas
across the papilloma (D, E, F). Different regions of a papilloma stained for Ki67 (G, H).
Scale bars are 500pm (C) and 100pm (D - H).
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3376A founderline transgenics. Both male and female mice from 2 - 4 months of age were
found to develop papillomas and individual mice tended to generate multiple growths (Fig.
4.11 A, B). A 6 month - old male transgenic mouse from the 3062A founderline also
developed a single papilloma on the underside of its neck (sections of the papilloma are in
Fig. 4.13).

A low m agnification image of an H&E stained section from a typical papillom a
demonstrates that different areas of the papillomas could show distinct histology. Higher
magnification images of three different areas of the same papilloma are shown in (Fig.
4.11 D - F). Of particular interest are the hyperplastic hair follicles observed in some areas
of the papillomas (Fig. 4.11 E). These appear similar in histology to the spontaneous
papillomatous hyperplasias observed in transgenic mice expressing mutant Ras in hair
follicles from a truncated keratin 5 promoter (Brown et al., 1998). It was found that Ki67
positive cells were predominantly localised to the basal layer of the InvEE papillomas
(Fig. 4.11 G, H), indicating their benign nature (Brown et al., 1998; Click et al., 1993). No
papillomas were observed to convert to carcinomas.

To check the differentiation status and to monitor transgene expression within the
papillomas, serial sections of papillomas from the 3376A and 3062A founder lines were
immunostained for both involucrin and total M EK l (Figs. 4.12 and 4.13 respectively). As
a control, sections of a papilloma induced in a non-transgenic mouse (FVB background)
by a standard DMBA initiation, TPA promotion protocol (Owens and Watt, 2001) were
also stained for involucrin and M EK l (Fig. 4.12) (sections kindly provided by Dr David
Owens). It was found that the InvEE papillomas from both 3376A and 3062A founder
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Figure 4.12: Expression of involucrin and M EKl in papillomas from an InvEE transgenic and control FVB mouse.
Serial sections of a spontaneous papilloma from an InvEE transgenic mouse, founder line 3376A (A - D) and of a chemically - induced
papilloma from a transgene negative mouse, FVB background (E, F). Sections were stained with Hematoxylin and Eosin (A) and
immunostained for involucrin (B, E) and total MEKl (C, F). MEKl antibody pre-incubated with blocking peptide was used for
immunostaining in (D) as a control. Scale bars are 100pm (A - D) and (E, F).

H&E

Involucrin

Total MEKl

Figure 4.13: Expression of involucrin and M EKl in an additional papilloma from an InvEE transgenic mouse.
Serial sections of a spontaneous papilloma from an InvEE transgenic mouse, founder line 3062A, were stained with Hematoxylin and
Eosin (H&E - A) and immunostained for involucrin (B) and total MEKl (C). Scale bar is 100pm.
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lines expressed substantial quantities of involucrin in the suprabasal layers and that this
correlated with a large accumulation of M EK l in the same layers (Figs. 4.12 B, C and 4.13
B, C). Preincubation of the M EK l antibody with blocking peptide abolished the staining,
demonstrating the specificity of the antibody (Fig. 4.12 D). The non-transgenic papilloma
was found to contain many involucrin positive cells (Fig. 4.12 B) and the staining pattern
produced was similar to that previously described (Li et al., 2000). In contrast to the large
accumulation of M EK l in the suprabasal layers of InvEE papillomas, faint, predominantly
basal, staining for M EKl was observed in the non-transgenic papilloma (Fig. 4.12 F). This
differential localisation of M EK l between InvEE transgenics and negative controls was
also observed in the hyperproliferative foot lesions of InvEE mice (Fig. 4.10) and
demonstrates that the transgene is successfully and correctly expressed.

4.9 Altered gene expression in the skin of InvEE transgenics as
determined by macroarray analysis
In addition to examining I L - la expression, a more broad range investigation into
alterations in gene expression in the skin of InvEE transgenics was performed by
macroarray analysis. M ouse cytokine gene m acroarrays were purchased from R&D
Systems and probed with

labelled cDNA made from dorsal skin total RNA

preparations of an InvEE transgenic and littermate control (Fig. 4.14) (see also Section
2.4.3 Materials and Methods). Genes of interest or that showed altered expression between
the InvEE transgenic and negative control are indicated (Fig. 4.14). As could be
determined by the loading controls present on the membranes, equal quantities of control
and InvEE labelled cDNA were used in the assay.
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Figure 4.14: Macroarray analysis of gene expression in the skin of InvEE transgenic mice versus a negative littermate control.
Total RNA extracts from the skin of an InvEE transgenic and littermate control were used to generate
- labelled cDNA which was
subsequently used to probe cytokine gene macroarrays (R&D Systems) (see Chapter 2: Materials and Methods for more details).
The array membrane is spotted with the cDNAs of a variety of genes, each in duplicate. Genes that are of interest or show different expression
levels between the wild-type and InvEE transgenic are marked with boxes: 1, loading controls (duplicate spots from top to bottom are
(32-microglobulin, (3-actin, cyclophilin, GAPDH, HPRT, L19, Transferrin receptor and a-tubulin); 2, decorin; 3, uPAR; 4, UCP-2; 5, TIMP-2 and
TIMP-3 upper and lower duplicates respectively; 6, IGFBP-2; 7, PIN; 8, IL -la. Blocks of 4 spots at each corner are used to correctly orientate the
membranes.
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Several genes were found to have a moderately different expression between the two mice:
the InvEE transgenic had increased expression of urokinase-type plasminogen activator
receptor (uPAR), uncoupling protein 2 (UCP-2), protein inhibitor of nNOS (PIN) and
insulin-like growth factor binding protein 2 (IGFBP-2) and a decreased expression of
decorin when compared to the negative control. Both the transgene positive and negative
mouse produced a high but equivalent signal for TIMPs - 2 and -3 . Frustratingly, no
signal was detected for IL - la on either of the membranes, so I was unable to confirm the
expected increased expression of IL - la by the transgenic kératinocytes (Fig. 4.6). Given
that even transgene negative epidermis should contain significant quantities of IL - la (Lee
et al., 1993; W ood et al., 1996), it is possible that as whole skin was used in the RNA
preparation, many epidermal - enriched transcripts (including IL -la ) had been diluted too
much by the dermal and connective - tissue derived transcripts to be detectable. IL-1
inducible secondary cytokines such as GM-CSF were also not detectable. This macroarray
experiment was only performed once with RNA from one InvFF mouse and one negative
littermate control and therefore needs to be repeated with other mice to verify the observed
gene expression changes. Furthermore, im m unostaining sections of transgenic and
negative control skin for these proteins needs to be performed to confirm the array data but
unfortunately I did not have time to do this.

4.10 Discussion
In this chapter, I have described the generation of transgenic mice expressing an activated
M FK I construct in the suprabasal layers of their epidermis via the involucrin promoter
(InvFF mice). The epidermis of these mice was found to be hyperproliferative as
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illustrated by an increase in Ki67 staining and BrdU incorporation compared to controls.
Further, in contrast to wild type epidermis, interfollicular epidermis of InvEE mice
expressed keratins 6 and 17 and displayed a delay in keratin 10 expression during
differentiation and an extension of detectable keratin 14 expression into suprabasal layers,
all features of hyperproliferative epidermis. InvEE mice also developed an extensive
inflammatory infiltrate containing a variety of immune cells (Fig. 4.5).

The data obtained from the InvEE mice gives credence to the hypothesis that expression of
P l integrins in the suprabasal layers of mouse epidermis (lnv|3l mice) (Carroll et al., 1995)
generates psoriatic-like skin lesions through activation of ERK M APK (Chapter 3).
Furthermore, it suggests that the active ERK 1/2 detected in suprabasal layers of human
psoriatic lesions may well have a role in generating the epiderm al defects and
inflammatory infiltrate present in those lesions (Chapter 3). However, data from the InvEE
mice also demonstrates that suprabasal ERK activation is not sufficient to generate all
features characteristic of psoriatic lesions or those observed in the In v p l mice.

Invpl mice produce sporadic skin lesions which, when severe, display extensive epidermal
hyperproliferation and epidermal/dermal inflammation (Carroll et al., 1995). Severely
hyperproliferative epidermis of Invpi mice contained parakeratotic regions which lacked a
preceding granular layer and displayed a large CDS positive lymphocyte infiltration. CD4
positive cells were found to be increased in the dermis of these skin lesions although
evidence of a macrophage/monocyte infiltrate was not investigated. In contrast, InvEE
mice produce a chronically (as opposed to sporadically) hyperproliferative epidermis,
parakeratosis is essentially never seen and the granular layer is more extensive than wild-
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type controls. Furthermore, the principal inflammatory infiltrate observed in the InvEE
mice is of CD4 positive lymphocytes and macrophages/monocytes which are present in
both dermal and epidermal compartments. A minor CD 8 positive infiltrate is detected in
the epidermis of severely affected InvEE transgenics but not to the extent displayed in
Inv(3l mice (Carroll et al., 1995). These discrepancies in the phenotypes of In v p i and
InvEE mice suggest that the ERK activation observed in InvP l skin lesions is probably
only partly responsible for the observed effects and that the suprabasal p i integrins must
be feeding into additional signalling pathways, the nature of which are unknown.
Furthermore, whilst treating the skin of In v a 2 p i and In v a S p i transgenic mice with a
single dose of TPA results in suprabasal cell division (Owens and Watt, 2001), this was
not observed in an equivalent pilot study on InvEE mice (data not shown).

Many of the actions of the InvEE transgene are generated via an indirect effect on other
cells: an increased proliferation of kératinocytes occurs in the basal layer of the epidermis
whereas the transgene accumulates in the suprabasal layers where no keratinocyte
proliferation is observed (Fig. 4.2). Also, inflammatory cells are triggered to infiltrate into
the epidermis and dermis. The conclusion is that expression of an activated M EK l
construct in suprabasal kératinocytes must stimulate them to produce a diffusible factor
which is then able to trigger both the basal keratinocyte proliferation and immune cell
infiltration either by itself or together with induced secondary cytokines. Epidermal derived cytokines are known, for example, to be able to penetrate the basement membrane
and enter the underlying dermis (Kondo et al., 1997).
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One candidate secreted factor identified in this study is the potent pro-inflammatory
cytokine IL -la . Primary InvEE kératinocytes produce increased levels of p ro IL -la
provided that the transgene is expressed at a sufficiently high level (Fig. 4.6) and
expression of I L - la in murine kératinocytes can be regulated by ERK MAPK (see Chapter
5). Furthermore, crossing InvEE mice with mice overexpressing the IL -lR l from the
keratin 14 promoter (which amplify IL-1 dependent processes in the epidermis) (Groves et
al., 1996) exacerbates the InvEE skin phenotype (Fig. 4.7). IL-1 has a well-studied role in
epidermal biology: it can regulate the proliferation and differentiation of kératinocytes
within the epiderm is and also potently trigger cutaneous inflam m atory processes
(Freedberg et al., 2001; Murphy et al., 2000; W erner and Smola, 2001). Transgenic mice
which overexpress I L - la in their epidermis from the keratin 14 promoter (K 1 4 -IL -la
mice) generate a macrophage/monocyte infiltrate with hyperkeratotic epidermis (Groves et
al., 1995b). The I L - la mice also displayed spontaneous focal inflamm atory lesions
containing a mixed inflammatory infiltrate (which included lymphocytes) and a severely
hyperproliferative epidermis, sometimes with parakeratosis. From the above data it is
therefore conceivable that the phenotype of the InvEE mice could at least be partially
dependent on an increased production of I L - la by the transgene positive, suprabasal
kératinocytes.

There are, however, many differences between the InvEE and the K I4 -IL -la transgenic
mice. In particular, K 14-IL -la mice produce focal inflammatory lesions, often on the head
of the animals, but InvEE mice display hyperproliferative and inflammatory lesions on the
feet and also infrequently develop spontaneous papillomas. I L - la may have a role in the
generation of neoplasia as it is potently induced in the epidermis of mice treated with the
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tumour promoter TPA (Lee et al., 1993; Lee et al., 1994). I L - la expression is also
increased in a number of keratinocyte tumour cell lines (La et al., 1999) and Raf - induced
transformation of NIH-3T3 cells requires an IL-1 autocrine loop (Vale et al., 2001). In
addition, endogenous I L - la production is thought to prom ote cell survival and
proliferation in head and neck squamous cell carcinomas (Wolf et al., 2001). However, the
authors of the K 1 4 -IL -la transgenic mice do not report the spontaneous generation of
papillomas (Groves et al., 1995b). Therefore, whilst the cutaneous inflammation and to
some extent epidermal hyperproliferation of the InvEE mice could be due to an increase in
IL - la production, the hyperproliferative foot lesions and spontaneous papillomas are
unlikely to be caused by this and so additional mechanisms must be involved.

The generation of spontaneous papillomas at sites of mechanical irritation or wounding,
exhibited by the InvEE mice, occurs with a variety of other transgenic mice. Papillomas
occur in mice expressing activated Ras constructs in the epidermis from suprabasal keratin
promoters (Bailleul et al., 1990; Greenhalgh et al., 1993b) and keratin 14 - driven TG Fa
transgenic mice (Vassar and Fuchs, 1991). Furthermore, one of the Ras transgenics is
reported to develop hyperkeratotic lesions of the foot pad epidermis (Bailleul et al., 1990)
and the K 14-TGFa mice have larger foot pads and unusually long nails when compared to
controls (Vassar and Fuchs, 1991): these transgenics therefore also show similarities to the
foot lesion phenotype of InvEE mice. The activated Ras forms (either mutant human or
viral Ras oncogene) were driven from the keratin 10 or 1 promoter (Bailleul et al., 1990;
Greenhalgh et al., 1993b) respectively. The keratin 10 prom oter drives transgene
expression mainly in the suprabasal epidermal layers although a small proportion of basal
cells were also targeted, whilst the keratin 1 promoter is active in a larger proportion of
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basal cells (Bailleul et a l, 1990; Brown et al., 1998; Greenhalgh et al., 1993b). It is
interesting in the first instance that expression of activated M EK l in suprabasal epidermal
layers (InvEE mice) can generate spontaneous papillomas in a similar way to expressing
Ras in the epidermis. This suggests that the most important downstream effector of Ras in
this case is the MEK/ERK MAPK pathway, a similar conclusion is obtained from studies
on the role of Ras in regulating keratinocyte proliferation and differentiation (Dajee et al.,

2002 ).

Induction of epithelial tumours via activation of the Ras pathway is though to involve an
increased production of EGER ligands such as T G F a and the heparin - binding EGER
ligands HB-EGE, betacellulin and amphiregulin (AR) (Dlugosz et al., 1995; Gangarosa et
al., 1997; Sibilia et al., 2000). Induction of HB-EGE, AR and TG E a in response to Raf
activation in a breast epithelial cell line was also found to contribute to a transformed
phenotype (Schulze et al., 2001). It is of additional interest that scrape wounding epithelial
monolayers causes an upregulation of HB-EGE in an ERK 1/2 - dependent fashion (Ellis
et al., 2001) and inhibition of ERK 1/2 in skin organ culture partially blocks the
upregulation of both HB-EGE and AR that occurs in control cultures (Stoll et al., 2002).
Furthermore, the ERK MAPK pathway is known to be able to induce the shedding of
membrane bound pro-forms of EGER ligands such as HB-EGE (Gechtman et al., 1999;
Umata et al., 2001). These data identify the ERK MAPK pathway as a key regulator of
EGER ligand expression and processing and suggest that the activation of ERK 1/2 in
InvEE transgenic mice may trigger an increase in expression of various EGER ligands.
This is of particular interest as kératinocytes of psoriatic lesions display altered expression
of the EGER and cognate ligands (Ben-Bassat and Klein, 2000; Cook et al., 1992b; Elder
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et al., 1989; King et al., 1990; Piepkom, 1996). Also, expression of the EGFR is normally
confined to the basal layer of epidermis but its expression extends into the suprabasal
layers in psoriasis alongside |3l integrin (Rikimaru et al., 1997).

The above hypothesis seems particularly plausible as InvEE mice share many features with
the K 14-T G Fa mice, including the wound-induced papillom a developm ent and the
hyperproliferative and hyperkeratotic but not parakeratotic epidermis generated in these
mice (Vassar and Fuchs, 1991). Interestingly, juvenile K 14-T G Fa mice develop no
inflam m atory infiltrate which also suggests that other factors must be involved in
production of the InvEE phenotype, e.g. IL -la , the expression of which can be regulated
in an EGFR and ERK dependent fashion (see Chapter 5 and above discussions). It has,
however, been demonstrated that expression of AR from the keratin 14 promoter in
transgenic mice (K14-AR mice) generates a phenotype closely resembling that of psoriasis
with both epidermal hyperproliferation and generation of a cutaneous T-lymphocyte
infiltrate (Cook et al., 1997). Thus InvEE mice may have an increased expression of a
com bination of various EGFR ligands. Unfortunately, attempts to detect increased
expression of TG Fa, AR or HB-EGF protein by immunofluorescence in the skin of InvEE
mice or by Western blot analysis of lysates from the primary keratinocyte cultures were
unsuccessful (data not shown) and further experiments, possibly Northern blot analysis to
detect transcripts of these genes would be required. cDNAs for these EGFR ligands were
also not present on the macroarray I used (Fig. 4.14).

Aside from the possible roles for increased EGFR ligands and/or I L - la in the epidermis of
InvEE mice, a variety of novel genes were found to have an altered expression in InvEE
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skin compared to a negative control (Fig. 4.14). Some are of particular interest as they
have a known role in skin biology. For example, uPAR, which is increased in the InvEE
transgenic, is upregulated in healing skin wounds (Solberg et al., 2001) and in TPA treated
murine epidermis (Lund et al., 1996). Given the possible role of the EGFR and ligands in
the InvEE phenotype, it is of interest that uPAR has been found to transactivate the EGFR
via activation of a S p i integrin (Liu et al., 2002). The InvEE transgenic also had a
deceased expression of decorin, a small leucine-rich proteoglycan, which is required for
assembly of ECM in the modelling of skin (Danielson et al., 1997). Additionally, decorin
has also been identified as a ligand for the EGFR (lozzo et al., 1999) and has been ascribed
a role in downregulation of the EGFR and suppression of tumour cell growth (Csordas et
al., 2000; Grant et al., 2002; M oscatello et al., 1998). Alterations in both uPAR and
decorin could thus influence EGFR activation in the InvEE transgenics. It was also noted
that the InvEE mouse had a marked induction of the mitochondrial uncoupling protein 2
(UCP2) and IGF binding protein 2 (IGFBP-2). UCP-2 has a role in metabolism regulation
(Jezek, 2002) and can be induced in response to pro-inflammatory cytokines such as IL-1
and T N F a (Faggioni et al., 1998; Masaki et al., 1999). The increased expression of UCP2
in the InvEE mouse might therefore serve as a readout for increased production of proinflammatory cytokines in the skin. IGFBP-2 mRNA has been localised to the sebaceous
and eccrine glands of human skin by in situ hybridisation (Batch et al., 1994) and an
increase in IGFBP-2 levels in InvEE mouse skin may be representative of the increased
size of the sebaceous glands present (Fig. 4.2). The alterations in uPAR, decorin, UCP2
and IGFBP-2 expression should therefore w arrant additional study in the InvEE
transgenics given their possible physiological relevance.
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To conclude, from analysis of the phenotype of InvEE transgenic mice, I have been able to
confirm a role for ERK MAPK activation in the generation of hyperproliferative and
inflammatory skin lesions. However, the mechanism is unlikely to solely involve an
increase in IL-1 production which I have discussed and more work is required to identify
the other secreted factors produced in InvEE mice.
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Chapter 5. Regulation of IL -la expression by suprabasal pi
integrins: Roles for ERK MAPK and the EGF Receptor

Keratinocyte lines derived from Involu crin -a2 p l integrin transgenic mice (In v a2 p l)
produce more I L - la than cells from wild type control mice (Chapter 3). This increased ILl a could contribute to keratinocyte hyperproliferation and altered differentiation observed
in lesional skin by activating ERK MAPK. Further, the I L - la could trigger the
inflammatory infiltrate produced in the integrin transgenic mice. However, the exact
mechanisms by which the expression of suprabasal integrins could trigger increased IL -la
levels are not clear. It is known, for example, that ligation of aM P 2 or aX P2 integrins on
monocytes can induce the expression of IL -lp via activation of ERK and p38 MAPKs
(Rezzonico et al., 2000) although suprabasal p i integrins are thought to be unligated in
vivo (Carroll et al., 1995). Fibroblasts can induce I L - la in response to either a 5 p l integrin
mediated adhesion and spreading or when a S p l mediated adhesion is blocked by soluble
antibodies, thus causing the cells to round up (Kheradmand et al., 1998). These distinct ILl a induction mechanisms employ different signalling interm ediates, the latter being
dependent and the former independent of the small GTPase R acl.

Given the possible importance of increased I L - la in the generation of hyperproliferative
lesions via suprabasal integrin expression and the previous connections reported between
integrins and IL-1 induetion, I decided to analyse further the mechanisms involved in the
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increased I L - la expression observed in the In v olucrin-a2pi integrin keratinocyte line
(InvaZpi).
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5.1 Intracellular levels of IL -la correlate with ERK MAPK activity in
primary transgenic mouse kératinocytes
To confirm the increase in I L - la production by the In v a 2 p i keratinocyte line, primary
kératinocytes from transgene negative, In v p i and In v a 2 p i mice were obtained. When
grown in low calcium medium as a monolayer, the transgenic cells contained more proILl a (Fig. 5.1 A) and also secreted more I L - la into the medium (Fig. 5.1 B) than the nontransgenic control. I also noticed that this increased I L - la production directly correlated
with increased basal levels of phospho-ER K l/2 in the transgenic cells (Fig. 5.1 A).
Furthermore, when both transgene negative and positive cells were transferred to high
calcium medium overnight to induce stratification and an accumulation of differentiated
cells, the levels of intracellular p ro IL -la (Fig. 5.1 A) and secreted I L - la (Fig. 5.1 B)
decreased in unison with active ERK levels (Fig. 5.1 A).

The decrease in ERK activity I observe when the kératinocytes are induced to differentiate
is consistent with the described role of ERK in maintaining proliferation and inhibiting
differentiation of kératinocytes (Dajee et al., 2002; H aase et al., 2001; Haase and
Hunzelmann, 2002; Zhu et al., 1999) (see Chapter 3). Also, I L - la levels have previously
been reported to decrease during keratinocyte differentiation both in vitro and in vivo
(Ansel et al., 1988; Debets et al., 1997; Gruaz-Chatellard et al., 1991). My results therefore
not only confirm the increased I L - l a levels in Involucrin-P 1 integrin transgenic
kératinocytes but correlate it to basal ERK activity.
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In both transgene positive and negative cells, expression of ic IL -lra increased upon
differentiation of the cells, along with the comified envelope precursor cornifin (Fig. 5.1
A). The increase in icIL -lra levels in differentiated kératinocytes agrees with previous
work (Corradi et al., 1995; Gruaz-Chatellard et al., 1991) and imply that iclL -lra is not
positively regulated by ERK. Rather, it has been shown that NF k B and C/EBP
transcription factors, both of which are involved in keratinocyte differentiation (Kaufman
and Fuchs, 2000; Maytin and Habener, 1998; Oh and Smart, 1998), are responsible for
regulation of iclL -lra expression in kératinocytes (La and Fischer, 2001).

5.2 I n v a ip i transgenic kératinocytes show enhanced induction of IL -la
and activation of ERK in response to external stimuli
Expression of I L - la in kératinocytes is known to be induced in response to a variety of
stimuli (Lee et al., 1994; Phillips et al., 1995) and, in particular, by the phorbol ester TPA
(Lee et al., 1994; Lee et al., 1993). W hen phenotypically normal skin of ln v a 2 p i or
In v a S p i mice is treated with TPA, suprabasal cells are induced to undergo cell division
but this does not occur in wild type epidermis (Owens and W att, 2001). Given the
enhanced sensitivity of ln v a 2 p i and In v aS p i mouse skin to TPA and the increased ERK
and I L - la levels 1 observe in In v p l and ln v a 2 p i transgenic kératinocytes, 1 decided to
investigate whether the transgenic cells displayed an increased I L - la induction and ERK
activation response when treated with various stimuli. 1 also decided to assay for activation
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of the NF kB pathway in the cells by monitoring the degradation of iK Ba (Karin and BenNeriah, 2000) as expression of I L - la in fibroblasts is known to be regulated by NF kB
(Kheradmand et al., 1998; W erner et al., 2001). Activation of ERK was monitored by
detection of phospho-ERKl/2 levels.

Negative and ln v a 2 p l cells that had been starved overnight were stimulated with IL -la ,
TPA, EGF, TGFp or lL-6. Lysates were collected after 20 min and 6 h of stimulation and
subsequently analysed by Western blot (Fig. 5.2). In both cell types, lL-6 and TGFp did
not significantly induce either an increase in phospho-ER K l/2 or degradation of iKBa,
illustrating that the ERK and NF kB pathways were not activated to any great extent. Also,
these stimuli did not induce p ro lL -la and, instead, TGFp appeared to inhibit IL -la
expression in In v a 2 p i cells. This may be related to the known inhibitory effect of TGFP
on the NF k B pathway (Xiao et al., 2002). In transgene positive and negative cells IL - la
activated ERK and induced iKBa degradation whereas TPA and EGF activated ERK
without affecting iKBa levels. All three stimuli efficiently induced p ro lL -la . In contrast,
iclL -lra expression was not responsive to any of the stimuli tested, which agrees with the
suggestion that regulation of the lL-1 network in kératinocytes is principally dependent
upon modulation of IL - la and not IL -lra levels (Phillips et al., 1995).

It was noted that the transgene positive cells showed an increased sensitivity to IL -la ,
TPA and EGF stimulation in terms of ERK activation and I L - la induction (Fig. 5.2). The
transgenic cells seemed to be particularly hyper-responsive to TPA given that in negative
cells the order of efficiency of ERK activation among the stimuli was lL -lacT PA < E G F
whereas with the ln v a 2 p i cells the order was IL -1a<EG F<TPA .
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5.3 TPA induces a sustained ERK response but an identical NF kB
response in Inva2pi compared to negative cells
To more fully investigate the enhanced sensitivity of Inva2(3l transgenic cells to IL - la
inducing stimuli, the time courses of ERK and NF kB activation in response to IL -la , EGF
and TPA treatment were monitored. Cells were starved overnight before stimulation;
lysates were then collected at a variety of time points and analysed by Western blot (Fig.
5.3). The kinetics of ERK activation triggered by I L - la or EGF were largely similar in
In v a 2 p l and negative cells although activation was slightly more sustained in the In v a2 p i
cells (see 30 min time points. Fig. 5.3 A). Although In v a 2 p i cells had lower basal Ix B a
levels than transgene negative cells (Figs. 5.2 and 5.3 B), activation of the NF kB pathway
in response to I L - la was essentially identical in both cell types, as shown by similar time
courses of iKBa Ser32/36 phosphorylation and subsequent degradation and resynthesis of
total iKBa (Fig. 5.3B).

In response to TPA, a massively sustained ERK activation is produced in In v a 2 p i cells
compared to negative cells (Fig. 5.3 A). Significant ERK activity is still observable in
In v a 2 p l cells after 6 h TPA treatment whereas in negative cells the ERK activation has
been mostly downregulated even as soon as 30 minutes after TPA treatment. The time
course of iK Ba phosphorylation and degradation in response to TPA is similar in both
negative and In v a 2 p l cells indicating equal activation of the NF kB pathway (Fig. 5.3 B).
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5.4 Both basal and induced IL -la levels are sensitive to inhibition of the
ERK MAPK pathway
In v a 2 p i kératinocytes displayed increased basal ERK activity along with elevated IL -la
production. Further, the transgenic cells showed enhanced ERK activation and I L - la
induction in response to certain stimuli, in particular, TPA. I therefore postulated that the
increased IL - la expression by In v a 2 p l cells is dependent on the enhanced ERK activity
observable in the cells both in basal and induced states. To test whether ERK could
regulate IL - la expression, In v a 2 p i kératinocytes were treated for 16 h in complete
medium with inhibitors of a variety of signalling molecules. I L - la levels in cell lysates
were determined by specific ELISA and compared to those present in lysate from
untreated (DMSO) control cells (Fig. 5.4 A). It was found that inhibitors of p38 MAPK
(SB203580), PKC (Bisindolylmaleimide) and PI3-kinase (LY294002) had only minor
effects on I L - la levels. However, treatm ent with the M E K l/2 inhibitor U0126 or a
reported NF k B inhibitor, CAPE (Bian et al., 2001; Natarajan et al., 1996), significantly
reduced I L - la expression back to those levels found in the control cells. This indicated
that increased activation of both the NF k B and ERK pathways could account for the
increased IL -la production in In v a2 p i cells.

As the cells were incubated with inhibitors for 16 h, I was concerned that the observed
changes in I L - la levels were due to a general toxicity effect rather than to specific
alterations in signalling systems. However, if In v a 2 p i cells treated for 16 h with U0126
had the inhibitor washed off and replaced with complete FAD medium, they were able to
continue to grow to confluency, demonstrating cell viability (data not shown). A further
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concern was that treatment with U0126 or CAPE increased cell permeability, caused a
release of intracellular I L - la and therefore a decrease in I L - la present in lysates without
having specific effects on I L - la expression. Samples of medium were therefore assayed
by ELISA for secreted IL - la but levels in all the samples were below the detection limit of
the ELISA (4.69pg/ ml). It should be noted that the use of CAPE to inhibit NF k B is not
ideal as whilst having been ascribed specific NF k B blocking effects (Natarajan et al.,
1996), it has also been demonstrated to have effects on other signalling systems and to
inhibit keratinocyte proliferation (Sud'ina et al., 1993; Zheng et al., 1995). However, my
results agree with the well-studied role of NF kB activity in regulating I L - la expression in
fibroblasts (Kheradmand et al., 1998; Werner et al., 2001).

To investigate whether ERK could regulate induced as well as basal I L - la production,
In v a 2 p i and negative control kératinocytes that had been starved overnight were
stimulated with TPA, I L - la or 10 % serum for 6 h and I L - la levels in lysates assayed by
ELISA (Fig. 5.4 B). All three stimuli induced I L - la in both negative and In v a 2 p i cells,
with TPA being the most efficient. It was again noted that the transgene positive cells had
an increased sensitivity to I L - la - inducing stimuli, particularly TPA, when compared to
the negative controls. TPA induced an approximately 16 fold increase in I L - la levels in
In v a 2 p i cells compared to a 5 fold induction in transgene negative cells.

Cells were also incubated 30 min prior to stimulation with the inhibitors U 0I26 or
SB203580 and IL -la levels assayed as before (Fig. 5.4 B). The p38 MAPK inhibitor was
included in the experiment as EL I can activate p38 in kératinocytes (Chapter 3). I found
that inhibiting ERK activation in transgene positive and negative cells significantly
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reduced I L - la induction in response to serum and TPA although not to IL-1 itself. p38
M APK inhibition had little effect on induction of I L - l a except in the case of I L - la
stimulated In v a 2 p i cells. Together these data demonstrated that ERK can play a key role
in regulating I L - la expression and that increased ERK activity can at least partially
account for the elevated IL - la levels in In v a 2 p i cells.

5.5 Activity of the epidermal growth factor receptor is needed for TPAinduced ERK activation and IL -la synthesis
It has recently been shown that activation of ERK by TPA in epithelial cells is dependent
on transactivation of the EGF receptor (Chen et al., 2001b). The authors describe a
mechanism whereby TPA activates MMPs to induce shedding of m embrane-bound
proHB-EGF. The liberated HB-EGF is then able to bind to the EGFR and activate
downstream signalling cascades including ERK. As ERK is important in TPA-induced ILl a production and the In v a 2 p i cells produce a sustained ERK activation in response to
TPA, I decided to investigate a possible role for the EGFR and its ligands in my system.
To manipulate the kinase activity of the EGFR, I used the specific inhibitor AG1478 and
to alter the activity of heparin-binding EGFR ligands, I added soluble heparin to the
culture medium. Soluble heparin is known to efficiently block amphiregulin (AR) activity
(Cook et al., 1995; Cook et al., 1992a; Piepkom et al., 1994) and has been reported to
either inhibit or potentiate HB-EGF activity depending on the cell type involved (Cook et
al., 1995; Kalmes et al., 2000).
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It could be shown for both negative and In v a 2 p i cells that preincubation with AG1478
largely abolished TPA-induced ERK activation, w hilst addition of heparin slightly
inhibited the duration of ERK activation, i.e. potentiated the downregulation of ERK
activity (Fig. 5.5 A and B). These results suggested that TPA-induced ERK activation was
indeed dependent on EGFR transactivation and that shedding of heparin-binding EGFR
ligands could have a role in this process. The effects of AG1478 and heparin on TPAinduced I L - la synthesis were also determined and found to mirror the situation with ERK
activation (Fig. 5.5 C): AGI478 significantly inhibited the I L - la induction whilst heparin
only produced a small degree of inhibition. It is interesting to note that in the case of the
In v a 2 p l cells, TPA-induced EL-la synthesis was blocked to a similar extent with both the
EGFR inhibitor AG1478 and the M EK l/2 inhibitor U0126 (Figs. 5.5 C and 5.4 B), both
reducing the fold induction of I L - la by approxim ately 6. This implies that EGFR
transactivation is responsible for the ERK pathway activation that occurs in TPA-induced
I L - la synthesis.
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Figure 5.5: Modification of the response to TPA by inhibition of EGFR. (A) In v a2 p l
and transgene negative kératinocytes were starved overnight then stimulated for the times
indicated with 25 ng/ml TPA alone or following 30 min pretreatment with 1 |iM AG 1478
or 500 pg/ml heparin. Lysates were analysed by Western blot for the proteins shown. (B)
The average density of the phospho-ERK2 band for all time points and treatments for both
cell types was determined and plotted. (C) Cells with or without A G 1478 or heparin that
had been sim ulated for 6 h with TPA were harvested and assayed by ELISA for
intracellular levels of IL -la . Results in (C) are expressed as fold induction compared to
untreated controls and are the average of two experiments with standard deviations.
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5.6 Inhibition of the EGFR blocks XL-la-stimulated ERK activation but
has no effect on NF kB activation
TN Fa, which activates sim ilar signalling pathw ays to IL-1, has been shown to
transactivate the EGFR and other members of the ErbB receptor family (Hemi et ah, 2002;
Hirota et al., 2001b). Furthermore, it has been reported that IL-iP-induced ERK activation
and subsequent MMP-1 expression in human kératinocytes requires EGFR activity (Wan
et al., 2001). Given this evidence, I decided to see whether inhibition of the EGFR had any
effect on induction of IL - la or on activation of EL-la dependent signalling in my system.

Negative and In v a 2 p i cells that had been starved overnight were stimulated with ILl a with or without a preincubation with AG1478 or heparin. In both negative and In v a2 p l
cells, neither heparin or AG 1478 had any effect on the degradation of iK Ba in response to
IL-1, suggesting that activation of the NF k B pathway was unaffected (Fig. 5.6 A).
However, AG1478 almost completely blocked activation of ERK by IL-1 in both cell
types whilst heparin had minimal effects on activation (Fig. 5.6 A). In addition AG 1478
significantly inhibited the induction of IL - la by IL-1 treatment in both cell types (Fig. 5.6
B). Heparin also inhibited I L - la induction but to a lesser extent than A G 1478.

These results demonstrate that transactivation of the EGFR is required for activation of
ERK but not NF kB in response to EL-1. With In v a 2 p i cells, it is interesting to note that
inhibition of the EGFR is effective in blocking induction of I L - la but inhibiting M EK l/2
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Figure 5.6: Effects of EGFR inhibition on IL-1 - induced signalling and IL -la
synthesis.
(A) Negative and Inva2pl cells that had been starved overnight were stimulated for the
times indicated with lOng/ml IL -la alone or following pretreatment for 30 min with 1 pM
AG 1478 or 500 pg/ml heparin. Samples were analysed by Western blot for the proteins
shown.
(B) Starved cells pretreated with AG 1478 or heparin plus untreated controls were stimulated
for 6 h with lOng/ml IL -la , harvested and assayed by ELISA for intracellular levels of
IL -la. The average of 2 runs with standard deviation is shown. Results are expressed as
fold induction compared to untreated control cells.
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is not (Fig. 5.6 B and 5.4 B). This implies that in the induction of I L - la the EGFR can
activate downstream pathways in addition to ERK.

5.7 Autocrine EGFR activation and IL-1 signalling regulate basal levels
of IL -la
Kératinocytes are known to produce and respond to a wide range of cytokines (Kondo,
1999), including EGFR ligands (Piepkom et al., 1998; Stoll et al., 1997a) and proinflammatory cytokines such as T N F a and lL-1 (Freedberg et al., 2001). 1 therefore
decided to investigate the possibility that ln v a 2 p l cells had higher basal I L - la levels
compared to negative cells due to an increased production and responsiveness to one or
more cytokines/growth factors.

In v a 2 p i cells were maintained in low serum media without the HICE cocktail to allow
predominantly autocrine stimulation of the cells. Addition of a panel of neutralising
antibodies to the medium for 16 h and subsequent monitoring of basal I L - la levels and
activation states of the ERK and NF k B pathways was then perform ed (Fig. 5.7).
Neutralisation of lL-6, GM-CSF, TN Fa, or TGFP activities had little effect on levels of
IL - la in the cells, suggesting no significant autocrine I L - la induction by these cytokines.
However, addition of neutralising antibodies to I L - la significantly inhibited endogenous
I L - la levels. This effect was robust since both a goat polyclonal and rat monoclonal
antibody to I L - la were inhibitory. Also, incubation with a blocking antibody to the ILIR l, to prevent lL-1 - dependent signalling (Rogers et al., 1992; Sims et al., 1993) could
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Figure 5.7: Effects of neutralising antibodies on IL -la levels and basal ERK/NF kB
pathway activation. Inva2pi cells (plus a transgene negative control, Neg) were incubated
for 16 - 17h in medium containing 0.5 % FCS alone or supplemented with various
neutralising antibodies or AG 1478. Cells were harvested and assayed for intracellular levels
of IL -la by ELISA (A) or analysed by Western blot for phospho-ERKl/2 and iKBa with
total ERKl/2 as a loading control (B). Results in (A) are expressed as a percentage of IL -la
levels in the untreated Inva2pi cells and are the average of 3 independent experiments with
standard errors. a lL - la gt and a lL - la rt are goat polyclonal and rat monoclonal
neutralising antibodies to IL -la respectively, a hpi integrin is an adhesion blocking
antibody specific to the transgenic human pi integrins (P5D2).
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significantly inhibit endogenous I L - la levels: antibody at a final concentration of l|ig/m l
reduced I L - la levels to approximately 70 % of the untreated control (data not included in
Fig. 5.7). Addition of the EGFR inhibitor AG 1478 significantly decreased endogenous ILl a in the cells back to levels present in the negative control, consistent with its effects on
induction of I L - la by TPA and I L - la (Figs. 5.5 C and 5.6 B). Adhesion blocking
antibodies to transgenic (i.e. human) p i integrins did not affect I L - la levels, confirming
that elevated I L - la production is independent of integrin ligation (Chapter 3).

The higher basal level of ERK activity in In v a 2 p i cells than transgene negative cells was
abolished by treatment with AG1478 (Fig. 5.7 B). In contrast, the inhibitory effect of
neutralising IL - la antibodies on I L - la levels (Fig. 5.7 A) was not accompanied by a
reduction in basal active ERK levels, which remained higher than in transgene negative
cells (Fig. 5.7 B). This indicates that the increased ERK activity in transgene positive cells
is not attributable solely to autocrine production of I L - la and that autocrine I L - la
production can operate via an ERK independent mechanism.

5.8 Constitutive activation of IL -l-dependent signalling pathways
generates a massive accumulation of IL -la .
While the increased production of I L - la in transgenic kératinocytes is attributable to
activation of the EGFR, transgene negative cells and AG1478 treated transgene positive
cells still express detectable amounts of I L - la (see Figs. 5.1 A and 5.7 A). To test whether
206
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increased I L - la expression in the absence of aberrant integrin expression resulted in ERK
activation I decided to overexpress the key upstream regulator of IL-1 dependent
signalling, the Ser/Thr kinase IL-1 receptor - associated kinase 1 (IR A K I), in
kératinocytes with the aim of constitutively activating and/or potentiating IL-1 signalling
pathw ays (Knop and M artin, 1999; Knop et aL, 1998; M aschera et al., 1999).
Overexpression of IRAKI can constitutively activate and potentiate IL-1 induced NF kB
activation, an effect not dependent on its kinase activity (Cooke et al., 2001; Knop and
Martin, 1999; Knop et al., 1998; Li et al., 1999; Maschera et al., 1999). In addition, both
wild type (wt) and kinase-dead (kd) IRAKI overexpression potentiates IL-1 induced Ink
MAPK activity (Knop and Martin, 1999; Knop et al., 1998). IRA K I acts just downstream
of the IL -IR and so overexpression of IRAKI will bypass icIL -lra and the decoy receptor
IL -IR 2, both of which are expressed by kératinocytes and negatively regulate IL-1
signalling (Corradi et al., 1995; Groves et al., 1995).

I introduced both wt and kd IRAKI constructs into transgene negative kératinocytes via
retroviral infection. As the vectors contained an enhanced green fluorescent protein
construct (EGFP) driven from an Internal ribosome entry site (1RES), live cells could be
analysed by flow cytometry to quantify the success of the infection: approximately 40 %
of cells infected with the IRAKI constructs were GFP positive. The IRA K I constructs
could be specifically detected on Western blots by an anti- human IRAKI antibody which
has no appreciable cross-reactivity with the endogenous murine IRAK homologue (Fig.
5.8 A). Upon stimulation with IL-1 for 7h, the level of wt IR A K I decreased slightly,
consistent with the degradation that is suggested to occur upon IR A K I activation and
phosphorylation (Yamin and Miller, 1997). Multiple IRAKI forms of increased apparent
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Figure 5.8: Transduction of transgene negative kératinocytes with IRAKI constructs.
The transgene negative keratinocyte line was infected with empty retroviral vector (ev)
or wild type (wt) or kinase dead (kd) IRAKI. For each IRAKI construct, cells from two
independent infections (-1, -2) were compared. Cells were starved overnight then
stimulated for either 7 h (A and B) or 15 min (C) with 10 ng/ml IL -la. Cell lysates were
analysed by Western blot for the proteins indicated, including IRAK (A), keratinocyte
differentiation markers (B) and components of downstream IL-1 signalling pathways (C).
Actin and total ERK2 loading controls are included.
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molecular weight were detected in cells expressing kd IRAK, presumably representing
multiply-phosphorylated or possibly ubiquitinated forms (Cooke et al., 2001; Li et al.,
1999; Yamin and Miller, 1997). The reason why kd IR A K I accumulated in these forms
but wt IRAKI did not is unknown but may be due to a decreased rate of proteolysis of the
phosphorylated/ubiquitinated kd IRAKI compared to wt IRAKI.

Overexpression of wt and kd IRAKI had no effect on icIL -lra levels or expression of
keratinocyte differentiation markers such as involucrin and cornifin in the presence or
absence of exogenous I L - la (Fig. 5.8 A and B). Overexpression of wild type or kinase
dead IRAKI caused the cells to produce massive amounts of I L - la in the absence of an
exogenous I L - la stimulus (Fig. 5.8 A). However, in the absence o f exogenous I L - la
expression of IR A K I had minimal effects on ERK phosphorylation (Fig. 5.8 C).
Stimulation of the transgene negative cells with I L - la activated ERK as shown previously
(Figs. 5.2 and 5.3 A). However, overexpression of the kinase dead version of IRAKI
reduced the activation of ERK in response to IL-1 whereas the wild type version did not
(Fig. 5.8 C). The kinase dead construct also reduced degradation of iKBa in response to
IL-1 (Fig. 5.8 C). I therefore concluded that although exogenous IL-1 can activate ERK in
transgene negative cells ERK activation is not obligatorily coupled to autocrine IL-1
production.
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5.9 Discussion

In v p l and In v a 2 p i primary kératinocytes contained increased levels of p ro IL -la, secreted
more I L - la and had a higher basal ERK activity than transgene negative cells (Fig. 5.1 A
and B). Further, incubation of In v a 2 p l kératinocytes with the M EK l inhibitor U0126
reduced intracellular I L - la levels to those found in the negative controls (Fig. 5.4 A). The
N F kB inhibitor CAPE was also effective in reducing I L - la levels of In v a 2 p i cells back to
the control levels, demonstrating that both ERK and NF k B pathways can regulate IL1 a expression. Induction of I L - la in response to serum and phorbol ester (TPA) was
inhibited by U0126 whilst induction by IL-1 itself was less sensitive to MEK inhibition
(Fig. 5.4 B). It therefore appears that both ERK and NF kB contribute to I L - la synthesis in
kératinocytes, with the dominant pathway depending on the nature of the external
stimulus. Given this dual regulation, it is likely that the complete inhibitory effects of
U0126 on induction of I L - la by TPA are not realised: ERK is known to inhibit NF k B dependent transcriptional responses (Carter and Hunninghake, 2000; Xiao et al., 2002) and
inhibition of ERK activation can therefore be expected to enhance the NF kB - dependent
response to TPA.

The In v a 2 p l cells were particularly sensitised to I L - la induction by the phorbol ester
TPA (Figs. 5.2 and 5.4 B). TPA produced a correspondingly massively potentiated ERK
activation in the transgene positive cells when compared to negative controls which did not
extend to potentiated NF k B pathway activation (Fig. 5.3). W hen In v a 2 p l or In v aS p i

210

Chapter 5. Regulation o f TL-la expression bv suprabasal p i integrins

mice are treated with TPA, transgene positive, suprabasal epidermal cells are induced to
enter S phase of the cell cycle but this does not occur in control epidermis (Owens and
Watt, 2001). The in vivo hypersensitivity of the skin to TPA may therefore reflect
enhanced ERK activation and subsequent IL-1 production.

Transactivation of the EGFR is needed for efficient activation of ERK in TPA-treated
epidermal cells (Chen et al., 2001b) and inhibition of the EGFR kinase activity with
AG 1478 largely blocked the sustained ERK activation generated by In v a 2 p i cells in
response to TPA (Fig. 5.5 A and B). Further, AG1478 is able to block the increased basal
I L - la levels in In v a 2 p l cells (Fig. 5.7 A). I therefore concluded that suprabasal integrins
are potentiating EGFR transactivation and in doing so increase both ERK activity and ILl a levels in the cells. This is an attractive hypothesis for a number of reasons: like p i
integrins, the EGFR is localised to the basal layer of normal epidermis and its expression
extends into the suprabasal layers when the epidermis is hyperproliferative (Hertle et al.,
1992; King et al., 1990; Rikimaru et al., 1997). Ligand-independent activation of the
EGFR has been demonstrated in response to p i integrin ligation to extracellular matrix
(Moro et al., 2002; Moro et al., 1998) and integrin a 2 p i - dependent EGFR activation has
been observed at cell-cell contact sites (Yu et al., 2000). Transactivation of the EGFR in
response to TPA can occur through MMP-mediated cleavage of membrane associated
proHB-EGF (Chen et al., 2001b) and the a S p i integrin interacts with proHB-EGF via the
tetraspanin CD9 (Nakamura et al., 1995a). TPA is also known to induce expression of
T G F a in kératinocytes (Imamoto et al., 1991; Pittelkow et al., 1989). In addition, p i
integrins form a complex with PK C a and TPA stimulates integrin endocytosis (Ng et al.,
1999). Thus, the potentiation of TPA-induced ERK activation by suprabasal p i integrins
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could occur through direct interaction between the integrin and EGFR, via TPA-mediated
release of EGFR ligands, or via an effect of TPA on integrin and EGFR trafficking.

Activation of the EGFR via autocrine production of heparin binding EGFR ligands such as
HB-EGF and amphiregulin plays an important role in keratinocyte proliferation and wound
healing responses (Piepkom et al., 1994; Piepkom et al., 1998; Pilcher et al., 1999; Stoll et
al., 1997a). Heparin inhibited the sustained ERK activation induced by TPA but did not
affect the initial peak of ERK activity (Fig. 5.5 A and B) and had only modest effects on
IL - la synthesis. Although heparin-binding EGFR ligands do appear to be involved in the
response of transgenic kératinocytes to TPA, inhibition of EGFR kinase activity with
AG 1478 was significantly more efficient than heparin in perturbing both ERK activation
and I L - la synthesis, implying that heparin-unresponsive EGFR ligands, such as TG Fa,
are also important.

These experiments revealed a role for EGFR transactivation not only in the response of
kératinocytes to TPA, but also to IL -la . Heparin partially inhibited I L - la induction by IL1, and inhibition of EGFR kinase activity significantly reduced I L - la induction and almost
completely blocked ERK activation by IL-1 in both cell types (Fig. 5.6). The finding of a
role for EGFR activity in mediating ERK activation by IL-1 in kératinocytes and
subsequent I L - la induction is novel. It fits well with the observations that IL -lp activates
the EGFR in CaCo-2 cells, possibly through increased sphingosine production (Murthy et
al., 2000), and that IL -lp - induced ERK activation and MMP-1 production in human
kératinocytes requires EGFR activity (Wan et al., 2001). The characterisation of
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downstream signalling pathways from the IL -IR has largely concentrated on the activation
of NFkB, JNK and p38 through TRAF6 - mediated activation of MEKKs (NIK, M EKKl
and T A K l) (Holtmann et ah, 2001; Nemoto et al., 1998; Ninomiya-Tsuji et al., 1999;
O'Neill and Greene, 1998; Xia et al., 2000). The activation of ERK by IL-1 has been
reported in vitro but is considered by some to not occur to any extent in vivo and rather to
be the result of the “wound-healing” phenotype exhibited by cultured cells (Finch et al.,
2001). The requirement of a novel EGFR-dependent pathway for IL-1 to activate ERK
may support this viewpoint, especially as the EGFR is upregulated in hyperproliferative
kératinocytes. It may be the case that an alteration in proliferative status of the cells would
specifically modulate responses to IL-1 by allowing ERK activation. It is also interesting
to note that inhibition of the EGFR in In v a 2 p l cells was more effective than inhibiting
MEK 1/2 in blocking induction of I L - la in response to IL-1 (Figs. 5.6 B and 5.4 B). This
suggests that the EGFR is responsible for the activation of additional downstream
pathways other than ERK in the induction of IL-1. Interestingly, one pathway downstream
of the EGFR, PI3kinase, can regulate NF kB - dependent gene expression without affecting
iK Ba degradation (Sizemore et al., 1999b).

Given the effects of EGFR inhibition on ERK activation and subsequent I L - la synthesis
in my system, it is tempting to conclude that in cultured kératinocytes the EGFR is acting
as a master regulator of ERK activity, both in a basal/autocrine state and also in response
to diverse exogenous stimuli such as TPA and IL-1. A recent report has demonstrated that
basal ERK activity in growth factor depleted kératinocytes is dependent on EGFR activity
(Stoll et al., 2002), a conclusion supported by my results (Fig. 5.7 B). Further, the authors
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suggest that stimulation of ERK via MMP-mediated proHB-BGF shedding and resultant
EGFR activation plays a central role in the epidermal wound healing response (Stoll et al.,
2002). The ERK activation further drives the HB-EGF mediated EGFR activation by
increasing expression of HB-EGF and MMPs (Ellis et al., 2001; Pilcher et al., 1999; Stoll
et al., 2002) and by triggering the shedding of HB-EGF (Gechtman et al., 1999; Umata et
al., 2001). ERK then contributes to the later induction of proteins essential for the wound
healing response including vascular endothelial growth factor (VEGF) (Detmar et al.,
1994; Stoll et al., 2002). Indeed, a variety of wound healing mediators are regulated by the
EGFR in kératinocytes: hyperproliferative keratins 6 and 16 (Jiang et al., 1993), urokinase
(Jensen and Rodeck, 1993), collagenase (Pilcher et al., 1999) and VEGF (Detmar et al.,
1994). My work therefore demonstrates that another protein involved in the wound-healing
response, the potent pro-inflammatory cytokine IL -la , is also regulated in an ERK and
EGFR - dependent manner.

Neutralising antibodies to I L - la could reduce the basal intracellular levels of I L - la in
I n v a 2 p i kératinocytes by more than 5 0 % (Fig. 5.7 A), demonstrating a significant
contribution of autocrine I L - la signalling in the regulation of I L - la expression in
kératinocytes. This effect appeared to be ERK and NF k B independent as levels of basal
active ERK were not altered and iKBa was not increasingly stabilised (Fig. 5.7 B).
However, whether steady state iKBa levels are a sensitive enough indicator of basal, as
opposed to IL-1 induced (Fig. 5.3 B), NF k B activation remains to be shown. The p38
MAPK pathway may have a role in IL-1 - induced I L - la expression as SB203580 could
partially inhibit the induction in Inva2^1 cells (Fig. 5.4 B). However, basal levels of
active, phospho-p38 MAPK could not be reliably detected in the cells (data not shown).
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I found that overexpression of wt and kd IRA K I, even in the absence of exogenous IL-1,
induced a massive accumulation of I L - la without affecting expression of icIL-Ira (Fig.
5.8 A), confirming the importance of autocrine IL-I signalling in regulating I L - la levels.
Given that the kinase activity of IRAK is not thought to be important for its ability to
signal to downstream pathways such as NF k B (Knop and Martin, 1999; Li et al., 1999;
Maschera et al., 1999) it is interesting that I found two significant differences in the actions
of wt and kd IRAKI in my system: first, the inhibition of IL-I induced ERK activation by
th e

kd

and

not

the

wt

form

and

s e c o n d ly ,

th e

a c c u m u la tio n

of

hyperphosphorylated/ubiquitinated kd but not wt IRAK (Fig. 5.8).

There is some evidence to contradict the view that the actions of IRA K I are independent
of its kinase activity. Recent roles for IRAK in T N F a and nerve growth factor (NGF)
signalling have been uncovered and in these cases, expression of a catalytically inactive
m urine hom ologue to human IR A K I (mouse Pelle-like kinase; mPLK) inhibits
dow nstream signalling pathw ays such as NF k B and resulting cellular responses
(Mamidipudi et al., 2002; Vig et al., 1999). Also, p38 activation in macrophages has been
reported to be induced by wt but not kd IRAK (Schmidt et al., 2001) and intracellular
localisation of IRAK has recently been demonstrated to be dependent on its kinase activity
(Ross et al., 2002).

It would be of interest to identify the kinase that phosphorylates kd IRA K I in the mouse
kératinocytes (as it is obviously unable to auto or trans phosphorylate itself). Possibilities
include the endogenous IRAKI homologue (mPLK), which the cells presumably express
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to reasonable levels as they are able to respond efficiently to IL-1 simulation. Also, a
recently identified IRAK family member, IRAK4, which has been demonstrated to be
critical in IL-1 and LPS - dependent responses (Suzuki et al., 2002), is thought to act
upstream of IRAKI and phosphorylate IRAKI in order to activate it

Although IRAK is involved in cellular responses to IL-la/(3, it should be noted that it is
also part of the signalling cascades downstream from other receptors. One such important
family is the Toll-like receptor family (Bowie and O'Neill, 2000), which is critically
involved in the innate immune system ’s ability to respond to pathogen-associated
molecular patterns (PAMPs) e.g. bacterial LPS. Also, interleukin-18 (IL-18) dependent
signalling shares many features with that of IL-1 including the involvement of IRAK and a
non-requirement for IRAK kinase activity (Kojima et al., 1998; Thomas et al., 1999; Wald
et al., 2001). Therefore, it must be borne in mind that in overexpressing IRAKI in
kératinocytes with the intention of potentiating and/or constitutively activating IL-1
dependent responses, you will also impinge on these other signalling systems. In
particular, kératinocytes are known to produce significant quantities of IL-18 (Companjen
et al., 2000; Koizumi et al., 2001; Mee et al., 2000; Stoll et al., 1997b), albeit primarily in
the inactive precursor form, and express the IL-18R so are expected to be stimulated in an
autocrine/paracrine fashion by this cytokine (Koizumi et al., 2001; Mee et al., 2000).

My investigation of the mechanisms responsible for increased I L - l a expression in
kératinocytes expressing suprabasal integrins has uncovered critical roles for EGFR
dependent ERK activation and autocrine IL-1 signalling in regulating I L - la expression.
Fig. 5.9 depicts a summary of the various contributions of these pathways.
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6.1 Summary of my findings
Expression of p i integrins is restricted to the basal layer of normal epidermis but in
hyperproliferative lesions, such as in psoriasis, this expression extends into the suprabasal
layers. When p i integrins are expressed in the suprabasal epidermal layers of transgenic
mice (from the involucrin promoter), sporadic psoriatic - like skin lesions are generated
demonstrating a causal role (Carroll et al., 1995). In my thesis I have demonstrated that
suprabasal p i integrin expression in psoriatic lesions correlates with activation of ERK
MAPK. This was also observed in the epidermis of skin lesions from the involucrin-pl
integrin (InvPl) transgenic mice. Activation of ERK in the suprabasal layers of transgenic
mouse epidermis (by expression of a constitutively activated M EK l construct from the
involucrin promoter; InvEE mice) generated a hyperproliferative epidermis with an
accompanying cutaneous inflammatory infiltrate. My data therefore suggest that activation
of ERK by suprabasal p i integrins could be involved in the pathogenesis of psoriasis and
emphasise the central role played by the epidermis in triggering inflammatory infiltrates. I
provide evidence that activation of ERK in kératinocytes elevates production of IL -la ,
which contributes to generation of the skin phenotype in InvEE mice. I show that
suprabasal |3l integrin expression increases E L -la expression in kératinocytes in vitro via
potentiation of EGF receptor transactivation and subsequent ERK activation. See Figs. 3.4
and 5.9 for models illustrating the mechanism by which suprabasal p i integrin expression
could generate epidermal hyperproliferation and differentiation defects plus cutaneous
inflammation.
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Activation of the Ras/Raf/M EK/ERK MAPK pathway in kératinocytes (via activating
mutations in Ras) is thought to be an important step in the development of epidermal
tumours, such as squamous cell carcinomas (for reviews see Brown and Balmain, 1995;
Wu and Pandolfi, 2001). This pathway has also been shown to be an important regulator of
normal epidermal homeostasis (Dajee et al., 2002). However, my data now demonstrate
that the ERK pathway in epiderm is is also an im portant regulator of cutaneous
inflammation. Therefore, ERK coordinately regulates both keratinocyte proliferation /
differentiation and the generation of inflammatory infiltrates. This continues the theme
shared by the NF k B and PKC signalling pathways (see Chapter 1 for discussion) and
illustrates how keratinocyte regulation of epidermal homeostasis is intimately linked to
immune responses in skin. Furthermore, it argues that defects within the epidermis could
be the initial trigger or at least contribute substantially to maintenance and severity of
inflammatory skin diseases such as psoriasis.

6.2 Issues that remain to be explored
Activation of ERK in the suprabasal layers of mouse epidermis (InvEE mice) not only
generates hyperproliferative and inflammatory skin lesions but also triggers production of
spontaneous papillomas at sites of wounding (Fig. 4.11). Furthermore, lnv(3l mice show
differing sensitivity to chemical skin carcinogenesis protocols compared to wild type
controls (Owens and Watt, 2001). In contrast, the development of psoriatic lesions is not
associated with an increased risk of skin tumours unless treated long term with, for
example, PUVA therapy (Lindelof et al., 1999; Stem et al., 1984; Stem and Lunder, 1998).
These differences between InvEE and lnv|3l mice and psoriasis may be due to the inherent
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differences in susceptibility of tum our developm ent betw een m ice and humans.
Alternatively, whereas InvEE mice have a sub-maximal chronic ERK activation (see
Section 4.5), perhaps activation of ERK in psoriatic lesions is more acute and transient.
For example, differences in the duration of ERK activation by growth factor receptors is
known to produce distinct biological responses (Marshall, 1995; Murphy et al., 2002).

Another aspect of the InvEE phenotype that deserves further investigation is the
development of foot and nail lesions (Fig. 4.8 and 4.9). Increased production of T G F a by
the kératinocytes may account for the increased nail length (Vassar and Fuchs, 1991) but
does not explain the “pincer-like” double nail formation (Fig. 4.8). Psoriasis patients
frequently have nail problems which can progress to severe nail dystrophy (Stem, 1997).
The InvEE mouse may therefore provide a model system with which to investigate the
pathogenesis of psoriatic nail changes.

6.3 Implications for the treatment of psoriasis
My data also suggests targets for novel therapies of inflammatory skin diseases. Inhibition
of ERK in psoriatic lesions might be expected to block epidermal hyperproliferation and
inhibit pro-inflammatory cytokine production by the kératinocytes thus providing clinical
benefits. The current existence of potent small molecule inhibitors to the upstream
activator of ERK, MEK, (PD098059 and U0126) would support the suitability of ERK as a
therapeutic target. However, ERK activity is required for maintenance of the epidermal
stem cell compartment (Dajee et al., 2002; Zhu et al., 1999) and so there may be a narrow
therapeutic window for the use of ERK inhibitors in diseases such as psoriasis: sufficient
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inhibitor must be applied to block excessive keratinocyte proliferation and to have
significant effects on cytokine production but should not deplete the stem cell
compartment. This complication could limit the use of ERK inhibitors in treating psoriasis.

An additional therapeutic target for psoriasis suggested by my data is the EGF receptor
(EGFR). The EGFR acted as a key regulator of ERK activity in kératinocytes and
stimulated I L - la production by both ERK - dependent and independent pathways
(Chapter 5). Further, in psoriatic lesions, there is an upregulation of the EGFR and cognate
ligands (TG Fa and Amphiregulin) (Ben-Bassat and Klein, 2000; Elder et al., 1989; King
et al., 1990; Piepkom, 1996; Watts et al., 1994). The availability of highly specific and
potent EGFR inhibitors (e.g. the tyrphostin AG1478) (Levitzki and Gazit, 1995) again
suggests the suitability of targeting the EGFR. In confirmation of my data, an EGFR
inhibitor (the tyrphostin AG1517 / SU5271) has apparently reached clinical trials for the
treatment of psoriasis (Ben-Bassat and Klein, 2000). However, the therapeutic window
may, similar with ERK inhibitors, be narrow. The EGFR is required for the development
of multiple epithelial tissues in the mouse (Murillas et al., 1995; Sibilia and Wagner, 1995)
and is required for keratinocyte survival against apoptosis - inducing stimuli (lost et al.,
2001; Rodeck et al., 1997; Stoll et al., 1998). It is of interest that an orally-administered
EGFR inhibitor (ZD1839 - Iressa) which has been in clinical trials for the treatment of
various solid tumours generates skin rashes as a common side-effect (Albanell et al.,
2002). From analysis of skin sections from patients of Iressa clinical trials (Albanell et al.,
2002; Baselga et al., 2002), it was found that Iressa administration caused a decrease in
keratinocyte proliferation and thinning of the epidermis. Furtherm ore, there was an
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increase in the numbers of apoptotic kératinocytes within the epidermis, confirming the
importance of the EGFR in epidermal homeostasis.

The benefits of EGFR inhibitor usage in psoriatic treatment may therefore be out-weighed
by resultant tissue damage and it may be necessary to combine lower doses of EGFR (or
ERK inhibitors) with current immunosuppressive therapies in treating psoriasis.
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