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A bstract

Integrins are a family of cell-extracellular matrix adhesion molecuies that reguiate
keratinocyte terminal differentiation. In stratified squamous epithelia integrins are normaliy
expressed by the cells in the basai layer and are lost from the cell surface during terminal
differentiation.

In my thesis I have examined two situations in which this pattern of

expression is perturbed: the presence of human papiiloma virus and in cultures of
kératinocytes grown in low extracellular calcium concentrations.
I have compared two HPV-16 immortalised keratinocyte ceii iines up and vp with their
normai parentai strains of normal kératinocytes from which they were derived u and v, and
also with upr which was obtained by viral-Harvey-ras transfection of the up ceil lines. The
HPV-16 immortaiised ceil lines displayed reduced levels of integrin protein and mRNA and
changes in adhesion and motlity. The upr cell line was not tumorigenic in nude mice and had
iittle effect on integrin ievels or celi motiiity when compared to the up; the oniy difference
between the up and upr was that upr showed slight increased adhesion to fibronectin. Eight
cervical biopsies with various grades of cervicai intraepithélial neoplasia showed evidence of
HPV infection. Integrin leveis were either reduced or discontinuous in the most severe
lesions and integrins were expressed in suprabasai layers in the less severe lesions. Thus,
the impaired differentiation that is associated with the presence of HPV genes in vivo and in
cuiture is correlated with abnormal integrin expression.
When stratification is inhibited by growing kératinocytes in iow calcium medium
(0.1 mM Ca2+) terminaily differentiating celis express functional integrins which are diffusely
distributed over the cell surface. When cells were transferred into standard caicium medium
(1.8mM Ca2+) the integrins appeared to become concentrated at the laterai and basal
surfaces of the cells. After 6 hr in standard caicium medium terminaiiy differentiating ceils
migrated upwards to from a suprabasai layer and no longer expressed integrin protein or
mRNA. A combination of antibodies to P- and E-cadherin which biocked caicium-induced
stratification, prevented integrin redistribution and the selective ioss of integrin protein and
mRNA from the terminally differentiating ceiis. This suggests that cadherins play a role in the
down reguiation of integrin expression that is associated with terminal differentiation. Further
study into the mechanism of the interaction between integrins and cadherins using
cytoskeleton-disrupting drugs and antibody microinjection have revealed a requirement for
polymerised actin and a role for p catenin, plakoglobin and the Pi integrin cytopiasmic
domain.
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C h a pter 1
G en e r a l I n tr o d u c tio n

1)

STRUCTURE OF THE SKIN
The skin is one of the largest organs of the body (Goldsmith, 1990). Covering an

average area of 1.5 - 2.0

it acts as a flexible, protective layer keeping your 'insides' in and

the 'outside' out. Other functions of the skin include regulating the body temperature and
providing a sense of touch, pain, heat and cold. The thickness also varies: thus the skin of
the eyelids is very thin (less than 1 mm), whilst that of the callus areas (palms and soles) is
much thicker (3-4mm).
Some of the earliest observations of skin structure were made by
Auffhammer (1869). In those days of wax candles and horse-drawn carriages the existence
of the three major layers of the skin was already evident: a layer of subcutaneous fat that
forms the innermost layer with an overlaying dermis and outermost epidermis (reviewed in
Goldsmith, 1983; Wood and Bladon, 1985; Watt, 1990). The epithelium of the skin is
continuous with those of the digestive, respiratory and genito-urinary systems at their external
orifices (Wood and Bladon, 1985). The dermis and epidermis are separated by the basement
membrane . Hair, sweat glands and sebaceous glands are other structures that are part of
the skin (see Diagram 1)

Diagram 1
Diagrammatic representation of the structures identifiable in the skin
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1a)

Subcutaneous fat
The subcutaneous fat provides thermal insulation, mechanical protection and

acts as an energy reserve.

1b)

Dermis
The functions of the dermis are to provide physical support and nutrition to

the epidermis. The dermis is a moderately dense fibroelastic connective tissue composed of
collagen fibres, elastic fibres and an interfibrillar gel of glycosaminoglycans, salts and water.
The dominant structural elements are synthesised by the dermal fibroblasts.

There are two anatomically distinct regions of the dermis: the papillary dermis
contains loose connective tissue and the reticular dermis is denser. The papillary dermis is
the outermost portion of the dermis. Dermal papillae project upwards from the dermis and
are moulded against the folds of the epidermis known as rete ridges. This undulating junction
provides mechanical support for the epidermis (Rook eta!., 1992). The papillary dermis
contains smaller and more loosely distributed elastic and collagen type I and III fibres than
those found in the reticular dermis.

It also has a higher proportion of interfibrillar gel,

connective tissue cells (e.g. macrophages, fibroblasts and lymphocytes) to enclose nerve
endings, the microcirculatory blood vessels and lymphatic plexus (Goldsmith, 1983). The
microcirculatory system provides nutrition to the basal cells in the epidermis and acts in
thermoregulation.
The reticular dermis constitutes the large bulk of the dermis and is
distinguished from the papillary dermis by having relatively fewer cells, and blood vessels,
containing dense interwoven strands of collagen and elastin fibres.

1c)

Basement membrane
In the skin the basement membrane (also known as the basal lamina) is a

specialised layer of extracellular matrix proteins that lies between the papillary dermis and the
epidermis

Its main functions are to provide an attachment substrate for epithelial cells

determine cell polarity and control epithelial cell differentiation (Adams and Watt, 1989,1990;
Streuli et al., 1991; Staiano-Coico and Higgins, 1992; Adams and Watt, 1993). Components
of the basement membrane include type IV collagen, laminin (TimpI, 1989), heparan sulfate,
proteoglycans (eg. perlecan), entactin (Moscher et al., 1993) also known as nidogen, and
epiligrin (Carter et al., 1991) also known as kalinin (Rousselle et ai., 1991) and nicein
(Marchisio eta!., 1993; Marinkovich et a!., 1993). The basement membrane is a meshwork of
the components listed above and is largely synthesized by the cells that rest on it. Electron
microscope studies have identified what appears to be three layers to the basement
membrane: the lamina lucida (uppermost), the lamina densa and the lamina reticularis that
lies adjacent to the dermis.

1d)

Hair, sweat glands and sebaceous glands
Hairs grow out of tubular Invaginations of the epidermal surface called

follicles and each follicle with its associated sebaceous gland is called a pilosebaceous unit
(reviewed in Goldsmith, 1983). The epidermis is continuous with the epithelium lining the
pilosebaceous unit. A bundle of smooth muscle fibres (arrector pill) joins the wall of the
follicle to the dermis. The most basal region of the hair follicle expands to form the bulb
which resides in the dermis. It is here that the dead anucleated epidermal cells are pushed
up by continuous cell proliferation to form the hair shaft. The hair shaft consists of keratinised
fusiform cells.
There are two types of sweat glands, the eccrine and apocrine glands.
Eccrine glands are simple tubular glands arising embryologicaily from the epidermis and are
distributed all around the body. The apocrine glands are branching sweat giands that are
localised to the armpit, groin, face, scalp and abdomen regions of the body. Eccrine glands
secrete sweat to the skin surface via the eccrine sweat duct, but apocrine glands secrete into
the hair follicle. The production of sweat aids excretion and thermoregulation

1e)

Epidermis
The epidermis is a stratified squamous epitheiium that consists

predominantly of multiple layers of cells known as kératinocytes. In normal skin keratinocyte
proliferation occurs in the basal layer. Basal kératinocytes are undifferentiated and cells
undergo terminal differentiation as they migrate upwards through the suprabasai layers.
Apart from the stem cells, a population of transit amplifying cells that have a lower capacity
for self-renewal and higher probability of terminally differentiating also exist in the basal layer
(Barrandon and Green, 1987; Watt, 1988). Evidence for this includes the observation that
even though 60% of the cells in the basal layer are cycling (reviewed by Rotten and Morris,
1988), 10% of them are able to form foci after severe radiation damage to the skin (Whithers,
1967; Rotten and Hendry, 1973). It is within that 10% population that a subset of stem ceils is
thought to exist (see part 5b of this chapter). Recent work suggests that stem cells in

9

foreskin tissue are located at the apical regions of the rete ridges,but that in palm and sole
they are concentrated in the trough region of the ridges (Jones, Harper and Watt, in
preparation).
One of the earliest events in the pathway of keratinocyte terminal
differentiation is withdrawal from the cell cycle. This is associated with a down regulation of
adhesion to the extracellular matrix (Adams and Watt, 1989,1990,1993; also see Part 5b of
this Chapter), the loss of gap junctional communication (Kam et al., 1987) and the onset of
expres.9 Ci:of differentiation markers. The suprabasai layers of the epidermis include the
spinous layer, the granular layer and cornified layer (Goldsmith, 1983; Wood and Bladon,
1985; Watt, 1987, 1989; Rook et a!., 1992) (see Diagram 2). As kératinocytes terminally
differentiate their morphology changes and in normal epidermis this coincides with the
precise suprabasai layer that the cells are located in. In spinous layers kératinocytes become
flattened and take on a 'spikey' appearance. These ‘spikes’ have been identified as areas of
desmosomal cell-cell contact. In the granular layer cells become larger and flatter and cells in
this layerare characterised by containing basophilic granules called keratohyaline granules.
This layer is most highly developed in the palm and sole regions of the skin and marks the
transition to the overlaying, anucleate cornified layer. Cornified cells are rich in keratin,
possess a tough comified envelope and represent terminally differentiated kératinocytes.
Comified layer is thickest in the palm and sole. The inert nature of keratin renders the skin
tough, pliable and relatively impermeable to substances passing in or out of the body.

10

Diagram 2
Diagrammatic representation of a cross-section through human epidermis

Dermis
The different layers of kératinocytes can be distinguished by their morphology. Note
the correlation between terminal differentiation and migration upwards from the basal layer.
Red represents integrin expression and green represents cells at various stages of terminal
differentiation.

CL = cornified layer; GL = granular layer; SL = spinous layer; BL = basal

layer; bm = basement membrane.

Cornified cells are continuously sloughed off and replaced by cells from the deeper layers of
the skin. In normal skin the rate of mitosis in the basal layer normally approximates the rate
of surface loss and therfore the epidermis remains a constant thickness.
Non-keratinocyte cell types found in the epidermis include melanocytes,
Langerhan’s cells and Merkel cells. Melanocytes are dendritic cells that produce melanin and
transfer it in melanosomes to neighbouring basal kératinocytes. Recent work has shown that
the melanocytes adhere to kératinocytes via cadherins and that transformed melanocytes
display reduced levels of cadherins (Tang et al., 1994;

see also Part

6

of this chapter).

Melanin protects the skin from ultraviolet (UVB) radiation present in sunlight and provides
pigment to the skin (Watt, 1990). Langerhan’s cells are also dendritic and are found in the

11

mid-suprabasal layers of the epidermis where they act in association with the body's immune
system. Merkel cells are found bound to the basal kératinocytes and they act as a junction
between nerve endings that penetrate the basement membrane (reviewed in Rook et al.,
1992).

2)

MARKERS FOR KERATINOCYTE TERMINAL DIFFERENTIATION
Keratins, filaggrin and the precursors of the comified envelope are the most widely

studied markers of keratinocyte terminal differentiation. In addition, there are important
changes in lipid metaboiism during terminal differentiation, resulting in the deposition of
interceilular lipid in the cornified layers.

2a)

Keratins
Keratins are subdivided into two families, acidic and basic, and one member

of each subfamily must be present for keratin filament formation to occur. Basal cells of all
stratified squamous epithelia express K5 and K14 (Purkis et a!., 1990). During terminal
differentiation in the epidermis, K1 and KID are expressed. In vitro K6 and K16 are usually
expressed and in vivo these keratins are also expressed in areas of hyperproliferation in
preference to K1 and KID (Weiss eta!., 1984; Kopan and Fuchs, 1989).

2b)

Protein precursors of the comified envelope
As kératinocytes enter the comified layer each cell produces a toughened

and inert structure that encapsulates it known as the cornified envelope. The comified
envelope is derived from thickened plasma membrane of differentiating cells.

Protein

precursors of the comified envelope include involucrin, loricrin and comifin. The genes that
encode for these proteins all contain common tandem repeats within the coding regions.
Involucrin and loricrin are the best characterised protein
precursors of the cornified envelope and are good markers for terminal differentiation.
Involucrin, a 92kD soluble protein precursor of the comified envelope, is synthesised in the
upper spinous layers of the epidermis. Using pre- and post-embedding immunoelectron

12

directed against human involucrin have shown that involucrin decorates the cytoplasmic face
of the envelope (Haftek et al., 1991 ). Thus, large, terminally differentiating cells contain
involucrin and smaller, undifferentiated basal cells do not (Watt and Green, 1981). Involucrin
becomes cross-linked in the cornified envelope in the presence of a keratinocyte specific
transglutaminase through the formation of e(-y-glutamyl)-lysine isopeptide bonds (Thacher
and Rice, 1985).
Loricrin is a 315 amino acid protein in humans and a 481 amino acid protein
in mice that accumulates in the granular layer of both species (Mehrel et al., 1990). Like
involucrin, loricrin also decorates the cytoplasmic face of the envelope. However, in contrast
to involucrin , loricrin expression is regulated by retinoids (Nagae et al., 1987)

2c)

Filaggrin
As kératinocytes move from the granular to the cornified layers the keratin

filaments become organised into a densely packed aggregates, a process that involves
filaggrin (Dale et al., 1985). Filaggrin is a histidine-rich basic protein that is synthesized in
granular cells as a high-molecular-weight precursor, profilaggrin. Profilaggrin is found in
keratohyalin granules (see part 1e of this Chapter). During the conversion of a granular cell
to a cornified cell, profilaggrin is dephosphorylated and proteolytically cleaved to form
filaggrin.

2d)

Lipids
Lamellar bodies that contain lipids are synthesized in the spinous cells and

move to the apex and periphery of the granular cells where they fuse with the plasma
membrane, releasing their contents into the intercellular spaces. Here, the lipids covalently
bind to form part of the comified envelope (Wertz et ah, 1989). During keratinocyte terminal
differentiation there is an increase in neutral lipids and sphingolipids and a decrease of
phospholipid content (Elias, 1984).
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2e)

Peanut lectin-binding glycoproteins
Peanut agglutinin (RNA) is a lectin that binds readily to suprabasai

kératinocytes in vivo and in vitro (Reano et al., 1982; Watt, 1983). RNA binds the terminai
gaiactose residue of a 250kD glycoprotein on the surface of suprabasai cells. Although the
250kD glycoprotein is present in basai ceiis the gaiactose residue is masked by terminai sialic
acid residues, thus preventing RNA binding (Keebie and Watt, 1990). Recent work has
shown that the RNA binding glycoprotein is CD44 (Hudson and Watt, in preparation).

3)

PROUFERAT!VE DISORDERS OF THE EPIDERMIS
In normal skin the rate of loss of cornified celis from the surface of the skin is

balanced with the rate of proliferation in the basal layer. However, in wound healing (Grinnell,
1992) and benign hyperproliferative disorders such as psoriasis (Wood and Bladon, 1985) the
rate of proliferation in the basai layer is greater than the ioss of cells from the cornified iayer.
Psoriasis Vulgaris is characterised by scaly brown/red patches and thickening of the
epidermis, both in living and cornified layers (Lever, 1983).

Hyperproliferation in both

psoriasis and wound healing has been demonstrated by the premature appearance of
involucrin in the iower spinous layers of the epidermis (Hertle et al., 1992). Psoriasis patients
are usually individuals with a genetic predisposition to the disease and certain physicai,
chemicai or emotional traumas can provoke the appearance of the disorder.
Squamous celi carcinoma is an invasive carcinoma of the epidermis. The tumour
consists of irregular masses of normal and abnormal kératinocytes that proliferate downward
into the dermis (MacKie, 1989) and display reduced levels of differentiation. Many squamous
ceil carcinomas arise as a resuit of exposure to environmental carcinogens, radiation, chronic
UVB irradiation from excessive sunbum (Wood and Bladon, 1985).
The possible role of viruses is the cause of squamous cell carcinoma is currently
under intensive investigation. Human papillomaviruses (HPV) are a group of small DNA
viruses which predominantly infect squamous epitheiia where they can cause benign
epithelial proliferations, e.g. cutaneous warts and genital condyloma and are thought to
predispose squamous epithelia to maiignant transformation (Meanwell, 1988). There are
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over 60 different HPV types and the different types display tropism for specific epithelia. HPV
infection has been most notably associated with squamous cell carcinomas, in particular
cervical cancer. HPVs are believed to primarily infect basal epithelial cells which are exposed
to the virus through trauma. HPV-associated skin carcinomas usually develop in areas
exposed to high levels of UV light.
immunosuppressed patients.

HPV infection is most commonly associated wi/h

HPV types 16, 18 and 33 have been found to be more

commonly associated with cervical carcinomas than with normal cervix.

Cervical

intraepithélial neoplasia (CIN) is a classification of the abnormalities of the cervix (see
Chapter 4). With increasing severity of CIN i.e. with progression from CIN I to III the
presence of HPV types 16 and 18 become more frequent (Niedobitek and Herbst, 1991).

4)

IN VITRO KERATINOCYTE CULTURE
Human kératinocytes can be grown in culture using the Rheinwald and Green

method (1975) and under such conditions the cells will stratify and show many of the
characteristics of human epidermis in vivo. The details of the method are given in Chapter 2.
Briefly, single cell suspensions of foreskin kératinocytes are cultured on an irradiated feeder
layer of mouse 313 fibroblasts in a culture medium that is composed of 1 part Ham's FI 2
medium plus 3 parts Dulbecco's modified Eagle's medium supplemented with adenine, foetal
calf serum, hydrocortisone, cholera toxin, epidermal growth factor and insulin.
Hydrocortisone stimulates proliferation and gives the growing colonies a more orderly
appearance (Rheinwald and Green, 1975).

Cholera toxin also stimulates keratinocyte

proliferation (Green, 1977). Epidermal growth factor increases the number of cell generations
prior to senescence (Rheinwald and Green, 1977) and stimulates proliferation by stimulating
the outward migration of the rapidly proliferating cells at the edges of the growing colonies
(Barrandon and Green, 1987). The 3T3 feeder layer conditions the culture medium and
substratum to encourage attachment and proliferation of the kératinocytes. Kératinocytes
from newborn foreskin epidermis can be routinely passaged more than 15 times prior to
senescence.
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The Rheinwald and Green culture method can be adapted not only to
grow normal keratlnocytes, but abnormal keratlnocytes from squamous cell carcinomas too
(for example, Pel et al., 1991; Suglyama et a!., 1993). Culturing keratlnocytes In vlW
provides us with a valuable model to Investigate the regulation of terminal differentiation In
normal and abnormal situations (Watt, 1988;Watt 1991). Recent studies have highlighted the
Importance of two families of cell adhesion molecules namely the Integrins (Adams and Watt,
1990; Peltonen eta!., 1989; Marchisio ef a/.,1990; Nicholson and Watt, 1991; Hertle et a!.,
1991; Hotchin and Watt, 1992; Hotchin eta!., 1993; Jones and Watt, 1993; Adams and Watt,
1993; Watt eta!., 1993) and the cadherins (reviewed In TakelchI, 1990,1991; Fleming, 1991;
Wheelock and Jensen, 1992; Fujlta et al., 1992; Geiger and Ayalon, 1992; Burdsal et al.,
1993) In the regulation of epidermal cell behaviour.

5)

INTEGRINS

5a)

The intearin family, structure and function
The term 'Integrin' was proposed by Richard Hynes to describe a family of Integral

membrane receptors thought to link or 'Integrate' the cytoskeieton of cells with the
extracellular matrix. In substrate adhesive cultured cells areas of cell to substrate adhesion
are known as focal contacts. Focal contacts are sites on the cell surface where a high
density of Integrins, Integrin-assoclated cytosolic proteins and filamentous actin concentrate
together to bind the cell to the substrate.

Integrins comprise a superfamily of

transmembrane, heterodlmeric glycoproteins that consist of one a- and one p-subunit that are
non-covalently linked (see Diagram 3). The Integrin superfamily was originally subdivided
Into three main groups based on the sharing of a common p-subunit (Pi, P2 or P3) by various
a-subunlts. These three major groups are named VLA proteins (pi type), leukocyte Integrins
(CD11/CD18 family; P2 type) and the cytoadheslons (pa-type) consisting of platelet
glycoprotein llbllla and the vitronectin receptor (reviewed In Hogg, 1991; Hynes, 1992). To
date

8

different p-subunlts and 14 a-subunlts are known. Although some a-subunlts do

Interact with a number of p-subunlts e.g. ay can Interact with Pi, P3 , pg, Pg and Pg most only
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form complexes with one or two p-subunlts, e.g., a i, « 2 , « 3 and eg can be found associated
with p i only.
Ligand specificity depends on integrin heterodimer composition and also the cell type
in which the integrin is expressed (review in Tuckwell and Humphries, 1993). The ligand
binding region involves the extracellular domain of both subunits (Hynes, 1992). Some
integrins (eg. p i a 4 and p2aL) of the immune system recognise counter receptors on
endothelial cells that are integral membrane proteins of the immunoglobulin superfamily,
VCAM-1 , ICAM-1, ICAM-2, andlCAM-3 . Such integrin counter receptor interactions mediate
direct cell-cell contact. Different integrin heterodimers recognise specific peptide sequences
(or binding sites) in various ligands. The first binding site to be defined was the Arg-Gly-Asp
(RGD) sequence present in fibronectin, vitronectin and a variety of other adhesive proteins.
o 5 p l, allbp3 and ocvp integrins all recognise the RGD sequence, however allbp3 also
recognises an additional sequence Lys-GIn-Ala-Gly-Asp-Val (KQAGDV) in fibrinogen. ot2 pl
binds Asp-Gly-Glu-Ala (DGEA) in collagen type I, and a4 pi binds Glu-lle-Leu-Asp-Val
(EILDV) in an altematively spliced form of fibronectin (Hynes, 1992).
Both subunits of integrins are transmembrane glycoproteins, each
with a single hydrophobic transmembrane segment. In contrast to most of the a and p
subunits the cytoplasmic domain of the P4 subunit is notably

long (1000 amino acids). The

extracellular domain of a-subunits are characterised by having multiple cation binding sites
and vary in size between 120 and 180kD. The extracellular domain of p-subunits are
characterised by having four cysteine rich repeats (90-1 lOkD). The association between the
a and p subunits to form a heterodimer is divalent cation dependent and appears to be
mediated predominantly by the integrin extracellular regions (Hayashi etal., 1990; Solowska
et al., 1991). Both subunits contain extensive internal disuphide bonding that contribute to
the overall 3D structure of the heterodimer (Calvete etal., 1989,1991).
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Diagram 3
A schematic representation of an intearin complex

The integrin integrates the extracellular matrix (ECM) with the actin (An) cytoskeieton.
a = a subunit; p = (3 -subunit; IVI++ = cation binding sites; cys = four cysteine rich repeats; cm =
cell membrane; I n = talin; Vn = vinculin; Px = paxillin; a-Act = a actinin.

5a(i)

p-subunits
Mutations in the P3 integrin cation binding domain has been shown to abolish ligand

binding (Loftus et al., 1990). It has also been shown that cation-binding is also associated
with conformational change. For example, the binding of magnesium to integrin «|_P2 causes
a conform ational change in this integrin revealing the epitope for monoclonal antibody,
Mab24.

Expression of the Mab24 epitope coincides with the ability of a \_^2 to bind ligand

(Dransfield and Hogg, 1989; Dransfield etal., 1992; also see Hynes, 1992; Tuckwell and
Humphries, 1993).

Sim ilar states are presumed to exist for other integrins.

antibodies have been reported to activate

Several

Pi integrin function, probably by converting or

stabilising the receptors in a conformation with high ligand binding affinity (Neugebauer and
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Reichardt, 1991; Kovach et al., 1992; Fault eta!., 1993; Hotchin eta!., 1993). Point mutations
in the pi ligand binding site (Asp^^O

Ala) have blocked the binding of aspi to fibronectin,

but not blocked recruitment to focal contacts (Takada eta!., 1992).
The cytoplasmic tails of the

integrin subunits are believed to interact with actin

cytoskeleton via cytosolic proteins such as talin, vinculin, a-actinin and paxillin (see Diagram
3). The evidence for cytoskeletal connections comes from a variety of sources including light
and electron microscopic colocalization studies (Burridge et a!., 1988 ) and biochemical
evidence for interactions of integrins or cytoplasmic domain peptides with the cytoskeletal
proteins, talin (Horwitz eta!., 1986) and a-actinin (Otey eta!., 1990). Thus, the pi-subunit
cytoplasmic tail acts as a link between the extracellular domain with associated ligand and
the cytoskeleton (Reszka et a!., 1992). It has been shown that the cytoplasmic domain of the
p subunit is necessary for Pi integrin-ligand binding (Hayashi et a/., 1990). Deletion of all or
most of the p i cytoplasmic domain interferes with localisation to focal contacts (Solowska et
a!., 1989, Marcantonio eta!., 1990; Geiger et a!., 1992). These results suggest that the
distribution of integrins is determined by the p-subunit cytoplasmic domain. The hypothesis
is further emphisised in a study by LaFlamme and co-workers (1992) where extracellular and
transmembrane domains of the interleukin-2 (IL-2) receptor was coupled to the cytoplasmic
tails of either p i or a5 subunit. The results showed that neither chimeras coupled to
partnering integrin subunits, but the p i chimera was able to localise to focal contacts.

anbPa

is the fibrinogen receptor on the surface of platelets. Studies have shown that trunca^i^D: of
the p 3-subunit cytoplasmic domain abolishes cell spreading, recruitment of the anbp3 integrin
to focal adhesions, and also prevents the transmission of intracellular contractile forces to
fibrin gels but does not reduce the affinity of anbp3 (Ylânne eta!., 1993).

5a(li) a-subunit
In experiments described by LaFlamme and co-workers (1992) where o5-subunit
cytoplasmic domain was coupled with the transmembrane and extracellular domain of the IL2 receptor (see part 5a(i) of this chapter) the chimera was not localised to focal contacts.
This implies that the a - subunit cytoplasmic domain is not sufficient in directing receptors to
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focal contacts.

Truncation of the a-subunit cytopiasmic domain has no effect on cell

spreading, gel contraction or recruitment to focal contacts but allowed for indiscriminate
recruitment of anbPa to focal adhesions formed by other integrins (Ylanne et a/.,1993). Thus,
the aiib subunit cytoplasmic tail maintains the fidelity of recruitment of the anbPa integrins to
bind specifically to fibrinogen in focal adhesions. O'Toole and co-workers (1991) have
evidence to imply that the a-subunit of GPIIb-llla controls ligand binding affinity.
Chimeric a-subunit studies have shown that the extracellular domain of ag and the
intracellular domain of either a 2 , a * or as-produced different cell phenotypes.

Cells

containing all the different constructs bound to laminin and collagen. The cells that contained
the a 2 - and as-cytoplasmic domain constructs supported collagen gel contraction, but
migrated poorly on collagen or laminin, whereas ceils with the a^-cytoplasmic construct
behaved in the opposite manner (Chan etal., 1992). More recent work has shown that the
region of the as-cytoplasmic domain adjacent to the membrane seems to play a role in
cytoskeletal organisation and cell motility (Bauer etal., 1993).

5a(lll) Integrins and signalling
It has become clear over the last few years that integrins are not only
adhesion molecules, but also play a role in signal transduction both into and out of the cell
(see Hynes, 1992 for several examples of 'outside-in' and 'inside-out' signalling).

A

particularly important feature of integrins is that they undergo activation. During 'outsideinside' signalling activation involves coupling of integrin to soluble mediators (eg. hormones,
cytokines etc.) and/or solid phase reactants (ECM or other cells) to cause a cascade of signal
triggered events . One of the first events identified was the activation of the Na/H antiporter
that causes a rapid and transient rise in intracellular pH as a consequence of adhesion of
clustered integrins to fibronectin. Other examples of such events include a transient rise in
intracellular calcium levels and the phosphorylation of tyrosines on associated proteins eg.
tyrosine kinases of the src family and FAK (Hynes, 1992; Schwartz, 1993). The focal
adhesion-associated kinase pp1 2 5 (FAK) (FAK) is phosphorylated in response to integrin ligand
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binding. The phosphorylation of FAK modulates FAK activity and thus affects other signalling
molecules.
How an integrin molecule conducts information out of the cell is of considerable
importance (Williams etal., 1994). Recent work by O'Toole and co-workers (O'Toole etal.,
1994) has identified the highly conserved GFFKR region in the cytoplasmic domain adjacent
to the transmembrane region of the allb integrin subunit in the control of integrin activation.
They showed that mutations in the GFFKR region result in high affinity binding of the allbp3
molecule to ligand. In their model they suggest that activation of an unidentified 'integrin
activator complex' interacts with the integrin cytoplasmic domains to provoke changes in the
spatial relationships or conformation of the a and p subunit cytoplasmic tails. Such changes
then traverse the membrane proximal GFFKR sequence to alter the extracellular domain
conformation of the integrin heterodimer.
In contrast to these activation events the phosphorylation of serine and tyrosine
residues on integrin p i subunits has been associated with the inactivation of this receptor
(reviewed in Hynes,1992). The correct spatio-temporal control of activation and inactivation of
integrins is vital for the precise regulation of cell behaviour and any deviation from this would
result in disaster (Schwarz, 1993).

5b)

Keratinocvte integrins
Basal kératinocytes adhere to extracellular matrix protein via integrins.

Kératinocytes express a range of integrins, including ogpi, « 2^ 1, «sPi, «vPs and aep4 . The
receptor for fibronectin is ctSpl (Adams and Watt, 1990,1991; Carter etal., 1990a), « 2pi, is
the receptor for collagen and laminin (Adams and Watt, 1991; Carter etal., 1990 a,b), CC3P1 is
a receptor for laminin and epiligrin (Adams and Watt, 1991; Carter et al., 1990 a,b, 1991),
OvPs the vitronectin receptor (Adams and Watt, 1991) and a 6p4is a laminin receptor (Lee et
a!., 1992) and acomponent of hemidesmosomes (Sonnenberg etal., 1991).
aep4 is characteristically expressed only on the basal surface of the basal
cells. However, a 2 pi, «sPi, aspi and a^pg are expressed basal and lateral surface. The
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reason for the expression of integrins on the lateral surfaces of these cells is unclear. It is
suggested that

integrins on the lateral faces of kératinocytes play a role in cell-cell

adhesion (Larjava etal., 1990; Carter et a!., 1990b; Symington et a!., 1993; but also see
Tenchini etal., 1993). Another hypothesis for the expression of integrins on the lateral faces
of kératinocytes is that the integrins on the cell-cell interfaces have in fact undergone
functional-downregulation, and have been redistributed away from the basal surface before
being internalised. However, this idea remains to be tested.
The precise spatial and temporal expression of various keratinocyte integrins
and during animal development have been studied in detail (for example Hertle et al., 1991;
Muschler and Horwitz, 1991; Sutherland e ta l, 1993).

Recently,

«5

subunit knockout

experiments in mice have shown that the homozygous null mutation is an embryonic lethal
and although these mutant mice grow to around day

10-11

of gestation they show severe

defects (Yang etal., 1993; Watt and Hodivala, 1994).
Keratinocyte integrins have also been shown to play a role during
stratification (Adams and Watt, 1990; Hotchin and Watt, 1992) and in the regulation of the
onset of terminal differentiation (Adams and Watt, 1989). The upward migration of cells out
of the basal layer occurs because the kératinocytes lose adhesiveness to extracellular matirx
proteins (Watt and Green, 1982; Watt, 1984). This is due to a down regulation of integrin
function in terminally differentiating cells. Keratinocyte differentiation can be induced in vitro
by placing the cells in suspension in methylcellulose (Green, 1977). Over the first 10 hr of
suspension-induced terminal differentiation, no change in the amount of cell surface agpi,
02 pi

or « 3 pi integrin is detected, yet by 5 hr the ability of the receptor to bind to fibronectin is

markedly decreased (Adams and Watt, 1990). This decrease in receptor-ligand binding is
probably due to a change in integrin conformation (Hotchin e ta l., 1993).
suspension the amount of

05^1

By 24 hr in

is greatly decreased and approximately 80% of cells express

involucrin (Adams and Watt, 1989). Thus, there is a two stage down regulation of integrin
expression during keratinocyte terminal differentiation: firstly, there is a reversible downregulation of integrin function followed by an irreversible loss of integrin expression upon
commitment to terminal differentiation (Hotchin etal., 1993).
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When ke^ùjtmcUjp^ are placed in suspension for 24 hr in the presence of
0.19pM fibronectin the percentage of cells expressing involucrin is reduced to 50% (Adams
and Watt, 1989).

Thus, the presence of fibronectin inhibits terminal differentiation of

kératinocytes. Some adhesion blocking anti-integrin antibodies or a combination of, type IV
collagen (Coll IV), laminin (Lm) and antibodies can also block the differentiation of
kératinocytes under similar conditions (Watt etal., 1993).
Further evidence for the role of integrins during keratinocyte terminal
differentiation comes from recent work carried out on locating human epidermal stem cells.
Given that stem cells are defined as having the capacity for unlimited division both in vivo and
in vitro (i.e. do not undergo terminal differentiation) it would be expected that these cells
would never downregulate their integrins and would express the highest density of functional
integrins per cell in the basal layer. This has indeed been shown to be true (Jones and Watt,
1993). 15% of cells from the basal layer will adhere to type IV collagen in 20 min and the rest
will adhere at later times. It has been shown that these 'early-stickers' have increased
surface expression of a2|3l, a3pl, o5pl but not a 6 pl . Moreover, these cells, when plated
onto feeders, display a greater proliferative capacity than other cells isolated from the basal
layer. These results are in acordance with epidermal stem cells possessing the highest
density of functional integrins.

5c)

Aberrant integrin expression in abnormal epidermis
Changes in integrin expression occur during wound healing (reviewed by

Clark, 1990; Grinnell, 1992). Increased levels of 0%have been observed during the migration
of kératinocytes to heal excision wounds in pig skin (Clark, 1990) and during migration of
human kératinocytes from explants in vitro (Guo etal., 1990).
At the time of closure of suction blister wounds, when the epidermis is
hyperproliferative the «2, cxg, oe and

subunits are found in all living suprabasal layers, and

these cells coexpress markers for terminal differentiation (Hertle et al., 1992). Ov, 0 5 and P4
remain predominantly confined to the basal layer.

Although 'embryonic' isoforms of

fibronectin (EIIIA and EIIIB) become prominent over 'adult' isoforms (e.g. the V isoform)
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during wound closure (Brown etal., 1993) fibronectin, type IV collagen and laminin remain
confined to the basement membrane zone (Hertle et a!., 1992). One week after wound
closure the expression of all integrins is once more restricted to the basal cells. Strong
suprabasal staining of ag, 0C3 , olq and

is also observed in healing mouth ulcers (Jones et

a!., 1992). It should also be noted that in certain regions of the oral cavity rapid squamous
cell proliferation and upward migration occurs and it is in such regions that suprabasal
integrin expression occurs.
Integrin expression in a number of benign hyperproliferative diseases has
also been examined. Suprabasal expression of

oq and

integrins have been observed in

psoriatic lesions (Ralfkiaer etal., 1991; Horrocks etal., 1991; Hertle etal., 1991; Kettner,
1991).

Integrin staining patterns in oral squamous cell carcinomas show considerable

variation, both within and between individual tumours. Expression of « 2 , «3, og, pi and P4
subunits has been shown to be highest in the basal layer of normal epithelium, but extensive
staining in suprabasal layers is especially observed in hyperplastic epithelium adjacent to
ulcers.

All poorly differentiated tumours show focal loss of a 6 , |34,

o l2

and a3 integrin

expression (Jones et al., 1993). An investigation of integrin expression in oral squamous cell
carcinomas cell lines also shows a variation in integrin expression. In particular there is an
extensive loss of a6p4 integrins in cell lines derived from poorly differentiated tumours
(Sugiyama etal., 1993). The significance of changes in integrin expression associated with
epidermal wound healing and hyperproliferative skin disorders is at yet unknown. However,
one might speculate that since changes in integrins function and expression not only regulate
keratinocyte adhesion, but also the initiation of terminal differentiation any abnormal
alterations in integrin expression may contribute to the behaviour of individual tumours.
In two benign inflammatory disorders, eczema and lichen planus, extensive
suprabasal staining of

has been reported (Ralfkiaer etal., 1991). Basal cell carcinomas

are locally invasive, non-metastising keratinocyte tumours usually arising from hair bearing
skin In some basal cell carcinomas fibronectin expression appears to be increased with a
parallel increase in

«3

and Pi integrin expression (Peltonen etal., 1988, 1989) in the basal

layer, but an overall decrease in « 2 expression is also observed.
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6)

6a)

CADHERINS

The cadherin family, structure and function
The cadherins are cell surface transmembrane proteins that mediate

homophillic calcium-dependent cell-ceil adhesion in a wide variety of tissues and species.
The classical cadherins are E-cadherin (epithelial cadherin or uvomurulin), P-cadherin
(piacental cadherin) and N-cadherin (neural cadherin or N-CAM). They are concentrated at
the adherens or intermediate type of cell junctions which link to the actin filament network.
Each cadherin subclass displays a unique pattern of tissue distribution. Many ceii types can
express a combination of these subciasses (see Part 6 b of this Chapter). The cadherin
superfamily also includes glycoproteins of the desmosome type of ceii junction, which link to
intermediate filaments within epithelial cells (for reviews see Takeichi, 1990; Takeichi, 1991;
Buxton and Magee, 1992; Geiger and Ayaion, 1992; Grunwald, 1993). Cadherins were first
described as expressing their function only in the presence of caicium. Cadherin-calcium
binding invoives resistance to proteoiytic cleavage (Takeichi, 1977).
The classicai cadherins are composed of a large extracellular domain, that
contains four internai repeats with a cysteine rich C-terminal region and six putitive calcium
binding sites; a transmembrane domain and a short cytoplasmic domain (see Diagram 2).
Homology between subclasses within a singie species is particulariy striking in the
cytoplasmic domain.

In the extracellular domain the most N-terminal domain is the

hemophilic binding region. Cadherins have been suggested to be central to cell sorting
mechanisms and seiective ceil adhesion, allowing groups of cells to associate and form
organs (Takeichi, 1990,1991; Steinberg and Takeichi, 1994). In vitro aggregation assays of
a mixed population of L-ceiis transfected with the cDNAs encoding E-, P- or N-cadherin have
shown that cells expressing identical cadherin types bind to each other (Nose etal., 1989).
This preference for adherence is evidence for the homophiiic binding of the cadherins. In
aggregation studies where celis express different densities of P-cadherin the celis with the
highest density of P-cadherin will preferentially bind to each other. These ceils form a
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capsule that excludes those which display lower densities of cadherin. This phenomenon is
thought to be mechanistic during morphogenesis (Steinberg and Takeichi, 1994)
The N-terminus of the extracellular domains of the classical cadherins display
a common histidine-alanine-valine (HAV) motif that acts as the recognition sequence in the
homophiiic binding of two cadherin molecules. HAV motifs have been identified in both
influenza virus hemagglutinin and in fibroblast growth factor receptors and play a general role
in protein-protein interactions (Byers etal., 1992). The penultimate N-terminal domain of the
extracellular region is the calcium binding region.
There is increasing evidence that cadherin function is modulated by cytosolic
proteins that bind to the C-terminus of cadherins (Nagafuchi and Takeichi, 1988). The
cytoplasmic domain of the classical cadherins is highly conserved and the C-terminus
associates with a distinct group of cytosolic proteins termed catenins (Nagafuchi and
Takeichi, 1988). Deletion of the catenin-binding region generates cadherins that cannot
mediate cell-cell adhesion (Nagafuchi and Takeichi, 1988).
Three distinct catenins have been identified by co-immuno-precipitation with
E-cadherin (Ozawa e ta l., 1989): a-catenin (102-105kD) that has been shown to have
homology to vinculin (Herrenknecht et al., 1991), p-catenin (92-97kD) that has partial
homology with plakoglobin (a peripheral cytoplasmic protein that also localizes to the
cytoplasmic face of desmosomes) (McCrea etal., 1991), and y-catenin (82-86kD). y-catenin
comigrates with plakoglobin on SDS-PAGE and it is suggested that they are the same protein
(Knudson and Wheelock, 1992) although other studies have suggested that on

2D

SDS-

PAGE y-catenin and plakoglobin can be resolved separately (Piepenhagen and Nelson,
1993). Recent personal communication with James Nelson indicates that y-catenin and
plakoglobin are infact identical and that the distinct band previously seen on the 2D gels is an
E-cadherin degradation product.
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Diagram 2

Schematic representation of the classical cadherin complex

%

OUT
Cadherin cytoplasmic tails complex with the catenins which in
turn interact with the actin cytoskeleton (An). HAV = HAV region in the homophillic binding
domain; Ca++ = cation binding site; IR = internal repeats; cys = cysteine rich domain; cm =
cell membrane; a = a-catenin; (3 = (3-catenin; pik = plakoglobin.

The im portance of cadherin-cytoskeletal interactions in
normal cadherin function is illustrated in a study where a truncated mutant of N-cadherin
lacking the extracellular domain was expressed in Xenopus embryos.

Expression of this

mutant in Xenoous embryos caused a dramatic inhibition of cell adhesion. Moreover, two
point mutations in the N-cadherin cytoplasmic tail were sufficient to inhibit adhesion and effect
catenin binding to E-cadherin (Kinter, 1992). Another study that illustrates the importance of
cadherin-catenin interactions has shown that transfection of a subtype of a-catenin known as
a N-catenin into non-adherent cells (that normally lack a - and a N-catenin, but possess
surface N-CAM) were able to form aggregates in vitro (Hirano etal., 1992).

27

The desmosomal cadherins include the desmosomal glycoproteins DGII,
DGIII (desmocollins) and DG-1 (desmoglein). To date other human desmosomal cadherins
include the desmocollins DGIV and DGV and the desmogleins HDGC and PVA (reviewed in
Buxton etal,, 1993).DGI has 29% identity to N-CAM, and DGII and DGIII have 35% identity
(Wheeler et a!., 1991). Like the cadherins the desmosomal cadherins have four internal
repeats which contain six putative calcium binding sites. Just before the transmembrane
domain the cadherins and DGII and DGIII have four srongly conserved cysteine residues.
The cytoplasmic tail of the desmosomal cadherins shows less than 25% Identity with the
cadherin cytoplasmic tail and this probably reflects the selective association of these
molecules with the intermediate filaments. DGII and DGIII differ only in that DG-III has a
smaller cytoplasmic domain (Holton etal., 1990; Parrish et a!., 1990; Collins efa/., 1991;
Parker etal., 1991). In contrast to DGII and DGIII DG-I has a much longer cytoplasmic tail
than the classical cadherins (Niles et al., 1991). Another major difference between the
classical cadherin and the desmosomal cadherin cytoplasmic tails is that the former have no
cysteine residues, but the latter can possess up6 >ten.

6b)

Keratinocyte cadherins
The classical cadherins expressed in normal epidermis are P-cadherin and

E-cadherin.

P-cadherin is expressed in the basal layer of cells whereas E-cadherin is

expressed in all layers of the epidermis (Hirai etal., 1989; Nicholson etal., 1991; Fujita etal.,
1992). It has been shown that E-cadherin is concentrated in adherens junctions both in vivo
(Kaiser etal., 1993) and in vitro (Green etal., 1987; O'Keefe etal., 1987).
The roles of E- and P-cadherin during skin development (Fujita et al., 1992)
and in epidermal morphogenesis have been reported (Wheelock and Jensen, 1992). In fetal
skin, while the patterns of E- and P-cadherin expression are similar to that in the adult, Pcadherin is temporarily concentrated in the developing sweat ducts. After the sweat ducts
have formed P-cadherin is evenly expressed in the basal layer (Fujita etal., 1992).
Recent evidence for the role of cadherins during morphorgene)^ has been
iliustrated in experiments where cadherin function was perturbed by the addition of function
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blocking antl-E-cadherin antibodes to expiants of epiblast tissue from the primitive streak
stage of mouse embryos. The results showed that perturbation of E-cadherin function
induced epiblast cells to take on mesenchymal cell morphology, ie. treatment with anti-Ecadherin antibodies triggered steps of differentiation characteristic of the differentiation
pathway of primative streak mesoderm (Burdsal ef a/., 1993). In addition to this work, studies
in Xenopus development have shown that the absence o f E- and P- cadherin causes a
significant reduction in the adhesion between blastomeres (Heasman et al., 1994), and that
truncation of the cytoplasmic tail causes lesions in the developing ectoderm during
gastrulation (Levine etal., 1994).
Studies on kératinocytes grown in low calcium concentrations and then
switched to standard calcium concentrations have shown an apparent redistribution of
cadherin expression to the cell-cell borders and the induction of stratification (see Part 1 of
Chapter 5 for more details) Addition of an anti-E-cadherin antibody to the standard calcium
medium has inhibited the redistribution of E-cadherin in these celis. In particular, addition of
such an antibody also prevents calcium induced stratification. These studies suggest a role
for E-cadherin in the regulation of epidermal morphogenesis (Wheelock and Jensen, 1992).
The distribution of desmosomal cadherins has been described by Arneman
and co-workers (Ameman etal., 1993). Desmocollins DGIV and V are expressed only in the
upper spinous granular layers of the epidermis, whereas DGII and III expression is enriched
in the basal layers. Amongst the desmogleins expression of DGI appears to be similar to
desmoplakin and plakoglobin, i.e. expressed throughout the epidermis, gradually
accumulating during differentiation; PVA is more prevalent in the lower spinous layers,
whereas HDGC expression is detected only in the basal! layer. The precise location of
specific desmosomal cadherins in the epidermis probably reflects the slightly varied functions
of these molecules and this may be related to the need for changes in keratinocyte adhesion
during stratification, terminai differentiation and desquamation.
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6c)

Cadherin expression and cancer
It is known that cadherins are cell-cell adhesion molec as in tumours as

well as in normal tissues. The perturbation of cadherin function causes a temporary or
permanent disaggregation of tumour cells and may thus promote the Invasion and metastasis
of such cells. E-cadherin expression has been studied in various tumours jn vivo and ig vitro.
Investigations of the expression of E-cadherin in vivo include work on
squamous cell carcinoma of the hypopharynx (Schipper et al., 1991), the esophagus,
stomach and breast (Shiozaki et a!., 1991; Oka et a!., 1993). In general the E-cadherin
expression was reduced or lost in the most poorly differentiated tumours and primary tumours
when nur^r^diM to the normal tissue. However, Kinsella and co-workers (Kinselia et al., 1993)
found no correlation between the changes in E-cadherin expression and tumour spread in
carcinomas of the bowel.
E-cadherin but not P-cadherin mRNA levels have been shown to be lower
in sqamous cell carcinomas than in normal kératinocytes in vitro (Nicholson et al., 1991).
Genetic manipulation of E-cadherin in in vitro studies has shed light on the role of E-cadherin
in tumour metastisis. E-cadherin cDNA was transfected into highly invasive epithelial tumour
cell lines.

The resulting transfectants showed a reproducible loss of invasion activity.

Alternatively, a plasmid encoding E-cadherin specific antisense RNA was introduced into
non-invasive ras transformed cells. This resulted in a downregulation of endogenous Ecadherin expression

the cells invasive (VIeminckx etal., 1991). The reductionin E-

cadherin expression and increased invasive potential has also been observed in esophageal
cancer cell lines (Doki etal., 1993), mouse epithelial squamous cell carcinoma lines (Stoler et
al., 1993) and in epithelial cells (Behrens etal., 1989). Interestingly, in some tumour cell lines
that have normal E-cadherin and p-catenin levels a reduced capcity for adhesion correlates
with reduced levels of a-catenin (Shimoyama et al., 1992; Takeichi etal., 1992).
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7)

aim é
The aims of my thesis have been to investigate two in vitro models in which integrin

expression is abnormal. The plan of my aims are as follows:

1

Prodiuce anti-integrin monoclonal antibodies that block adhesion to extracellular

matrix proteins in vitro and also block keratinocyte terminal differentiation.

2

Examine the levels of a large variety of integrin subunits on keratinocyte cell lines

transfected with HPV16 and or v-Harvey ras and compare them by immunofluorescence,
surface iodination and immunoprécipitation, FACS analysis, adhesion and migratory abilities
with their normal parental cell lines. In addition to this work I intend to examine the expression
of integrins on a panel of HPV infected cervical biopsies and compare their patterns of
expression with the in vitro models.

3

Investigate the expression of integins on terminally differentiating kératinocytes

grown in low calcium medium and examine the functional ability if the integrins on terminally
differentiating cells. Observe the changes in cell adhesion that occur during calcium induced
stratification and the role of cadherins in the possible control of integrin funcetion and
expression during keratinocyte terminal differentiation.

4

The final part of my project was an investigation of the possible mechanism of integrin-

cadherin cross-talk during calcium induced stratification via the cytoskeleton and cytosolic
proteins that are associated with the cytoplasmic tails of the integrins and cadherins.
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C hapter 2
M a t e r ia l s A n d M e t h o d s

1)

TISSUE CULTURE MEDIA AND SOLUTIONS

I.C.R.F. Central Cell Services produced many of the buffers and media that were
used. These are Identified as (ICRF).

1a)

Phosphate-buffered saline (PBS)
PBS (ICRF) consisted of 8 g NaCI, 0.25 g KCI, 1.43g Na2 HP0 4 and 0.25g KH2 PO4 in

distiiled water, titrated to pH 7.2 and autoclaved. PBSABC consisted of PBS supplemented
with ImM CaCl2 and ImM MgCl2.

1b)

Versene
sterile versene (ICRF), consisted of

8g

NaCI, 0.2g KCI, 1.15g Na2 HP 0 4 ,

0 .2 g

Na2 EDTA, and 1.5ml 10% phenol red per litre.

1c)

Trypsin
0.25% Trypsin in Tris saline (ICRF), was used at 1+4 (trypsin + versene) to detach and

dissociate cells.
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1d)

Standard FAD medium (FAD+FCS+HICE)
Standard FAD medium (Imperial Labs., U.K.; prepared by ICRF) is composed of one

part Ham's F I2 medium, three parts Dulbecco's modified Eagle's medium (DMEM)
supplemented with 100IU/I penicillin (Gibco),

1 0Opg/l

streptomycin (Gibco) and 1.8 x lO^M

adenine. This medium was further supplemented with

10 %

batch-tested foetal calf serum

(FCS, Advanced Protein Products, Brierley Hill, UK) and O.Spg/ml hydrocortisone
(Calbiochem), 5pg/ml insulin (Sigma Chemical Co., Poole, U.K.), 10-‘'0M cholera toxin (ICN,
High Wycombe, UK) and lOng/ml epidermal growth factor (EGF, Austral Biologicals, San
Ramon, CA, USA). The hydrocortisone, cholera toxin, and EGF were collectively known as
'cocktail'.

This mixed with insulin was known as 'HICE' (Rheinwald and Green, 1975;

Rheinwald, 1989; Watt, 1984). The calcium concentration of standard calcium FAD medium is
1.8mM.

1e)

Low Ca2+ FAD medium (-Ca2+ FAD+FCS+HICE)
Low Ca2+ FAD medium (Imperial Labs., U.K.; prepared by ICRF) was prepared in the

same way as standard FAD medium except that calcium salts were omitted from the DMEM
and FI 2 formulations. The FCS used to supplement low Ca^+ FAD was pretreated with
Chelex 100 resin as described below.

HICE was added in the same concentration as

described for standard FAD medium. 2 ml of standard FAD+FCS+HICE medium was added
per 200ml. The calcium concentration of low Ca^+ FAD medium is 0.1 mM free calcium ions.

If)

Chelex treatment of FCS to remove free calcium and
magnesium ions
Chelex 100 resin (100-200 mesh, sodium form; BioRad, Richmond CA, USA) was

swollen at 40g/l in distilled water, titrated to pH 7.4 with NaOH and filtered through Whatman
#1

paper. Serum was treated by adding 20g swollen resin to 50ml batch-tested FCS and

stirring at room temperature for 3 hr. The chelated FCS was then filtered through Whatman #1
to remove the resin and then through a 0.2pm filter to sterilize it. The sterile chelated FCS
was stored at -20°C (Brennen etal., 1982).
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1g)

DMEM (E4 medium)
E4 medium (ICRF) was supplemented with 10% batch-tested donor calf serum, (DCS)

(Gibco, Paisley, Scotland).

1h)

Mitomycin C
Each 2mg vial of mitomycin C (Sigma Chemical Co. Poole, U.K.) was dissolved In 5 ml

PBS, filter sterilized and stored at -20°C.

2)

CELL CULTURE

All cells were grown In a humidified Incubator at 37®C / 5% CO2 .

2a)

3T3 feeder cell laver routine culture
Clone J2 of 3T3 Swiss embryo fibroblasts are a clone of fibroblasts that were selected

on their ability to support keratinocyte growth. J2s were routinely cultured to act as stocks of
feeder layers for keratinocyte culture (Rheinwald and Green, 1975). J2s were cultured In E4 +
10% DCS and subcultured at 1:10 every 5-6 days. Confluent J2s were mitotlcally Inactivated
by adding 4pg/ml mitomycin C to the culture medium and Incubating for 2 hr at 37°C. The
cells were then washed In versene, trypslnlsed, spun down at 1000 rpm for 5 mln,
resuspended In FAD+FCS+HICE and then seeded at 1:3 In 75cm^ tissue culture dishes, T75
(or equivalent cell to tissue culture area density ) and Incubated at 37°C for 2-24 hr prior to
seeding keratlnocytes.

2b)

Primary keratinocyte isolation
Fresh normal human foreskins (from neonates) were kindly provided by Dr. Herbert

Barrie, Charing Cross Hospital. Under sterile conditions a single foreskin was scraped with a
scalpel to remove the dermis as far as possible leaving the epidermis Intact. This sheet was
then rinsed briefly In a solution of nystatin, penicillin and streptomycin In PBSABC, cut Into
several pieces of about 5mm^ and then dissociated In a sterile container with a magnetic stirrer
suspended from the lid (Wheaten jar) containing 5ml trypsin and 5ml versene at 37°C for 30
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min. After this time the single cell in suspension were removed and spun down at 1000 rpm
for 5 min and then resuspended in FAD+FCS+HICE. The remaining clumps of cells were retrypsinised as before for a further 30 min. This process was repeated up to 4 times until the
number of cells at each incubation began to decline. About two million kératinocytes were
obtained from each foreskin. Cells from each collection were pooled and counted. Finally
cells were plated at a density of 10^ or 2 x 1 0 ^ cells per 25cm^ (T25) tissue culture flask
containing a mitomycin C treated J2 feeder layer.

2c)

Keratinocyte subculture

2c) (I)

Standard calcium culture
Keratlnocytes were cultured and passaged as originally described by

Rheinwald and Green (1975). Subconfluent or just confluent cultures were washed once in
versene to remove any remaining J2, trypsinised in 1+4, trypsin : versene for 5-10 min at
37°C, washed in complete standard FAD and then seeded onto a mitomycin C-treated J2
feeder layer at

x

2

10^

cells per T75 flask, 1 0 ^ cells per T25 flask or 4 x

10 ^

cells per well of

glass 8 -chamber tissue culture slides (Nunc) in complete standard FAD. Cultures were fed
three times a week with fresh complete standard FAD. Small colonies generally appeared
within 3-4 days and cultures were confluent between 8-10 days.

In all the following

experiments I used keratinocyt strains a, z or kd at passage 2-6 and u and v at passage 3-8.

2c) (II)

Low calcium cultures
Low Ca^+ keratinocyte cultures were prepared as described, but seeded at

three times the normal density in complete standard FAD and then switched into low Ca^+
FAD medium after 2-3 days. In low Ca^+ the keratlnocytes would reach confluency within 4-6
days of seeding.

2c) (ill)

Culturing up, upr, and vp cell lines
Up and vp are HPV16 transformed keratinocyte cell lines (Pei etal., 1991)

derived from normal foreskin keratlnocytes strains u and v respectively. Viral-harvey ras
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transformation o f the up cell line gave rise to the upr cell line (Hodivala etal., 1994). Up, vp
and upr were cultured In the absence of a

J2 feeder layer In standard calcium

FAD+FCS+HICE. Cells were subcultured by splitting 90% confluent cultures 1:10 every 5-7
days. For my experiments up, vp and upr were used at passages 45-70.

2d)

SP2 culture
SP2 Is an Immortal line of mouse myeloma cells. They are used as fusion

partners during monoclonal antibody production (Kohler and Mllstein, 1976). SP2 stocks
were grown In E4 medium supplemented with 10% FCS and were split 1:10 every 5 days.
These cells grow In suspension and should appear round and shiny when healthy.

2e)

Freezing down cell stocks
After trypslnlsatlon and washing In complete medium cells were resuspended

at 10®/ml In 1:10 DMSO:FCS In a Nunc cryotube In an Insulated container and placed at -70°C
for 2-7 days to control the rate of freezing. After this time the vials were transferred to liquid
nitrogen for storage.

2f)

Thawing cell stocks
Vials of frozen stocks were thawed Individually at 37°C to avoid the risk of

cross-contamlnating cell types and strains. As soon as the vial contents were thawed they
were gently resuspended In complete medium (E4+10% DCS for J2s and standard
FAD+FCS+HICE for keratlnocytes) and spun down at 1000 rpm for 5 mln. The supematant
was aspirated off and the remaining cells were resuspended in fresh medium, counted and
plated out.
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3)

IM M U N O FLU O R ESC EN C E

METHODS

See Antibody and Lectin List (Part 16 of this chapter) for source of antibodies.

3a)

Dispase treatment
To prepare sections of confluent keratinocyte cultures cells were treated with

2.5mg/ml Dispase (Boehringer Mannheim, Mannheim, Germany) in E4 medium for 10-30 min
at 37°C. This allows the cell sheet to detach from the tissue culture plastic. When the edges
of the cultures started to detach from the dish the cell sheet was peeled away from the dish
with forceps (Watt, 1984). Dispased sheets were embedded in OCT as described below.

3b)

Preparation of tissue for cryosectioning
Fresh tissue (foreskin, cervical biopsies or dispase sheets) was frozen by

placing the tissue in the correct orientation for sectioning on a cork disc, coating in OCT at 4°C
(BDH Ltd., Poole, UK) and slowly submerging in an isopentane bath cooled in liquid nitrogen.
The tissue was left submerged for 20-30 sec to allow it to freeze thoroughly. Tissue blocks
were stored at -70°C.
All sectioning was performed by the ICRF Histopathology Unit.
cut and mounted onto 4-well 'silane' coated slides (Rentrop

6 pm

sections were

et al., 1986)and stored at -70°C

until required. To examine the morphology of the tissues representative sections were
stained with haematoxylin and eosin (H+E).

3c)

Immunofluorescence staining protocol for surface integrins
The same general method of staining was used for tissue sections or whole

cells grown in 8 -chamber slides or petri-dishes. Cells were washed briefly in PBS; fixed in
3 .7 %

formaldehyde in PBS for 20 min at room temperature; washed three times in PBS and

blocked in block solution, 0.1% bovine serum albumin (BSA), 0.2% Triton X-100 (Sigma
Chemical Co., Poole, UK) in PBS for 1 hr at room temperature or at 4°C. Immediately before
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applying the antibody all slides were washed in PBS and excess PBS removed. Primary
antibodies were diluted in PBS or block solution and applied for a minimum of 40 min at room
temperature. The slides were washed three times in PBS and any excess PBS removed
before incubating in a

1 :1 0 0

dilution of the fluorescently conjugated secondary antibody,

diluted in PBS, for 40 min at room temperature. All the slides were washed three times in
PBS and then finally rinsed in distilled water before mounting in Gelvatol. (For Gelvatol recipe
see Part 3h of this chapter).

3d)

Double Immunofluorescence staining

3d) (i)

Tissue sections
Double immunofluorescence staining of tissue sections was the same as

described above, but the second primary antibody and respective secondary antibody were
applied sequentially before mounting.

N.B. During double immunofluorescence staining both primary antibodies must originate
from different species. The respective secondary antibodies should emit light at different
wavelengeths to give cot resting colours eg. fluorescein-conjugated (FITC)-lgG and Texasred or rhodamine-conjugated IgG.

3d) (ii)

Whole cells
Double immunofluorescence staining of whole cells required specific fixation

and permeabilisation protocols dependingon the protein under investigation.
For simultaneous detection of surface integrin and a cytoplasmic protein :
cells were fixed in 4% paraformaldehyde (Sigma Chemical Co., Poole, UK) in PBS for 20 min
at room temperature; washed 3 times in PBS; permeabilised in 0.1% Triton/ PBS for 4 min at
room temperature; blocked in 0.2% fish skin gelatin (FSG - Sigma Chemical Co., Poole, UK);
washed in PBS and then double stained as described previously.
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For cells that were stained for E-cadherin and a cytoplasmic protein cells were
fixed in 3.7% formaldehyde/PBSABC for 20 min at 4°C; washed in PBSABC; permeabilised in
100% methanol for

10

min at -20°C; washed in PBSABC and then double stained using

ECCD2 as the anti- E-cadherin antibody. All antibodies were diluted in PBSABC, incubation
times were for a minimum of 20 min each and the cells were washed three times in PBSABC
between each incubation.

3e)

Involucrin staining
Whole cells were fixed in 3.7% formaldehyde in PBS, permeabilised in 100%

methanol for 5 min at room temperature, washed in PBS and then stained for involucrin using
a 1:250 dilution of DH1 (bleed 3) diluted in PBS, washed three times in PBS, incubated with a
1:100 dilution of FITC-conjugated anti-rabbit IgG (Sigma Chemical Co., Poole, UK); washed
once in PBS and finally in distilled water before mounting in gelvatol.

3g)

Filamentous Actin staining
Cells were permeabilised in 0.5% Triton in PBS for 5 min at room temperature;

washed in PBS; fixed in 3.7% formaldehyde in PBS for 20 min at room temperature; washed
in PBS; stained for actin with a 1:1000 dilution of Texas-red conjugated phalloidin (Sigma
Chemical Co., Poole, UK) in PBS for 30 min at room temperature and washed 3 times in
distilled water before mounting in Gelvatol.

3h)

Tubulin staining
Cells were permeabilised in 100% methanol for 5 min at -20°C; treated with 100%

acetone for 5 min at -20°C and fixed in 4% paraformaldehyde/PBS for 20 min at room
temperature. To stain for tubulin cells were incubated in a 1:50 dilution of an anti-tubulin
antibody; and then a 1:100 dilution of a biotinylated anti-rat IgG antibody, then a 1:100 dilution
of FITC-conjugated streptavidin. All antibodies were diluted in PBS, the cells were washed 3
times in PBS between each 20 min incubation. Finally the cells were washed 3 times in PBS
and once in distilled water before mounting in Gelvatol.

39

3h)

Gelvatol recipe:
6g

of glycerol (BDH, Poole, UK) were mixed with 2.4g of gelvatol (Gelvatol,

Monsanto Indian Orchard Plant, Springfield, MA, USA) and vortexed.

6 ml

of distilled water

were added and the tube was left to stand for 1 V 2 hr at room temperature. After this time
12.5ml of 200mM Tris pH 8.5 was vortexed in and the solution then heated to 50°C for

10

min

and vortexed again. The heating and vortexing procedure was repeated three times. The
solution was then left to rotate end-over-end overnight at room temperature. Finally the
mounting solution was spun down at

1000

rpm for

10

min at room temperature and the

supematant aliquoted out and stored at 4°C for up to 1 year.

4)

FLO W CYTOMETRY

Subconfluent cultures of keratlnocytes were washed twice in versene,
trypsinised, washed once in FAD+FCS+HICE medium, recovered by centrifugation,
resuspended in 100-200pl of PBS at 4°C and incubated with a saturating concentration of
either FITC-conjugated or non-conjugated antibody or FITC-conjugated peanut agglutinin
(PNA, Vector Laboratories, UK) for 5-15 min at 4®C. The cells were then washed in 15ml of
PBS at 4°C and incubated where necessary with the appropriate FITC-conjugated antibody
for 5-15 min at 4°C. After washing the cells for a second time in PBS they were resuspended
in 500pl of PBS at 4°C and passed through a 63|im nylon mesh (R. Cadish and Sons,
London, UK) to remove aggregates. Immediately before analysis propidium iodide (5pg/ml)
was added for viability gating (Jones and Watt, 1993)
Cells were either analysed on a Becton-Dickinson FACScan or they were sorted
on the Beckton FACS Star Plus machine.
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5)

TtM E-LAPSE

CINEM ICROSCOPY

Cell migration assays were carried out as follows with the assistance of Chris
Gilbert from the Applied Microscopy Laboratory, ICRF

5

x

10^

cells were plated per 35mm

diameter petri dish in the presence of a 3T3 feeder layer in FAD+FCS+HICE. One day later
the cells were transferred to -Ca^+ FAD+FCS+HICE medium. After 3-4 days in low calcium
medium (by which time most of the feeders had detached and calcium dependent cell-cell
adhesion molecules were no longer functional) the motility of individual cells in the cultures
was monitored for 22 hr using Olympus time lapse units. The unîtes consisted of 16mm Bolex
HI 6 cameras and inverted Olympus IMT microscopes which were fitted with lOx phase
objectives and were enclosed within a 5% CO2 , 37°C environment (Riddle, 1990).
Cell-cell adhesion assays were carried out by switching the low calcium cultures
into standard calcium medium in the presence or absence of drugs at the onset of filming.
Cultures were filmed using Kodak Infocapture Attu microfilm for 22 hr at a rate of
ongframe every 2.5 min. The films were reviewed using an analytical projector (MAC), and the
motility of the cells was determined using a GP7 digitiser (Science Accessories Corporation,
Southport, Connecticut, USA) linked to a BBC B microcomputer. The migration patterns of
individual cells were traced using the same equipment. Migration rates were defined as the
average of the number of pm travelled per hour. For each experiment the paths of 20
representative cells were traced.

6.

E L IS A

Keratlnocytes from newly confluent cultures were harvested by trypslnlsatlon,
washed in complete standard FAD medium, resuspended in complete standard FAD medium
and plated at a density of 5x10^ cells/well of a tissue culture 96-well plate. The cells were left
to attach for 3 hr at 37°C. After this time any excess cells were washed off with PBSABC. The
adherent cells were fixed in 3.7% formaldehyde (Fison Laboratory Suppliers, UK) in PBSABC
for 20 min at room temperature, washed briefly in PBSABC, blocked in 2% casein (Sigma
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Chemical Co., Poole, UK) in PBSABC overnight at 4®C and finaily washed in PBSABC prior to
use.
Eight limiting dilutions of each antibody were made in tripiicate by dilution in 0.5%
Casein/0.05% Tween 20 (Sigma Chemicai Co., Poole, UK)/PBS. lOOpI of each of the diluted
antibodies were applied to each well of the prepared plate using normal mouse serum as a
negative antibody controi and incubated for

1

hr at room temperature. The plate was then

washed in PBSABC. lOOpi of 1:1000 diiuted horse-radish peroxidase conjugated rabbit anti
mouse IgG (H+L) (Sigma Chemical Co., Poole, UK) was applied to each well and incubated for
1 hr at room temperature. The plate was washed again in PBS. To develop the reaction lOOpI
of substrate buffer : citric acid (Sigma Chemical Co., Poole, UK) 0.51 g + disodium hydrogen
phosphate (anhydrous) 0.73g in 100ml distilled water), was added to each well and the plate
placed in the dark for about
the wells

1 0 0 ml

10

minutes until a colour reaction was obvious. Without emptying

of 6 % citric acid was applied to each to stop the coiour reaction. The plate was

read immediately at 429nm on a BioRad 2550 El A spectrophotometer.

7)

GEL

ELECTROPHORESIS

7a)

Polyacrylamide gel electrophoresis (PAGE) of proteins
Using a vertical gel electrophoresis gel apparatus system(Model SE400

Hoeffer Scientific Instruments, San Francisco, USA) 1.5mm thick gelswereassembled
according to the manufacturer’s instructions. The resolving gel recipe is that of Laemmli
(1970) and is described in Recipe Sheet 1 . Immediately after pouring the gel was overlaid
with a 0.1% SDS solution to eliminate an air interface which inhibits acrylamide polymerisation.
Gels were allowed to polymerise for about 40 min. After this time the 0.1% SDS solution was
poured off, the stacking gel (see Recipe Sheet 1 ) poured over the resolving gei and the
comb (same thickness as the gei) immediateiy inserted to create wells. The stacking gel was
left to polymerise for 20-30 min before carefully removing the comb. The wells and upper and
lower gel tanks were filled with SDS-running buffer (see Recipe Sheet 1). Samples were
diluted 1:1 with either reducing or non-reducing sampie buffer, boiled for 5 min at

1 0 0 ®C,
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centrifuged at 14,000 rpm for 5 min and loaded using capillary disposable pipette tips.
Standard high molecular weight markers (BioRad, Richmond, CA, USA) were prepared
according to the manufacturer's instructions. Samples were run at 40V overnight or 70V for 6 8

hr. When the dye front reached the bottom of the plates the gel was either prepared for

Western blotting or stained in Coomassie blue stain.

7b)

Coomassie staining
SDS-PAGE gels were immersed in Coomassie stain(see Recipe Sheet 1)

for 30 min at room temperature and then destained (see Recipe Sheet 1) until protein bands
were clearly visible. Gels were preserved for autoradiography by drying them onto 3mm
Whatman filter paper in the BioRad gel drier (BioRad, Richmond, CA, USA) at 80°C for 2 hr.

8 )RADIOACTIVE LABELLING IMMUNOPRECIPITATION
WESTERN

8a)

AND

BLOTTING

Surface iodination
Cell surface proteins were labelled with

using the method of Adams and Watt

(1990), based on the method by Hynes 1973. Subconfluent cultures of keratlnocytes were
treated with versene to remove J2, trypsinised, washed in FAD+FCS+HICE, washed twice in
PBSABC and resuspended at a density of 10^ cells per ml. Cell surface iodination was carried
out in accordance with the ICRF’s safety regulations for the use of gamma-ray emitting
radioisotopes. Per ml of cell suspension the following were added;lOOpI lactoperoxidase
(from bovine milk stock diluted in PBS to 2 0 U/ml, stored at -70°C, Sigma Chemical Co., Poole,
UK), 200pl glucose oxidase (type V from Aspergillus m ig e r, diluted to 2U/ml in PBS
immediately before use, stored at 4°C, Sigma Chemical Co., Poole, UK), lOOpI lOOmM
glucose and lOpI

sodium iodide (lOOmCi/ml specific activity, Amersham International,

Amersham, UK). The iodination reaction was incubated for 10 min at room temperature,
washed three times in PBSABC, after which the cells were recovered by centrifugation and
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the cell pellet lysed in 100pl NP40 lysis buffer per immunoprécipitation for 15 min at 4®C
(Hynes, 1973).
Lysates were finally centrifuged at 14,000 rpm for 5 min at 4°C, peilets discarded
and lysates kept on ice for up to 2 hr or at -70°C for up to 1 month before immunoprécipitation.

8a) (I)

NP40 lysis buffer recipe
-

1% NP40, SOmM Tris-HCI, pH 7.5, 150mM sodium chloride, 5mM

magnesium chloride, 0.01% leupeptin, ImM PMSF (all reagents supplied by Sigma Chemical
Co., Poole, UK).

8b)

Metabolic labelling

8b) (i)

Overnight labelling
Metabolic labelling of proteins was carried out by incubating cells with

methionine and cysteine (TranS^S-iabel, ICN specific activity 1180Ci/mmoi). All metabolic
labelling was carried out according to the ICRF’s safety regulations for the use of beta-ray
emitting radioisotopes. Subconfluent cultures of kératinocytes were washed twice in versene
to remove J2 and incubated overnight with 50p.Ci/ml of TranS^s in compiete standard FAD at
37°C. The labelling medium removed, the celis washed three times in PBSABC (4°C) and
scraped off the tissue culture dish using a rubber policeman. Ceils were lysed in NP40 lysis
buffer (see 8 a(i)

(1 ml

per 10 ^ cells) and stored as described in part 8 a of this chapter.

8b (\\)Pulse labelling
To compare the leveis of newiy synthesised integrin subunits cells were washed
twice in versene to remove J2 and then incubated in pulse medium (see Recipe Sheet 2 ) for
30 min at 37°C to starve the cells of methionine andcysteine. After this time the pulse
medium was replaced with fresh pulse medium containing 50|iCi/ml of TranS^S-iabel and the
ceils were incubated for 60 min at 37°C. The hot iabelling medium was removed, and the cells
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washed in cold PBSABC (4®C). The cells were then harvested immediately or chased for
varying lengths of time in chase medium (see Recipe Sheet 2 ). The cells were then washed,
harvested and lysed as described in Part 8 b(i)of this chapter. Lysates were stored at -70°C
until they were required for immunoprécipitation. For pulse chase experiments samples were
immunoprecipitated on equal protein content (see Part 13f(iii) of this chapter).

Be)

TCA (Tri-chloro acetic acid) precipitation
The amount of radioactivity incorporated into labelled protein samples was assessed

by TCA precipitation.
2 pl

of each lysate was dried onto a glass fibre Whatman filter disc for 15 min at room

temperature. Triplicate discs of each lysate were prepared. Each filter was then immersed in
5ml

10%

T.C.A. (Sigma Chemical Co., Poole, UK) in distilled water at 4®C for 30 min; the

T.C.A. solution was aspirated off and replaced with fresh 10% T.C.A. at 4®C for a further 10
min. The filters were washed in absolute ethanol at 4°C.
Filters containing lodinated samples were dried for 45 min at room temperature and
counted in a gamma counter.
immersed in

1 0 ml

metabolically labelled samples were not dried but were

of Scintillation fluid ( 16 Ecolume) and counted immediately in a beta

counter.

8d)

Immunoprécipitation
Approximately 10® cells were required for each immunoprécipitation.

Immunoprécipitation of radioactive lysates were carried out as described in Adams and Watt
(1990). If the lysates had been stored at -70®C they were thawed at room temperature and
clarified by centrifugation at 14,000 rpm for 5 min at 4°C. Equal aliquots of lysate were
incubated on ice with appropriate antibodies, under conditions of antibody excess, for 2.5 hr.
In experiments using mouse or rat monoclonal antibodies, 5|il rabbit anti-mouse IgG or 5pl
rabbit anti-rat IgG (ICN Biomedicals, UK) were incubated with 45pl of 1:1 (v/v) suspension of
protein A-Sepharose (Pharmacia, LKB, Sweden) per immunoprécipitation for

1

hr at room

temperature, the beads then washed 3 times in PBSABC and finally resuspended in an equal
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volume of PBSABC. For primary antibodies raised in rabbits no bridging antibody was
required. After the primary antibody incubation beads (with or without associated antibodies)
and antibody-lysate complexes were tumbled end-over-end for 45 min at 4°C.
Beads and associated immune complexes were washed once in
wash A (0.1% Triton- X100,0 .1 % SDS in PBSABC),once in wash B (0.5M NaCI in PBSABC),
then twice again in wash A (Adams and Watt, 1990), resuspended in sample buffer (see
Recipe Sheet 1 ), boiled for 5 min, centrifuged at 14,000 rpm for 5 min and resolved on a 7.5%
polyacrylamide gel as described in Part 7a of this chapter. Gels were Coomassie stained and
destained (see Part 7b of this chapter). Gels containing ^S-labelled samples were incubated
for 30 min with Amplify (Amersham International, Amersham, UK). Autoradiograms of dried
gels were prepared at -80°C using Kodak XAR-5 X ray film.

Be)

Western blotting
Westem biotting is a technique used to identify the molecular weights of

antibody specific proteins from a total cell extract that is not radioactively labelled. The method
is based on that of Towbin et al, 1979. Subconfluent cultures of unlabelled kératinocytes
were washed twice in versene to remove J2, and then either scraped or trypsinised, washed
in complete standard FAD, then in PBS, peiieted and resuspended in reducing or non
reducing sampie buffer (see Recipe Sheet 1 ). The samples were boiled and resolved on
7.5% polyacrylamide gels.

Proteins were transferred onto Immobilon-P transfer membrane

(Millipore, Bedford, MA, USA) (pre-wet in methanol) as described in Figure 1 for BioRad
Western blotting in transfer buffer (Transfer Buffer : 192mM glycine, 25mM Tris Base in
distilled water).
After the transfer was complete the membrane was stained using a 1:1000
dilution of India Ink in 0.05% Tween 20 (Sigma Chemical Co., Poole, UK) in PBS for 15 min at
room temperature and then washed in 0.05% Tween 20 in PBS until protein bands were
clearly visible. The membrane was then blocked in 5% Marvel/0.05% Tween 20 in PBS
overnight at 4°C. Membranes were probed with either neat monoclonal antibody tissue
cuiture supernatant or antibodies diluted in block solution; washed in 3 changes of block
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solution; Incubated in a 1:2000 dilution of hydrogen peroxidase-conjugated Ig secondary
antibody (Sigma Chemical Co., Poole, UK); and finally washed twice in block and 3 times in
PBS. Incubations with the antibodies were performed at room temperature for at least 1 hr
each.
Western blots were developed using the ECL chemiluminescence kit (Amersham
International, Amersham, U.K.) according to the manufacturer's instructions, sealed in cling
film and exposed to Kodak CAR-5 film for various lengths of time (2seconds - 2 minutes) for
visualisation.

9)

ADHESION ASSAYS AND ADHESION BLOCKING ASSAYS

9a)

Adhesion assays
Adhesion assays were carried out either in bacteriological 96-well plates (Flow

Laboratories, McLean, VA, USA) where cells were stained with methylene blue, or on

8-

chamber microscope slides (Nunc) where they were stained by immunofluorescence. Wells
were coated with extracellular matrix (ECM) proteins: purified human plasma fibronectin (Fn,
Bio-Products Ltd., Elstree, UK), human placental collagen type IV (Coll IV, Sigma Chemical
Co., Poole, UK) or mouse EHS laminin (Lm, Sigma Chemical Co., Poole, UK) at suboptimal
concentrations, lOpg/ml in PBSABC (Adams and Watt, 1991). lOOpI was applied to each well
of a 96-well plate, or 200pl was applied to each well of an 8 -chamber slide. For the adhesion
of cells to matrix proteins in vitro the optimal concentrations of each matrix protein was shown
to be approximately lOOpg/ml, however the effect of function blocking antibodies was best
observed at lOpg/ml (Adams and Watt, 1991). All ECM components were stored and thawed
according to the manufacturer's instructions. Wells were coated for 1 hr at 37°C or ovemight
at 4°C; blocked in Smg/ml haemoglobin (Sigma Chemical Co., Poole, UK) in distilled water for
1

hr at 37°C or overnight at 4°C; washed three times in PBSABC and any remaining PBS

removed by tapping the inverted plate onto tissue paper.
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FIGURE 1
Transferring Proteins Onto Immobilon-P

Grey plate

^

Scotch Brite

Scotch Brite

3mm filter paper

3mm filter paper
GEL

Note:

Clear plate

IMMOBILON-P

When setting up the apparatus avoid any air bubbles between
layers as these will prevent protein transfer.
Transfers were carried out at 40 volts, at 4°C overnight

Subconfluent cultures of kératinocytes were harvested by washing
briefly in versene to remove J2, trypsinising the kératinocytes to release them from the dish,
washing the cells in complete standard FAD medium to inhibit trypsin activity and finally
resuspended the pellet at a density of 10^ cells/ml of serum free standard FAD medium
containing 25pM cycloheximide (Sigma Chemical Co., Poole, UK) to inhibit protein synthesis.
10"^ cells in a volume of 100pl were applied to each well in a 96-well plate, or in 200pl to each
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well In an 8-chamber slide and incubated for 3 hr at 37°C. After this time the plate was washed
three times in PBS, cells fixed with 3.7% formaldehyde in PBS for 20 min at room
temperature, fixative flicked off and adherent cells then either stained with 1% methylene
blue in distilled water for 1 hr at room temperature washed twice with distilled water and
allowed to air dry; or stained by immunofluorescence.
Cells in each well were counted (three fields per well) using a rectangular
graticule and counts were expressed as a percentage of the number of cells originally added.
See below for the multiplication factors used to extrapolate the total number of cells in a single
well of a 96-well plate from the numbers of cells observed in a given field (for use with a Leitz
Labovert micrscope).

9b)

Lens tvoe

Multiplication factor

EF4/0.12

4.4

6.3/0.2

11.0

10/0.25

26.9

L20/0.32

109.4

L32/0.40

271.8

Adhesion blocking assays
Function blocking anti-integrin antibodies inhibit the adhesion of

kératinocytes to extracellular matrix proteins such as fibronectin, collagen IV and laminin
(Adams and Watt, 1991). Adhesion blocking assays were carried out in exactly the same way
as the adhesion assays, but cells were mixed with antibody (in the absence of azide) before
applying them to the wells. An adhesion blocking anti-pi integrin antibody that was used as a
positive control was mAb13, this inhibits adhesion to Fn, Coll IV and Lm at a concentration of
60|ig/ml.
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10)

TERMINAL DIFFERENTIATION ASSAY

Terminal differentiation of kératinocytes can be induced by suspending
disaggregated kératinocytes in medium made viscous by the addition of methyl cellulose
(Green, 1977).

10a)

Preparation of methvi cellulose
3.2g of 33s methyl cellulose, viscosity4,000

centipoises(Aldrich

Chemical Co., Poole, UK) was Sfetihi^ by autoclaving and mixed with 200ml of pre-heated
(60°C) sterile FAD medium for 30 min at room temperature. MICE and PCS were then added
and the mixture stirred overnight at 4°C. The next day the mixture was centrifuged at 15,000g
for 30 min at 4°C, the pellet discarded and the methyl cellulose ( 1 .6 %) stored at 4®C
(Rheinwald, 1981).

10b)

Preparation of PolyHEMA
To prevent cells from attaching to the culture dish during the suspension

assays bacteriological plastic plates were coated with polyHEMA (type NCC, cell culture grade,
manufactured by Hydro Med. Sciences Division, Brunswick, NJ, USA). A 10% stock solution
was prepared by dissolving polyHEMA in 95% ethanol overnight at 37°C. The working
solution was diluted to 0.4% in 50% acetone, 50% ethanol at room temperature. 24-well
bacteriological plates were washed in the 0.4% polyHEMA solution and left to air-dry under
sterile conditions. Coated plates could be prepared in advance and stored under sterile
conditions at room temperature.

10c)

Induction of keratinocyte differentiation bv suspension in
methyl cellulose
Subconfluent cultures of kératinocytes were washed twice in versene to

remove any remaining feeders, trypsinised and resuspended as a single cell suspension in

50

complete standard FAD medium containing the antibody of interest (10® cells/ml). Negative
controls contained HAS4 an anti-a2 integrin antibody which is known to have no
differentiation blocking activity. The cell suspension antibody mixture was then diluted to 10®
cells/ml in methyl cellulose and seeded at 1ml per well in polyHEMA coated 24-well
bacteriological plates. The cells were incubated at 37°C for 24 hr before harvesting by diluting
in 5 times the volume of methylcellulose in warm PBSABC (37°C). The i/pgzshing procedure
was repeated three times. The washed cells were finally resuspended in complete standard
FAD medium at a density of (10® cells/ml) and dried onto coverslips in a Termax incubator for
20-30 min at 37°C (Read and Watt, 1988)
Kératinocytes that had been dried onto coverslips were stained for
involucrin by immunofluorescence using the method described earlier. The percentage of
involucrin positive cells was counted on contact prints of photographs of randomly selected
fields of cells taken under an Axiophot microscope (Zeiss, Germany). At least 200 cells were
counted per sample.

11)

11a)

RNA ISOLATION AND NORTHERN BLOTTING

Probes used for Northern blotting

11 a) (i)

Origin and detaiis
The integrin pi subunit probe : pECE plasmid contained a pFNRpI insert

encoding the entire integrin pi subunit cDNA and was kindly donated by E. RuoslahtI (La Jolla
Cancer Research Foundation, La Jolla, CA, USA). EcoRI was used to cut the insert out of
pECE (Ellis etal., 1986) Xbal was used to linearise the plasmid (Giancotti and Ruoslahti,
1990).
18s rRNA probe ; The rRNA probe contained -200 bp of mouse 18s rRNA
(Edwards e ta l, 1987) and was a kind gift from D. Edwards.
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11a) (\\)Probe preparation
Probes were prepared by Dr. Neil Hotchin, Keratinocyte Laboratory, ICRF
Inserts were radioactively labelled using the Multiprime DMA labelling kit (Amersham
International, Amersham, UK) which utilised the 'Klenow' fragment of DMA polymerase I. This
kit was used by Dr. Philip Jones according to the manufacturer's details. Labelled probes
were isolated using Sephadex G50 DMA grade 'Nick' Columns (Pharmacia, Uppsala, Sweden)
following the manufacturer's instructions.

11b)

RNA extraction (see Recipe sheet 2 for solution recipes)
Total RNA was extracted from the keratlnocytes with guanidium

thiocyanate (GIT) and recovered by centrifugation through caesium chloride as described by
Nicholson and Watt (1991).
Cells were washed twice in versene to remove J2s, three times in PBS
and then lysed at room temperature In
Recipe sheet 2).

8 ml

8 ml

of 4M solution of guanidine thiocyanate (see

of cell lysate was carefully layered on top of 4ml of 5.7M caesium

chloride containing 25mM sodium acetate, pH 6.0, and spun at 32,000 rpm for 21 hr at 20°C
in a Beckman L8-70M ultracentrifuge. The pellet of RNA was washed with 70% ethanol and
dissolved in sterile DW containing heparin (sodium salt from porcine intestinal mucosa. Grade I
(Sigma Chemical Co., Poole, UK) at 200pg/ml. The concentration and purity of RNA was
determined by absorbance at 260 and 280nm. RNA samples were aliquoted and stored at
-70°C.

11c)

Northern blotting (see Recipe Sheet 2 for solution recipes)
RNA was separated on a formaldehyde denaturing gel, based on

methods of Sambrook et al

(1989) and Nicholson and Watt (1991).

A horizontal

electrophoresis tank (Gibco-BRL Model H5) was treated for 10-30 min in 1M MCI to destroy
nucleases and rinsed in DEPC-treated PBS, then DE PC-treated water. Gels were prepared
by mixing 20ml of 37% formaldehyde (AnalaR, BDH Ltd., Poole, UK), 10ml of lOx MOPS and
20ml DW, heating to 56°C and adding 50ml of 2% agarose in DW also at 56°C to give a final
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concentration of 1% agarose. 20|ig of each RNA sample was mixed with 4pl DW, 16pl sample
buffer and 4pl loading buffer; RNA markers (Gibco-BRL) were prepared according to
manufacturer's instructions. Ail samples were incubated at 70°C for 10 min and allowed to
cool prior to loading onto the gel. The gels were run in running buffer for 4 hr at 100V at room
temperature.
RNA was transferred from the gel to Hybond-N (Amersham International
pic., Amersham, UK) immediately after electrophoresis. The blotting buffer used was 20 x

see,

and transfer was complete in

16

hr at room temperature. Once the transfer was

complete the Hybond membrane was rinsed with
agarose gel that had been stuck to it, baked for

1

6

x s e e to wash off any pieces of the

hr at 8 0 ° e , and stored in Saran wrap at

4 °e

until required for hybridisation.

11d)

Prehybridisation (see Recipe Sheet 2 for solution details)
To prevent non-specificbinding

of theprobe to RNA

the blot was

incubated in 12.5mi of prehybridisation buffer ina Techne Hybridiser HB-1hybridisation oven
for 4 hr at 42®C.

lie)

Hybridisation
Probes were labelled and separated from unincorporated dCTP as

described earlier and heated to lOO^C for 3 min prior to hybridisation.

The cold

prehybridisation buffer was poured away. 400pl of probe was mixed well with 12.5ml of
prehybridisation buffer and this was incubated with the blot in the hybridisation oven
ovemight at 4°C.

11f)

Washing the blot
After hybridisation, the hybridisation solution was discarded and the blot

rinsed briefly in 2 x SCC/0.1% SDS, then incubated in 2 x SCC for 30 min at 42°C and finally
0.2

X

SCC/0.1% SDS for 30 min at 42°C. If at this stage the blot required more stringent

washing it was incubated with 0.2 x SCC/0.1% SDS for 30 min at 65°C and then 0.1 x

53

SCC/0.1% SDS for

1

hr at 65°C. Membranes were wrapped in Saran wrap and exposed to

XAR-5 film for about 3 days (depending on probe ) at -80°C.

11 g)

Stripping the blot
In order to reprobe the blot with a second probe membranes were

incubated in

0 .1 %

SDS for several hours at 70°C. To check that the first probe had been

completely removed the membranes were exposed to XAR-5 film overnight at -80°C,
Once 'clean' the membranes were reprobed using the above method.

12)

IN SITU HYBRIDISATION

To examine the levels of integrin mRNA in cultured keratlnocytes in situ
hybridisation was performed. Cells were grown on 8 -chamber Nunc glass slides or 6 -8 days
and then prepared for in situ hybridisation.

12a)

Fixation
Wells and gaskets were first removed from the 8 -chamber slides. Slides were

then fixed in freshly prepared 4% RNAase-free paraformaldehyde in PBS (pH 7.4) (Sigma
Chemical Co., Poole, UK) for 20 min at room temperature. Using baked glassware fixed slides
were then dehydrated through an ascending series (50% - 100%) of ethanols diluted in
DEPC treated water for 2 min in each solution at room temperature. Air-dried slides were then
stored at -80°C in a plastic slide box that had been washed in 10% hydrogen peroxide.

12b)

Probes for in situ hybridisation
The

oq

integrin subunit cDNA probe for in situ hybridisation, « 2^ 0 , was prepared

by M. Hertle from clone A33 kindly provided by A. Sonnenberg (Hogervorst et ai., 1991).
tt 2 2 c is the 682 base pair EcoRI fragment of A33, subcloned into Bluescript II (Strategene).
The pi probe, ppaGEM-3, was prepared by J. Carroll from pFNRPi kindly provided by E.
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Ruoslahti (Giancotti and Ruoslahti, 1990). ppaGEM-3 is the 678 base pair pstl-Hindlll fragment
of pFNRpi subcloned into PGEM-3 (Promega).
35s-labelled sense and antisense probes were prepared using a Stratagene
transcription kit containing T3 and T7 RNA polymerases by R. Poulsom, J. Carroll and E.
Rytina.

12c)

Prehybridisation treatment (see Recipe sheet 4)
Slides prepared for in situ hybridisation were re hydrated through a descending

series of ethanols (100-30%) in 0 .1 % DEPC treated water, washed in DEPC treated PBS and
incubated with 20pg/ml Proteinase K (Sigma Chemical Co., Poole, UK) at 37°C for 10 min.
Slides were then rinsed twice in PBS containing 0.2% (v/v) glycine for 5 min, rinsed once in
PBS for 5 min and then post fixed in 4% paraformaldehyde in PBS for 20 min. After three 5
minute washes in PBS/DEPC the slides were acetylated: 1.25ml of acetic anhydride was
added to 500ml of 0.1 M triethanolamine in the fume hood and the slides incubated in the
mixture for 10 min immediately after adding the amhydride to the triethanolamine. Once
acetylated the slides were washed in PBS/DEPC for 10 min, dehydrated through graded
ethanols from 30% to 100% containing 0.1% DEPC and air dried. Slides were now ready for
hybridisation.
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12d)

Hybridisation
50% Dextran sulphate was heated to 80°C in a water bath. For each ml of

hybridisation buffer the following were mixed together:

10%

IOOp.1

10 X salts with Denhardt's solution mixed in

50%

500pl

Formamide

3%
20%
1%

30pl

rRNA

2 00^1

Dextran sulphate

lOpI

Dithiothreitol (DTT)

16% probe volume
*1

X 1 0 ®cpm/slide

Milli-Q-DEPC treated water
Probe

‘ NOTE The volume of probe required was based on 10® cpm/slide. The appropriate volume
of DEPC treated Milli-Q water was added to make a combined volume of probe and water to
16|il.
The hybridisation solution was vortexed, spun down and the insoluble pellet
discarded.
The hybridisation buffer containing the probe was heated to 80°C for 1 min. 2530pl of hybridisation buffer containing probe was applied to each slide.

N.B. Only ONE

probe per slide was used. A 50 x 20mm coverslip (previously washed in 70% ethanol and
dried) was gently lowered to spread the probe on each slide. Slides were placed in humidified
slide boxes containing 1x salts and 50% formamide maintained by saturated blotting paper
strips. Up to seven slide boxes were placed Into each lunch box. The lunch boxes were
sealed with plastic tape and slides incubated overnight at 55°C. Wash buffers and wash
solutions were placed into water baths ready for use the following day (ie. Milli-Q water at 37°C
and 50% formamide buffer at 55°C).
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12e)

Post hybridisation washes
Once the hybridisation was complete the slides were placed in a siide rack and

immersed in SOOmi of 50% formamide buffer at 55°C on a rocking tabie. A piece of filter paper
was placed at the bottom of the dish to catch the radioactive coverslips. The slides were then
placed into a new rack and washed in 500mi of 50% formamide at 55°C for three changes over
a total of 3 hours in a rocking water bath. This was followed by nine 5 minute washes in Milli-Q
water at 37°C. During the Miili-Q water washes, RNAase A was prepared by making a stock of
50mg up to 1.5mi with Miiii-Q (no DEPC) water and boiiing for 2 min. One min before the final
Milli-Q water wash, the RNAase was added to 500ml of Milli-Q water and the siides were
incubated for

1

hr at 37°C. Slides were washed twice in 2 x SCO at 65°C for 30 min each and

once in 0.5 x SCO at 65°C for 30 min.

Slides were dehydrated by passing them through

graded ethanois ranging from 30-100% in 0.3M ammonium acetate. They were then air dried
and ready for autoradiography.

12f)

Autoradiography
Ali autoradiography was carried out in a dark room iliuminated with a safe light

consisting of a 902 filter and a 15W bulb. Firstly a water bath was heated to 45°C and a metal
plate was cooled to 4®C. 12.5ml of Milli-Q water was warmed to 45°C in a measuring cyiinder.
Ilford K5 emulsion was added to the warm water to make up a voiume of 25ml and left to melt at
45°C for 10-20 min. The emulsion solution was carefuily stirred with a giass rod and left to
stand at 45®C for a further

10

min. Using a blank test slide the emuision consistency was

tested. An ideal consistency should be the thickness of double cream without any bubbles.
Slides were individually dipped vertically into the emulsionso that all the cells were covered.
The bottom edge of each slide was blotted onto tissue paper and the reverse face of the slide
wiped dry with a tissue. Slides were placed horizontally onto a cold metal surface and allowed
to dry for 2.5 hr at 4°C. After drying, slides were piaced into a baked giass slide holder in a
baked glass staining dish that contained silica gei. The lid was closed and the slides placed
into a sealed lightproof black bag, dated and left at 4°C.
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12g)

Development
Triplicate sets of siides were prepared and each set was developed after different

exposure times.

Each set of slides contained an emuision coated test siide that was

developed first to ensure that the developing solutions were working and then the rest of the
siides were developed simultaneously.
The developing procedure was as follows:

Developer D-19 (Kodak)

4 min

Stop bath, 1% acetic acid

1 min

Tap water

1 min

Kodak film fixative (1:5 in DW)

5 min

Running cold tap water

30 min

After washing the siides were stained in 10% Geimsa in water for 4-6 min at room
temperature washed in tap water for 2-3 min and left to dry completely before mounting in
DPX mounting solution (DePeX, BDH Gurr). Dark field and bright field pictures were taken on
an Olympus BH2 UMA microscope with a TH3 powerpack to control the light source.
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13)

MONOCLONAL ANTIBODY PRODUCTION

The following protocol was used in an attempt to isolate function blocking anti-integrin
antibodies.

a)

Immunization

-

Preparation of cells for immunization
Primary immunisation with basal
keratlnocytes
Boost immunisations
Test bleed
Final boost immunisation

b) Fusion
c)

Screen 1

-

Immunofluorescence assay

d) Singie ceii cioning, expanding and freezing ciones
e)
f)

Screen 2

-

Adhesion blocking assay

Purification of antibodies
Test isotype

g)

Screen 3

-

Terminal differentiation assay

h) Immunoprécipitation and Western biot analysis of antibody
specific proteins

13a
13a) (i)

Immunization
Preparation of cells for Immunization
Fresh basal keratlnocytes were prepared for each immunization. A newly

confluent flask of keratlnocytes was briefly washed in versene to remove any J2s that may
have been present and the keratlnocytes were harvested by trypsinisation. The cells were
then washed in complete standard FAD medium and resuspended in 15ml of serum free E4
medium.
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The cells were plated onto a 15cm diameter tissue culture petri dish and left
to settle for 2 hr at 37°C. After this time the medium was poured off and any loosely attached
cells removed gently by washing the dish briefly in serum free E4 medium. The strongly
adherent basal cells were detached from the plate by vigorous pipetting with serum free
E4(Watt, 1987). These basal cells were then collected and spun down at 1000 rpm for 5 min .
The supernatant was then discarded and the cells gently resuspended in 200pl of sterile PBS
and counted (usually recovering -10® basal cells from one T75 flask).

13a) (ii)Pnmary immunization with basal kératinocytes
Basal cells that were freshly prepared for immunization were injected
intravenously (I.V.)

1:1

with Freund's adjuvant into seven mice at Clare Hall (~ 10® cells in

200|il PBS per mouse).

13a) (iii)Soosf immunizations
For each boost fresh cells were prepared and Injected immediately after mixing
1 :1

with Freund's adjuvant. I.V. boost injections were carried out every

6 -8

weeks over a ten

month period.

13a) (iv) Test bleed
Test bleeds were taken 7-14 days after a boost injection to check the production
of anti-keratinocyte specific antibodies. This timing corresponded to the peak of antibody
production for I.V. route injections (Harlow and Lane, 1988). Approximately 200-300pl of
blood was collected from test bleeds from each mouse immunized at Clare Hall. Each blood
sample was incubated at 37°C for

1

hr and the tube was flicked several times to dislodge

blood clots. It was then transferred to 4°C overnight, spun down at 10,000g for 10 min at 4°C,
the serum collected and the pellet discarded. The sera were tested by ELISA (see Part

6

of

this chapter) to identify the mouse with the best response. The highest responder was then
given a final boost.
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13a) (\/) Final boost immunization
Cells for the final boost were prepared in exactly the same way as previously
described, but this time the route for injection was lOOpI intraperitoneally (I.P.) and 100pl
intravenously (I.V.). The spleen from this mouse was then used for the fusion.

13b)

Fusion
To create hybridoma cell lines cells from the immunized mouse spleen

(lymphocytes) were fused with a myeloma cell line (SP2). Four days after the final I.P. boost
IgG antibody production was expected to be at its peak (Harlow and Lane, 1988). This was
the day chosen for the fusion.
The selected mouse was brought from Clare Hall to Lincoln’s Inn Fields by
van, the spleen dissected out at the Animal Unit in Lincoln's Inn Fields and placed on a sterile
petri dish in the presence of 10 ml of serum free E4 medium (37°C). Using sterile scissors and
forceps all extraneous fat was removed from the spleen. The spleen appeared dark red and
plump. Using the scissors 5-6 small snips were made into the spleen and using the E4
medium that was in the dish and a 1ml syringe with a 19-gauge needle dark clouds of
splenocytes were flushed out of the spleen leaving it looking deflated.
Any large clumps of spleen tissue were discarded and the medium
containing cells gently transferred to a 50ml Falcon tube. A spleen from an immunized mouse
contained approximately 7 x 1 0 ^ lymphocytes. The cells were left to stand for 2 min at room
temperature. These splenocytes were then spun down at 700g for 5 min. Meanwhile, 2x10®
SP2 cells that had been grown in 20ml 20% FCS/E4 medium for approximately three days
prior to the fusion date were transferred into a second 50ml Falcon tube. The supernatant
from the spenocytes was aspirated off after the spin and the cells gently resuspended in 2 0 ml
of serum free E4 medium. Both tubes of cells were then simultaneously spun down at 700
rpm for 5 min and the excess medium aspirated off. Each tube was then resuspended in 10ml
serum free E4 and both tubes spun down again for 5 min at 700 rpm.
After aspirating off any excess medium the cells from each tube were
gently resuspended in 5ml of serum free medium and the SP2 cells were transferred into the
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tube containing the splenocytes. To bring the cells into close proximity with each other the
tube now containing the mixture of celis was centrifuged at 700 rpm for 5 min. The medium
was aspirated off, taking care not to disturb the pellet. 0.5ml of polyethylene glycol (PEG,
Boehringer and Mannheim 50% solution, Germany) was gently added to the mixture of cells in
an 'add-stirring' fashion for exactiy

1

min, and then the gentle stirring was continued for a

further 1 min. lOmi of serum free E4 medium was then 'add-stirred' to the cells over the
following 3 min.

The celis were centrifuged at 600 rpm for 5 min and then gentiy

resuspended in 200ml of drug selection medium : 160mi E4 serum + 40ml pre-screened PCS
+ 2ml azaserine hypoxanthine (AH) xlOO (Sigma Chemical Col., Poole, UK) + 40pl Interleukin
6

(IL6 - 5pg in 1 .2ml of 0.1% BSA/PBS, British Biotechnoiogy Ltd., UK). IL6 was omitted from

the medium after this stage. The ceils were then left to stand at 37°C for

1

hr, and then finally

plated into ten 96-well tissue culture plates (Beckton Dickinson, Plymouth, UK) at 200pl of cell
suspension per well. The cells were left to grow at 37°C, 5% COg.

13c)

Screen 1
Seven to nine days post fusion approximately 80% of the wells contained at

least one clone that was visible by the naked eye and covered about V4 of the area of the
base of the well. At this stage (i.e. before the medium turned very yellow, indicating acidity)
the first screen was performed. The screening method that we found was most efficient at
this stage was an immunofluorescence screen on subconfluent keratinocyte cultures grown,
fixed and stained in 8 -chamber (Nunc) siides. (See Part 3 for immunofluorescence method).
Each slide and chamber was labelled to correspond to a plate and well
number of the 96-well plates that the hybridomas were grown in. Without disturbing the
clones 80pl of each hybridoma supernatant was carefully removed under sterile conditions
and pipetted into the respective siide chambers. As a positive control 80pl of HAS4 (an anti«2

integrin IgG antibody) supernatant was applied to one chamber. All the slides were viewed

on the same day and positive ciones expanded.
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13d)

Single cell cloning, expanding and freezing clones

13d) (i)

Expanding clones (96 well plate-> 24 well plate)
All the clones that were positive by the first screen were expanded by

transferring the contents of a single well into GOOpI of E4 containing 17.5% PCS and 0.75%
AH in a 24 well plate. All negative clones were discarded. After 2-3 days large healthy clones
were visible in the 24 well plates (Beckton Dickinson, Plymouth, UK). At this stage the total
number of cells in a single well was counted. Two thousand cells were removed and the
volume of medium that they were in was made up to 150pl. This aliquot of cells was used for
single cell cloning by limiting dilution.

13d) (ii)S/ngf/e cell cloning
One 96-well tissue culture plate was used for single cell cloning each
hybridoma. First 150pl of E4 medium containing 17.5% PCS and 0.75% AH was placed in
each well. Then the two thousand cells in a volume of 150pl of medium was mixed into well
A1 of the 96-well plate. By transferring 150pl volumes these cells were diluted by doubling
dilutions vertically down column 1 of the 96-well plate. An extra 150pl of E4/PCS/AH medium
was added to each well of column

1

and then doubling dilutions were performed across the

96-well plate by transferring volumes of 150pl starting in column
column

12.

1

and working across to

The plates were incubated at 37°C, 5% CO2 for about one week before single cell

clones were visible. Subsequent screens were always carried out approximately one week
after single cell cloning.

13d) {\\\)Expanding clones 24 well plates-^ 6 well plates
After removing two thousand cells from a single well of a 24-well plate for
single cell cloning the remaining cells were further expanded by transferring the remaining
contents of a well into 2.5ml of E4, 15% PCS, 0.5% AH in a

6 -well

tissue culture plate

(Beckton Dickinson, Plymouth, UK). Two to three days later healthy clones were visible.
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13d) (n )Freezing and thawing clones
At the 6 -well stage clones were frozen down to act as back up stocks. Half
the volume of a single well in a 6 -well plate was centrifuged down at 700 rpm for 5 min, the
supernatant stored at 4°C and the ceils resuspended in 10% sterile DMSO (Sigma Chemical
Co., Poole, UK), 90% PCS in an insulated container to control the rate of freezing and then
transferred to liquid nitrogen. When freezing down hybridomas note the precise recipe of the
medium that the ceils were grown in immediately before freezing and resuspend celis into that
medium when thawing. The thawing procedure is detailed in Part 2 f of this chapter.

13d) (\/) Expanding clones (6‘Well plate to 10cm diameter petri dish and
further)
After freezing half the contents of a singie well of a 6 -weil plate the remaining
ceils were further expanded by transferring them into lOmi of E 4 ,12.5% PCS, 0.25% AH in a
10cm diameter petri dish (Beckton Dickinson, Plymouth, UK). It would take approximately 4-5
days before the hybridoma celis would begin to turn 10ml of medium slightly yellow. At this
stage, i.e. before ali the ceils begin to die, the hybridomas could be further expanded by
splitting them 1:5 into a E4, 10% PCS in the absence of AH and the supernatant collected
and stored at 4°C for testing.

13e)

Screen 2
Approximately one week after the first single cell cloning when single

clones covered about V4 of the area of the well the supernatants of all the single cell clones
were tested by immunofluorescence as described in Part 3b of this chapter and then
expanded into 24-weli plates. All the positive supernatants were then retested in a second
screen for their adhesion blocking abilities on fibronectin, collagen type IV and laminin.
Adhesion blocking assays were executed (as described in Part 9 of this Chapter) using

10^

celis in 50pl of serum free medium plus IOOp.1 of hybridoma supernatant in each well of a 96weli plate.
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All the clones that produced antibodies which inhibited adhesion to any
of the ECM components were further expanded into 6 -well plates, frozen and single cell
cloned for a second time . The second batch of single cell clones were re-tested by
immunofluorescence and the best responders were expanded to produce a minimum of
50ml of high titre monoclonal supernatant.

13f)

Purification of antibodies
Antibodies that inhibited cell adhesion to extracellular matrix proteins

were selected for further study and were isotyped and purified. This involved isotyping the
supernatants using the Amersham Isotyping strips according to the instructions in the kit
booklet and then affinity purifying the immunoglobulins on Protein G Sepharose columns for
IgGi antibodies and Con A-Sepharose columns for IgM antibodies (Harlow and Lane, 1988). I
did not obtain any lgG2a antibodies, but the purification method for this antibody using Protein
A Is described by Harlow and Lane (1988).

13f) (i)

Antibody (lgGi) purification on a Protein G column
1 ml

of swollen Protein G beads (Sigma Chemical Co., Poole, UK) was washed

in 10ml of 20mM sodium phosphate pH 7.0 by centrifugation at lOOOg for 5 min and then
50ml of supernatant from an lgGi secreting hybridoma was added to the bead pellet and
rotated end-over-end for 3 hr at 4°C. The beads were then collected by centrifugation and
the supernatant saved in order to confirm that all the IgG had been removed by
immunofluorescence. The beads were washed three times in 20ml of 20mM sodium
phosphate pH 7.0 and then compacted into a 1 ml column by washing the column through
with 20mM sodium phosphate buffer, pH 7.0. To elute the lgGi from the column 10ml of
0.1 M glycine pH 2.7 (Sigma Chemical Co., Poole, UK) was passed down the column at a flow
rate of 1ml/min and 1ml fractions were collected. Each 1ml fraction was neutralised with 26pl
of 1M Tris base in distilled water (pH 12). Finally the column was washed in 20ml of 20mM
sodium phosphate buffer and stored at 4°C.
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13f) (ii)

Antibody (IgM) purification on a Con A-Sepharose column
1ml of pre-swollen Con A-Sepharose beads (Pharmacia LKB Biotechnology,

Sweden) was washed with

1 0 ml

of wash buffer (0.02M Tris-HCI, 0.5M NaCI, pH 7.4 (Sigma

Chemical Co., Poole, UK) by centrifugation at 1000 rpm for 5 min. The beads were then
incubated with 1 2ml of IgM hybridoma supernatant for 3 hr on an end-over-end rotator at 4°C.
After this the beads were washed by centrifugation in wash buffer and packed into a

1 ml

column. IgM was eluted by using a gradient of a D-methylmanoside (0.1 - 0.5M) prepared in
PBSABC. 2ml of 0.1, 0.2, 0.3, 0.4 and 0.5M a D-methylmanoside were sequentially passed
down the column at a flow rate of 1 ml/min at room temperature.

1 ml

fractions of eluate were

collected. Finally the column was washed in wash buffer and stored in an airtight container.

13f) (\\\)Quantitating the protein content of the eluted fractions
The Bradford assay (Bradford, 1979) was used to determine the protein
content of each antibody fraction. Using a bacteriological 96-well plate samples were diluted
in triplicate in PBS to make a final volume of 200^.1 in each well. A standard curve was
constructed by diluting 1.4mg/ml of IgG (BioRad, Richmond, CA, USA) in PBS and making the
final volumes up to 200|il in each well. As a negative control 200|il of PBS was added to each
well of a single column. For the colour reaction to occur SOpI of Bradford reagent (BioRad,
Richmond, CA, USA) was added and mixed thoroughly (avoiding bubbles) to each well. The
colour was left to develop for

20

min at room temperature and the optical density read at

620nm on a Titertek plate reader.

The protein content of each antibody fraction was

determined from the standard curve. A plot of the protein concentrations of all of the antibody
fractions was constructed and the peak fractions from each sample were collected and
dialysed (Spectrapore dialysis bags. Spectrum Medical Industries, CA, USA) against 1 litre of
1:10, PBS:DW ovemight at 4°C.
After dialysis antibodies were freeze-dried overnight and then resuspended
under sterile conditions in PBS to the desired concentration. To confirm that the samples
were pure immunoglobulin polyacrylamide gel electrophoresis was carried out and Coomassie
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Stained gels revealed bands of immunoglobulin at 55 and 25kD under reducing conditions
and a single band at 160kD under non-reducing conditions.

13g)

Screen 3
To test whether any of the adhesion blocking purified antibodies had the

ability to block the differentiation of keratlnocytes in suspension we carried out terminal
differentiation assays (see Part 10 of this chaptert),

13h)

immunoprécipitation and Western blot analysis of antigens
recoonised by monoclonal antibodies
To elucidate the nature and molecular weights of the antibody specific

proteins, immunoprécipitations and Western blot analysis was carried out using normal
keratlnocytes as described in part 8 of this chapter.

14)

Production of polyclonal antibodies
Polyclonal antibodies against plakoglobin, a-catenin, p-catenin and the pi

integrin subunit cytoplasmic tail were raised by injecting keyhole limpet haemocyanin (KLH
carrier)-con]ugated peptides (Peptide Synthesis Laboratory, I.C.R.F.) into rabbits (Biological
Resources Unit, Clare Hall, I.C.R.F.) (see Table 2). The schedule for immunisations was as
follows:

Day 1

Prebleed + inject 500pl sample in CFA SC m/s

Day 28

Inject 500|il sample in IFA SC m/s

Day 56

Inject 500pl sample in IFA SC m/s

Day 70

TEST BLEED 1

Day 84
Day 98
Day

1 12

Day 126

Inject 500pl sample in IFA SC m/s
TEST BLEED 2
Inject 500|il sample in IFA SC m/s
TEST BLEED 3

67

Abbreviations:

CFA : Complete Freund's Adjuvant; SC : subcutaneous;
m/s : multiple sites; IFA : Incomplete Freund's Adjuvant.
25ml of blood were taken as prebleeds and test bleeds from the ear.
Samples for injection contained

1

carrier mg/ml in PBS.

Immunised rabbit sera were tested for their activity by immunofluorescence,
immunoprécipitation and/or Western blotting by Vania Braga (Keratinocyte Laboratory,
I.C.R.F.) for the anti-catenin and plakoglobin antibodies and Wai-Jing Kee (Keratinocyte
Laboratory, I.C.R.F.) for the

-cytoplasmic tail antibody.
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TABLE 1
Details of g-catenin. p-catenin. plakoalobin and pj^-cvtoplasmic
tail peptides used for polyclonal antibody production

Peptide name

Number of Residues

Polyclonal
antibody
name

a-catenin

16

VB1

P-catenin

15

VB2

Plakoglobin

18

VB3

39

DH2

-cytoplasmic tail

Peptide sequences
a-catenin
K

K

H

V

N

P

V

Q

A

L S

E

C-terminus

F K A C

lys lys his val asn pro va! gin ala leu ser glu phe lys ala cys
p-catenin
P

G D

S N Q L A W

F

D T D L

C-terminus

C

pro gly asp ser asn gin leu ala trp phe asp thr asp leu cys
Plakoalobin
C ID

T Y S D

G

L R

P P Y

P T A

D

H

C-terminus

cys lie asp thr tyr ser asp gly leu arg pro pro tyr pro thr ala asp his
Pi cytoplasmic tail
R R E F

A K F

E K E K M

N A K W D

T G E

arg arg glu phe ala lys phe glu lys glu lys met asn ala lys trp asp thr gly glu

N
P I Y K S A V T T V V N P K Y E G K
asn pro ile tyr lys ser ala val thr thr val val asn pro lys tyr glu gly lys

C-terminus

All peptides were prepared by the Peptide Laboratory, I.C.R.F. Catenin sequences were
suggested by W. J. Nelson (Piepenhagen and Nelson, 1993)
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14a)

Purifying immunoglobulins from rabbit anti-sera
Rabbit immunoglobulins bind to protein A Sepharose.

The method for

purifying immunoglobulins from sera taken from VB1, VB2, VB3, DH2 and preimmune VB2
bleed was as follows (based on a method by Harlow and Lane, 1988):

1 ml

of serum was

clarified by centrifugation at 1000 rpm for 5 min and the pellet of about a IOOp.1 volume was
discarded. The remaining 900|xl of serum was then mixed with lOOp-l of 1.OM Tris (pH 8.0) and
1 ml

of 1:1 (v/v) pre-swollen protein A Sepharose beads (Pharmacia) end-over-end for 1.5 hr

at room temperature. After this time the mixture was washed in 20ml of lOOmM Tris (pH 8.0)
by centrifugation at 1000 rpm for 5 min and the pellet resuspended in 10 ml of lOmM Tris pH
8.0. This mixture was then poured into a BioRad 10 ml plastic column (Richmond, CA, USA)
and the beads packed by allowing the lOmM Tris solution to flow out at a rate 1ml per min.
Immunoglobulins were eluted in 6 ml lOOmM glycine (pH 3.0). 500p,l fractions were collected
each containing 50)il of 1M Tris (pH 8.0) to resume a neutral pH. The Bradford protein assay
was used to identify the fractions containing the highest concentration of protein, samples
were dialysed and lyophilised as described in Part *of this chapter.

Samples were

resuspended at a concentration of 7mg/ml in PBS, filter sterilised in spin-X Costar Eppendorf
tubes (Cambridge, MA, USA) and stored at -20°C.

15)

M IC R O IN JE C T IO N S

Microinjections of anti-catenin and

-cytoplasmic tail polyclonal antibodies were

performed and their effects on integrin and E-cadherin redistribution during a calcium switch
observed.
Kératinocytes grown for 4-5 days in complete low calcium FAD in 60mm tissue culture
petri dishes were microinjected with VB1, VB2, VB3, DH2 or preimmune purified
immunoglobulin. Best injections were obtained when using Eppendorf Femtotip needles
with a microinjection unit that included a micromanipulator MR, Inject Plusmatic pressure
regulator and Axiovert 35 microscope (all apparatus and needles were purchased from Zeiss,
West Germany).

Groups of 40 confluent cells were injected with a single antibody with the
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kind assistance of Chris Gilbert from the Applied Microscopy Unit, I.C.R.F.. After injection the
cells were switched into complete standard calcium FAD medium for 10-30 minutes at 37°C.
All microinjected cells were double stained for either cell surface E-cadherin or pi-integrin and
anti-rabbit IgG using the method described in Part 3c of this Chapter, so that microinjected
cells could be indentified.
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16)

ANTIBODY AND LECTIN LIST

16a)

Anti-integrin antibodies

All of the integrin monoclonal antibodies used recognise the extraceliular
domain of the integrin molecule.

integrinsubunit
specificity

Antibody
name

Species

Origin

Pi

CD29

Mouse

Janssen Biochemica
Janssen
Pharmaceutical
Geel, Belgium

Humphries
1990

Pi

mAb13

Rat

Donated by
K. Yamada

Akiyama
et a i, 1989

P4

439-3B

Mouse

Donated by
S. Kennel

Kennel
et ai, 1989

«2

HAS4

Mouse

Our laboratory

Tenchini
et a i, 1993

«3

VM-2

Mouse

American Tissue
Culture Collection

Morhenn
et a i, 1983

«5

mAbIS

Rat

Donated by
K. Yamada

Akiyama
et a i, 1989

«6

GoH3

Rat

Serotec, Oxford, UK

Sonnenberg
et a i, 1986

Reference
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16b)

Anti-involucrin antibodies
DH1 is an anti-involucrin rabbit poiycionai antibody produced by D. Hudson in
our laboratory (Dover and Watt, 1987).

16c)

Anti-cadherin antibodies
Ail anti-cadherin monoclonal antibodies used recognise the extracellular
domain of the cadherin molecule.

Cadherinspecificity

Antibody
name

Species

Origin

Reference

E-cadherin

HECD-1

Mouse

Gift from M. Takeichi
and S. Hirohashi

Shimoyama
et al., 1989

E-cadherin

ECCD-2

Rat

Gift from M. Takeichi

Mirai eta!.,
1989

P-cadherin

NCC-CAD-299

Mouse

Gift from M. Takeichi
and S. Hirohashi

Shimoyama
eta!., 1989

16d)

Tubulin
A rat monoclonal anti-tubulin antibody was obtained from Sertec (Oxford,

UK).

16e)

Filamentous Actin
Filamentous actin was detected using Texas red-conjugated phalloidin

(Sigma Chemical Co., Poole, UK) diluted at a 1:1000 in PBS.
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16f)

PNA-FITC
Fluorescein-conjugated peanut agglutinin was purchased from Vector

Laboratories (Peterborough, UK).

16g)

Secondary antibodies
Fluorescein (FITC)-conjugated anti-mouse, anti-rat and anti-rabbit IgG

antibodies were obtained from Sigma (Sigma Chemical Co., Poole, UK). Biotinylated anti
rabbit, anti-rat and anti-mouse antibodies were obtained from Amersham International
(Amersham, UK). Streptavidin conjugated fluorescein and Texas-red were obtained from
Amersham International. Rhodamine conjugated anti-rabbit antibodies were obtained from
Dako.

16h)

Negative control antibodies
Normal mouse serum (NMS), normal (rabbit) serum (NRS) and fluorescein-

conjugated anti-CD8 antibody were obtained from Sigma (Sigma Chemical Co., Poole, UK)
and were used as negative controls.

16i)

Immunoprécipitation bridging antibodies
Unconjugated rabbit anti-mouse IgG and rabbit anti-rat IgG were obtained

from ICN Biomedicals.

17

M IC R O S C O P E S

The following microscopes were used:
Phase-contrast and immunofluorescence microscopy
Confocal microscopy
Time-lapse microscopy
Dark field and bright field microscopy

Axiophot (Zeiss)
BioRad MRC 600
Olympus IMT 1
Olympus BH2 UMA
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RECIPE SHEET 1
SDS-PAGE for Proteins
Recipe for 7.5% SDS-polvacrvlamide gels
Solution A

30% Acrylamide / 0.8% BIS (Millipore, Bedford, MA, USA)

Solution B

1.5M Tris, pH 8 .8 (Sigma)

Solution C

10% SDS (Sigma)

Solution D

0.5M Iris, pH 6 .8 (Sigma)

Solution E

10%

Ammonium persulphate (AMPS) freshly prepared

B

Resolving Gel
Stacking Gel

12.5ml
3ml

Running buffer

Distilled
water

12.5ml

0.5ml

-

0 .2 ml

5ml

Iris-base

TEMED

24ml

50pl

500pl

1 1 .6 ml

2 0 pl

2 0 0 pl

12 g

Glycine

57.6g

Solution C

2 0 ml

1980ml

DW

Non-Reducing sample buffer

Reducing sample buffer

Solution D

2.5ml

Solution C

2 .0 ml

Glycerol

2 .0 ml

0.4% Bromophenol Blue

0 .1 ml

DW

3.2ml

As for non-reducing samples buffer with the addition of
10%

voiume p mercaptoe/ha^^/ !

Coomassle stain

0.1% Coomassie blue in 10% acetic acid
50% methanolin distilled water

Coomassle destaIn

10 %

acetic acid

5% methanol in distilled water
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RECIPE SHEET 2
RNA Extraction and Northern Blotting Solutions

Guanidine thiocyanate (GIT) 4M

o rr

50g

N-iauroylsarcosine

0.5g

Tri-sodium citrate, pH 7

2.5ml

30% antifoam A emulsion

0.33ml

- upto 50ml in DW

The pH was adjusted with lOOmM NaOH, a further 50ml DW added and the solution filtered
through Whatman No. 1. 0.7ml p-mercaptoethanol was added and aliquots stored at -80°C.

Caesium chioride
Caesium chloride
Sodium acetate SM, pH 6

95.9g
0.83ml

Autoclave to sterilise. Store at room temperature.

Heparinised water
Heparin

2 0 0 |ig
1 ml

DW

Diethyipyrocarbonate (DEPC) water
DEPC

400|il

DW

400ml

1% Agarose gei
37% formaldehyde

2 0 ml

10x

1 0 ml

MOPS

DW

2 0 ml

- heated to 56°C then added:
2% agarose In DW (56°C)

50ml
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RECIPE SHEET 2 continued

Sample buffer
Deionised formamide

lOpI

37% formaidehyde

4pi

10 x

2 pl

Hepes

Loading buffer
Glycerol
10 x

50%

MOPS 50%

Bromophenol blue

0.25%

Blotting buffer 20x SCO
Sodium chloride
Sodium citrate
DW

175.3g
8 8 .2 g

800ml

Adjust pH to 7 with 1ml HCI
Add H2Oto make

1L

20x SSPE buffer
Sodium chioride
Sodium hydrogen phosphate.HgO
EDTA
DW

175.3g
27.6g
7.4g
840mi

Adjust to pH 7.4
Add DW to make

1L

Sterilise by autociaving; all components go into solution in autoclave

Denfiardt's solution
Polyvinylpyrollidine (PVP)

10g

Bovine serum albumin (BSA)

10g

Ficoil 400

10g

Add DW to make
Filter sterilise. Store at 4°C. Mix before use.

500ml
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RECIPE SHEET 2 continued

10% SDS
Sodium dodecyl sulphate (SDS)
DW

10g
100ml

Prehybridisation buffer
20XSSPE 6.25ml
Formamide

12.5ml

10Ox Denhardt's solution

1.25ml

10% SDS

1.25ml

DW

3.25ml

Salmon testis DNA* (lOmg/ml)

0.5ml

* NOTE
Salmon Testes DNA (Sigma Chemical Co., Poole, UK) was thawed, boiled for 3 min, placed on
Ice for a few min and then added to the rest of the prehybrldlsatlon buffer.
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C hapter 3
A tte m p t T o P roduce F unction
B locking A nti-I ntegrin M o n o c lo n a l
A ntibodies

1)

INTRODUCTION
Terminal differentiation can be inhibited by extracellular matrix proteins or by some

adhesion blocking anti-integrin antibodies (Adams and Watt, 1989; Watt et ai, 1993). The
antibody concentrations required for such experiments are high (up tp 250pg/ml of antibody in
methyl cellulose) and therefore difficult o r 6 Cp^S/ve

to obtain in sufficient amounts. Thus, I

attempted to produce antibodies that would not only block keratinocyte adhesion to
extracellular matrix proteins, but also inhibit keratinocyte terminal differentiation in suspension
and thus provide us with a valuable tools to investigate the role of integrins in keratinocyte
differentiation..
The strategy that we adopted to produce these antibodies involved immunising mice
with whole live kératinocytes. This method of immunisation has been previously shown to be
successful in producing anti-integrin antibodies (Tenchini etal., 1993; Wayner et a i, 1988).

2)
2a)

RESULTS
Fusions
In an attempt to produce anti-integrin antibodies seven mice were immunised

with live basal kératinocytes and four fusions were carried out with the highest titre
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responders. Between 9-11 days after each fusion over one thousand clones were screened
by immunofluorescence for antibody production. Approximately 15% of the clones at this
stage revealed staining patterns of interest (see below). The antibodies were then screened
for their adhesion blocking abilities to extracellular matrix proteins in vitro. Approximately
10% of these antibodies wholly or partially blocked keratinocyte adhesion. Adhesion blocking
antibodies were then screened in differentiation blocking assays to investigate their
differentiation blocking abilities.

Two adhesion and differentiation blocking antibodies were

isolated, namely 4E2 and 2A11. The details of their activities are given below.

2b)

Immunofluorescence assay
During the early stages of producing the monoclonal antibodies

immunofluorescence assays were carried out to screen for any antibodies that stained
kératinocytes in an anti-integrin like pattern, ie. at the region of cell-cell borders in basal cells
in vitro and in vivo . Figure 1 illustrates the staining patterns of two of the most promising
antibodies namely 4E2 and 2 A 1 1. Antibody 4E2 (IgGI) predominantly stained the surface of
basal cells in frozen foreskin sections (Figure

1 A)

and in subconfluent cultures of

kératinocytes appeared to be concentrated at cell-cell borders at the colony periphery (Figure
1C). The other antibody of interest was called 2A11 (IgM). Although in cultured cells the
expression of the 2 A 1 1 epitope appeared to be confined to the cell-cell borders (Figure 1D) in
foreskin sections little specific cell surface staining was evident in the basal layer or otherwise
(Figure 10).

2c)

Adhesion blocking assay
In adhesion blocking experiments kératinocytes were seeded in the presence

or absence of SOpg/ml 4E2, 2A11, mAb13 (an adhesion blocking anti-pi integrin antibody as
a positive control, Adams and Watt, 1990) or HAS4 (a non-adhesion blocking anti-« 2 integrin
antibody as

a negative control, Tenchini et al., 1993) onto Fn, Coll IV or

bacteriological dishes for 3 hr at 37° C and the percentage ofcells

Lmcoated

thatadhered

was

calculated. Monoclonal antibodies 4E2 and 2A11 inhibited the adhesion of kératinocytes to
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by
Fn^70-80% of the negative control (Figure 2) but had little effect on Coll IV and Lm (data not
shown). In comparison mAb13 inhibited adhesion by 70-80% on all three ECM proteins and
HAS4 had no significant effect on adhesion on any substrate.

2d)

Differentiation blocking assay
Terminal differentiation of kératinocytes was induced by suspending cells in

complete standard medium containing 1.45% methylcellulose for 24 hr. By suspending
kératinocytes in methylcellulose containing 100pg/ml of 4E2 , 2A11 or

fibronectin

keratinocyte terminal differentiation was partially blocked (Figure 3) as assayed by the
percentage of involucrin positive cells after 24 hours in suspension.

2e)

Immunoprécipitation and Western blotting
The results obtained so far suggested that 4E2 and 2A11 might be anti-

integrin antibodies.

Unfortunately the immunoprécipitations and Western blots clearly

indicated that this was not the case. The 4E2 and 2A11 epitopes were not identifiable by
surface iodination and immunoprécipitation reactions in which anti-CD29 (a commercially
available anti-pi antibody) acted as a positive control (Figure 4A). The absence of any
iodinated signal may imply that,

1)

the epitopes were trypsin sensitive and were cleaved

when the kératinocytes were harvested prior to iodination, or that

2)

the proteins did not

possess tyrosine residues that are required for the lactoperoxidase iodination method
(Johnstone and Thorpe, 1982).

Regarding trypsin sensitivity, surface iodination and

immunoprécipitation experiments were carried out on trypsinised and untrypsinised scraped
cells and no difference in signal was evident (data not shown). Thus, we can conclude that
proteins in question were not necessarily trypsin sensitive.

An alternative method for

immunoprécipitation of surface proteins is to surface biotinylate rather than iodinate.
However, my surface biotinylation and immunoprécipitation attempts were also unsuccessful
in revealing any surface antigens for 4E2 or 2A11 (data not shown). Overnight metabolic
labelling with *S-cysteine and methionine and immunoprécipitation with 4E2 and 2A11
revealed protein bands of approximately 23kD and 260kD respectively under non-reducing
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conditions (Figure 4B). Western blot analysis under reducing conditions also revealed a
23kD protein band for 4E2 but a smear the length of the gel for 2 A 1 1 (Figure 4C). Western
blots carried out under non-reducing conditions were unsuccessful.
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Figure 1

Indirect immunofluorescence staining with
monoclonal antibodies 4E2 and 2A11

4E2 (A,C) and

2 A 11

(B,D) on frozen foreskin sections (A,B) and

unpermeabilised keratinocyte colonies in vivo (C,D). Scale bar = 25pm.
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Figure 2

Adhesion blocking assay

In a 3 hr adhesion assay the adhesion of kératinocytes to 10p,g/mi of
fibronectin was significantly blocked by monoclonal antibodies 2A11 (+2A11 ,
50p.g/mi) and 4E2 (+4E2, 50)j,g/ml). Controls for maximum adhesion were
either using medium aione or medium containing a non-functionai monocional
antibody to a.2 integrins (HAS4). The control for inhibition of adhesion was
Mab13.
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Figure 3

Differentiation blocking assays

Percentage of cells expressing involucrin in the starting population (0 hr
) or after 24 hr in suspension {24 hr) plus 100pg/ml of 2A11 {24 hr + 2A11),
4E2 {24 hr + 4E2 ) or fibronectin {24 hr + Fn ).
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Figure 4

Immunoprécipitation and Western blotting

A: Surface iodination and immunoprécipitation under non-reducing
conditions showing no signal with 2A11, 4E2 or normal mouse serum (NMS).
In contrast CD29 immunoprecipitated mature
coprecipitated « 2 , « 3 and as subunits (150kD);

integrin (120kD) and
B : Metabolic labelling with

®S-cysteine and methionine and immunoprécipitation under non-reducing
conditions with 4E2, 2A11, CD29 and NMS; C : Western blot with 4E2 , 2A11
and NMS. Open arrows identify bands representing the 2A11 (260kD)and 4E2
(23kD)epitopes. Arrow heads identify molecular weight markers of 200, 97,
and 42kD.
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3)

DISCUSSION

The aim of this series of experiments was to produce function biocking anti integrin
antibodies.
Out of ail the clones screened two antibodies were of particular interest. 4E2 and
2A11 both stained ceil-cell borders in unpermeabiiised, fixed keratinocyte colonies in vitro:
both biocked adhesion to fibronectin and both blocked terminal differentiation of kératinocytes
in suspension. After ^^S-cysteine and methionine metaboiic labeliing the 4E2 antibody
recognised a 23kD protein (reduced and non-reduced) and 2A11 a 260kD protein (non
reduced). However, after surface iodination and immunoprécipitation with 4E2 and 2A11 no
proteins were revealed. This might impiy that the epitopes for these antibodies were not on
the ceii surface. Whoie unpermeabilised live cells were used to immunise the mice prior to
the fusion. The first screen was carried out on fixed, unpermeabilised cells, but it is
conceivable that some cells became damaged during preparation and revealed a cytoplasmic
protein that acted as an immunogen.

It is also possible that fixation with 4% formaldehyde

caused some permeabilisation of cells and thus signals from cytoplasmic proteins were
observed during the first immunofluorescence screen.
Unfortunately, in spite of four fusion attempts, and the production of several
interesting antibodies, immunoprécipitations revealed that none of the antibodies produced
recognised integrins. The reason for this is unclear. The method I used was the same as
that which resulted in the preparation of three anti-a2-integrin subunit antibodies HAS3,4 and
6

(Tenchini et al., 1993; Wayner et a i, 1988). One complication with using whoie basal

kératinocytes as an immunogen is that integrins are only one group of a large number of
potential cell surface antigens that can be recognised by the mouse immune system. In
future attempts to produce anti-integrin antibodies I would advise that affinity purified
receptors be used as immunogens and the screening methods followed as described. This
may hopefully increase the chances of isolating further anti-integrin antibodies.
In conclusion, although the nature of the epitopes recognised by 4E2 and 2A11 are
uncertain the antibodies' function blocking abilities are very interesting. When the epitopes
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are fully characterised 4E2 and 2A11 will be useful tools in investigating the mechanism of
keratinocyte terminal differentiation.
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C h a pter 4
I n te g r in E x p r e s s io n A nd F u n c tio n I n
H um an K é r a tin o c y te s T r a n s fo r m e d
W ith H P V 1 6, W ith O r W ith o u t v-Ha-ras.
C o m p a r is o n W ith C er vic a l
INTRAEPITHELIAL NEOPLASIA

1)

INTRODUCTION
HPV 16, 18 and 33 are closely associated with malignant cancers (Pecoraro etal.,

1989).

In vitro transformation of kératinocytes with the HPV16 genome results in

immortalisation. However, the immortalised cell lines are not able to produce tumours in
nude mice, indicating that they are partially transformed (Parkera/., 1991; Pirisi etal., 1987
and 1988; Durst et al., 1987; McCance etal., 1988). Some invasive cervical carcinomas
have an activated Harvey-ras gene (Riou et al., 1985, 1988). Because the activated fas
gene was found in conjunction with both HPV16 and 18 DNA the possibility exists that
activation of ras is sufficient to convert papilloma containing cells into a tumour producing
line. Neoplastic conversion can be achieved by transfection of viral Harvey ras (v-Ha-ras )
into HPVI 6 -transformed cells (DiPaolo etal., 1989; Durst etal., 1989).
Before my arrival in the laboratory two strains of normal epidermal kératinocytes, v
and u, were transfected with a vector containing the HPV16 genome to produce the
immortalised cell lines vp and up. The HPV16 transfected cell lines are non tumorigenic but
have a reduced capacity to stratify and terminally differentiate (Peief a/., 1991,1992). The up
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cells were further transfected with v-Ha-ras to produce the upr cell line (Hodivala et al.,
1994). Considering the importance of the functions of integrins in reguiating keratinocyte
adhesion and differentiation and the changes in integrin expression associated with
neoplastic conversion, we wished to discover whether transformation with HPV16 and v-Haras is correlated with aitered integrin expression in the v, vp, u, up and upr celi lines. In
addition we have examined integrin expression in several cervical intraepithélial neoplasias
with associated HPV infection.

2)

RESULTS

2a)

Integrin expression
Here, we examined the expression of a variety of integrin subunits on the u,

up, upr, V and vp ceil lines by immunofluorescence, flow cytometry, immunoprécipitation and
Northern blotting.
Colonies of u, up, upr, v and vp were stained by indirect immunofluorescence
using monoclonai antibodies to the p i, « 2 , « 3 . « 5 . « 6 and p4 integrin subunits. The staining
patterns for pi,

«3

and ae on u, up and upr are shown in Figure 1 and on v and vp in Figure 2.

When smaii stratified coionies of normal kératinocytes were stained with anti-integrin
antibodies, expression was detected mainiy on the cells at the periphery of colonies, but was
reduced or absent from suprabasal, terminally differentiating celis at the centre (Figure 1
A,D,G and Figure 2 A,C and E) as described by Adams and Watt (1991). The up, upr and vp
colonies were less stratified with fewer differentiating cells and showed a lower overall level of
integrin staining (Figure 1 B,C,E,F,H,I and Figure 2 B,D and F). Although the staining pattern
on all cells was concentrated at cell-cell borders, it was heterogeneous in the up, upr and vp
cells.
Flow cytometry analysis confirmed that the HPV16 transformed cells with and
without v-Ha-/as expressed iower ievels of surface integrin than the normai parental cell lines.
Single cell suspensions of u, up, upr, v and vp were labelied with antibodies to pi, a2, 0 3 , 0%,
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Ote and P4 integrin subunits or with CD8 as a negative control. The negative control (Figure 3
A and B) showed no significant variation in background staining for the u, up, upr, v and vp
cells. The decrease in pi and as integrin expression in the up, upr and vp compared to u and
up is illustrated in Figure 3 C,D,E and F. The reduction in fluorescence of up compared to u
(Figure 3 C and E) was greater than the reduction in vp compared to v (Figure 3 D and F).
The ievels of integrins in up and upr were similar.
immunoprécipitation of surface iodinated u, up, v and vp showed a consistent
decrease in surface expression of « 2 , « 3 . « 5 ,

«6

and

integrin subunits in the HPV16

transformed cells compared to the parentals. However, the level of the P4 subunit remained
relatively unchanged. The relative mobility of the integrins in the up and vp cells was similar
to the parental lines; pi ran at 110kD, «2, 03 , 0C
5 at 155kD, and

03

at 110kD; P4 consisted of

a major band at 21 OkD and one or more minor bands of lower molecular mass, as reported
previously (Adams and Watt, 1991 ). See Figure 4.
After establishing that surface integrin levels were iower in the transformed
cells when compared to their parentals, it was of interest to examine the level of integrin
mRNA in each cell type. Northern blots showed that the level of integrin p i subunit mRNA
was significantly reduced in the up, upr and vp cells, compared with u and v, although the
reduction in the vp and upr was less than that in the up. Probing for 188 rRNA provided a
guide for the total amount of RNA loaded in each sample (Figure 5).
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2b)

Cell adhesion
The function of integrins in kératinocytes and other cell types can be

modulated independently of expression. It is believed that integrins may undergo a change in
conformation which in turn may affect their function in spite of still being expressed at normal
levels on the cell surface (Hynes, 1992; Adams and Watt, 1993; Hotchin etal., 1993). We
carried out two assays of integrin function: adhesion to extracellular matrix proteins (Figure 6 )
and cell migration on tissue culture plastic (Figure 7).
The proportion of up and upr that adhered to fibronectin (Fn) or type IV
collagen (ColllV) was significantly lower than the proportion of u (p<0.05). However, u, up
and upr showed no significant difference in adhesion to laminin (Lm). The proportion of
adherent vp was not significantly different to the proportion of adherent v on fibronectin,
laminin or type IV collagen. The shape of the cells that adhered in the 3 hr period of the
adhesion assay did not vary from cell type to cell type; all cells spread to the same extent.
U, up, upr,

V

and vp cells were filmed over a 22 hr period at 37°C and the

paths taken by 2 0 randomly selected cells in each population were traced such that migration
rates could be compared (Figure 7). All cells were plated in the presence of a 3T3 feeder
layer to control for effects of the extracellular matrix deposited by feeder cells (Alitalo et al.,
1982). The assays were carried out in low calcium (0.1 mM) medium, so that any differences
in calcium dependent intercellular adhesiveness (mediated by cadherins and desmosomes)
did not affect migration. The v and u cells migrated at a similar rate (Figure 7 A and C),
however the up, upr and vp cells showed a reduced motility rate (Figure 7 B,D,E) The
reduction in motility of up was more pronounced than that of vp (Figure 7 B and D). The
motility of up and upr was similar (Figure 7 D and E).
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TABLE 1
Migration rates of u, up, upr, v and vp cells

Cell type

Average migration rates (pm/hr)

se ±

u

30.1

2.6

up

5.2

0.8

upr

7.6

1.1

V

46.9

3.2

vp

19.55

3.2

Migration rates are given as an average of 20 randomly selected cells. se=standard error

2c)

Integrin expression in cervical intraepithélial neoplasia (CIN)
Cervical cone biopsies were taken from eight patients, all with abnormal smear test

results, by Dr. Betty Mansell at the Whittington Hospital, London. The histological grade of
CIN and evidence for HPV infection (e.g. koilocytosis) was assessed by H and E staining of
paraffin sections at the Histology Department at The Whittington Hospital, London. The
presence of HPV16, 18, 31 or 33 DMA was investigated by PCR by Linda Ho and integrin
expression was studied by immunofluorescence microscopy of cryosections. The results are
summarised in Table 2.
Figure

8

illustrates examples of haematoxylin and eosin stained sections of

normal and abnormal areas of cervical tissue taken from three patients.
showed that patient A had low levels of HPV16 (Figure
levels of HPV16 (Figure

8

8

PCR analysis

A and B) and patient H had high

C and D). Patient D however was HPV16 negative and showed

high levels of HPV33 (Figure

8

E and F). The normal cervical tissue for all patients showed

well preserved intact epithelium as shown in Figure 8 A,C and E with the characteristic basket
weave pattern of the cell borders and nuclei present most in the basal layer of cells. The
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abnormal tissue showed enlarged nuclei which persisted to the upper surface of the
epithelium with an increased nuclear to cytoplasmic ratio (Figure 8 B, D and F); suprabasal
mitoses (Figure 8 D) and/or a remarkably thin epithelium of approximately 7 cells thick (Figure
8 B.F).

All the samples examined contained evidence of HPV infection. Those with
higher grades of CIN (i.e. 2 and 3) showed intermediate or high levels of HPV by PCR
(patients B,C,H,D and G) and those with the lowest grade (1) had low levels detected by PCR
or had histological evidence of infection (patients A,E and I). HPV16 DMA was detected in
five patients and HPV33 in one patient; HPV18 and 31 were not detected.
The distribution of integrin subunits (pi, p4 , « 2 , « 3 .

«5

and ag) in the

abnormal areas of cervical epithelium varied from patient to patient. The most common
changes were discontinuity or reduced expression in the basal cells adjacent to the
underlying stroma (e.g. Figure 9 B and F), The other change observed was suprabasal
integrin expression (see Figure 9D). There was no consistent change in expression of any
given subunit and a number of samples had reduced levels of some integrin subunits (e.g.
Figure 9H), but suprabasal expression of others. In normal cervix the expression of all
integrin subunits examined was confined to the basal layer of cells and no suprabasal or
discontinuous staining was observed (Figure 9 A,C,E and G).
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Figure 1

Indirect immunofluorescence staining of u, up, upr
for integrins.

u (A,D,G), up (B,E,H), upr (C,F,I) cells were stained with antibodies to
integrin subunits: Pi (A-C),

«3

(D-F),

oq

(G-I).

Scaie bar = 50pm.
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Figure 2

Indirect immunofluorescence staining of v and vp
for integrins.

V (A,C,E), vp (B,D,F) cells were stained with antibodies to integrin subunits:
pi (A,B),

«3

(C,D),

«6

(E,F). Scaie bar = 50pm.
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Figure 3

Flow cytometry of u, up, upr, v and vp,

u, up, upr (A,C,E) and v, vp (B,D,F) labelled with antibodies to CD8 as a
negative control (A,B), p i (C,D) or « 5 (E,F). Solid lines : u, v; dotted lines :
up, vp; dashed line : upr.
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Figure 4

Immunoprécipitation of integrins from surface
iodinated u, up. v and vp.

immunoprécipitation of surface iodinated u, up (A), v, vp (B) with antibodies
to the integrin subunits indicated. NMS : normal mouse serum. Closed
arrow heads indicate molecular mass markers of 160, 70, 40 and 11 kD.
Open arrow heads indicate position of integrin subunits (top to bottom) : P4;
« 2 .3,5 and Pi, 0%.
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Figure 5

Integrin (31 subunit mRNA levels in u, up v, vp, and
upr.

Northern blot of total RNA probed for integrin subunit

(pi mRNA) or, as a

loading control, 18S rRNA (18S). Track 1 = u; 2 = up; 3 = v; 4 = vp; 5 = upr.
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Figure 6

Adhesion of u, up, upr, v, and vp to extracellular
matrix proteins in vitro.

Cell adhesion to 10|ig/ml fibronectin (Fn), laminin (Lm) or collagen type IV
(Coll IV). The percentage of plated cells that attached is shown. Error bars
indicate the standard error of the mean calculated for three independent
experiments.
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Figure 7

Traces of the migration paths of v, vp, u, up and
uer.

V

(A), vp (B), u (C), up (D) and upr (E) cells recorded every 2.5 min over 22

hr.

The paths of 20 representative cells of each cell type are shown

emanating from a common point of origin.
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Figure 8

H and E stained frozen cervical sections

Normal (A,C and E) and abnormal (B, D and F) areas of cervix tissue taken
from patients A (A and B), H (C and D) and D (E and F). Scale bar =
4
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Figure 9

Indirect immunofluorescence staining of cervical
tissue for integrins

Patient A (A-D); patient H (E and F) and patient D (G and H). A.C.E and G :
histologically normal tissue adjacent to the abnormal tissue. B,D,F and H :
abnormal tissue. Sections were stained with antibodies to «g (A and B),
(C and D), 0% (E and F) and 0C
3 (G and H). Scale bar = 400pm.
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TABLE 2

SUMMARY OF LEVELS OF CIN, HPV AND INTEGRINS IN ABNORMAL CERVICAL TISSUE
PATIENT
CODE

HISTOPATHOLOGY
ANALYSIS
CIN

DESCRIPTION OF INTEGRIN EXPRESSION
IN ABNORMAL CERVICAL TISSUE

PCR ANALYSIS
HPV16

HPV18

HPV31

HPV33

B

3

1

-

-

Reduced or discontinuous for all subunits tested

C

3

H

-

-

Reduced levels of « 2 , discontinuous expression
of « 5 . Other subunits normal

H

3

H

-

-

p4 and « 6 discontinuous. Other subunits normal

D

2

-

H

Reduced levels of « 2 and suprabasal «2, % and
Pi. Other subunits normal.
o

w

G

2

1

-

-

Reduced or discontinuous staining of p4 and ag.

A

1

L

-

-

Some integrins reduced (pi, ctg and ag). Some
suprabasal (« 2 and ag)

E

r

-

•

-

Suprabasal expression of

1

V

-

-

-

Suprabasal pi, og and ag

02 ,

og,

05

and ag

CIN: 3, 2 and 1 represent high, moderate and low levels of cervical intraepithélial neoplasia, respectively. HPV level: H: high; I: intermediate; L: low; -: negative.
*Although HPV 16,18,31 or 33 DMA not detected by PCR, histopathological changes were consistent with HPV infection, presumably with other HPV types.
PCR analysis (Cuzick etal., 1992; Terry eta!., 1993) was performed by Dr. Linda Ho, Department of Medical Micobioiogy, University College, London.
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3)

DISCUSSION

The changes in integrin expression observed in hyperproliferative and neopiastic
stratified squamous épithélia may play a role in the pathogenesis of such diseases.
Here we examined the changes in integrin expression in kératinocytes expressing
HPV16 genes, namely two pairs of normal parental keratinocyte strains v and u and their
HPV16-transformed derivatives, vp and up respectively. We have also investigated the
changes in integrin expression in several cervical intraepithélial neoplastic lesions.
Both up and vp had reduced levels of integrins compared to u and v, the reduction
being greater in up than in vp. In the cell lines the relative decrease in celi surface ae was
greater than in P4 ; since oePi heterodimers have not been reported in kératinocytes (Adams
and Watt, 1991) the reason for this is unclear. Changes in ievels of surface integrins in HPV
16 transformed ceils has been reported (Ryynanen etal., 1991; Kaur and Carter, 1992) In up
and vp the reduced level of Pi surface protein was reflected in the levels of p i mRNA by
Northern blot analysis. This leads to the conclusion that the reduced levels of pi surface
proteins or the up and vp were probably due to the reduced transcription of integrin genes
rather than post-transiational regulation (Hotchin and Watt, 1992).
The reduced expression of agpi, aapi and « 2 pi correlated with the reduced capacity
of up to bind to fibronectin and collagen type IV compared to u. However, a reduction in
integrin expression in vp when compared to v ceils was not reflected in decreased
adhesiveness. One hypothesis that may explain this phenomenon could be that the partial
reduction in integrin expression in vp was not sufficient to reduce adhesion when compared
to

V.

However, the greater loss in integrin expression in up compared to u was sufficient in

reducing adhesive ability. Alternatively, the changes in adhesive ability of the HPVtransformed cell lines may reflect differences in the state of activation and this d ii/g f^ o f the
integrins in different cells (Adams and Watt, 1990; Hotchin etal., 1993,1994 (in preparation)).
There was also no significant difference in the adhesive abilities of any of the cell lines to
laminin. The observation that reduced integrin expression does not always reflect a decrease
in the proportion of kératinocytes adhering to extracellular matrix proteins has been reported
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in a study of normal oral kératinocytes and oral squamous cell carcinoma lines (Sugiyama etal.,
1993).
Reduced integrin expression correlated with decreased motility on feeder layer
conditioned tissue culture plastic, up showing a greater decrease in motility than vp.
Keratinocyte adhesion to plastic is mediated, to a large extent, by oapi (Tenchini etal., 1993).
Altered expression of fibronectin by HPV 16 transformed kératinocytes has been observed
(Sheibani at a/., 1991 ; Kaur and Carter, 1992). Although the levels of fibronectin production
have not been investigated in up and vp any changes in fibronectin production may
contribute to their decreased motility.
Ras mutations have been shown to cause malignant conversion of HPV16transformed human kératinocytes. However, introduction of v-Ha-ras into the up cell line did
not result in tumorigenicity in nude mice (Hodivala etal., 1994). The explanation for the lack
of tumorigenicity of upr may lie with the observation that activated ras is not, by itself,
dominant over the normal allele (Finney and Bishop, 1993) or that the transforming potential
of activated ras protein is substantially affected by its expression level (Brissette etal.,
1993). Expression of mutant ras protein in the upr cells had no effect on surface integrin
levels or cell motility but did cause an unexplained increase in adhesion to fibronectin. The
significance of the apparent slight increase in pi mRNA in the upr is unclear. There is now
considerable evidence that ras and ras-related proteins play a role in regulating actin
cytoskeletal assembly {R \diëy and Hall, 1992; R

f j etal., 1992) and it is an interesting

observation to note that the upr cells displayed an exaggerated degree of ruffling.
in our study of integrin expression in cervical intraepithélial neoplasias the
histologically normal tissue adjacent to the lesion showed the normal pattern of integrin
staining that is found in the epidermis (Hertle etal., 1991, 1992). Integrin staining was
confined to the basal layer of cells. The pi integrins and associated^subunits (« 2 , «3 and
as) had a pericellular distribution in the basal layer of the epithelium, while the as and p4
subunits showed a relative concentration at the basement membrane zone.
In the areas of the cervical intraepithélial neoplastic lesions integrin expression varied
considerably. Reduced or discontinuous staining was a consistent feature of the most severe
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lesions (CIN3). This was reminiscent of poorly differentiated oral squamous cell carcinomas
(Jones et al., 1993) in which focal loss of integrins is frequently associated with loss of
basement membrane proteins (Downer et a!., 1993). However, suprabasal staining was
observed in the least severe lesions (CIN1). Similar suprabasal integrin expression has
previously been described in hyperproliferative squamous epithelia, for example in psoriasis,
epidermal wound healing and dysplasias of the oral cavity (Hertle e t al., 1992; Jones etal.,
1993).
All of the specimens examined had evidence of HPV infection, but the number of
cases examined was too small to allow us to draw any conclusions as to whether or not
particular HPV types were associated with specific changes in integrin expression.
The present study provides further examples of changes in integrin expression
associated with HPV transformation in vitro and in CIN. To determine whether there is a
direct link between reduced integrin expression and reduced differentiation potential (Pei et
al., 1991, 1992) further experiments should be carried out to investigate the consequences
of 'repairing' up and vp by transfection with expression vectors encoding specific Integrin
subunits (Giancotti and Ruoslahti, 1990).
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C h apter 5
E v id e n c e T hat C a d h e r in s P lay A R o l e
I n T he D o w n r e g u l a t io n O f I n te g r in
E x p r e s s io n T h at O c c u r s D u r in g
K e r a tin o c y te T er m in a l
D if fe r e n tia tio n

1)

INTRODUCTION
When kératinocytes are grown in low calcium medium (0.1 mM free calcium ions)

calcium-dependent cell-cell adhesion moleclues are non-functional and the cells grow as a
monolayer (Hennings et al., 1980) (see Diagram 1).

Low calcium monolayers contain

terminally differentiating cells that are identified by the expression of involucrin (Green and
Watt, 1982) and by binding peanut lectin (PNA, Morrison et a!., 1988). When low calcium
monolayers are transferred into standard calcium medium containing 1.8mM free calcium
ions the cadherins and desmosomes begin to assemble within the first

10

minutes (Hennings

and Holbrook, 1983; Magee etal., 1987; Wheelock and Jensen, 1992) at cell-cell Interfaces
and there is a selective migration of terminally differentiating kératinocytes from the basal
layer to form a suprabasal layer (Watt and Green, 1982; Watt, 1984; Magee et al., 1987).
The formation of stratified cultures by the addition of calcium to low calcium monolayers is
refered to as calcium induced stratification.

Under similar experimental conditions

stratification can be partially inhibited by antibodies to E-cadherin (Wheelock and Jensen,
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1992) but anti-integrin antibodies have no such effect (Larjava e ta l., 1990; Tenchini et al.
1993).

D ia g ra m 1

C alcium -induced stratification

rm
'f'+CcTfl.ômAAj
Q

Q

C 3

++

a

nnvi-

I

C O in v -

The addition of standard calcium medium (4-Ca'^+' I.SmM) to cultures grown in low calcium
medium (-Ca++-

0 .1

mM) induces stratification. inv+=involucrin positive cell; inv-=involucrin

negative cell.

Here I have investigated, 1) the adhesion mechanism of terminally differentiating cells to
tissue culture plastic in low calcium medium;

2

) the changes in cell adhesion that occur during

calcium induced stratification and 3) the role of cadherins in the control of integrin expression
and function during calcium induced stratification of kératinocytes.
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2)

RESULTS

2a)

Selective loss of integrins from differentiating cells during
calcium induced stratification
In standard calcium keratinocyte cultures (1.8mM free calcium Ions) the cells

stratify and show many of the characteristics of epidermal cells In vivo. Integrin expression Is
confined to the basal layer of cells and suprabasal cells express Involucrin (Figure 1 A) or
stain positively with PNA.

However, In low calcium medium (0.1 mM calcium Ions)

monolayers, all the cells are Integrin positive and approximately 15% of then co-express
terminal differentiation markers (Figure 2). The Initial part of this study Investigated sp^ilal
and temporal time course of Integrin expression during calcium Induced stratification.
When low calcium monolayers are transferred to standard medium for 2 hr
desmosomes and adherens junctions assemble but the cells remain as a monolayer (Watt et
al., 1984; Green et al., 1987; O'Keefe et a!., 1987); and co-expression of Involucrin and
Integrins In Individual cells was evident (Figure 1 B). Individual Involucrln-posltlve cells begin
to migrate out of the basal layer by 4-6 hr (Magee et a!., 1987) after switching these cells
showed loss of Integrins from their apical and lateral surfaces (Figure 1 C); however, coW
expression of Involucrin^integrin was still apparent In some of the basal cells (Figure 1 D).
By 24 hr stratification Is complete and the cultures are approximately 2 layers thick (Watt and
Green, 1982; Magee etal., 1987); all cells In the basal layer were Integrln-posltlve, involucrinnegative and all suprabasal cells were Integrln-negatlve, Involucrln-posltlve (Figure 1 E), thus
resembling cultures grown continuously In standard calcium medium (Figure 1 A).
When keratlnocytes are grown In standard calcium medium the majority of
the Involucrln-posltlve cells lack Integrins and do not adhere to extracellular matrix proteins
(Watt, 1984, 1987; Adams and Watt, 1990; see also Figure 3B). By performing adhesion
assays with cells grown In low calcium medium we were able to Investigate whether the
Integrins on the Involucrln-posltlve cells were functional or not. Keratlnocytes were allowed to
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adhere to fibronectin (Fn) and the percentage of involucrin-positive cells assessed. The
results illustrated In Figure 3A show that approximately 17% of the cells that adhered to Fn
were involucrin positive and that this adhesion was mediated by p i integrins (predominantly
a5pl; Adams and Watt, 1990) because the adhesion blocking anti pi-antibody mAb13
inhibited adhesion of involucrin positive cells.
The immunofluorescence study showed that when low calcium cells were
switched into standard calcium medium the number of involucrin-positive cells that co
expressed integrins became decreased over time. This was reflected in the adhesive abilities
of these cells (Figure 3B). Adhesion assays carried out on cells grown in standard calcium
medium or low calcium medium and switched into standard calcium medium for various
lengths of time showed that the adhesive abilities of the involucrin-positive cells was reduced
after switching. The kinetics of the decrease in adhesiveness correlated with the loss of
integrins from the cells surface (see also Figure 1). The total number of involucrin-positive
cells did not change during calcium-induced stratification (Watt and Green, 1982; and data
not shown).

2b)

Integrin synthesis in low calcium and standard medium
The effects of culturing kératinocytes in low calcium medium on integrin

synthesis are illustrated in Figure 4. Immunoprécipitation of surface iodinated kératinocytes
showed that, on a population basis, there were no major differences in the level of pi
integrins on the cell surface in low calcium medium, standard medium or 24 hr after transfer
from low calcium to standard medium (Figure 4A). All tracks were loaded on equal TCA
precipitable counts. Anti p i antibodies immunoprecipitated two bands of approximately
110kD and 155kD, corresponding to the mature Pi subunit (IIOkD) and the associated
mature a subunits («2 , « 3 and

«5

subunits comigrate under nonreducing conditions at about

155kD; see, for example, Hotchin and Watt, 1992). The mobility of the bands was the same
in low calcium and standard medium, suggesting that the culture conditions did not affect
post-translational modifications such as glycosylation.

111

Kératinocytes were pulse labelled for

1

hr with ^^s-methionine and cysteine

in order to assess the effects of extracellular calcium ions on integrin synthesis (Figure 4B).
There were no major differences in the total amount of Pi integrins synthesised in low calcium
medium, standard calcium medium or after calcium-induced stratification. Once again, all
tracks were loaded on equal TCA precipitable counts. Two bands were immunoprecipitated
with the anti-pi antibody, corresponding to the immature pi (approximately lOOkD) and a
(approximately 140kD) subunits (see Hotchin and Watt, 1992) and their mobility was the
same in low calcium and standard medium.
To measure the rate of Pi integrin maturation and the half-life of mature
receptor, pulse-labelled keratlnocytes in low calcium or standard medium were chased in
non-radioactive medium for up to 24 hr and immunoprecipitated with anti-pi antibodies
(Figure 40). In both low calcium and standard medium maturation was essentially complete
by 13 hr: the lOOkD band corresponding to immature p i was much less abundant than at 5 hr
and the mature pi band at 120kD was observed. The half life of mature receptor was
approximately 6-7 hr in both low calcium and standard medium.
The immunofluorescence staining showed (Figure 1 ) that when low calcium
cultures were transferred into standard calcium medium there was a selective loss of integrins
from the surface of involucrin- positive cells. Immunoprécipitation (Figure 4) indicated that on
a population basis the total amount of integrin remained constant. By flow cytometry surface
pi expression on terminally differentiating keratlnocytes cells from low calcium cultures was
compared with that on cells which had been transferred into standard calcium medium for 24
hr. The non-terminally differentiating cells were selected on the basis of their fonward and
side scatter characteristics (Jones and Watt, 1993). The modal fluorescence of the basal
cells was greater in the 24 hr switched cells than in the low calcium population (Figure 4D).
This suggests that there was an increase in p i receptor density of the surface of the 24 hr
switched basal cells compared with cells in low calcium medium.
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2c)

Integrin synthesis by terminally differentiating kératinocytes in
low calcium medium
The pulse chase experiments demonstrated that the half life of the mature

integrins was the same in low and standard calcium cultures. Assuming that the rate of
differentiation is the same in low and standard calcium medium (Dover and Watt, 1987) I
predicted that the integrins in the involucrin-positive cells were produced de novo. Direct
evidence for integrin synthesis by involucrin-positive cells was obtained in two ways (Figure
5).
Kératinocytes were grown in low or standard calcium medium, pulsed for 1 hr
with ®S-methionine and cysteine to labelled all newly synthesised proteins; cells were
harvested and surface labelled with PNA-FITC to identify all terminally differentiating cells
(Morrison et al., 1988).

PNA-positive and -negative fractions were separated by flow

cytometry and immunoprecipitated with an anti-pi antibody. Figure 5A shows that newly
synthesised pi integrins were present in the PNA-positive cells of low calcium cultures, but
not in the PNA-positive cells of cultures maintained in standard medium.
Using an anti-sense probe to localise the ag integrin subunit mRNA in situ
hybridisation was performed on standard calcium (Figure 5 B + C) and low calcium (Figure 5
D + E) cultures. In standard calcium cultures the terminally differentiating kératinocytes were
identified by their position in the stratifying colonies (i.e. suprabasal, Adams and Watt, 1991).
Individual stratified colonies in standard medium consist of a layer of basal cells with
suprabasal, involucrin-positive cells overlaying the central region of that layer (Adams and
Watt, 1991); in situ hybridisation showed that integrin mRNA was detected in the peripheral
ring of basal cells only (see Diagram 2). This pattern of hybridisation is due to the overlying,
suprabasal, integrin- negative cells masking the positive signal from the integrin-positive
basal cells beneath (Figure 5 B,C). In low calcium cultures the terminally differentiating cells
were large and often elongated (Watt and Green, 1982; Dover and Watt, 1987). All the cells
including the terminally differentiating ones contained ag integrin subunit mRNA. Similar
results were obtained for in situ hybridisation using the pi subunit anti-sense probe (data not
shown). Sense controls were all negative.
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Diagram 2

Cross-section of in situ hybridisation pattern of integrin mRNA in
standard calcium cultures

Basal cells (red) all contain integrin mRNA (stars). Suprabasal cells (green)
do not. Oxidized silver granules (blue dots) in the overlaying emulsion (blue parallel lines)
occur where the emulsion is in contact with the basal cells.

2d)

Role of cadherins in calcium-induced stratification
In 1992 Wheelock and Jensen reported that the addition of anti-E-cadherin

antibodies would interfere with calcium induced stratification of kératinocytes.

In contrast,

anti-integrin antibodies do not inhibit stratification (Larjava et al., 1990; Tenchini et a!., 1993).
mAb 13 (anti-pi) mAb16 (anti-ag) and 25-32 (anti-CD44) at concentrations of up to 200pg/ml
and were found to have no effect on calcium induced stratification.

The inhibition of

stratification by anti-cadherin antibodies ( Figure 6F,G) required only a single application of a
cocktail of anti-cadherin antibodies (HECD-1, anti-E-cadherin Spg/ml; NCC-CAD-299, anti-Pcadherin 2pg/m l). Using both antibodfcisimultaneously was more effective than using them
individually. The inhibition of stratification was reversible: stratification occurred within 12 hr
of removing the antibodies.
When low calcium monolayers were incubated for 1 hr with anti-cadherin
antibodies and then fixed and labelled with fluoresceinated anti-mouse IgG, the antibodies
were found to have a diffuse distribution over the cell surface (Figure 6A). However, 14 hr
after addition of anti-cadherin antibodies in standard calcium medium, the antibodies were
localised primarily to cell-cell borders (Figure 68).
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While Investigating the expression of desmosomes during calcium induced
stratification in the presence or absence of anti-E and P-cadherin antibodies the following
observations were made.

In low calcium medium desmoplakin (a component of

desmosomes) was diffusely distributed throughout the cytoplasm (Figure

6 C).

When low

calcium cultures were transferred into standard calcium medium for 14 hr desmoplakin were
visible at cell-cell interfaces both laterally and at the junction formed between the apical
surface of basal cells and the basal surface of suprabasal cells (Watt et al., 1984). However,
when keratlnocytes were transferred into standard medium in the presence of anti-E and antiP cadherin antibodies for 14 hr stratification was inhibited and desmoplakin was observed at
lateral ceii-cell borders only (Figure 6 E).
What effect does the inhibition of stratification by addition of anti-cadherin
antibodies have on the integrin expression by involucrin- positive cells? As shown in Figure
7A, integrins were diffusely distributed over the apical and lateral surfaces of keratlnocytes in
low calcium medium. After 3 hr in standard medium, integrin staining was concentrated at
cell-cell borders; the largest keratlnocytes were devoid of any apical integrin staining (Figure
7B). However, after 3 hr in standard medium containing anti-P-, E-cadherin antibodies the
distribution of integrins resembled that of cells in low calcium medium (Figure 7C). After
incubation overnight in standard medium containing anti-P, E-cadherin antibodies integrins
were still detectable on the surface of virtually all keratlnocytes, stratification had not taken
place and involucrin-positive cells remained attached and spread on the culture dish (Figure
7D).
The effect of anti-cadherin antibodies on integrin mRNA production was
investigated by in situ hybridisation. Keratlnocytes were grown to confluence in low calcium
medium and then switched into standard calcium medium for 6 hr in the presence or absence
of 40p.g/mi of anti-E cadherin and 2|ig/ml of anti-P-cadherin antibodies. In the absence of the
anti-cadherin antibodies a reduction of p i and «g integrin mRNA was evident in the larger,
differentiating cells (Figure

8

A,B,E,F). However in the presence of anti-cadherin antibodies

ail the cells in the monolayer contained integrin mRNA (Figure 8 C,D,G,H) and were therefore
indistinguishable from the cells grown in low calcium medium (Figure 5 D,E).
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Figure 1

Integrin and involucrin distribution during calcium
induced stratification.
Double label

immunofluorescence staining of sections

through keratinocyte cultures that had been detached from the culture dish
with Dispase prior to sectioning .

integrin staining with Texas-Red

conjugated secondary antibody; involucrin staining with FITC-conjugated
secondary antibody. A : control culture grown to confluence in standard
medium. B-E: cultures grown to confluence in low calcium medium and
transferred to standard medium for

2

hr (B), 4 hr (C),

6

hr (D) or 24 hr (E).

Arrows indicate individual cells coexpressing integrins and involucrin. Scaie
bar = 50pm.
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Figure 2

Double label immunofluorescence staining of
permeabilised low calcium keratinocyte cultures.

A : staining with anti-pi integrin antibody and B : staining with an antiinvolucrin antibody. Scale bar = 50jim.
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Figure 3

Adhesion assays

Adhesion of involucrin-positive keratlnocytes to lOpg/ml fibronectin.
A : Keratlnocytes were grown to confluence in low calcium medium
and plated on fibronectin alone (a) or in the presence of 60pg/ml HAS4 (b) or
mAb 13 (c). HAS4 is a nonfunction-blocking antibody to the a 2 integrin
subunit. mAb 13 is an adhesion-blocking antibody to the pi integrin subunit.
B : Cells were grown in standard medium (std) or low calcium (0 ) or
were transferred from low calcium to standard calcium medium for 2,4,6 or
24 hr prior to plating on fibronectin. The percentages of involucrin-positive
cells in the starting populations were

20%

(standard medium) and 18% (low

calcium medium). The percentage of adherent cells that were involucrinpositive is shown.

Each value is the mean of triplicate wells ± SEM

(standard error of the mean).
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Figure 4

Integrin expression, synthesis and half-life.

A and B : cells were grown in standard medium (std Ca) or low
calcium medium (0), or cells in low calcium were transferred to standard
medium for 24 hr (24). A : surface iodinated cells were immunoprecipitated
with antl-pi antibody or normal mouse serum (C).
same exposure of the same gel.

All tracks are from the

B : cells were labelled for 1 hr with ®S-

methionlne and cysteine prior to extraction and immunoprécipitation with
anti-pi antibody or normal mouse serum (C). All tracks are from the same
exposure of the same gel. C : cells were labelled for 1 hr in standard
medium (std Ca) or low calcium medium (low Ca) with ^ss-methionine and
cysteine (0), then chased in the same medium without label for the number
of hours Indicated. Samples were immunoprecipitated with anti-pi antibody
or normal mouse serum (C). A-C : arrow heads show positions of molecular
weight markers : 200 kD, 97 kD, 68 kD, 42 kD. Arrows show mature (a, Pi)
and immature (pre-a, pre-pi) integrin subunits. A,B: Cell extracts containing
equal

numbers

immunoprecipitated.

of

TCA-preclpitable

radioactive

counts

were

C : Tracks were loaded on equal protein content. D :

Flow cytometry of keratlnocytes grown continuously in low calcium medium
(solid line) or transferred to standard medium for 24 hr (— ) and labelled with
an anti-pi antibody conjugated directly to fluorescein (FITC). The profiles
represent undifferentiated cells (i.e. involucrin-negative; non PNA-binding)
selected on the basis of a forward and side scatter profiles (Jones and Watt,
1993). Fluorescence is in arbitrary units.
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Figure 5

Integrin expression by terminally differentiating
kératinocytes.

A : keratlnocytes cultured In standard (std Ca) or low calcium (low
Ca) medium were labelled for 1 hr with 35s-methlonlne and cysteine,
harvested with trypsln/EDTA and labelled with PNA-FITC. The cells were
sorted Into PNA-posltlve (+) or -negative (-) fractions by flow cytometry,
extracted and Immunoprecipitated with an antl-pi Integrin monoclonal
antibody. Arrow heads show positions of molecular weight markers : 200 kD,
97 kD, 68 kD and 42 kD. B-E : In situ hybridisation with a ®S-labelled ag
antisense probe. B,C : a stratified keratinocyte colony In standard calcium
medium; D,E : a low calcium monolayer. B,D : dark field Images of C,E,
respectively. Scale bar = 100 pm (C); 200 pm (E).
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Figure 6

Effect of anti-cadherin antibodies on calciuminduced stratification.

Low calcium cultures were incubated with 5 |ig/ml anti-E cadherin
and 2 jig/ml anti-P cadherin antibodies either for (A)1 hr in low calcium
medium or (B) 14-16 hr in standard medium.

A,B : stained with FITC

conjugated anti- mouse IgG; C-E : cultures were grown to confluence in low
calcium medium and either fixed immediately (0) or incubated with (E,G) or
without, (D,F) the anti-cadherin antibody cocktail for 14 hr in standard
calcium medium.

C-E : stained with anti-desmoplakin antibody.

F,G :

haematoxylin + eosin stained paraffin sections. Scale bar = 50pm (A-E),
100pm (F-G). Arrowhead in D shows desmosome formation between basal
and suprabasal keratlnocytes.
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Figure 7

Effect of anti-cadherin antibodies on integrin
distribution

Immunofluorescence staining of

integrins and involucrin. A : low

calcium monolayer. B,C,D : low calcium monolayers transferred to standard
calcium medium for B,C : 3 h; D : 14 h;

A,B,C : stained with FITC-

conjugated anti- Pi antibody; D : stained with rabbit anti-involucrin. G,D : 20
|ig/ml anti-E- cadherin and 2 ng/ml anti-P-cadherin were added at the same
time as standard medium.

Scale bar = 100 ^im.
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Figure 8

In situ hybridisation with 35s-iabeHed os and 3l
antisense probes.
Cells were grown to confluence in low calcium medium and

transferred to standard medium for 6 hr in the absence (A,B,E,F) or presence
(C,D,G,H) of 40 jig/ml anti-E-cadherin and 2 pg/ml anti-P-cadherin
antibodies. A,C,E,G : dark field images of B,D,F,H, respectively. A-D ; pi
probe : E-H : «g probe. Arrows indicate large cells that have decreased
mRNA levels. Scale bar =100 pm.
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3)

DISCUSSION

My study has found that cadherins play a role in the down regulation of integrin
expression that occurs during keratinocyte differentiation. By culturing human kératinocytes
in low calcium medium calcium-dependent cell-cell adhesion is prevented and the
differentiating cells continue to synthesise functional integrins.

Upon elevating the

extracellular calcium concentration of these cultures stratification is induced and there is a
selective loss of integrin protein and mRNA from differentiating kératinocytes as they migrate
out of the basal layer. A combination of antibodies to P- and E-cadherin inhibit calciuminduced stratification and prevent the loss of integrins from the surface of differentiating cells.
Addition of anti-cadherin antibodies also prevents the loss of integrin mRNA from the
terminally differentiating cells, suggesting that the effect is at the integrin gene transcription
level (Hotchin and Watt, 1992). Although previous investigations have shown that antibodies
to E-cadherin alone can prevent keratinocyte differentiation (Wheelock and Jensen, 1992) we
have found that using a cocktail of anti-P- and E-cadherin antibodies is more effective (Hirai
etal., 1989).
Apart from the assembly of functional cadherin complexes several other events occur
when kératinocytes are transferred from low to standard calcium medium.

There is a

transient rise in intracellular calcium ion concentration (Wattef a/., 1991), assembly of
desmosomes and adherens junctions (Hennings and Holbrook, 1983; Watt et a!., 1984;
O'Keefe et al., 1987), and an apparent redistribution of integrins to the region of cell-cell
borders (Figure 7; Larjavaef a/., 1990); however, gap junctional communication is not affected
(Kam etal., 1987).
Addition of anti-cadherin antibodies to the culture medium when cells were
transferred from low to standard calcium medium did not prevent the redistribution of the
desmosomal component, desmoplakin, to the lateral surfaces of cells in the unstratified
cultures. This suggests that the assembly of desmoplakin at the cell-cell borders has no
effect on the redistribution of integrins during calcium induced stratification (Figure 6).
Furthermore, one might presume that the desmosomes at this stage are functional since the
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cell sheet remain intact after treatment with Dispase. Thus, my observations are consistent
with a direct role of cadherins in regulating integrin expression in differentiating kératinocytes.
Kératinocytes can be induced to lose integrin expression and undergo terminal
differentiation by placing them in suspension where no cell-cell or cell-substrate adhesion
occurs (Adams and Watt, 1990). This suggests that cell-cell adhesion is not an absolute
requirement for the loss of integrins from the cell surface. Under conditions of suspensioninduced terminal differentiation the level of P-cadherin mRNA declines whereas level of Ecadherin mRNA rises (Nicholson etal., 1991). It would be interesting to investigate whether
reducing the concentration of extracellular calcium ions or addition of anti-cadherin antibodies
would have any effect on integrin levels in suspension culture.
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C h a pter 6
I n v e s t ig a t in g T he N a tu r e O f I n te g r in
C a d h e r in 'C r o ss -T a l k '

1)

INTRODUCTION
In the previous chapter I have presented evidence for the rcie cf cadherins In the

dcwnregulaticn cf integrins during keratinocyte terminai differentiation. Here i investigate the
possible nature of the interaction or 'cross-talk' between the two distinct families of celladhesion molecules. It is conceivable that integrin-cadherin 'cross-talk' may involve a direct
physical interaction between integrin and cadherin molecules. However, there is no evidence
to date that these molecules directly associate. The alternative, therefore, is that integrins
and cadherins communicate indirectly via other molecules within the cell. Both the integrins
and cadherins are linked to the actin cytoskeletal via distinct groups of cytosolic proteins
(reviewed by Takeichi, 1991; Hynes, 1992; see also Chapter 1). Transfer of epithelial cells
from low to standard calcium medium increases the detergent solubility of desmosomal and
non-desmosomal cadherins (Pasdar and Nelson, 1989; Nelson e ta l., 1990; Shore and
Nelson, 1991) and stabilization of cadherin-cytoskeleton complexes in differentiating
kératinocytes might somehow result in loss of integrin expression.

The changes in

distribution and abundance of actin-associated protein during keratinocyte stratification
(Kubler etal., 1991; Kubler and Watt, 1993) may also give us a clue as to the mechanism of
this type of 'cross-talk'.
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During calcium induced stratification of kératinocytes there is a two-stage integrin
downregulation process. Initially there is an apparent redistribution of integrin and E-cadherin
to the cell-cell borders. Subsequently, after 6 hr in standard calcium medium, there is a loss
of integrin protein and mRNA from the terminally differentiating cells (see Chapter 5). This
led us to the hypothesis that actin may play a role in integrin and cadherin redistribution and
that by either blocking actin polymerisation with cytochalasin D treatment or microinjection of
antibodies to catenins or the pi subunit cytoplasmic tail the redistribution patterns of integrins
and cadherins could be altered. I have also investigated the role of dê novo protein synthesis
in integrin loss and redistribution.

2)

RESULTS

2a)

The role of protein synthesis in the loss of integrins during calcium
induced stratification
Cells were grown in low calcium medium and then transferred into standard

calcium for 6 hr in the presence or absence of cycloheximide (CH). Protein synthesis is
prevented in kératinocytes by incubating the cells in lOpM CH (treatment with CH caused a
85% reduction in incorporation of ®S- cysteine and methionine according to TCA-precipitable
counts).

After fixation and permeabilisation the cells were stained by double

immunofluorescence for the integrin p i subunit and involucrin (Figure 1 A,B,E,F,I,J) or Ecadherin and involucrin (Figure 1 C,D,G,H,K,L). In confluent low calcium cultures both the pi
subunit and E-cadherin were diffusely distributed over the surface of all kératinocytes in the
culture including terminally differentiating ones (Figure 1 A,B,C,D). After 6 hr in standard
calcium medium double immunofluorescence staining revealed that integrin Pi had been lost
from the involucrin- positive cells and had redistributed to cell-cell borders on the involucrinnegative cells (Figure 1 E,F). However, confocal micrographs taken at the plane of the
suprabasal cells revealed that after transferring the cells into standard calcium medium for 6
hr in the presence of lOpM CH pi integrins remained diffusely distributed on the surface of
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Stratifying, involucrin-positive cells (Figure 1 l,J). E-cadherin redistributed to the cell-cell
borders of all the cells on addition of calcium ions in the presence or absence of CH (Figure 1
G,H,K,L).

2b)

Involvement of the actin cytoskeleton in the loss of intearin from
terminally differentiating kératinocytes during calcium induced
stratification
Used at a concentration of 5pg/ml cytochalasin D prevents actin

polymerisation in kératinocytes in culture. Tubulin polymerisation is prevented in 5|iM
colchicine. Here I investigated the effect of actin and tubulin depolymerisation on E-cadherin
and integrin redistribution during calcium induced stratification.
Kératinocytes grown to confluence in low calcium medium contained actin
fibres that appeared to be present in lamellipodia and spikes at the inner surface of the cells
(Figure 2A; ,see also Magee et al., 1987). However, 6 hr after transfer to standard calcium
medium filamentous actin did not appear to be present in any lamellipodia or spikes, but had
redistributed into 'bundles' that were concentrated at the periphery of each cell (Figure 2C).
Tubulin distribution in the cells transferred to standard calcium for 6 hr was
similar to that found in the low calcium cultures (Figure 2 B,D). The polymerised tubulin
formed an intricate filamentous network with a ‘bird’s nest’ appearance throughout the
cytoplasm of each cell.
Transfer of low calcium cultures into standard calcium medium for 6 hr in the
presence of cytochalasin D caused depolymerisation of the filamentous actin (Figure 2E) and
short stumps of polymerised actin could be observed at the cell periphery. Cytochalasin D
had little effect on the tubulin pattern (Figure 2F). The presence of colchicine had little effect
on the filamentous actin except for the presence of ‘blunt-ended ‘ actin bundles in some
cells(Figure 2G).

Colchicine caused the depolymerisation of microtibules(Figure 2H).

Figure 3 illustrates how actin depolymerisation caused by cytochalasin D
treatment during 6 hr of incubation in standard calcium medium not only inhibited
stratification, but also prevented the redistribution of integrins on all the cells (Figure 3A,B)
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and prevented the loss of Integrins from the involucrin-positive cells.

Under the same

conditions both terminally differentiating and non-terminally differentiating cells expressed Ecadherin (Figure 3 C,D) and no redistribution of E-cadherin occurred. Addition of colchicine
and standard calcium medium for 6 hr had no effect on the redistribution of integrins (Figure
3E) or E-cadherin (Figure 3 G).) and involucrin-positive cells showed reduced expression of
integrins (Figure 3G,F).

The results obtained in the presence of colchicine were

indistiguishable from the controls without drug treatment (Figure 1 E,F,G.H).

2c)

The effect of cytochalasin D and colchicine on keratinocyte
migration and aggregation
Cytochalasin D treatment appears to prevent the loss of integrins from

terminally differentiating cells during calcium induced stratification, but colchicine treatment
has no such effect. How does cytochalasin D or colchicine treatment affect integrin function?
Cytochalasin D has been shown to inhibit cell-cell adhesion but not affect cell substrate
adhesion (eg. Newman and Watt, 1988; Bouzon ef a/.,1989). Here I have examined the
effect of cytochalasin D or colchicine treatment on the migration of kératinocytes grown in low
calcium medium and the aggregation ability of these cells in standard calcium medium.
Subconfluent cultures of cells grown in low calcium medium were monitored
for 22 hr using an Olympus time-lapse unit at a rate of one frame every 2.5 min. Migration
patterns of individual cells were traced and for each experiment the paths of 20
representative cells were traced and are represented from a common point of origin (Figure
4). Treatment with cytochalasin D and colchicine caused a reduction in the migration rates of
the cells in low calcium medium (6.27pm/hr ± 0.5 and 15.26pm/hr ± 1.33 respectively) (Figure
4 B,C) compared to the untreated population of cells (42.14pm/hr ± 1.82) (Figure 4A).
Cell-cell adhesion assays were performed as described in the previous
paragraph, but cells were transferred from low calcium into standard calcium medium plus or
minus cytochalasin D or colchicine and the appearance of cell-cell adhesion observed. Cells
maintained in low calcium medium or treated with cytochalasin D in standard calcium medium
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migrated independently.

However, those treated with cytochalasin D formed "stringy",

aggregates with weak cell-cell adhesion such that cells would make temporary contacts with
one another and then migrate away (Figure 5 A,C). Cell were transferred Into standard
calcium medium In the absence (Figure 5B) or presence (Figure 5D) of colchicine formed
stable cell-cell contacts and eventually aggregates. Cells treated with colchicine In low or
standard calcium medium had an Increased level of membrane "ruffling" at the leading edge of
cells In contrast to those treated with cytochalasin D.

2d)

Microinjections
Purified Immunoglobulin from pre-lmmune rabbit sera and rabbit polyclonal

antibodies raised against the N-termlnus of a- and p-catenlns and plakoglobln and against
the C-termlnus of pi-Integrin (see Chapter 2) were microlnjected Into groups of 40 cells In
confluent low calcium keratinocyte cultures. The cells were then transferred Into standard
calcium medium for up to 30 mln and the distribution of surface E-cadherIn or pi-Integrin
observed.
Double Immunofluorescence staining with rhodamlne conjugated antl-rabbit
antibody (to locate the antibody In the microlnjected cells) and an antl-E-cadherIn antibody
(directed to the extracellular domain of E-cadherIn) revealed that the microlnjectlon of anti pcatenln antibody (VB2) (Figure 6C,D) or antl-plakoglobln antibody (VB3) (Figure 6 E,F) was
able to block the redistribution of E-cadherIn following the calcium switch (Figure IB).
However, the antl-a-catenin antibody (VB1) had no such effect and E-cadherIn redistributed
to the cell-cell borders (Figure 6A,B) In the same way as In unlnjected cells or cells
microlnjected with pre-lmmune serum (Figure 1G,H).
The effects of VB1, VB2, and VB3 on surface p i Integrin redistribution were
similar to their effects on the distribution of the E-cadherln. VB2 and VB3 prevented the
redistribution of p i Integrin (Figure 7 C,D,E,F) but VB1 had no effect (Figure 7 A,B).
Microlnjectlon of the Integrin Pi cytoplasmic tall antibody (DH2) prevented the
relocation of surface Integrin p i subunits to cell-cell contacts (Figure 8 A,B), but did not
prevent the redistribution of surface E-cadherln (Figure 8 C,D). Microlnjectlon of purified
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immunoglobulin from pre-immune rabbit sera had no effect on the redistribution of integrin pi
subunits (Figure 8 E,F) or on the redistribution of E-cadherin (data not shown).
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Figure 1

The effect of cycloheximide on integrin loss during
calcium induced stratification.

Kératinocytes were grown to confluence in low calcium medium and either
fixed immediately (A-D) or transferred into standard calcium medium for 6 hr
in the absence (E-H) or presence (l-L) of 10pM cycloheximide. Cells were
stained by double label immunofluorescence for the integrin p i subunit
(A,E,I) and involucrin (B,F,G) or E-cadherin (C,G,K) and involucrin (D.H.L).
A-H Fluorescence micrographs produced on Zeiss Axiophot microscope. l-L
confocal micrographs taken at the level of suprabasal cells.

Arrows

indicate cells that co-express integrin or cadherins and involucrin. A-H scale
bar=50pm; l-L scale bar =25pm
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Figure 2

Effects of cytochalasin D or colchicine during
calcium induced stratification.

Immunofluorescence staining of actin (A,C,E,G) and tubulin (B,D,F,H) on
kératinocytes grown to confluence in low calcium medium (A,B) or
transferred into standard calcium medium for 6 hr in the absence (C,D) or
presence of cytochalasin D (E,F) or colchicine (G,H). Scale bar = 50|im.
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Figure 3

Effect of cytochalasin D and colchicine on integrin
and E-cadherin redistribution.

Cells grown to confluence in low calcium medium and then transferred into
standard calcium medium for 6 hr in the presence of cytochalasin D (A-D) or
colchicine (E-H), fixed and stained by double immunofluorescence for p iintegrin subunit (A,E) and involucrin (B,F) or E-cadherin (C,G) and involucrin
(D,H). Arrows identify cells that co-express either integrin and involucrin or
E-cadherin and involucrin. Scale bar = 25pm.
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Figure 4

Motility assay.

Traces of the migration paths of kératinocytes grown in low calcium medium
in the absence (A) or presence of cytochalasin D (B) or colchicine (C)
recorded over a 22 hr period. The paths of 20 representative cells under
each condition are shown emanating from a common point of origin.
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Figure 5

Substrate adhérant adhesion assay.

Phase contrast photographs of cells grown in low calcium medium (A) or
transferred into standard calcium medium for 24 hr in the absence (B) or
presence of cytochalasin D (C) or colchicine (D). Scale bar =125 pm.
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Figure 6

Effect of microinjecting anti-catenin antibodies on
E-cadherin redistribution.

Kératinocytes were grown to confluence in low calcium medium,
microinjected with either rabbit polyclonal anti a-catenin antibody, VB1 (A,B),
anti-p catenin antibody, VB2 (C,D) or anti-plakoglobin antibody, VB3 (E,F)
and then transferred into standard medium for 10 min.

Double

immunofluorescence staining with anti-E-cadherin antibody (A,C,E) and
rhodamine conjugated anti-rabbit IgG to localize the microinjected cells
(B,D,F).

Arrow head identifies an example of E-cadherin redistribution to

cell-cell borders between two microlnjected cells. Arrows identify examples
of cells where the redistribution of E-cadherin has been inhibited. Dotted
lines outline part of the border of the area of microlnjected cells. Scale bar =
10

pm.
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Figure 7

Effect of microinjecting anti-catenin antibodies on
integrin pi-subunit redistribution.

Kératinocytes were grown to confluence In low calcium medium,
microlnjected with either rabbit polyclonal anti a-catenIn antibody, VB 1 (A,B),
antl-p catenin antibody, VB2 (C,D) or antl-plakoglobln antibody, VB3 (E,F)
and then transferred Into standard medium for 30 mln..

Double

immunofluorescence staining with anti-pi Integrin antibody (A,C,E) and
rhodamlne conjugated antl-rabbit IgG to localize the microlnjected cells
(B,D,F).

Arrow heads Identify examples of pl-lntegrin redistribution to cell-

cell borders between microlnjected cells.

Arrows Identify examples of

microlnjected cells In which the redistribution of pi-Integrins have been
Inhibited. Dotted lines show border between the area of microlnjected cells
and unlnjected. Scale bar = 25 pm.
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Figure 8

Effect of microinjecting anti-gl-cytoplasmic tail
antibody on surface gl-integrin and E-cadherin
redistribution.

Kératinocytes were grown to confluence in low calcium medium,
microlnjected with rabbit polyclonal anti pl-integrin cytoplasmic tail antibody
(A-D) or pre-immune serum (E,F) and transferred into standard medium for
30 min. Cells were then stained by double immunofluoresence with either an
anti-p 1 integrin antibody specific for the extracellular domain (A,E) or, with an
anti-E-cadherin antibody (0) and rhodamine conjugate anti-rabbit IgG to
localise the microlnjected cells (B,D,F). Arrow heads identify examples of Ecadherin

or pi-integrin redistribution to cell-cell borders between two

microlnjected cells.

Arrow identifies an example of a cell where the

redistribution of pi-integrin has been inhibited between microlnjected cells.
Dotted lines show border of the area of microlnjected cells and the area of
unlnjected cells. Scale bar = 25 pm.
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3)

DISCUSSION
In this chapter I have presented evidence for a possible mechanism for integrin-

cadherin 'cross-talk' in kératinocytes.
When low calcium cultures were transferred into standard calcium medium for 6 hr
there was a redistribution of integrin and E-cadherin from a diffuse apical cell surface
distribution to cell-cell borders and a selective loss of Integrins from the terminally
differentiating cells. In the presence of cycloheximide the selective redistribution and loss of
Integrins from the terminally differentiating cells was inhibited (Figure 1). There is evidence
that in cultured kératinocytes terminally differentiating cells express more E-cadherin than
non-terminally differentiating cells (Nicholson etal., 1991; Fujita etal., 1992). Hence, we can
assume that during calcium induced stratification in the presence of cycloheximide the d©
novo production of E-cadherin in the terminally differentiating cells is inhibited. In the
previous chapter I showed that blocking cadherin function inhibits the loss of integrins from
the terminally differentiating cells. Thus, we speculate that the redistribution and loss of
integrin expression from terminally differentiating kératinocytes is associated with the de novo
production of functional E-cadherin in these cells. Although these observations may be
coincidental, and other factors such as the redistribution of vinculin, desmoplakin (O'Keefe et
al., 1987; Hennings and Holbrook, 1983) and the urokinase plasminogen activator (Jensen
and Wheelock, 1992) may also be contributing to inhibit the loss of integrins from these cells,
the results do indicate that the regulation of integrin expression during terminal differentiation
is protein synthesis dependent.
A role for the actin cytoskeleton has been demonstrated in many cellular functions,
Including motility, chemotaxis, cell division, endocytosis and secretion (Devreotes and
Zigmond, 1988; Salmon, 1989; Bretscher, 1991). Precise temporal and spatial control of
actIn filament organisation is essential for these activities.

During calcium induced

stratification the apparent redistribution of integrins and E-cadherin to cell-cell borders
coincides with the redistribution of filamentous actin to form bundles and stress fibres at the
cell periphery. Actin bundle and stress fibre formation are completely inhibited by treatment
with cytochalasin D (Figure 2 and Magee et a!., 1987). Previous studies have shown that
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cytochalasin D has no effect on cell-extracellular matrix adhesion I.e. cytochalasin D does not
effect integrin function (Newman and Watt, 1988; Bouzon et a i, 1989). However, our
aggregation studies have shown that cytochalasin D inhibits cell-cell adhesion (Figure 5). In
contrast to cytochalasin D colchicine, which disrupts microtubules, had no effect on cell-cell
adhesion.
Disorganisation of microfilaments has been shown to interfere with the assembly and
stability of desmosomes in MOCK epithelial cells (Pasdar and Li, 1993). Here I have shown
that treatment with cytochalasin D prevents the redistribution of integrins and E-cadherin in
kératinocytes undergoing calcium induced stratification,

and also prevents the loss of

integrins from terminally differentiating cells (Figure 3). Thus, actin depolymerisation prevents
stable cell-cell adhesion and this coincides with the inhibition of redistribution and loss of
integrin expression. This is reminiscent of the observations from the previous chapter where
blocking cell-cell adhesion with a combination of anti-cadherin antibodies prevented the
redistribution of integrins during calcium induced stratification. Hence, I suggest that integrin
redistribution and loss during calcium induced stratification is dependent on the presence
actin filaments.
After providing evidence for the involvement of actin in the redistribution of integrin
and cadherin we wanted to investigate the involvement of the catenins and the cytoplasmic
domain of integrin p i in integrin-cadherin 'cross-talk'.

In 1992 Kintner suggested that

cadherin-mediated adhesion can be regulated by cytoplasmic interactions and that this may
contribute to regulating morphogenesis in Xenopus development. Over recent years a great
deal of evidence has illustrated that cadherin function is regulated by association with
catenins in cultured cells (Wheelock, 1990) and in developing embryos (Hirano

et a i,

1992).
The integrin

-subunit cytoplasmic tail complexes with in a low affinity of talin

(Horwitz etal., 1986; Buck and Horwitz, 1987). Talin binds with moderate affinity to vinculin
(Burridge and Mangeat, 1984) which in turn binds to a-actinin. a-actinin also binds directly to
p i integrin (see chapter 1). Disruption of any part of this 'network' has been shown to
contribute to changes in distribution and function of other molecules.

For example.
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microinjection of proteolytic fragments of a-actinin into rat embryo fibroblasts disrupts actin
stress fibres (Pavalko et al., 1991) and point mutations in the integrin pi or P 3 subunit
cytoplasmic domains block ligand binding (Takada et a!., 1992; Loftus et a!., 1990).

In

addition dysfunction of the ras -related protein, rho, causes a disruption in actin cytoskeletal
assembly and consequently in the coordinated assembly of focal adhesions and stress fibres
(Ridley and Hall, 1992).
Here I have microinjected antibodies to either a-catenin,

p-catenin, plakoglobin or

the Pi cytoplasmic tail into kératinocytes in low calcium medium, transferred them into
standard calcium medium and observed the effects on E-cadherin and integrin redistribution
(Figures 6 -8 ). The results demonstrate that antibodies to the Pi cytoplasmic tail prevent the
redistribution of pi integrins on the surface of the cell but have no effect on E-cadherin
redistribution. However, antibodies to p-catenin and plakoglobin function not only prevent the
redistribution of E-cadherin but also pi integrins. The anti-a catenin antibody had no effect
on either E-cadherin or Pi integrin redistribution. This result may be Interpreted in two ways:
1) The anti-a-catenin antibody was not a function blocking antibody or that, 2) a-catenin is not
involved in the redistribution of E-cadherin or pi integrins. In future experiments the effects of
an anti-E cadherin cytoplasmic tail antibody on integrin and cadherin redistribution should
also be tested.

The interactions of cadherins and other proteins such as N-

acetylgalactoseaminylphosphotransferase and connexin-containing gap junctions are also
evident (see review Grunwald,1993) but the mechanisms of such 'cross-talk' is not yet
understood. It would be of interest to know if the ‘cross-talk’ between cadherins and other
proteins share a common type of mechanism.
In conclusion, the redistribution of integrins appears to be a prerequisite for the
selective loss of the receptors from the terminally differentiating ceils. Further, the selective
loss of integrins from terminally differentiated cell is dependent on protein synthesis.
Moreover, we have evidence to suggest that positive E-cadherin function via assembly with pcatenin, plakoglobin and in turn with the actin cytoskeleton negatively regulates integrin pi
surface expression via the integrin p i cytoplasmic tail during keratinocyte calcium induced
stratification.

The redistribution of integrins during the first stage of calcium induced
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Stratification is independent of protein synthesis in the non-terminally differentiating cells, but
is dependent on protein synthesis in the terminally differentiating cells.

The results

demonstrate that the redistribution of integrins and cadherins during calcium induced
stratification is dependent on the presence of polymerised filamentous actin. Further I have
shown that blocking p-catenin and plakoglobin function prevents the redistribution of Ecadherin and Pi integrin, but that blocking the integrin pi subunit cytoplasmic tail function only
acts to prevent pi integrin redistribution and not E-cadherin redistribution. These results are
valuable in understanding the precise role of catenins, actin and the pi cytoplasmic tail in the
loss of integrin function and expression during keratinocyte terminal differentiation.
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C h a p ter 7
G e n e r a l D is c u s s io n

My investigations have shown that changes in integrin expression are associated with
human papiiloma virus (HPV) immortaiisation of cultured kératinocytes and in cervical
biopsies with evidence of HPV infection. In addition I have demonstrated that cadherins play
a role in the downregulation of integrin expression that occurs during normal keratinocyte
terminal differentiation and that the ‘cross-talk’ that occurs between the integrins and the
cadherins involves the Pi-integrin subunit cytoplasmic tail, p-catenin, plakoglobin and the
actin cytoskeleton.

1)

INTEGRINS AND HPV

My studies on integrin expression in HPV infected cultured kératinocytes and cervical
biopsies suggest many ideas for future research. For example, it would be of interest to
compare the expression patterns of E-cadherin, P-cadherin and the catenins with that of
integrins in HPV infected epithelia and hyperproliferating epidermis.

My examination of

integrin expression in HPV infected cervical biopsies was limited to eight specimens. A more
extensive investigation with larger numbers of samples and examination of other cell
adhesion moleclues would be of value. Previous work has reported that changes in cadherin
and catenin expression and function occur during epithelial carcinogenesis (see Chapter 1).
One might imagine that reduced E-cadherin expression would correspond with suprabasal
integrin expression, which in turn might provide more evidence for the role of cadherins in
regulating integrin expression and keratinocyte terminal differentiation.
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One way to determine whether the reduced integrin expression in the HPV-16
immortalised human kératinocytes is responsible for the reduction in terminal differentiation
would be to ‘repair’ these ceil lines by transfecting them with integrin chicken cDNA (for
example osp i)

followed by methotrexate-induced amplification to yield clonal cell lines

overexpressing the fibronectin receptor (Bauer et al., 1993). One could predict that the
transfectants might revert back to display the normal keratinocyte phenotype (Giancotti and
Ruoslahti, 1990) and potential for terminal differentiation. Furthermore, multiple transfections
of a variety of integrins’ cDNA may reveal different phenotypes (Bauer etal., 1993).

2)

INTEGRIN-CADHERIN iNTERACT!ONS
Experiments similar to those carried out by Reszka and co-workers (Reszka et al.,

1992) would further clarify the contribution of the pi-integrin subunit cytoplasmic tail in the
mechanism of integrin-cadherin ‘cross-talk’. He described p i mutants with specific point
mutations in the cytoplasmic tail. The point mutations revealed three clusters of amino acids
which contribute to localization in focal contacts. The three clusters or signals are cyto-1
cyto-2 and cyto-3. Mutations in cyto-1 not only reduce localization to focal contacs, but also
affect heterodimer affinity and specificty. The cyto-2 cluster provides integrin structural
conformation which when perturbed inhibits integrin localization to focal contacts. Cyto-3
contains two sites which when phosphorylated appear to negatively regulate integrin function
and reduce localization to focal contacts. In future research, wild-type and mutant chicken
integrin p i subunit cDNAs could be expressed in kératinocytes and the redistribution patterns
of the wild type and mutant chicken p i subunits observed during calcium induced
stratification. Specific point mutations in the p i cytoplasmic tail may prevent integrin-cadherin
‘cross-talk’ and would shed light on the role of such residues in the control of keratinocyte
terminal differentiation.

Recent work carried out by Vania Braga (personal communication) has described the
changes in integrin and cadherin solubility in 0.5% Triton X-100 during calcium induced
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Stratification in kératinocytes. Such experiments describe how the integrin p i association with
the actin cytoskeieton appears to be ‘weaker’ than that of cadherins with the actin
cytoskeleton. Further she shows, that the associations appears to become ‘stronger’ ^ pon
elevating the calcium concentration of the culture medium. Protein cross-linking experiments
(Lomant and Fairbank, 1976) will identify any changes in the complex of associated cytosolic
proteins with the integrin cytoplasmic tail and the cadherin cytoplasmic tail during calcium
induced stratification and would help to identify the precise roles of the cytosolic proteins in
integrin-cadherin ‘cross-talk’.

Identifying the signalling moieciues that regulate the expression of integrins and
cadherins during keratinocyte terminal differentiation would be of great interest. The Wnt
genes encode a family of cysteine-rich sectreted glycoproteins that are transiently expressed
in embryonic development, and in a subset of adult tissues. The Wnt gene products are
thought to act as extracellular signalling factors. At least 10 different Wnt genes are so far
known in mouse and 3 or more in Drosophila . The best studied members of the family are
the mouse proto-oncogene Wnt-1 and its Drosophila homologue, the segment polarity gene,
wingless. Studies carried out in Drosophila demonstrate that the presence of the wingless
protein alters the intracellular distribution and protein stability of the Drosophila p-catenin
homolojtié'Armadillo (Peifer etal., 1993; Leeuwen etal., 1994). More recently Hinck and co
workers (1994) have demonstrated that Wnt-1 expression in mouse mammary cells results in
the accumulation of of p-catenin and plakoglobin which in turn stab :|zes cadherin binding
between the^é^ cells.

It is concei vable that wnt genes may therefore play a role in the

regulation of p-catenin and perhaps cadherin and integrin expression in human kératinocytes
Further investigations of the wnt genes found in the epidermis and their precise functions may
help to contribute to understanding the mechanism of integrin-cadherin ‘cross-talk’.

Another potential candidate for the regulation of integrin expression during
keratinocyte terminal differentiation may be found in the APC tumour suppressor gene
product.

Mutations in the APC gene product are thought to occur early in colon

146

tumourigenesis. Recent work has shown that p catenin is more weakly bound to the mutant
APC gene product than to the wild type (Rubinfeld et al., 1993; Su et al., 1993; Peifer 1993).
This change in p-catenin- APC gene product association may alter cadherin expression in
these cells and in turn regulate integrin expression. It would be of interest to investigate if the
epidermis contains APC gene products and if so correlate mutations in the APC gene with the
regulation of integrin expression.

3)

CONCLUSIONS
In conclusion, the regulation of integrin expression and function in human

kératinocytes involves a complicated network of ‘controlling factors’. One such controlling
factor may be HPV16 infection. I have examined integrin expression in kératinocytes infected
with HPV16 in vitro and in vivo and have observed changes in levels of integrin expression in
these tissues. How HPV infection is actually involved with controlling integrin expression still
remains a mystery, but the ‘repairing ‘ experiments may shed light on the role of integrin
levels in keratinocyte terminal differentiation.
My studies on kératinocytes grown in low calcium medium suggest that a second
‘controlling factor’ of integrin expression may be cadherins. The redistribution and control of
loss of integrin expression from terminally differentiating cells during calcium induced
stratification appears to be cadherin dependent. Integrin-cadherin ‘cross-talk’ involves the
cadherin associated cytosolic proteins and the actin cytoskeleton, but how these molecules
are actually transmitting messages to each other may well involve other unknown factors.
Knockouts of specific molecules establish which ones are part of the ‘cross-talk’pathway, but
such experiments do not answer how signals might be transmitted from molecule to molecule.
Auffhammer’s observations of skin structure in the mid 19th. century were the
beginnings of keratinocyte science. In the future, the exploration of the mechanism for the
transmission of intracellular and possibly intercellular signals between integrins and other
keratinocyte moleclues will provide a structure for the role of infegrins in the regulation of
keratinocyte behaviour.
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