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Abstract

The epidermis is the stratified epithelium that forms the outer covering of the skin. 
Keratinocytes within the basal layer of the epidermis undergo terminal differentiation 
and move out of the basal layer, towards the surface of the skin. The integrins are a 
family of cell surface adhesive receptors and their expression is confined to the basal 
layer of keratinocytes. Experiments with cultured human epidermal keratinocytes have 
shown that members of the p i integrin family have important functions in the 
epidermis. Keratinocytes express two forms of the p i integrin subunit, piA, and a 
splice variant, piB. I have shown that within the cytoplasmic domain of the plB 
integrin subunit there is an ER retention/retrieval motif. When expressed as a CD8 
chimera in HeLa cells, the transport of CD8P1B to the cell surface was delayed when 
compared to that of CD8P1A. Using antibodies specific to the PlB integrin subunit 
which I generated, I have shown that only low levels of expression are detected in 
cultured keratinocytes and in the epidermis. Antibodies specific to the PlB integrin 
subunit immunoprecipitated 2 bands of 110 kD and 120 kD but there was no evidence 
that either band was one of the a  integrin subunits known to form heterodimers with the 
Pi A integrin subunit. There was no increased synthesis of the PlB integrin subunit or 
association with a  integrin subunits at the time of commitment in keratinocytes induced 
to undergo terminal differentiation, although the half-life of the plB  integrin subunit 
was increased. I have also examined the expression of the PlB integrin subunit in a 
small sample of oral squamous cell carcinomas and have found elevated but patchy 
expression in moderately- and poorly-differentiated tumours.
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C h a p t e r  1

I n t r o d u c t i o n

Overview

The epidermis is the stratified epithelium that forms the outer covering of the skin and 
protects the body from the external environment. Keratinocytes within the basal layer of 
the epidermis undergo terminal differentiation and move out of the basal layer, towards 
the surface of the skin. The population of basal keratinocytes is replenished by 
proliferation of a subset of basal keratinocytes that have an unlimited capacity for cell 
division. Cell adhesion molecules have important functions within the epidermis. The 
integrins are a family of cell surface adhesive receptors and their expression is confined 
to the basal layer of keratinocytes. Experiments with cultured human epidermal 
keratinocytes have shown that members of the (31 integrin family have important 
functions in the epidermis. In addition to mediating adhesion to the underlying 
basement membrane, they also regulate stratification and the onset of terminal 
differentiation, and are markers of keratinocyte stem cells. Keratinocytes express two 
forms of the (31 integrin subunit, p i A, and a splice variant, plB. In view of the central 
importance of p i integrins to the biology of the epidermis, I set out to investigate the 
expression and function of the PlB integrin subunit in keratinocytes.

The epidermis

The epidermis is the outermost covering of skin and is attached to the underlying 
extracellular matrix known as the basement membrane. Beneath the basement 
membrane are the dermis and subcutaneous fatty tissue (Figure 1.1).

The epithelial basement membrane

The epithelial basement membrane is the extracellular matrix between the epidermis 
and the dermis and provides a substrate suitable for basal keratinocytes to attach to the 
dermis. Adhesion to the basement membrane determines the polarity of keratinocytes 
and also regulates proliferation and terminal differentiation of keratinocytes (Adams 
and Watt, 1993).

The basement membrane comprises a three-dimensional organised network of 
glycoproteins and proteoglycans (Yurchenco and O'Rear, 1994). Components of the 
basement membrane include type IV collagen, type VII collagen, laminin 1, laminin 5,
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laminin 6, heparan sulphate proteoglycans (e.g. perlecan) (Murdoch et a l , 1994) and 
proteoglycans (e.g. versican) (Zimmermann et a l, 1994) and entactin/nidogen 
(Yurchenco and O'Rear, 1994). In the basement membrane of intact normal adult skin 
there is little fibronectin (Fleischmayer and Timpl, 1984; Couchman et a l, 1990) and 
vitronectin is undetectable (Reily and Nash, 1988).

Basement membrane proteins are secreted by both keratinocytes and dermal fibroblasts. 
In experiments using bovine keratinocytes and human fibroblasts, a basement 
membrane is formed only when both cell types are co-cultured (Marinkovich et a l,
1993). Using species-specific antibodies, keratinocytes are shown to contribute collagen 
(types IV and VII), laminins 1, 5, 6 and heparan sulphate proteoglycans; whilst dermal 
fibroblasts are shown to produce collagen (types IV and VII) and laminin 1. Studies on 
basement membrane production in mouse embryos also support the idea of 
epithelial/mesenchymal co-operation (Thomas andDziadek, 1993).

Cells of the epidermis

The major cell type in the epidermis is the keratinocyte. Keratinocytes are organised 
into distinct layers (Figure 1.2) which can be distinguished into 4 types of layer based 
on position and morphology: basal, spinous, granular, and comified (Holbrook, 1994). 
Proliferation of keratinocytes is largely confined to the basal layer. Cells in the 
suprabasal layers are at different stages of terminal differentiation. The end products of 
terminal differentiation, the comified cells, are found in the most superficial layers. The 
process of terminal differentiation is associated with changes in both cell morphology 
and protein expression, a summary of which is given below (Holbrook, 1994).

The basal layer

This is a single layer of keratinocytes that are attached to the underlying basement 
membrane. At the lateral and apical surfaces of keratinocytes, cells adhere to each other 
via desmosomes and adherens junctions which are also found between cells in other 
layers of the epidermis. As keratinocytes undergo terminal differentiation, they become 
less adhesive to the basement membrane and are selectively expelled from the basal 
layer.

The spinous layer

The spinous layer is 3- to 4-cell thick and cells within it show a gradient in size and 
morphology. Spinous cells near the basal layer appear more oval than the flattened 
spinous cells located next to the granular layer above. Keratin filaments are conspicuous 
as large dense bundles and the 'spines' that give the layer its name are keratin filaments

16



u a p i c i j.

that insert into desmosomes of apposing cells. In the uppermost spinous layer are the 
precursors of the granular layer which contain soluble protein precursors of the 
cornified envelope such as involucrin, comifin, keratolinin, and pancomulin. The 
uppermost spinous cells also have membrane bound lamellar granules containing lipids 
and carbohydrates complexed with proteins which later fill the intercellular spaces of 
the comified layer.

The granular layer

The granular layer consists of 2 to 3 layers of keratinocytes which are irregular in shape. 
Cells have electron-dense keratohyalin granules containing profilaggrin, the precursor 
form of filaggrin which is a protein involved in the aggregation of keratin filaments. 
The lamellar granules fuse with the plasma membrane and their contents are discharged 
into the intercellular space. Granular cells synthesise and cross link a number of 
structural proteins (e.g. loricrin, involucrin and keratolinin) that will form the comified 
envelope of comified cells.

The cornified layer

The comified layer comprises multiple layers of terminally differentiated keratinocytes. 
These cells are anucleate, their cytoplasm is filled with keratin bundles, and are 
characterised by the presence of the comified cell envelope which consists of a layer of 
transglutaminase cross-linked proteins found under the plasma membrane. Comified 
cells appear flattened and plate-like and are also known as squames. The most 
superficial layer of comified cells is shed from the body.

Terminal differentiation of keratinocytes

As cells are shed from the surface of the epidermis, they are continually replaced by 
cells from the underlying layers. The process of terminal differentiation is central to 
maintaining the spatial organisation of the epidermis and can be explained by the stem 
cell model. The basal layer of the epidermis is believed to contain keratinocytes with 
three categories of different proliferative capacity: stem cells, transit amplifying cells 
and committed cells (Potten, 1981; Hall and Watt, 1989). Stem cells have an unlimited 
capacity to proliferate and produce new keratinocytes throughout adult life. Daughters 
of stem cells are either stem cells themselves or are transit-amplifying cells. The transit- 
amplifying population consists of cells with a lower capacity for self-renewal than stem 
cells and a high probability of undergoing commitment to terminal differentiation after 
a few rounds of cell division. Cells in the committed population do not proliferate and 
are destined to undergo terminal differentiation and move upwards from the basal layer.
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Culture of epidermal keratinocytes

In order to study how proliferation and terminal differentiation are regulated in the 
epidermis, human keratinocytes have been cultured in the laboratory to make an in vitro 
model of the epidermis. Human epidermal keratinocytes can be grown in tissue culture 
flasks using the method (Rheinwald, 1989) based on that originally devised by Jim 
Rheinwald and Howard Green (Rheinwald and Green, 1975). Under these conditions, 
cultured cells retain many characteristics of keratinocytes in vivo. They grow and 
stratify, forming sheets that are 6 to 8 layers thick in which proliferation is confined to 
the basal layer and terminal differentiation takes place in the suprabasal layers. Briefly, 
a single cell suspension of human epidermal keratinocytes is isolated from skin such as 
foreskins from circumcisions. The keratinocytes are grown together with a feeder layer 
of growth-arrested mouse 3T3 fibroblast clone J2. The feeder cells secrete extracellular 
matrix proteins that encourage keratinocyte attachment, and growth factors which 
stimulate proliferation. Keratinocytes in culture form colonies which coalesce to form a 
confluent sheet of stratified cells. Figure 1.3 outlines practical applications of cultured 
epidermis.

Keratinocytes cultured using the Rheinwald and Green technique, however, do not 
complete morphological differentiation (Leigh and Watt, 1994). Unlike the epidermis in 
vivo, the cell layers are flattened and distinct granular and comified layers do not 
accumulate. One way of improving the histology of stratified cultures is to seed 
keratinocytes onto dead, de-epidermised dermis (DED) and culture them at the air- 
medium interface (Prunieras et al., 1983; Basset-Seguin et al., 1990).

In standard culture medium where the calcium ion concentration is about 1.8 mM, 
keratinocytes grow as stratified sheets as described above. Keratinocytes can also be 
cultured in a low calcium medium where the calcium ion concentration is about 0.1 
mM. Under these conditions, keratinocytes grow as a monolayer as stratification is 
inhibited but nevertheless can initiate terminal differentiation (Watt and Green, 1982).

Cell Adhesion Molecules of Keratinocytes

Experiments with cultured keratinocytes have shown that cell adhesion molecules play a 
role in regulating terminal differentiation and other processes in the epidermis. The term 
'cell adhesion molecule' embraces many different families of proteins and they can be 
divided into two groups; one is involved in cell to cell adhesion, and the other is 
involved in cell to extracellular matrix adhesion. There are also some cell adhesion 
molecules which are not normally expressed by keratinocytes but whose expression can 
be induced by pathological conditions. An example is intercellular cell adhesion 
molecule, ICAM-1. During inflammation, ICAM-1 expression is induced in

18



it a p i c i x

keratinocytes and ICAM-1 binds to the aLP2 integrin on T-lymphocytes (Dustin et al, 
1988).

Cell to cell adhesion

Cell adhesion molecules in this group may be further divided into two groups based on 
their dependence on calcium ions for function. The classical cadherins and the 
desmosomal cadherins are calcium-dependent, whilst CD44 and syndecan are calcium- 
independent.

Classical cadherins

The epidermis expresses two forms of classical cadherins, E-cadherin (epithelial) and P- 
cadherin (placental). E-cadherin is expressed by keratinocytes in all living cell layers of 
the epidermis while P-cadherin expression is mainly confined to the basal layer (Nose 
and Takeichi, 1980; Shimoyama et a l, 1989; Nicholson et a l , 1991). Cadherin function 
is required for epidermal stratification. By growing keratinocytes in low calcium 
medium (Watt and Green, 1982) or addition of anti-cadherin antibodies (Wheelock and 
Jensen, 1992; Hodivala and Watt, 1994; Lewis et a l, 1994), the stratification of 
keratinocytes can be inhibited. Recently, it has been shown that expression of a 
dominant negative form of E-cadherin where the extracellular domain is deleted (Zhu 
and Watt, 1996) results in the inhibition of cell to cell adhesion and stratification in 
keratinocytes. Interestingly, expression of the dominant negative form of E-cadherin 
also causes an inhibition of proliferation and an increase in terminal differentiation in 
keratinocytes.

The classical cadherins are glycoproteins that span the plasma membrane once. The 
extracellular domains of cadherins are folded into four immunoglobulin-like domains 
and contain six putative calcium binding sites. Recent data from crystallographic studies 
suggest that cadherins may form dimers in the plane of the plasma membrane. 
Homophilic interactions between cadherins on apposing cells involve the amino 
terminal domains, in a fashion analogous to a zipper (Overduin et al, 1995; Shapiro et 
a l,  1995; Nagar et a l, 1996). The cytoplasmic domains of cadherins are highly 
conserved across species and form complexes with regulatory cytoplasmic proteins 
(Ozawa et al, 1989) including a-catenin, P-catenin, y-catenin (plakoglobin) (Knudsen 
and Wheelock, 1992) and pl20 (Reynolds et al, 1994; Shibamoto et al, 1995). A short 
core region of 25 amino acids within the last 70 amino acids of the cadherin 
cytoplasmic domain has been shown to be responsible for binding the catenins (Ozawa 
et a l, 1990; Stappert and Kemler, 1994; Jou et a l, 1995). Deletions and mutations 
within the core region result in the failure to form cadherin/catenin complexes and the 
loss of adhesive properties of cells (Stappert and Kemler, 1994; Hertig et a l, 1996).
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Catenins not only link cadherins to the actin filament network but also form complexes 
with other proteins and are key regulators of developmental pathways (Figure 1.4) 
(Huber etal., 1996).

Desmosomal cadherins

Desmosomes are the sites of contact between apposing cells into which the keratin 
filament network is anchored. The main glycoproteins in the desmosomes are the 
desmocollins and desmogleins. The desmocollins and desmogleins are single 
transmembrane glycoproteins. Their homology to the classical cadherins is strongest in 
the extracellular domain which contains four immunoglobulin-like domains and six 
putative calcium binding sites. The cytoplasmic domains of desmocollins and 
desmogleins bind y-catenin. Other proteins found at the cytoplasmic face of 
desmosomes include desmoplakin which binds the keratin intermediate filaments. Both 
desmocollins and desmogleins bind the regulatory cytoplasmic protein, y-catenin. So 
far, three desmocollin isoforms (Dscs 1, 2, and 3) and three desmoglein isoforms (Dsgs 
1, 2, and 3) have been identified.

In the epidermis, Dsc 1 and Dsg 1 are expressed in the upper terminally differentiating 
layers while Dscs 2 and 3, and Dsgs 2 and 3 are expressed in the lower layers 
(Amemann et al., 1993). Recent studies using double immunogold labelling and 
isoform-specific antibodies have shown that individual desmosomes in regions of 
overlapping expression contain both Dsc 1 and Dsc 3 (North et al., 1996). The ratio of 
the two proteins in each desmosome alter gradually from basal to suprabasal layers with 
Dsc 1 increasing and Dsc 3 decreasing. It is possible that desmosomal cadherins 
isoforms have differential adhesive properties. Their distribution pattern in the 
epidermis probably reflects the requirement for changes in keratinocyte adhesion during 
stratification and terminal differentiation.

Syndecan

The syndecans are a family of polymorphic cell surface proteoglycans containing both 
heparan sulphate and chondroitin sulphate chains. They are single-transmembrane 
proteins with a relatively short cytoplasmic domain and a large extracellular domain. So 
far 4 members of the family have been identified (Syndecan 1-4) and are defined by 
conserved glycosaminoglycan (GAG) attachment sites, N-glycosylation linkage sites, a 
basic dipeptide proteinase site adjacent to the transmembrane domain and a highly 
conserved cytoplasmic domain. The syndecans bind via their GAG chains to 
extracellular matrix proteins and growth factors (Bemfield et al., 1993; Elenius and 
Jalkanen, 1994; Salmivirta and Jalkanen, 1995).
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In the epidermis, syndecan-1 is expressed in all cell layers and is upregulated during 
wound healing (Elenius et al., 1991). In epithelial tissues, the attachment as well as 
composition of GAG chains alter in a tissue specific manner (Sanderson and Bemfield, 
1988). Simple epithelia express a 160 kD form of syndecan-1 whilst stratified epithelia 
express a 100 kD form. The larger form is distributed mainly on the basolateral surfaces 
of cells but the smaller form is distributed evenly on the cell surface. When 
keratinocytes are cultured under low calcium conditions in which stratification is 
prevented, cells express the larger form; on switching the calcium levels back to normal, 
the smaller form of syndecan 1 is expressed. The changes in syndecan-1 expression 
probably reflect the changing adhesive and growth requirements of terminally 
differentiating keratinocytes (Sanderson et al., 1992).

CD44

CD44 is a transmembrane glycoprotein that mediates cell adhesion through binding to 
hyaluronan and other extracellular matrix molecules and may participate in growth 
regulation by trapping specific growth factors at the cell surface. CD44, although 
encoded by a single gene, is highly polymorphic as a result of the generation of multiple 
isoforms by alternative splicing in the extracellular domain (Gunthert, 1993; Lesley et 
al., 1993). A further source of variation is the addition of N- and O-linked carbohydrate 
side chains, including heparan sulphate and chondroitin sulphate glycosaminoglycans. 
The cytoplasmic domain of CD44 is an important determinant of CD44 function and 
also has a role in signalling (Isacke, 1994). At least 2 isoforms of CD44 have been 
shown to be linked to the actin cytoskeleton via members of the ERM (ezrin, radixin, 
and moesin) family of proteins (Tsukita et al., 1994).

The isoforms of CD44 expressed by human epidermal keratinocytes have been 
described by Hudson et al. (Hudson et al., 1995) and CD44 is the major peanut lectin- 
binding glycoprotein (peanut agglutinin, PNA) of human epidermal keratinocytes. PNA, 
which recognises the disaccharide (3-D-galactose-(l-3)-D-N-acetylgalactosamine, has 
been a useful marker of terminal differentiation of keratinocytes since it binds more 
strongly to suprabasal than basal keratinocytes (Watt, 1983). It also shows specificity 
for terminally differentiating keratinocytes even when stratification is inhibited under 
low calcium conditions (Watt, 1983; Morrison et al., 1988). CD44 is present in both 
basal and suprabasal layers of the epidermis. The increase in PNA binding in suprabasal 
cells is due to the loss of the terminal sialic acid residue from the GAG side chains 
which occurs as cells leave the basal layer (Morrison et al.„ 1988; Keeble and Watt, 
1990). In keratinocytes, CD44 may play a role in intercellular adhesion within the 
epidermis via binding to hyaluronan (Milstone et al., 1994; Hudson et al.„ 1995). 
Evidence for this comes from experiments where keratinocytes are plated on rat 
pancreatic carcinoma cells that are transfected with different CD44 isoforms.
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Keratinocyte adhesion to carcinoma cells transfected with the isoforms expressed by 
keratinocytes is greater than to carcinoma cells transfected with the standard form of 
CD44. The interaction could be inhibited by hyaluronan or by treatment with 
hyaluronidase.

Cell to substrate adhesion

Members of the integrin family of cell surface receptors are the major proteins involved 
in the adhesion of basal keratinocytes to the basement membrane. They are found in two 
types of adhesive junctions, the focal contacts and the hemidesmosomes.

Focal contacts were first visualised by interference microscopy and were identified as 
the sites of attachment between tissue cultured cells and the underlying tissue culture 
plastic (Burridge et a l, 1988; Turner and Burridge, 1991). By immunofluorescent 
staining of vinculin, a component of focal contacts, focal contacts appear as small tear
shaped plaques on the edges and on the ventral plasma membrane of cells. Focal 
contacts are the sites of actin microfilament organisation as well as sites of integrin- 
mediated signalling (Schaller et a l, 1994; Shattil et al., 1994) (Figure 1.5). There is 
some controversy as to the existence of focal contacts in vivo. Evidence to suggest that 
they exist in vivo has come from immunofluorescent staining of epidermis where talin 
(Kaiser et a l, 1993), vinculin (Kubler and Watt, 1993) and focal adhesion kinase (Gates 
et a l, 1994) have been localised to the basement membrane zone of the epidermis.

Hemidesmosomes are multi-protein complexes (Figure 1.6) that mediate adhesion of 
keratinocytes to the basement membrane and anchor the keratin cytoskeleton to the 
extracellular matrix (Borradori and Sonnenberg, 1996). The lack of components of 
hemidesmosomes leads to skin blistering diseases in humans. For example, mutations in 
the plectin gene are the molecular basis of epidermolysis bullosa with muscular 
dystrophy which shows epidermal blister formation at the level of the hemidesmosomes 
(McLean et a l, 1996; Smith et al, 1996) The functional roles of other components of 
the hemidesmosome have been revealed from knockout animal models. The 
hemidesmosomes of the BP230-knockout mice lack inner plaques and do not associate 
with keratin filament bundles. These mice show a loss of mechanical integrity in the 
basal epidermal cells (Guo et a l, 1995). In null-mutant mice for the a6 integrin subunit 
(Georges-Labouesse et a l, 1996) and for the (34 integrin subunit (van der Neut et al, 
1996) hemidesmosomes are absent; both mutants show dermo-epidermal separation, 
severe systemic blistering and die soon after birth.
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The integrin family

The integrins are a family of cell surface receptors that mediate cell adhesion. They are 
expressed by many cell types in both vertebrates and invertebrates. They are the major 
receptors by which cells attach to the extracellular matrix, although some integrins also 
mediate cell to cell adhesion. In addition to their role in cell adhesion, integrins also 
regulate the organisation of the actin cytoskeleton and mediate transmembrane signal 
transduction. Thus, integrins have important functions in the regulation of many 
physiological processes in the adult organism and in embryonic development (Hynes, 
1992; Hemler et al, 1994; Schwartz et al, 1995).

Integrin receptors

An integrin is a heterodimer comprising one a  subunit and one (3 subunit non- 
covalently associated. Sixteen different a  subunits and nine different P subunits have 
been described. Most a  subunits form heterodimers with one or two P subunits, an 
exception being the av subunit that forms complexes with five P subunits. Subfamilies 
may be defined on the basis of the shared p subunit (Figure 1.7).

Both the integrin a  and P subunits are glycoproteins that span the plasma membrane 
once. Both subunits also contain extensive internal disulphide bonding that contributes 
to the three-dimensional structure of the integrin heterodimer (Calvete et a l, 1989; 
Calvete et a l, 1991). Electron microscopy of rotary shadowed preparations of purified 
integrins reveals that these receptors have a globular head comprising parts of both 
subunits with two tails extending into the lipid bilayer (Nermut et a l, 1988) (Figure 
1.8).

Splice variants

Some integrin subunits undergo alternative splicing. Alternative splice forms occurring 
in the extracellular domain of the allb  (Bray et a l, 1990), a6, a7 (Ziober et a l, 1993), 
and aPS2 (Brown et al, 1989), and P3 (Djaffar et a l, 1994) integrin subunits have been 
reported. Alternative splice forms in the cytoplasmic domain of several integrin 
subunits have been reported and include the p i (Altruda et a l, 1990; Languino and 
Ruoslahti, 1992; van der Flier et a l, 1995), P3 (van Kuppevelt et a l, 1989) P4 
(Hogervorst et a l, 1990; Suzuki and Naitoh, 1990; Tamura et a l, 1990), a6 (Cooper et 
a l, 1991; Hogervorst et a l, 1991; Tamura et a l, 1991), a3 (Tamura et al.„ 1991), a l  
(Song et al, 1993) integrin subunits. The existence of integrin splice variants generates 
not only diversity in form but also versatility in function.

The p i integrin subunit, in particular, exists as 4 isoforms (Figure 1.9). In addition to 
the classical p i integrin subunit (Argraves et a l, 1987) which has been renamed pi A
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(Balzac et al., 1993), pIB (Altruda et al. „ 1990), PlC (Languino and Ruoslahti, 1992) 
and piD (van der Flier et al.„ 1995; Zhidkova et al., 1995) integrin subunits have been 
identified. They arise from alternative mRNA processing of the (31 integrin gene in the 
region encoding the cytoplasmic domain (Figure 1.10).

The distinct 12 amino acid sequence in the PlB integrin subunit cytoplasmic domain is 
generated by a read through of exon 6 at the splice junction into intronic sequences 
(Figure 1.10) (Altruda et al.„ 1990). By western blotting, the plB integrin subunit is 
expressed in skin and in hepatocytes (Balzac et al.„ 1993). When transfected into CHO 
cells, the PlB integrin subunit forms heterodimers with the endogenous a  subunits that 
interact with fibronectin in an RGD dependent fashion (Balzac et al.„ 1993). The plB 
integrin subunit, however, does not localise to focal contacts since it lacks the NPXY 
motif (NPIY (cyto-2) in the piA  integrin subunit) (Reszka et al., 1992) and has 
dominant-negative effects on cell adhesion and motility (Balzac et al., 1994).

The unique 48 amino acid residues of the PIC integrin subunit cytoplasmic domain are 
generated by the insertion of an exon (exon C) (Figure 1.10) in the encoding mRNA 
which replace the carboxy terminal 21 residues of piA and share 29% identity with the 
Src homology 2 domain (Languino and Ruoslahti, 1992). The expression of plC 
integrin subunit is confined to haematopoietic and osteosarcoma cells (Languino and 
Ruoslahti, 1992). When transfected into mouse fibroblasts, the PlC integrin subunit 
forms heterodimers with the endogenous a  subunits and has a diffuse cell surface 
staining, as observed for the PlB integrin subunit. Interestingly, expression of the plC 
integrin subunit inhibits DNA synthesis in mouse 10T1/2 fibroblasts and causes a block 
in cell cycle at late G1 near the Gl/S boundary (Meredith et al., 1995). Analysis of 
deletion mutants indicates that the motif, QPLTSRFQ, in the PlC integrin subunit 
cytoplasmic domain has a role in inhibition of DNA synthesis (Fomaro et al., 1995).

The unique 24 amino acid residues of the pID integrin subunit cytoplasmic domain are 
generated by the insertion of an exon (exon D) (Figure 1.10) in the encoding mRNA 
(van der Flier et al.„ 1995). Comparison with the PIA, PlB and PlC cytoplasmic 
sequences reveals that piD is the most similar to PiA (Figure 1.9). The piD  subunit 
has the highly conserved sequences required for the localisation of the pi integrin 
subunit to focal contacts (cyto-2, see Figure 1.9) (Reszka et al.„ 1992; Lewis and 
Schwartz, 1995). The expression of the piD integrin subunit is restricted to skeletal and 
cardiac muscle and is induced during C2C12 myoblast differentiation into myotubes, 
suggesting a role for piD integrins in myogenesis (van der Flier et al.„ 1995; Zhidkova 
et al.„ 1995; Belkin et al., 1996). The piD integrin subunit has been shown to associate 
with the a  7 integrin isoforms (Belkin et al.„ 1996) that are reported to be uniquely 
expressed in muscle (Song et al., 1992; Collo et al., 1993; Song et al.„ 1993).
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Integrins: structure and function 

Extracellular domain

Based on data from chemical cross-linking studies and mutational analyses, it is 
believed that the extracellular domains of the integrin a  and p subunits interact to form 
the ligand binding sites for extracellular matrix proteins (Loftus et a l, 1994; 
Humphries, 1996). The a  subunits contain divalent cation binding sites (D'Souza et al, 
1990; D'Souza et a l, 1991; Gulino et a l, 1992) also known as EF-hand-like motifs, 
which are involved in ligand binding. Divalent cations are essential for integrin function 
and the nature of the cation can affect both the affinity and specificity for ligands (Smith 
et a l, 1994; Mould et a l, 1995a). Another region implicated in ligand binding is the I 
(inserted) domain (Michishita et a l, 1993; Kamata et a l, 1994) which is found in a 
subset of the a  integrin subunits, which include a l  and a2, and those a  subunits of the 
P2 integrins. The I-domain comprises a conserved region of around 200 amino acids 
that is homologous to the collagen-binding domains of von Willebrand factor (Loftus et 
al„ 1994). A recombinant form of the a2 integrin subunit I-domain has been shown to 
bind specifically to types I, II and XI collagen (Tuckwell et a l, 1995). Within the amino 
terminus of the P integrin subunit is a region that is conserved amongst the pi- P8 
integrin subunits (Takada et a l, 1992; Loftus et al.„ 1994). In the p i integrin subunit, 
the conserved region includes amino acids 150 to 164 corresponding to 
DLSYSMKDDLENVKS. The conserved region has been implicated in having a role in 
ligand binding by mutational and peptide analyses (Loftus et a l, 1990; Takada et al.„
1992), ligand cross linking (D'Souza et a l, 1988) and by phage display (Pasqualini et 
al, 1995), and has been mapped using activating and inhibitory antibodies (Takada and 
Puzon, 1993; Mould et al, 1995b).

Integrins are highly versatile in recognising their ligands. Ligand specificity depends on 
the composition of the integrin heterodimer as well as the cell type (Tuckwell and 
Humphries, 1993). For an example, in keratinocytes, the a2p i integrin will bind 
laminin but it binds primarily collagen whereas the a5p i integrin binds only fibronectin 
(Table 1.1). In another example, the a2p i integrin on MRC5 fibroblasts binds only 
collagen, whereas on a bladder carcinoma cell line it can bind collagen and laminin 
(Hemler et al, 1990; Kirchhofer et al, 1990).

Sequences that are recognised by integrins have been mapped in their ligands. There are 
binding sites in fibronectin and vitronectin that contain an RGD-based sequence. Other 
binding sites include a DGEA sequence in type I collagen recognised by a2p l integrin, 
an EILDV sequence in an alternatively spliced form of fibronectin recognised by a4P 1 
integrin, and a KQAGDV sequence in fibrinogen recognised by aIIbP3 integrin which
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also binds RGD in fibronectin (Hynes, 1992). In addition to the RGD site, other regions 
of fibronectin have also been shown to interact with a5(3l integrin (Aota et al, 1991; 
Nagai et a l, 1991) and with aIIbP3 integrin (Bowditch et a l, 1991) which binds via a 
novel sequence DRVPHSRNSIT (Bowditch et a l ,  1994). Furthermore, fibronectin is 
differentially recognised by members of the p3 integrin family. The av(33 and aIIbP3 
integrins are both expressed by platelets and both bind fibronectin. However, avp3 
integrin binds via the RGD sequence whereas aIIbP3 integrin binds via 
DRVPHSRNSIT (Bowditch et al.„ 1994).

Cytoplasmic domain

The cytoplasmic domains of integrins are relatively short, containing 50 amino acids or 
less, except for P4 subunit whose cytoplasmic domain is over 1000 amino acid residues. 
They are important determinants of integrin functions. Integrin cytoplasmic domains 
trigger integrin mediated signalling although they lack intrinsic enzymatic activity: they 
have been shown to interact with a growing number of cytoplasmic proteins, including 
cytoskeletal proteins and a myriad of regulatory and signal transducing molecules. 
Current models postulate that integrins bind to signalling molecules such as kinases 
which then initiate signalling cascades (Hemler et al.„ 1994; Clark and Brugge, 1995; 
Dedhar and Hannigan, 1996).

a cytoplasmic domain

Within the integrin a  subunit cytoplasmic domains, there is a membrane proximal 
motif, GFFKR, that is highly conserved amongst the a  subunits (Figure 1.9). The rest of 
the cytoplasmic domain is divergent amongst the a  subunits, although there is high 
inter-species sequence conservation for each cytoplasmic domain (Williams et a l,
1994). The GFFKR motif is important in regulation of ligand binding affinity and is 
first studied in the a llb  integrin subunit. A truncation of cytoplasmic domain that 
eliminate the motif results in a constitutively active receptor (O'Toole et a l, 1994) 
whereas a truncation which retain the motif does not (O'Toole et a l, 1991). This 
suggests that the GFFKR motif contributes to maintaining the integrin in a default low- 
affinity state. Studies with a  integrin subunits truncated after the GFFKR motif show 
that although the mutation does not cause deficits in cell spreading or focal contact 
formation, it results in indiscriminate recruitment to focal contacts formed by other 
integrins (Briesewitz et a l, 1993; Ylanne et al, 1993). This suggests that the a  subunit 
cytoplasmic domain has a role in regulating the specificity of integrin function and 
probably acts by inhibiting interactions of the P subunit cytoplasmic domain with 
cytoskeletal components. Upon ligand engagement by the integrin, the constraint is 
lifted and the integrin is recruited to focal contacts in a ligand specific manner 
(LaFlamme et al, 1992).
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(31 cytoplasmic domain

Regions of the p i integrin cytoplasmic domain interact with a number of proteins 
including talin (Horwitz et al., 1986), a-actinin (Otey et a l, 1990; Otey et al., 1993), 
and focal adhesion kinase (FAK) (Lewis and Schwartz, 1995; Schaller et al., 1995). The 
Pi cytoplasmic domain contains sufficient information for integrin localisation to focal 
contacts (LaFlamme et al.„ 1992) and has been subject to extensive mutation and 
deletion analyses (Solowskaer a/., 1989; Hayashi etal., 1990; Marcantonio et al., 1990; 
Reszka et al.„ 1992). 3 clusters of amino acid residues in the pi A integrin subunit have 
been shown to contribute to focal contact localisation: cyto-1 (764-774), cyto-2 (785- 
788), and cyto-3 (797-800) (see Figure 1.9) (Reszka et al.„ 1992). Mutations in the pi 
cytoplasmic domain that abolish localisation to focal contacts also abolish FAK 
activation in response to binding of anti-Pl integrin antibodies (Guan et a l, 1991). The 
regions identified to be essential for focal contact localisation by these studies were not 
identical but invariably included the NPXY motif (cyto-2, X denotes any residue) (see 
Figure 1.9). In addition, point mutations in the motif abolished activation of the pi and 
p3 integrins and suggest that the motif may also regulate ligand binding affinity 
(O'Toole et al., 1995). The NPXY motif is conserved amongst the P1, P3, P5, P6, and 
P7 integrin subunits (Williams et al.„ 1994).

A membrane proximal sequence, KLLvXiHDR, (less conserved amino acids are in the 
lower case, X denotes a non-conserved amino acid), first identified in the P3 integrin 
cytoplasmic domain, regulates integrin ligand-binding affinity (Hughes et al., 1995). 
Deletion or mutation of this motif results in a constitutively active receptor (Hughes et 
al., 1996). This region is similar to the membrane proximal motif, GFFKR, in a  integrin 
cytoplasmic domains (Williams et al.„ 1994). In addition, by generating complementary 
charge reversal mutations in these regions of the a  and p integrin cytoplasmic domains, 
Hughes and co-workers show that the mutations may act by disrupting a potential salt 
bridge between the regions (Hughes et al.„ 1996). This motif is conserved in the 
cytoplasmic domains of the pi, P3, P5, and P6 integrin subunits (Hughes et al.„ 1995).

P4 cytoplasmic domain

A 303 amino acid region in the cytoplasmic domain of the P4 integrin subunit is 
essential for the localisation of a6P4 integrin to hemidesmosomes (Spinardi et a l, 
1993). Over expression of P4 integrin subunit lacking the cytoplasmic domain inhibits 
hemidesmosome formation in a dominant-negative fashion (Spinardi et al., 1995). The 
recruitment of a6p4 integrins into hemidesmosomes requires phosphorylation at a 
tyrosine activation motif in the P4 integrin subunit cytoplasmic domain (Mainiero et al.,
1995). Activation of the EGF receptor can also lead to the phosphorylation of the
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tyrosine activation motif in the (34 integrin subunit cytoplasmic domain but, in contrast, 
induces the disassembly of hemidesmosomes and upregulates cell migration on 
laminins (Mainiero et a l , 1996). The formation of hemidesmosomes, however, is not a 
prerequisite for a6P4 integrin mediated cell adhesion. P4 integrin subunit lacking the 
cytoplasmic domain still forms heterodimers with a6 and does not prevent adhesion of 
oc6p4 integrin to various laminin isoforms including laminin 5 (Spinardi et al.„ 1995). 
There is also evidence for an interaction between P4 integrin cytoplasmic domain 
(Uematsu et a l, 1994; Borradori and Sonnenberg, 1996) and plectin which stabilises 
hemidesmosomes.

Integrin signalling

The integrins are able to mediate bi-directional signal transduction (Hynes, 1992; 
Hemler et al.„ 1994; Schwartz et al„  1995). Ligand binding by integrins can elicit a 
number of changes in cytoskeletal morphology and gene expression, initiation of 
differentiation and suppression of apoptosis; this is termed outside-in signalling. Cell 
adhesion can be regulated from within the cell by controlling the repertoire of integrins 
expressed on the cell surface and by modulating their affinity for extracellular ligands; 
this is termed inside-out signalling. The mechanisms for the bi-directional transfer of 
information across the plasma membrane involve conformational changes (Humphries, 
1996), receptor clustering and changes in the nature, and the activation states of proteins 
that accumulate at adhesion sites (Miyamoto et a l, 1995a; Yamada and Miyamoto,
1995).

Conformation and activation states

Integrins can exist in different activation states (Humphries et a l, 1993; Humphries,
1996). The ligand binding ability of integrins directly reflects their conformation and is 
regulated prior to, during and following ligand engagement. Many of the current ideas 
about integrin-ligand binding have come from studies on the divalent cation dependence 
of integrins and on the mechanism of action of anti-integrin antibodies that stimulate or 
inhibit ligand binding, or increase in binding upon ligand engagement. The latter 
include a group of antibodies known LIBS (ligand-induced binding sites). For example, 
8A2 is a stimulatory antibody that binds to as well as activates the pi integrin subunits 
(Kovach et a l, 1992); 15/7 and HUTS 21 are antibodies that specifically recognise only 
Pi integrins in the active conformation only (i.e. competent to bind ligand) (Picker et 
al, 1993; Arroyo et a l, 1995; Luque et a l, 1996); mAb 13 is an antibody that inhibits 
ligand binding (Akiyama et al, 1989; Mould et al, 1996).

The current ideas about integrin-ligand binding (Humphries, 1996) can be summarised 
as follows: integrins are in a dynamic conformational equilibrium that is appropriate for
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the cell and are conformationally flexible. They contain a number of regulatory regions 
which are on both the extracellular domain and the cytoplasmic domain. Changes in the 
environment on either side of the plasma membrane alter the equilibrium and result in 
changes in integrin conformation and ligand binding capacity. Upon ligand binding, 
integrins undergo further conformational changes and the information of ligand 
occupancy is propagated across the plasma membrane to the cytoplasmic domain. 
Through intracellular signalling networks, the cells elicit the appropriate response.

Signalling pathways

The signalling events triggered by the p i integrins have been studied using beads coated 
with integrin ligands or anti-integrin antibodies to induce ligand occupancy and integrin 
receptor clustering events (Miyamoto et al.„ 1995a). Both independent and synergistic 
roles for ligand occupancy and integrin clustering have been defined for integrin 
signalling. Occupancy by ligand alone induces rapid integrin clustering at focal contacts 
but does not result in signal transduction or accumulation of cytoskeletal proteins. Upon 
clustering of ligand occupied integrins at focal contacts, cytoskeletal proteins including 
talin, a-actinin, and tensin (Miyamoto et al.„ 1995a; Plopper et a l, 1995) accumulate 
and following tyrosine phosphorylation, the F-actin cytoskeleton is organised and there 
is activation of the ERK (extracellular signal-regulated kinase) and JNK (jun kinase) 
signalling pathways (Miyamoto et al, 1995b). In contrast, integrin clustering in absence 
of ligand occupancy leads to an accumulation of only tensin amongst the cytoskeletal 
proteins tested but results in clustering of FAK and its tyrosine phosphorylation, and a 
variety of signalling molecules including Ras, phospholipase Cy, and MAP (mitogen- 
activated protein) kinases and activation of MAP kinases. Only when receptor 
clustering is coupled to ligand occupancy, then integrins are able to induce 
accumulation of a complete repertoire of cytoskeletal proteins and actin cytoskeleton, 
and signalling molecules. Furthermore, it has been recently demonstrated that both 
integrin clustering and ligand occupancy are required for integrins to synergise with 
growth factors in stimulating growth factor receptor phosphorylation and in activating 
the ERK class of MAP kinases (Miyamoto et al, 1996).

Versatility and specificity

Different integrins elicit different signals. Experiments that involved the swapping or 
truncation of the a  or P subunit cytoplasmic domains have demonstrated changes in cell 
adhesion, migration and localisation to focal contacts, some of which are subunit 
specific (Kawaguchi et a l, 1994; Pasqualini and Hemler, 1994). In myoblast 
differentiation, the cytoplasmic domain of a5 integrin promotes proliferation and inhibit 
differentiation whilst the cytoplasmic domain of a6 integrin inhibits proliferation but 
promote differentiation (Sastry et a l, 1996). Cell-type specific signalling elements may
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exist that regulate integrin affinity by interacting with the cytoplasmic domains of 
integrins. Expression of a chimeric integrin comprising the cytoplasmic domains of the 
a5p i integrin joined onto the transmembrane and extracellular domains of the aIIbP3 
integrin in CHO cells but not in K562 cells results in the conversion of the allbp3 
integrin to high affinity state (O'Toole et al.„ 1994).

Various regulatory and signal transducing proteins have been demonstrated to interact 
directly or spatially with integrins (Dedhar and Hannigan, 1996). These include 
members of the four transmembrane domain (TM4) protein family, CD9 and CD63 
which have been shown to interact with the a 3 p i, a 2 p i, and a6P4 integrins 
(Berditchevski et a l, 1995; Nakamura et al., 1995; Berditchevski et a l, 1996; Jones et 
a l, 1996c). Recently, a subset of integrins which includes the a ip i ,  a5p l and avP3 
integrins has been shown to interact with the adaptor protein She (Wary et a l, 1996). In 
addition, there is evidence for the association of p i integrins with caveolin and that 
caveolin may be a mediator of the interaction between integrin and She (Wary et al„
1996). It seems likely that more integrin-associated proteins and novel interactions with 
known proteins will be identified in future which may shed light to the specificity of 
integrin signal transduction.

Keratinocyte integrins 

Expression and distribution

In the epidermis, the integrin subunits that are most abundant are a2, a3, p i, a 6 , and P4 
(Watt and Hertle, 1994). Immunoprecipitation of cultured keratinocyte lysates shows 
that these subunits are expressed as a2 p l, a3p i and a6p4 heterodimers. Integrin 
expression is largely confined to the basal layer, both in the epidermis and in stratified 
keratinocyte cultures. By immunofluorescent staining, the a6P4 integrin concentrate at 
the basement membrane zone whilst the a 2pi and a3p l integrins are found on the 
basement membrane zone of basal keratinocytes but also appear at high levels at the 
lateral and apical border of basal cells in vivo and in vitro (Hertle et a l, 1991). 
Keratinocytes express two other a  subunits, cx5 and av. In cultured keratinocytes, av 
forms a heterodimer with P5 (Adams and Watt, 1991; Marchisio et a l, 1991) and a5 
forms a heterodimer with p i (Adams and Watt, 1990; Adams and Watt, 1991). 
However, in the epidermis, the expression of both a5p i and avP5 integrins is very low 
(Hertle et al.„ 1991; Hertleef a l, 1992) or undetectable (Peltonen et a l, 1989; Nazzaro 
et al, 1990; Pellegrini et a l, 1992).

There are other integrins expressed by keratinocytes at very low levels and include 
a ip i  (Belkin et a l, 1990; Tamura et al.„ 1990; Adams and Watt, 1991), a 8pi (Bossy
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et a l, 1991), and a 9 p i (Palmer et al., 1993). The ligands recognised by these 
keratinocyte integrins are unknown. A P7-related mRNA has been identified in cultured 
mouse keratinocytes; however, its small size suggests that it is unlikely to encode full- 
length p7 protein (Yuan et al, 1992).

Changes in integrin expression are observed in the epidermis during wound healing 
(Grinnell, 1992). At the time of suction blister wound closure, when the epidermis is 
hyperproliferative, the a2, a3, a 6 , and p i integrin subunits are found in all living 
suprabasal layers, co-expressed with the terminal differentiation markers involucrin, 
keratin 10 and keratin 16 (Hertle et al.„ 1992). Expression of the av, a5 and p4 integrin 
subunits remains predominantly basal. Expression of the avP6 integrin which is not 
normally expressed by the epidermis is also induced during wound healing (Breuss et 
a l, 1995) as well as in malignant oral epithelia where it may play a role in tumour 
progression (Jones etal., 1997).

Keratinocytes express two forms of the pi integrin, pi A and plB (Balzac et al.„ 1993). 
plB integrin subunit has a unique 12 amino acid sequence which replaced the carboxy- 
terminal 21 amino acid of piA subunit (see Figure 1.9). Keratinocytes express the a 6A 
integrin subunit but not the splice variant a 6B (Tamura et al.„ 1991; Hogervorst et al,
1993). The P4 cDNA originally cloned from keratinocytes (Hogervorst et al„ 1990) 
contains a 53 amino acid insert in the cytoplasmic domain which is not found in retinal 
pigment epithelial cells (Suzuki and Naitoh, 1990) or carcinoma cells (Tamura et al„
1990).

Functions of the keratinocyte integrins 

Extracellular matrix adhesion

Evidence for the role integrins play in extracellular matrix adhesion comes from both 
cell adhesion assays and from affinity chromatography of cell extracts on immobilised 
extracellular matrix proteins (see for example (Adams and Watt, 1990; Adams and 
Watt, 1991; Yuan et al„ 1992)). Table 1.1 lists some of the integrins expressed by 
keratinocytes and their known ligands (Watt and Hertle, 1994).

In cultured keratinocytes, the p i integrins cluster at focal contacts (Guo et a l, 1990). 
There is, however, some controversy as to which particular integrins are found in 
keratinocyte focal contacts (Watt and Hertle, 1994). The repertoire of integrins found in 
focal contacts probably varies with the nature of the extracellular matrix to which 
keratinocytes adhere (Carter et a l, 1990b), whether the cells are motile or stationary 
(Marchisio et al.„ 1991) and whether the cells have assembled calcium-dependent
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intercellular junctions (Carter et al.„ 1990b; Larjava et al., 1990; Marchisio et al.„
1991).

Studies on keratinocyte adhesion have shown that the a 6 integrin subunit (presumably 
as a heterodimer with the (34 integrin subunit) mediates keratinocyte adhesion to 
laminin (De Luca et al., 1990; Karecla et al., 1994). However, transfection of the (34 
integrin subunit into a neoplastic keratinocyte line expressing a 6 integrin subunits but 
lacking a6p4 integrin expression is not sufficient to induce adhesion to laminin (Jones 
et al., 1996a). In cultured keratinocytes, a6(34 integrin is not found in focal contacts and 
does not associate with microfilaments. Instead, the a6P4 integrin is found in the 
ventral plasma membrane in structures known as stable anchoring contacts (Carter et 
al., 1990a; Marchisio et al.„ 1991) which contain bullous pemphigoid antigen, a 
component of hemidesmosomes, and may represent precursor forms of 
hemidesmosomes.

Cell to cell adhesion

There is some controversial evidence that integrins may play a role in intercellular 
adhesion in keratinocytes. By immunofluorescent staining, a2p i and a3pi integrins are 
found on the basement membrane zone of basal keratinocytes but also appear at high 
levels at the lateral and apical border of basal cells in the epidermis (see for example 
(Wayner et al., 1988; Peltonen et al.„ 1989; De Luca et al.„ 1990; Hertle et al.„ 1991)). 
In cultured keratinocytes, a concentration of integrins at cell-cell boundaries is also 
observed (Carter et al. „ 1990b; De Luca et al.„ 1990; Adams and Watt, 1991). Function 
blocking antibodies to the P1, a2 and a3 integrin subunits have been shown to disrupt 
cell-cell adhesion in keratinocytes cultured as a monolayer in low calcium medium 
(Larjava et al.„ 1990). In contrast, these antibodies do not block cell to cell adhesion of 
keratinocytes in high calcium medium (Tenchini et al., 1993). The nature of ligand(s) 
for integrins involved in cell to cell adhesion is unclear since there is no significant 
accumulation of extracellular matrix proteins at cell-cell boundaries. The a2p l and 
a3p l integrins in keratinocytes have been proposed to mediate cell to cell adhesion 
through homophilic interactions, based on in vitro assays (Sriramarao et al., 1993; 
Symington et al., 1993). There is also evidence that integrins and cadherins may bind to 
each other to mediate cell-cell adhesion. Direct interaction between the aEP7 integrin 
and E-cadherin mediated adhesion between epithelial cells and T lymphocytes (Cepek 
et al., 1994). It remains to be established whether integrin-cadherin mediated adhesion 
occurs in keratinocytes.
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Migration

The migration of cultured keratinocytes is supported by collagen, thrombospondin and 
fibronectin and is inhibited by laminin and vitronectin (Watt and Hertle, 1994). 
Fibronectin fragments containing the RGD sequence support keratinocyte migration and 
migration of keratinocytes on intact fibronectin can be inhibited by an RGD-containing 
peptide (Kim et al., 1992a; Kim et al, 1992b). Antibodies to the a5 and the pi integrin 
subunits but not antibodies to the a2 integrin subunits inhibit migration on fibronectin. 
Migration on collagen is blocked by antibodies to a2 and p i but not by antibodies to a5 
(Kim et al.„ 1992b). In contrast, antibodies to the a3 integrin subunit stimulate 
migration on fibronectin and collagen. This suggests that a3p i integrin mediated 
adhesion is associated with immobility, and is consistent with the inhibitory effect of 
laminin, one of the ligands of the a3p i integrin, on migration (Kim et al.„ 1992b).

Stem cell markers

On the basis of high surface expression of p i  integrins and rapid adhesion to 
fibronectin, type IV collagen or keratinocyte extracellular matrix proteins, keratinocytes 
with characteristics of stem cells can be isolated (Jones and Watt, 1993). There is a 
logarithmic-linear relationship between the surface expression of p i integrins, as 
measured by flow cytometry, and the proliferative capacity of keratinocytes. Basal cells 
with the highest level of pi integrins have about 4 times the colony forming efficiency 
when compared to basal cells with the lowest level of p i integrins. Cells with 
characteristics of transit amplifying cells adhere more slowly to matrix proteins and 
express lower levels of p i integrins. The difference in expression of the p i integrins 
between the stem and transit amplifying populations is also demonstrated for 
keratinocytes in vivo (Jones et al., 1995). Using the criterion of high surface expression 
of pi integrins, stem cells can be located within the epidermis and isolated directly from 
the tissue. Stem cells and transit-amplifying cells are not randomly distributed within 
the epidermis. Patches of integrin-bright and integrin-dull cells have a specific location 
with respect to the epidermal-dermal junction that varies between body sites and that 
correlates with the distribution of S-phase cells (Jones et al.„ 1995). However, it is not 
known if p i integrins are mere markers of stem cells or if high p i integrin expression is 
a requisite of being a stem cell.

Regulation of terminal differentiation

Keratinocytes can be placed as a single cell suspension in medium that has been made 
viscous by adding methyl cellulose, where cells have no contact with extracellular 
matrix proteins or with each other (Figure 1.11). Under these conditions, keratinocytes 
are induced to undergo terminal differentiation (Green, 1977; Watt et al., 1988). By 5
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hours in suspension culture, keratinocytes become committed to terminal differentiation 
(Adams and Watt, 1989) and by 24 hours, the majority of cells express the terminal 
differentiation marker, involucrin (Watt et al.„ 1988). Terminal differentiation can be 
inhibited in a proportion of cells by fibronectin (Adams and Watt, 1989), a combination 
of fibronectin, laminin, and type IV collagen (Watt et al., 1993), by adhesion-blocking 
monoclonal antibodies to the p i integrin subunit (Adams and Watt, 1989) or by a 
combination of adhesion-blocking antibodies recognising the a2, a3, and a5 integrin 
subunits (Watt et al.„ 1993). Thus ligand-binding is proposed to have an inhibitory 
effect on terminal differentiation.

At commitment to terminal differentiation, the ability of p i integrins to bind their 
ligands is decreased although there is no reduction in total cell surface expression until 
overt terminal differentiation (Adams and Watt, 1990). The reduced ligand-binding of 
integrins probably reflects a change in conformation of the integrins. Treatment with 
Fab fragments of an activating antibody of p i integrin (8A2, which promotes adhesive 
function) can restore the adhesiveness of committed keratinocytes but cannot reverse 
commitment; thus keratinocytes continue to terminally differentiate, express involucrin 
and lose integrin expression (Hotchin et al., 1993). It suggests that the loss of matrix 
contact is the signal for keratinocytes to undergo terminal differentiation rather than the 
functional inactivation of integrins. Furthermore, the suppression of terminal 
differentiation does not require receptor clustering (Adams and Watt, 1989) and is 
independent of the state of assembly of the actin cytoskeleton (Watt et al.„ 1993). In 
contrast, adhesion via the integrins requires clustering at the focal contacts and 
polymerisation of the actin cytoskeleton. Hence, loss of adhesive function of integrins is 
a distinct event from the decision for keratinocytes to undergo terminal differentiation 
and the downstream signals that regulate adhesion and terminal differentiation are likely 
to be different.

Stratification

In the epidermis, keratinocytes stratify and begin upward movement out of the basal 
layer as a result of terminal differentiation (Watt and Green, 1982). At commitment to 
terminal differentiation, keratinocyte integrins have a reduced ability to bind 
extracellular matrix proteins (see above) (Adams and Watt, 1990) and as a result, 
keratinocytes are selectively expelled from the basal layer. The lack of integrin 
expression in keratinocytes that have migrated out of the basal layer is under both 
transcriptional and post-translational control.

In terminally differentiating keratinocytes, the decrease in the steady state mRNA levels 
of the a5 and p i integrin subunits (Nicholson et al.„ 1991) is due to the inhibition of 
transcription of the a5 and pi integrin subunit genes rather than a decrease in message
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stability (Hotchin and Watt, 1992). Non-functional integrins on the cell surface are 
endocytosed and degraded in lysosomes (Hotchin et a l, 1995) (Figure 1.12). Significant 
levels of intracellular |3l integrins are detected in association with the endosomal 
compartment in both terminally differentiating and undifferentiated keratinocytes which 
suggest that there is some constitutive integrin endocytosis (Hotchin et al.„ 1995), and 
possibly recycling (Bretscher, 1992). Furthermore, pulse chase experiments reveal that 
maturation of the p i integrin subunits and associated a  subunits is prevented when cells 
are placed in suspension to induce terminal differentiation. Thus, commitment to 
terminal differentiation results in an inhibition of the transcription of the integrin genes, 
a failure in complete post-translational processing of the integrins and a block in the 
intracellular transport of newly-synthesised integrin subunits.

The inhibition of maturation is at the stage of N-linked glycosylation in the Golgi, since 
immature integrin subunits remain sensitive to endoglycosidase H digestion. The 
inhibition can be mimicked in adherent keratinocytes by treatment with a specific 
inhibitor of a-mannosidase I, 1-deoxymannojirimycin (MNJ) (Hotchin and Watt, 1992). 
a-mannosidase digests high mannose oligosaccharides within the Golgi, enabling 
subsequent addition of complex oligosaccharide chains onto the trimmed sites. In MNJ- 
treated adherent cultures, immature integrin subunits reach the cell surface but in the 
MNJ-treated suspension cultures, no immature integrins were detected on the cell 
surface.

The block in intracellular transport is keratinocyte- and integrin-specific since it is not 
observed when fibroblasts are placed in suspension and does not affect E-cadherin 
synthesis in suspended keratinocytes (Hotchin et al.„ 1995). Calnexin is an endoplasmic 
reticulum (ER) resident protein that transiently associates with many newly synthesised 
proteins, including components of multimeric receptor complexes, and retains 
incompletely assembled complexes within the ER, impeding rapid intracellular 
degradation (Jackson et al., 1994; Rajagopalan et a l, 1994). Western blotting of 
integrin immunoprecipitates shows that newly synthesised integrins are associated with 
calnexin and that the association is prolonged when keratinocytes are in suspension 
culture, suggesting a possible role for calnexin in the block in transport (Hotchin et al „ 
1995).

Role in diseases

Integrin expression is normally confined to basal keratinocytes. In situations where the 
normal balance between proliferation and terminal differentiation is perturbed, integrins 
have an altered pattern of expression. During wound healing and in psoriatic lesions, 
integrins are expressed suprabasally by keratinocytes that have initiated terminal 
differentiation (Ralfkiaer et a l, 1991; Hertle et al„ 1992). Evidence that aberrant
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integrin expression and function can cause hyperproliferative diseases of keratinocytes 
has come from a transgenic mouse model (Carroll et al., 1995). Mice expressing the 
human p i integrin transgene alone or in combination with the a 2 or a 5 integrin 
transgenes under the involucrin promoter express functional integrin subunits in the 
suprabasal layers of the epidermis. The mice exhibit features of psoriasis which include 
epidermal hyperproliferation, perturbed keratinocyte differentiation and inflammation 
of the skin.

In keratinocyte tumours, there is considerable variation in integrin expression both 
within and between tumours, with some expressing high levels of integrins (Wolf and 
Carey, 1992) and some failing to express specific integrins (Downer et al., 1993; Jones 
et al., 1993). The clinical significance of these changes is controversial. Overexpression 
of the a6(34 integrin is correlated with poor prognosis in tumours of the oral cavity (van 
Waes et al., 1995); however, in a different study of the same type of tumour, focal or 
extensive loss of integrins, in particular a2p i, a3p i, a6p4 and avp5 integrins, is a 
feature of poorly differentiated tumours (Jones et al.„ 1993). The reduced or lack of 
expression of specific integrin subunits and low expression of involucrin has been 
observed in some keratinocyte lines derived from oral squamous cell carcinomas 
(Sugiyama et al., 1993). One cell line lacking the av integrin subunit, when transfected 
with the missing integrin subunit, shows a strong suppression of anchorage-independent 
growth and increased capacity for terminal differentiation (Jones et al., 1996b). 
However, transfection of the P4 integrin subunit into a cell line with very low 
endogenous levels of the p4 integrin subunit does not inhibit anchorage-independent 
growth or increase the capacity for terminal differentiation (Jones et al.„ 1996a). The 
results from these transfection studies probably reflect the complex nature of 
carcinogenesis and show that loss of integrin expression or function may be directly 
responsible for the abnormal behaviour of some keratinocyte tumours.

Aims

Members of the p i integrins have important functions in the epidermis. The 
cytoplasmic domain of the p i integrin subunit is crucial for regulating integrin function. 
The plB integrin subunit has restricted tissue expression and keratinocytes differ from 
most other cell types in expressing plB integrin splice variant. The aim of this project is 
to investigate the expression and function of the plB integrin subunit in keratinocytes.
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Figure 1.8 Structural features of an integrin heterodimer
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Table 1.1 Major keratinocyte integrins and 

their known ligands

I n te g r in L ig a n d

cx2pl Collagen (type I and IV), laminin 1

a3p l Laminin 1 and laminin 5

a5p i Fibronectin

avp5 Vitronectin

a6p4 Laminin 1 and laminin 5, component 
of hemidesmosomes
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C h a p t e r  2

M a t e r i a l s  a n d  M e t h o d s

Tissue Culture Media and Solutions

The Central Cell Services of Imperial Cancer Research Fund provided sterile distilled 
deionised water (dH^O) and solutions which are indicated by "ICRF".

Phosphate buffered saline (PBS, ICRF)
This comprised 137 mM NaCl, 3 mM KC1, 10 mM Na2HPC>4 and 1.8 mM KH2PO4, 
pH adjusted to 7.2. PBSABC was PBS supplemented with 1 mM CaCl2 (B) and 1 mM 
MgCl2 (C).

EDTA solution (versene, ICRF)
This comprised 0.5 mM ethyldiaminotetraacetic acid, disodium salt (EDTA) and 
0.0015% phenol red (w/v) dissolved in PBS (ICRF).

Trypsin solution (ICRF)
0.25% trypsin solution was prepared first by dissolving pig trypsin (Difco 1:250) in 1 
part dH2 0 . The dissolved solution was then added to 4 parts of Tris Saline solution 
(ICRF) which comprised 137 mM NaCl, 5 mM KC1, 0.7 mM Na2HP0 4 , 25 mM Trizma 
Base pH 7.7, 0.1% glucose, 0.0015% phenol red, 0.006% penicillin and 0.01% 
streptomycin. The solution was sterilised by filtration through 0.22 pm filter and stored 
at -20°C.

Hank's buffered saline (ICRF)
Hank's buffered saline solution (HBSS) comprised 137 mM NaCl, 5 mM KC1, 0.35 mM 
KH2PO4, 1.4 mM CaCl2, 0.8 mM MgS04 and 0.35 mM Na2HP04.

HeLa cell culture medium (E4 + FCS)
This comprised Dulbecco's modification of Eagles' medium (DMEM) (E4, ICRF) 
supplemented with 10% (v/v) foetal calf serum (FCS, Imperial Labs.). For the culture of 
HeLa cells transfected with the puromycin resistance gene, puromycin was added to the 
culture medium at 0.25 pg/ml. Puromycin stock (0.25 mg/ml) solution was prepared by 
dissolving puromycin powder (Sigma) in CIH2O. The solution was sterilised by filtration 
through 0.22 pm filter and stored at -20°C.

50



ii a p i c i ^

J2-3T3 cell culture medium (E4 + DCS)
This comprised DMEM (E4, ICRF) supplemented with 10% (v/v) donor calf serum 
(DCS, Gibco BRL).

Mitomycin C solution
Stock mitomycin C solution was prepared by dissolving mitomycin C powder (Sigma) 
at 0.4 mg/ml in PBS. The solution was sterilised by filtration through 0.22 pm filter 
before aliquoting and storing at -20°C. In the treatment of J2-3T3 cells, mitomycin C 
solution was added to the medium at a final concentration of 4 pg/ml.

Keratinocyte culture medium (FAD+ FCS+HICE)
FAD powder (Imperial Labs.) was supplemented with 36.5 mM NaHCC>3, 100 IU/1 
penicillin (Gibco BRL), 100 pg/1 streptomycin (Gibco BRL). FAD medium (ICRF) was 
bubbled with CO2 till acidic in pH before sterilising by filtration through 0.22 pm filter. 
Medium was stored at 4°C until use.

Stock solutions of additives were prepared. IO-5 M cholera enterotoxin (ICN) was 
stored at 4°C. Hydrocortisone (Calbiochem) was dissolved in 95% ethanol at 5 mg/ml 
and stored at -20°C. 100 ng/ml recombinant human epidermal growth factor (Austral 
Biologicals) was prepared by first dissolving in 1/100 volume 0.1 M acetic acid (BDH) 
before adding to FAD medium containing 10% (v/v) batch-tested foetal calf serum 
(FCS) (Imperial Labs.) and stored at -20°C. The additives were combined into a lOOOx 
"cocktail" (HCE): 1 ml hydrocortisone, 100 pi cholera enterotoxin, and 1 ml epidermal 
growth factor stock solutions were added to 7.9 ml FAD medium with 10% FCS and 
stored -20°C. The final concentrations in medium were 10-1° M cholera enterotoxin, 0.5 
pg/ml hydrocortisone and 10 pg/ml epidermal growth factor. lOOOx insulin stock 
solution (5 mg/ml in 5 mM HC1, Sigma) was stored at -20°C. The final concentration in 
medium was 5 pg/ml insulin.

Complete keratinocyte medium (FAD+FCS+HICE) was prepared by adding to FAD 
medium, 10% (v/v) FCS, "cocktail" and insulin solutions to the appropriate dilution 
prior to use. Complete medium was stored at 4°C for up to 5 days.

Cell Culture

All cells were cultured on plastic dishes or flasks of tissue culture grade and in a 
humidified incubator at 37°C with 5% CO2. Media or any solutions added to cells were 
first warmed to 37°C.
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J2-3T3 cell culture
Clone J2 of 3T3 Swiss mouse embryo fibroblasts was a clone selected for its ability to 
support keratinocyte growth. J2-3T3 cells were routinely cultured to generate stocks of 
feeder cells required in keratinocyte culture (Watt and Hertle, 1994). The culture 
medium used was in DMEM medium + 10% DCS. When J2-3T3 cells approached 
confluence, they were subcultured at 1:10 or 1:20. A 75 cm2 flask of confluent J2-3T3 
was harvested: cells were rinsed with 5 ml versene solution and incubated with 5 ml 
versene solution for 5 to 10 minutes at 37°C. When the cells start to detach from the 
flask, the flask was tapped gently to dislodge the rest. 5 ml medium was added to cell 
suspension and the cell suspension collected in a tube. The cells are pelleted by 
centrifugation at 1000 rpm for 5 minutes. The cell pellet was gently resuspended in 10 
ml medium and the required volume of cell suspension added to 75 cm2 flasks 
containing 14 ml medium (i.e. add 1 ml for 1:10 subculture). Culturing of J2-3T3 cells 
would usually continue for 2-3 months before the cells start to transform. These cultures 
would be insensitive to mitomycin C treatment and were unsuitable for keratinocyte co
culture, and were discarded. A new stock vial of cells should be thawed for culture.

Freezing and thawing of J2-3T3 cells
Cells were harvested as described earlier. The cell pellet was resuspended gently in 3 
ml DCS containing 10% (v/v) sterile dimethyl sulphoxide. 1 ml cell suspension was 
frozen in each cryovial in an insulated box at -70°C overnight before transferring to 
liquid nitrogen for long term storage. Thawing of cells was achieved quickly by 
transferring the cryovial of cells from liquid nitrogen to 37°C. As soon as the cell 
suspension was thawed, it was added to 10 ml medium before centrifuging at 1000 rpm 
for 5 minutes. The recovered cells were plated onto a 75 cm2 flask.

Preparation of J2-3T3 cells as feeder cells
The culture of human keratinocytes required co-cultivation with mitotically inactivated 
J2-3T3 cells which were referred to as feeder cells. Feeder cells were incubated with 0.4 
p.g/ml mitomycin C for 2 hours at 37°C. Cells were then harvested and plated onto 
flasks as described earlier. Typically, cells from a confluent 75 cm2 flask were plated 
equally between 3 75 cm2 or 9 25 cm2 flasks.

Isolation of primary human keratinocytes
Neonatal foreskins were kindly provided by Dr Herbert Barrie of Charing Cross 
Hospital, London. Isolation of primary keratinocytes was carried out as soon as possible 
after circumcision. Under sterile conditions, using a pair forceps and curved scissors, a 
piece of foreskin was trimmed of dermal and fatty tissues. The foreskin was cut into 
pieces of about 5 mm2 and transferred into a Wheaton Cellstir (Jencons) containing 5
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ml trypsin and 5 ml versene and stirred over a magnetic stirrer at 37°C. Dissociated 
cells were collected every 30 minutes and added to 5 ml keratinocyte culture medium. 
The number of cells obtained was estimated using a haemocytometer. Dissociation of 
cells from the tissue was continued with addition of fresh versene and trypsin solution. 
This procedure was repeated for 2 to 3 times before the number of cells obtained 
started to decrease. The yield from a neonatal foreskin was usually between 2 to 5 x 105 

cells. Feeder cells had been plated onto 25 cm2 flasks in readiness. Isolated cells were 
pooled, pelleted and plated at a density of 105 cells per 25 cm2 flask. Cells were 
cultured till just confluent. 1 flask of cells was tested for mycoplasma infection by the 
Cell Production Unit, ICRF, while the remaining cells were harvested and frozen at 106 

cells per ml as for J2-3T3 cells. If mycoplasma infection was detected, the stocks were 
discarded.

Serial culture of human keratinocytes
Frozen keratinocytes were thawed as described for J2-3T3 cells. The usual number of 
cells seeded in 1-75 cm2 is 2 x 105; but 106 cells (from 1 vial) were plated in a 75 cm2 

flask to allow for loss of viability resulting from freezing and thawing. Fresh medium 
was given to keratinocytes once in 2 to 3 days. A day prior to any experimental 
manipulation, keratinocytes were given fresh medium. Keratinocytes were passaged 
just before they reached confluence. Cultures were rinsed with versene and then 
incubated with versene for 5 to 10 minutes at 37°C. This treatment caused any 
remaining feeder cells to detach. Keratinocytes would round up but would not detach 
from the flask. The versene solution was discarded and the remaining keratinocytes 
were incubated in 5 ml trypsin/versene solution (1 part trypsin and 4 parts versene) at 
37°C until all keratinocytes had detached from the flask. This usually required between 
10-20 minutes. 5 ml medium was added to the suspension and the number of cells were 
estimated using the haemocytometer. The cells were pelleted and resuspended in 
medium as described and plated onto flasks with feeder cells; 105 cells were added to a 
25 cm2 flask or 2 x 105 cells were added to a 75 cm2 flask.

HeLa cell culture
A flask of HeLa cells was obtained through ICRF Cell Production. HeLa cells were 
cultured in E4 (ICRF) supplemented with 10% FCS. To harvest HeLa cells, the dish 
(100 mm) was rinsed once in trypsin solution and then incubated with 1.5 ml trypsin 
solution. Cells detached after incubation for 5 minutes at 37°C. The dish was tapped 
gently and medium was added to make 10 ml of cell suspension and mixed. The cell 
suspension was added to fresh dishes containing medium. For routine passaging, cells 
were usually spilt 1:10 and 1:20 .
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Transient transfection of HeLa cells by calcium phosphate precipitation
HeLa cells were seeded onto a 100 mm dish 1 day before transfection so that cells were 
at approximately 50% confluence the following day. In a round bottom plastic tube (6 

ml, 12 x 75 mm), 20 pg DNA was made up to 160 pi with 1 mM Tris-HCl pH 7.6, 0.1 
mM EDTA, mixed thoroughly but gently on a whirring mixer and incubated for 5 
minutes at 38°C. 160 pi of 0.5 M CaCl2 and 0.1 M HEPES (N-[2-
hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid]) pH 6.74 solution pre-warmed to 
38°C was added, mixed thoroughly and incubated for 10 minutes at 38°C. 320 pi of 
0.28 M NaCl, 0.75 mM Na2HP04, 0.75 mM NaH2P04) 0.05 M HEPES pH 6.74 
solution pre-warmed to 38°C and added drop-wise while gently vortexing the contents 
of the tube. This was incubated for 15 minutes at 38°C and then added to the cells 
whilst gently swirling the medium. The cells were left in the incubator at 37°C for about 
16 hours. When inspected under a microscope, a suspension of fine precipitate should 
be observed in the medium. The medium was discarded and a sterile solution of 25 mM 
Tris-HCl pH 7.4, 137 mM NaCl, 5 mM KC1, 0.7 mM CaCl2 and 0.6 mM Na2HP04 was 
added to the cells and incubated for 10 minutes at 37°C. This was repeated twice and 
then medium was replaced. 24 hours after transfection, the cells were harvested. A 
proportion of the cells were plated onto glass coverslips in preparation 
immunofluorescence staining and the rest into another 100 mm dish for other 
experimental manipulation. Staining of cells with an antibody against the expressed 
marker 48 hours after transfection was a quick and convenient way to ascertain 
expression of the transfected DNA, viability of transfected cells and efficiency of 
expression. 72 hours after transfection, the cells were used in pulse-chase experiments 
or flow cytometry analyses.

Stable expression of CD8(31A and CD8(31B in HeLa cells
This was achieved by co-transfecting CD8P1A or CD8P1B constructs (Figure 2.1) and 
a construct expressing the puromycin resistance gene (pBabe puro) (Morgenstem and 
Land, 1990) into HeLa cells. Using the method described earlier, HeLa cells were 
transfected with 20 pg DNA which comprised 17.5 pg CD8(31A or CD8P1B construct 
and 2.5 pg pBabe puro. 24 hours after transfection, cells from a 100 mm dish were 
harvested and plated onto 3 150 mm dishes at 1:3, 1:6 and 1:10. 72 hours after 
transfection, medium containing 0.25 pg/ml puromycin was added to the cells. 
Hereafter, selection medium was used and fresh medium was given to the cells every 2 
or 3 days. 3 weeks after transfection, the surviving cells had formed colonies with a 
clump-like appearance. 24 colonies were picked from each dish by using fine glass 
capillary tubes (intraMARK 50 pi) to scrape each colony from the edges till the whole 
colony was lifted. The colony was transferred by taking it up in the capillary tube into a 
well (16 mm) of 24-well plate containing 200 pi trypsin. After 5 minutes incubation in
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trypsin, 1 ml medium was mixed and the colony gently disaggregated by drawing up 
and down a Pasteur pipette. 600 pi of the suspension was transferred onto a 22 x 22 mm 
glass coverslip in a well (32 mm) of a 6 -well plate. Cells from 3 other colonies were 
pooled in the same well. 24 hours later, cells on the coverslip were screened by 
immunofluorescence staining for CD8 expression. In this way, non-expressing cells 
were quickly identified and discarded. For a pooled population that stained positive, the 
individual colonies that made up the pool were noted. When the individual colonies 
were nearly confluent, they were harvested and half was plated onto a 35 mm dish 
whilst the other half was plated onto a coverslip. Cells on the coverslip were screened 
by immunofluorescence staining and positive colonies were further cultured and single 
cell cloned.

Single cell cloning
It was noted that at the second round of immunofluorescence screening, cells from a 
colony were heterogeneous i.e. some cells from a "positive" well did not stained for the 
expressed marker, CD8 . In order to achieve a homogenous population of cells, cells 
were single cell cloned. Cells from a 32 mm dish were harvested in 1 ml medium. The 
number of cells was estimated using a haemocytometer and cells were diluted in 
medium to 10 cells per ml. 100 pi of the cell suspension was added to wells in a 96-well 
plate. The cells were allowed to grow. The wells were inspected by eye to note the 
wells with only a single colony of cells. Cells from these wells were expanded to 16 
mm-wells in 24-well plates. When confluent, cells were harvested; half was plated onto 
30 mm dishes and the other half was plated onto a glass coverslip for screening by 
immunofluorescence staining. 13 clones of CD8plB and 2 clones of CD801A HeLa 
cells were established.

Immunohistochemical Methods 

Paraformaldehyde solution
A stock solution of 20% paraformaldehyde solution was prepared by adding 
paraformaldehyde powder (BDH) to PBS warmed to 60°C and stirred in a fume hood 
until the solution appeared completely clear. Aliquots were stored at -20°C. 3% 
paraformaldehyde solution was used to fix tissues and cells. Frozen solution was 
thawed completely at 37°C and then filtered through a 0.22 pm filter before diluting to 
3% with PBS ABC.
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Block solution
This comprised 0.2% gelatin (from cold fish skin, Sigma) solution in PBS. Stock 
solution of 1% was prepared, filtered through 0.22  pm filter and stored sterile at room 
temperature.

Gelvatol mounting solution
This was prepared as described by Harlow and Lane (1988). 2.4 g gelvatol (Monsanto 
Chemicals, St. Louis, USA) was mixed with 6 g glycerol (Sigma) and vortexed. 6 ml 
dH2 0  was added, mixed and left to stand for 90 minutes at room temperature. 12.5 ml 
of 200 mM Tris-HCl pH 8.5 was added and the solution vortexed, heated to 50°C and 
vortexed again. Heating and vortexing were repeated thrice and the solution then placed 
on an end-over-end mixer overnight at room temperature. The solution was then 
centrifuged at 2000  rpm for 10 minutes at room temperature and stored in aliquots at 
4°C.

Preparation of cryosections of epidermis
Foreskins of light skin colour were used. This was because melanin content was low 
and hence did not obscure the staining pattern. The tissue was obtained as soon as 
possible after circumcision and washed in PBS. It was placed in a plastic mould 
containing O.C.T. compound (BDH) and frozen for 1 minute on isopentane cooled in 
liquid nitrogen. The tissue embedded in O.C.T. compound was stored at -70°C. Using a 
cryomicrotome, 6 pm sections were cut from the tissue block in an orientation 
perpendicular to the surface of the tissue. The sections were mounted onto slides 
(Superfrost Plus, BDH) and stored at -70°C. For immunofluorescence staining, frozen 
sections were thawed at room temperature for 20 minutes, before fixing or staining with 
antibodies.

List of antibodies used

Table 2.1 Primary antibodies

Antibody
name

P5D2

DH12 

mAb 13 

CD29

Antigen specificity Species

human (31 integrin mouse 
extracellular epitope monocl°nal

human (31 integrin 
extracellular epitope
human (31 integrin 
extracellular epitope
human (31 integrin 
extracellular epitope

mouse
monoclonal
rat
monoclonal
mouse
monoclonal

Reference

purchased from Developmental 
Studies Hybridoma Bank; (Dittel et 
al, 1993)
a gift from Dr J. -J. Cassiman; 
(DeStrooper et a l, 1988)

gift from Dr K. Yamada;
(Akiyama et a l , 1989)
purchased from Janssen
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RX 39 carboxy-terminal 
amino acids of the
human (31A integrin 
subunit

rabbit
polyclonal

DH4 human a3 integrin 
cytoplasmic epitope

rabbit
polyclonal

Tarone human (3IB integrin 
subunit peptide

rabbit
polyclonal

DH1 human involucrin rabbit
polyclonal

UCHT4 
conjugated 
to FITC

human CD8 mouse
monoclonal

UCHT4 human CD8 mouse
monoclonal

OKT8 human CD 8 mouse
monoclonal

M3S7 collagen type IV mouse
monoclonal

AF8 calnexin mouse
monoclonal

ID3 protein disulphide 
isomerase peptide 
KDDDKAVKDEL

mouse
monoclonal

a gift from Dr S. Goodman; prepared 
according to the method of 
Marcantonio and Hynes (1988)

Keratinocyte Lab., ICRF;
(Bishop et al., 1995)
a gift from Dr. G. Tarone;
(Balzac et al, 1993)
Keratinocyte Lab., ICRF;
(Dover and Watt, 1987) 
purchased from Sigma

a gift from Dr P. C. L. Beverley; 
(Beverley, 1982)
purchased from European Catalogue 
of Animal Cell Cultures, 85112802 
(Thomas et al, 1980) 
purchased from Developmental 
Studies Hybridoma Bank;
(Foellmer etal., 1983)
A gift from Dr M. B. Brenner; 
(Hochstenbach et al., 1992) 
a gift from Dr S. Fuller;
(Huovila et al., 1992)

Table 2.2 Secondary antibodies

Antigen specificity Conjugate Species Source
mouse IgG, whole molecule FITC Sheep Jackson ImmunoResearch
mouse IgG, whole molecule Texas Red Donkey Jackson ImmunoResearch
mouse IgG, whole molecule HRP Sheep Amersham
rabbit IgG, whole molecule FITC Sheep Jackson ImmunoResearch
rabbit IgG, whole molecule Texas Red Donkey Jackson ImmunoResearch
rabbit IgG, whole molecule HRP Donkey Amersham
rat IgG, whole molecule HRP Sheep Amersham

Preparation of cells for immunofluorescent staining
Cells were cultured on glass coverslips. Coverslips were first boiled in 7x detergent 
(ICN) for 30 minutes to remove silicone coating. They were rinsed thoroughly first in 
tap water and then in dH2 0 . Washed coverslips were rinsed briefly in absolute ethanol 
and spread out on filter paper to dry completely before autoclaving. HeLa cells were 
plated onto coverslips placed in tissue culture dishes and were usually at 50% 
confluence when fixed. Keratinocytes were plated onto coverslips with feeder cells.
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Fixation of tissue sections and cells
Culture medium was discarded from cells before fixing in 3% paraformaldehyde 
solution for 20 minutes at room temperature. The specimens were rinsed thrice in PBS 
and then incubated in 50 mM NH4CI (prepared just before use) for 10 minutes at room 
temperature. The specimens were rinsed thrice in PBS and then incubated in 0.2% 
gelatin solution (block) to reduce binding to non-specific proteins, for at least 20 

minutes at room temperature. Cells for staining with anti-involucrin antibody were 
fixed in 3.7% formaldehyde (diluted from 37% stock) for 10 minutes at room 
temperature.

Permeabilisation of cells
If the epitope of the primary antibody was intracellular, after fixing, cells were 
permeabilised using 0.1% Triton X-100 in PBS for 5 minutes at room temperature 
before rinsing thrice in PBS and then incubated in 0.2% gelatin solution (block) for at 
least 20 minutes at room temperature. When staining keratinocytes for involucrin, cells 
were permeabilised with absolute methanol for 5 minutes at 4°C.

Simultaneous fixation and permeabilisation of cells
This was used when staining cells for focal contacts. Culture medium was discarded 
and the cells were incubated in 3.7% formaldehyde and 0.4% Triton X-100 in PBS for 5 
minutes at room temperature. The cells were rinsed thrice in PBS and then incubated in 
0.2% gelatin solution (block) for at least 20 minutes at room temperature. Another 
method was used when staining for markers of the endoplasmic reticulum. Culture 
medium was discarded and the cells placed on ice. Immediately, absolute methanol at - 
20°C was incubated with the cells for 4 minutes and then aspirated. Immediately, 
absolute acetone at -20°C was incubated with the cells for 4 minutes and then aspirated. 
The cells were then rinsed thrice in PBS and incubated in 0.2% gelatin solution (block) 
for at least 20 minutes at room temperature.

Immunofluorescence staining protocol
This was the general method used for staining tissue sections or cultured cells. Primary 
antibodies were diluted in block solution (10 pg/ml IgG solution, or 1:100 dilution for 
polyclonal sera, or neat for tissue culture supernatant) and applied to cells for 1 hour at 
room temperature. The cells were rinsed thrice in block solution and then incubated 
with the secondary antibody conjugated to a fluorophore diluted (10  pg/ml) in block 
solution (10 pg/ml) for 1 hour at room temperature. The cells were then rinsed thrice in 
block solution, once in PBS and once in dH2 0  before mounting in Gelvatol solution 
onto a microscope slide. In co-localisation experiments using double 
immunofluorescence method, cells were stained with 2 primary antibodies. Both
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primary antibodies were of distinct species and these were subsequently probed with 
species-specific secondary antibodies conjugated to different fluorophores. 
Alternatively, one of the primary antibodies was directly conjugated to a fluorophore 
(e.g. fluorescein). In this case, the FITC directly-conjugated antibody was applied to the 
cells after incubations with the other primary antibody followed by secondary antibody 
conjugated to another fluorophore (e.g. Texas Red). Stained samples were viewed with 
a Zeiss Axiophot microscope (Carl Zeiss) or with a Nikon Diaphot 200 inverted 
microscope linked to an MRC-1000 laser scanning confocal microscope attachment 
(Bio-Rad).

Flow cytometry 

Cell surface epitopes of HeLa cells
HeLa cells were detached from tissue culture dish by incubating with PBS containing 5 
mM EDTA and were pelleted by centrifuging at 4°C 1000 rpm for 5 minutes. 5 x 105 

cells were required per antibody incubation. Cells were resuspended in ice cold 1 ml 
Hank's buffered saline containing 0.2% gelatin solution and 0.02% sodium azide 
(HBSS++) and transferred to a 1.6 ml Eppendorf tube. Cells were pelleted again by 
pulse spinning in a bench top centrifuge (14,000 rpm for approximately 7 seconds). 
Cells were resuspended in 100 pi primary antibody (10 pg/ml) diluted in HBSS++ and 
incubated for 20 minutes at 4°C. Cells were agitated occasionally. 1 ml HBSS++ was 
added and cells pelleted again. Cells were washed twice in HBSS++ and then incubated 
with secondary antibody conjugated to FITC diluted 1:100 in HBSS++ for 20 minutes 
at 4°C. Cell were washed twice in HBSS++ and once in PBS. Cells were then fixed in 
3% paraformaldehyde solution for 5 minutes at 4°C. Cells were washed thrice in PBS. 
Finally cells were resuspended in 500 pi PBS and transferred to round bottom plastic 
tubes (6 ml, 12 x 75 mm) and were analysed on a Becton-Dickinson FACScan. Data 
was collected for 10,000 events.

Cell surface epitopes of keratinocytes
5 x 105 cells were required per antibody incubation. The method used was similar to 
that described for HeLa cells earlier. However, keratinocytes were resuspended in PBS 
containing 0.2% gelatin and 10% FCS instead of HBSS++. Keratinocytes were usually 
not fixed after antibody staining and immediately before analysis on the FACScan 
machine, a drop of propidium iodide (5 mg/ml) was added to the sample for viability 
gating.
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Intracellular epitopes of keratinocytes
Harvested keratinocytes were permeabilised by resuspending in 10% FCS and 0.3% 
saponin in PBS (FSP) for 20 minutes at room temperature (Jacob et a l, 1991). Stock 
saponin solution was 3% solution in PBS, filtered through 0.22 pm filter and stored at 
4°C. 5 x 105 cells were stained for each sample. The method was as described for 
staining cell surface epitopes of keratinocytes except keratinocytes were resuspended in 
FSP instead of PBS containing 0.2% gelatin and after the final antibody incubation, 
keratinocytes were fixed in 1% paraformaldehyde for 5 minutes at room temperature. 
Keratinocytes were resuspended in 500 pi PBS and analysed on a Becton-Dickinson 
FACScan machine.

Polyclonal Antibody Production

Synthetic peptides from the cytoplasmic domain of the (3 IB integrin subunit were used 
to raise polyclonal antibodies in rabbits. The following peptides were synthesised by the 
Peptide Synthesis Laboratory, ICRF; plB peptide 20: KMNAKWDTVSYKTSKKQSGL, 

PlB peptide 30: RREFAKFEKEKMNAKWDTVSYKTSKKQSGL, plB peptide C+14: 
CDTVSYKTSKKQSGL (a cysteine residue was included at the amino-terminal for 
coupling to KLH).

Conjugation of Peptide to Keyhole Limpet Haemocyanin
PlB peptide 20 and PlB peptide 30 were conjugated to a carrier protein, Keyhole 
Limpet Haemocyanin (KLH) (Calbiochem) before challenging rabbits. In a glass 
universal bottle 20 mg peptide was dissolved in 10 ml 0.1 M NaHCC>3 and 0.1% SDS 
and then 20 mg KLH was added to the peptide solution. Freshly thawed glutaraldehyde 
(Sigma ultra pure grade G5882, 25%) was added to the solution to a final concentration 
of 0.05%. The solution was mixed on an end-over-end mixer overnight and then 
dialysed (mwco 6000 - 8000) against dH2 0  at 4°C for 18 hours. The coupled peptide 
was recovered by lyophilisation. Recovery of peptide conjugated to KLH was 
determined by 2x mass of recovered material - 20 mg (mass of KLH, assume no loss). 
The coupled peptide was dissolved at 1 mg peptide/ml PBS, aliquoted and stored at - 
20°C. Another method was used to couple plB peptide C+14 to KLH. The m- 
maleimidobenzoyl-N-hydroxysuccinimide ester (Pierce) was used to link the peptide 
via the N-terminal cysteine residue to KLH. Coupling of peptide to KLH was done by 
the Peptide Synthesis Laboratory, ICRF and was supplied at 1 mg peptide/ml PBS 
which was aliquoted and stored at -20°C.
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Conjugation of peptide to bovine serum albumin
PlB peptide C+14 was also conjugated to bovine serum albumin (BSA, Fraction V 
Sigma A4503) using the method for conjugation to KLH. Peptides conjugated to BSA 
were used in screens by enzyme-linked immunosorbent assay (ELISA), for reacting 
antibodies.

Immunising Rabbits
This was done by the Biological Resources Unit, ICRF. Aliquots of the immunogen 1 
mg peptide/ml PBS were supplied to the Unit and were freshly thawed prior to 
injection.

Table 2.3 Schedule for immunisation of rabbits

Day 1 Pre bleed + inject 500 pi sample in CFA SC m/s
Day 28 Inject 500 pi sample in IFA SC m/s
Day 56 Inject 500 pi sample in IFA SC m/s
Day 70 Test Bleed 1
Day 84 Inject 500 pi sample in IFA SC m/s
Day 98 Test Bleed 2
Day 112 Inject 500 pi sample in IFA SC m/s
Day 126 Bleed-out

Table 2.4 Polyclonal sera

Peptide Polyclonal Antibody Name
PlB 20 DH3*

PlB C+14 WJK3

* Test bleed 1 (bl) of DH3 was used in all experiments unless stated otherwise. 

Monoclonal Antibody Production

In addition to raising polyclonal antibodies against the PlB integrin subunit, the PlB 
peptide 30 was used to immunise mice to generate mouse monoclonal antibodies.

Immunisation
This was done by the Biological Resources Unit, ICRF. Aliquots of the immunogen 1 
mg peptide/ml PBS were supplied to the Unit and were freshly thawed and diluted to a
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final concentration of 0.05 jxg/jxl in CFA prior to injection. 4 female BALB/c strain
mice were immunised according to the schedule as follows.

Table 2.5 Schedule for immunisation of mice

Day 1 Pre bleed + inject 10 pg immunogen in CFA (200 pi) SC
Day 21 Inject 10 pg immunogen in IFA (200 pi) SC
Day 31 Test Bleed 1
Day 49 Inject 10 pg immunogen in IFA (200 pi) SC
Day 59 Test Bleed 2
Day 78 Inject 10 pg immunogen in IFA (200 pi) SC
Day 88 Test Bleed 3
Day 106 Inject 10 pg immunogen in IFA (200 pi) SC
Day 116 Test Bleed 4

Test bleed ELISA
This was done by the Hybridoma Unit, ICRF. Approximately 250 pi of blood were 
collected from each mouse as test bleed and were centrifuged at 14,000 rpm for 10 
minutes at 4°C, the serum/supernatant was collected and tested by enzyme-linked 
immunosorbent assay (ELISA). Test bleed 4 was tested by ELISA to identify the mouse 
with the best immune response. A 96-well microtitre plate was coated with the peptide 
coupled to BSA by 200 pi per well. Duplicate rows were coated with 50 pg, 20 pg and 
5 pg peptide/ml per well in coating buffer consisting of 15 mM sodium carbonate and 
28 mM sodium hydrogen carbonate pH 9.6 and left overnight at 4°C. The coating 
solution was discarded and the wells washed thoroughly with PBS. 125 pi 2% (w/v) 
casein solution in PBS was added to each well and incubated for 1 hour at room 
temperature to block non-specific binding. Each well was then washed thoroughly with 
wash buffer consisting of 0.05% (v/v) Tween-20 in PBS. 8 limiting dilutions of each 
serum or pre-immune sera (negative control) were made in duplicate by dilution in 
0.5% (w/v) casein and 0.05% (v/v) Tween-20 in PBS. 100 pi of each dilution were 
added to each well, and incubated for 1 hour at room temperature. The plate was then 
washed thoroughly with wash buffer. 100 pi of 1:100 diluted horse radish peroxidase 
conjugated to rabbit anti-mouse IgG (H+L) were added to each well and incubated for 1 
hour at room temperature. The plate was then washed thoroughly with wash buffer and 
100 pi substrate solution which was prepared just before use (10  pi hydrogen peroxide 
and 10 mg o-phenylenediamine in 25 ml of 24 mM citric acid, 51 mM disodium 
hydrogen phosphate) was added to each well and the plate placed in the dark for about 
10 minutes until a yellow colour has developed in some of the wells. 100 pi of 285 mM 
citric acid was added to each well to stop the colour reaction. The plate was read
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immediately at 429 nm on Bio-Tek Instruments Microplate EL-30 spectrophotometer. 
Duplicate readings were averaged and the response curve was plotted O.D./antibody 
dilution (linear/logarithmic) for each of the coating concentration of antigen.

Final Boost immunisation
The mouse with the best response was then given a final boost with an intravenous 
injection of peptide in PBS 200 pg (total) without Freund's adjuvant.

Fusion and hybridoma culture
This was done by the Hybridoma Unit, ICRF. 4 days after the final boost immunisation, 
the mouse was sacrificed and the spleen removed for fusion with SP2 myeloma cell line 
according to the method described by Harlow and Lane (1988). To select for the growth

of hybridoma cells, the culture medium used was E4 medium (ICRF) with 20% FCS 
(pre-screened to support hybridoma growth), 1% azaserine hypoxanthine (AH, Sigma) 
and interleukin 6 (IL-6 ) (RND Systems) was added at 0.8 ng/ml. After fusion, cells in 
200 ml medium were dispensed into 10 96-well microtitre plates, 200 pi per well, and 
left in a humidified 37°C, 5% CO2 incubator. IL-6 was omitted from the medium used 
for routine hybridoma culture. Clones were visible after 5 days and were ready for the 
primary screen 10 days after fusion. Identified positive clones from the primary screen 
were expanded and single-cell cloned to select for the hybridoma cells producing the 
antibody. Cultures from 96-well plates (6 mm wells) were expanded to 24-well plates 
(16 mm), from 24-well to 6 -well plates (32 mm), and from 6 -well plates to 100 mm 
dishes.

Hybridoma screening
The primary screen used was an ELISA using the peptide conjugated to BSA as the 
antigen and this identified 33 clones. Supernatant from the identified positives were 
then used in a screen by immunofluorescence staining of HeLa cells that stably 
expressed CD8P1A or CD8P1B which were cultured on glass coverslips. CD8plA- 
expressing HeLa cells provided a negative screen whilst CD8piB-expressing HeLa 
cells provided a positive screen for antibodies that were specific for plB integrin and 
did not cross react with the pi A integrin subunit. HeLa cells were fixed and 
permeabilised by 2 methods; one was fixed by paraformaldehyde followed by Triton X- 
100 permeabilisation and the other was fixing and permeabilising simultaneously by 
methanol/acetone. Immunofluorescence staining screen showed 6 of the 33 identified 
clones reacted positive with CD8P1B but not CD8P1A. Supernatant from the identified 
positives from the ELISA were also used in a screen by Western blotting protein lysates 
of HeLa cells which were stably expressing CD8P1A and CD8P1B which identified 1 
clone.
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Protein Analyses

Integrin extraction buffer and lysis
This comprised 150 mM NaCl, 5 mM MgCl2, 50 mM Tris-HCl pH 7.5 and 1% (v/v) 
Nonidet P-40. 2 mM phenylmethanesulphonyl fluoride (PMSF) and 1 pg/ml leupeptin 
were added to the extraction buffer just before addition to keratinocytes. Stock PMSF 
solution was a 100 mM solution in acetone and stored at 4°C. Leupeptin stock solution 
was a 100 pg/ml solution in dH2 0  and stored at -20°C. Keratinocytes in 75 cm2 flask 
were lysed in 1 ml lysis buffer for 30 minutes with agitation on ice. The flask was then 
scraped. Cell debris was pelleted by centrifugation at 14,000 rpm for 10 minutes at 4°C. 
The supernatant was assayed for protein content, aliquoted and stored at -70°C. To use, 
lysates were thawed on ice and centrifuged at 14,000 rpm for 10 minutes at 4°C to 
remove aggregates.

CD8 extraction buffer for HeLa cells and lysis
This comprised 20 mM Tris-HCl pH 8.0, 150 mM NaCl and 1% (v/v) Triton X-100. 
Just before addition to cells, 25 mM iodoacetamide (freshly prepared) and a cocktail of 
protease inhibitors were added to the buffer (Ponnambalam et al., 1994). The cocktail 
of protease inhibitors (Boehringer Mannheim) comprised 1 pg/ml aprotinin, 1 pg/ml 
leupeptin, 1 pg/ml pepstatin, 1 pg/ml antipain, 1 mM benzamidine, 40 pg/ml PMSF. A 
lOOOx stock solution of cocktail was prepared in DMSO and stored in aliquots at -20°C. 
HeLa cells in 100 mm dish were lysed in 600 pi lysis buffer for 30 minutes on ice, with 
agitation. The dish was then scraped. Cell debris was pelleted by centrifugation at
14,000 rpm for 10 minutes. The supernatant was assayed for protein content, aliquoted, 
and stored at -70°C until use. To use, lysates were thawed, and centrifuged at 100,000 
rpm (TL-100 ultracentrifuge) for 30 minutes at 4°C to remove aggregates.

Bradford assay for protein content
This basis for the assay is binding of the dye Coomassie Brilliant Blue G-250 to protein 
causes a shift in the absorption maximum of the dye from 465 nm to 595 nm (Bradford, 
1976). Reagents for the assay were obtained from Bio-Rad. A standard curve was 
prepared by making doubling dilutions of a standard protein solution. Lysis buffer was 
used as the "blank" and to dilute samples. Samples were applied neat or in 1:2 dilution. 
5 pi protein standard or sample were added into triplicate wells in a 96-well plate 
(Immunlon Dynatech). The assay was carried according to manufacturer’s instructions. 
Since Nonidet P-40 detergent was present in the lysis buffer, 20 pi reagent S was added 
to 1 ml reagent A to make working reagent A. 25 pi working reagent A was added to 
each well. 200 pi reagent B was then added to each well. The plate was gently agitated

64



and incubated for 15 minutes at room temperature. Any bubbles present in the wells 
were dispersed. The O.D.690 nm was measured for the contents of each well on a Bio- 
Tek Instruments Microplate EL-30 spectrophotometer. The protein concentration of 
sample was determined against the standard curve.

Cell surface biotinylation
This method labelled live cells on the cell surface with biotin, based on a method 
described by Isberg and Leong. Adherent HeLa cells were detached from tissue culture 
dish by incubating with PBS containing 5 mM EDTA. Adherent keratinocytes were 
harvested with trypsin/EDTA and the trypsin was neutralised by addition of trypsin 
inhibitor (0.5 mg/ml, Sigma). Cells were washed twice with cell wash buffer 
comprising 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM CaC^ and 1 mM MgCl2, 
adjusted to 5 x 106 /ml in cell wash buffer and biotin (NHS-LC-Biotin, Pierce; 10 mg/ml 
stock dissolved in DMSO) added to 100 pg/ml. Following a 1 hour incubation at room 
temperature with constant agitation, cells were washed 3 times in cell wash buffer. The 
cell pellets may be stored at -70°C or were lysed in the appropriate lysis buffer. 
Biotinylated proteins were immunoprecipitated, separated by SDS-PAGE and 
transferred to PVDF membrane. Conditions for transfer and washing are detailed under 
Western Blotting. The membrane was probed with HRP-conjugated streptavidin (50 
ng/ml, Amersham) and visualised by chemiluminescence (ECL, Amersham).

Metabolic labelling proteins using [35S]-cysteine and -methionine
This method radioactively labelled proteins to a steady state. Cells were incubated in 
the presence of 50 pCi/ml [35S]-cysteine and -methionine (specific activity >100 
Ci/mmol; Translabel, ICN) for 18 hours under standard culture conditions. The medium 
was then discarded and the flask rinsed thrice with PBS. The cells were then either 
harvested or lysed in situ.

Pulse-chase labelling
This method radioactively labelled proteins for a short period of time (pulse) and 
enabled the monitoring of the biosynthesis and turnover of proteins. Cells were ’starved' 
by incubation in labelling medium that lacked methionine for 1 hour at 37°C. Cells 
were then incubated with fresh labelling medium containing 100 pCi/ml [35S]-cysteine 
and -methionine for 1 hour at 37°C. The labelling medium was removed and the cells 
were washed with PBS thrice. For 0 hour time point, cells were lysed immediately 
whilst for other time points, normal growth medium supplemented with 5 mM cysteine 
and methionine was added to the cells and cultured for varying times (chase) before 
lysis. For experiments involving cells induced to undergo terminal differentiation, cells 
were harvested after labelling using trypsin/EDTA and added at 105 cells/ml to normal
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growth medium containing 1.75% methyl cellulose, 5 mM cysteine and methionine. 
HeLa cells were 'starved' for 20 minutes and pulse-labelled for 20 minutes.

MNJ treatment
In some pulse-chase experiments, 1-Deoxymannojirimycin (MNJ, Boehringer 
Mannheim), a mannose analogue that specifically inhibited oc-mannosidase I was used. 
Keratinocytes were pre-incubated with MNJ at 50 pg/ml in the labelling medium for 1 
hour, and were pulse-labelled and chased with medium in the presence of 50 pg/ml 
MNJ.

Estimation of [35S]-cysteine and -methionine incorporation into proteins by 
trichloroacetic acid (TCA) precipitation
2 pi protein lysate was incubated with 1 ml 10% (w/v) TCA solution for 1 hour at 4°C. 
Triplicates solutions were prepared. The solutions were then applied onto glass 
microfibre filters (Whatman GF/C) pre-wetted with 10% TCA solution which were 
fitted on a Millipore manifold apparatus. The solutions were drawn by vacuum suction 
through the filters which trapped precipitates. The filters were washed twice with 5 ml 
10% TCA solution at 4°C, followed by 5 ml absolute alcohol and air-dried. The filters 
were immersed in 5 ml scintillation fluid (Ecolume, ICN) and then counted in a beta 
counter (Beckman L81 801). Stock TCA solution was 100% (w/v) and was prepared by 
dissolving 500 g of TCA (Sigma) in 227 ml of dH2 0 .

Preparation of Protein A-Sepharose CL-4B and Protein G-Agarose beads
Protein A-Sepharose CL-4B (Pharmacia) was supplied as dried beads. The beads were 
hydrated in excess dH2 0 , mixing end over end for 30 minutes at room temperature. The 
swollen beads were spun briefly on a bench top centrifuge and the supernatant was 
discarded. PBS was added in excess to the beads and mixed and spun down. This wash 
was repeated twice. A 1:1 (v/v) slurry of beads and PBS was prepared and this was used 
in immunoprecipitations with rabbit IgG. Protein A would bind to rabbit IgG with high 
affinity. Neither mouse IgG or rat IgG would bind to Protein A with high affinity. To 
circumvent this problem, bridging antibodies, rabbit anti-mouse IgG and rabbit anti-rat 
IgG (Sigma), were incubated with Protein A slurry at 1 mg antibody for 1 ml slurry for 
2 hours mixing end over end at room temperature. Unbound antibodies were diluted out 
with 3 washes with PBS. Alternatively, Protein G which bound to mouse IgG with high 
affinity was used. Protein G-Agarose (Sigma) was supplied pre-swollen in a solution of 
70% ethanol. To use, the supernatant was discarded and Protein G-Agarose beads were 
washed 3 times with PBS and a 1:1 (v/v) slurry of beads and PBS was prepared as 
described for Protein A-Sepharose.
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Protein immunoprecipitation from keratinocyte lysates
For the immunoprecipitation of non-radioactive protein lysates, 100 pig total protein 
was used per immunoprecipitation. For the immunoprecipitation of radioactive protein 
lysates, 5 x 106 cpm of TCA-precipitable material was used per immunoprecipitation. 
Lysates were pre-cleared with Protein A-bound Sepharose or Protein A preincubated 
with bridging antibody or Protein G-Agarose beads as appropriate for 2 hours at 4°C. 
The beads were discarded and the lysates were incubated with antibodies on ice (100 pi 
of monoclonal antibody culture supernatant or 5 pg of purified IgG to ensure conditions 
of excess antibody) for 2 hours with occasional agitation. 50 pi of 1:1 (v/v) Protein A 
slurry of beads and PBS was added to the lysate/antibody solution. The final volume 
was made up to 400 pi and mixed end over end for 16 hours at 4°C. The associated 
immune complexes adsorbed on the beads were then washed once in buffer I (0.5% 
Triton X-100, 0.1% SDS solution in PBS), once in buffer II (0.5% Triton X-100 and 0.5 
M NaCl), then twice more in buffer I (Adams and Watt, 1988), resuspended in equal 
volume 2x Laemmli sample buffer without reducing agent, boiled for 5 minutes, 
centrifuged briefly and the supernatant was applied on 7.5% polyacrylamide SDS gels.

Protein immunoprecipitation from HeLa lysates
This is the method used for the immunoprecipitation of transfected CD8 from HeLa 
lysates. The conditions used were identical to those described earlier for integrin 
immunoprecipitations except for washing of the associated immune complexes 
adsorbed on the beads. The beads were washed twice in lysis buffer, once in lysis buffer 
containing 0.1% SDS, once in lysis buffer containing 500 mM NaCl, twice more in 
lysis buffer, and finally with 0.1% Triton X-100, 20 mM Tris-HCl pH 7.5 solution 
(Ponnambalam et al.„ 1994). The beads were then resuspended in equal volume 2x 
Laemmli sample buffer containing p-mercaptoethanol, boiled for 5 minutes, centrifuged 
briefly and applied on 12.5% polyacrylamide gels.

Laemmli sample buffer
2x Laemmli sample buffer (non-reducing) comprised 125 mM Tris-HCl pH 6 .8 , 2% 
SDS, 20% glycerol and 0.02% bromophenol blue. 2x reducing buffer had additional 
10% (v/v) P-mercaptoethanol.

Polyacrylamide gel electrophoresis (SDS-PAGE)
Vertical gel electrophoresis apparatus systems (Model SE400 Hoeffer Scientific 
Instruments) were used. 1.5 mm thick gels were prepared between glass plates using the 
method of Laemmli (Laemmli, 1970). The composition of the gels are presented in 
Table 2.6. After pouring resolving gel solution, immediately 1 ml of 0.1% SDS solution 
was applied to ensure a level interface as well as to eliminate an air-acrylamide
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interface. Gels were allowed to polymerise at room temperature for a minimum of 1 
hour. 0.1% SDS solution was discarded, and the stacking gel solution was poured. A
1.5 mm thick comb was inserted to create wells and then the gel was left to polymerise. 
After the gel had set, the comb was removed and the wells were flushed with 
electrophoresis buffer which comprised 50 mM Trizma Base, 384 mM glycine and 
0.1% SDS. Samples were applied to the wells using capillary pipette tips. 5 pi of pre
stained high molecular weight markers (Amersham) were added to 5 p,l of Laemmli 
sample buffer, which were boiled for 5 minutes and then loaded into of the wells. 
Samples were electrophoresed at 60 V until the dye front had just entered the resolving 
gel. The voltage was increased to 120 V. Alternatively, samples were electrophoresed 
overnight at 40 V. When the dye front reached the end of the gel, the gel was removed 
and prepared for Western blotting or autoradiography.

Autoradiography
After electrophoresis, the gel was removed from the glass plates and immersed in a 
fixing solution which comprised isopropanol:water:acetic acid (25:65:10) for 30 
minutes. Gels (containing [35S]-labelled samples) were further incubated for 30 minutes 
in a fluorographic agent (Amplify, Amersham) before drying onto paper (3MM 
Whatman) under vacuum at 80°C. The dried gel was exposed to Kodak XAR-5 film 
(Eastman Kodak Co.) for a suitable period of time.

Table 2.6 Preparation of SDS-PAGE gels

Stock solutions
Solution A 
Solution B 
Solution C 
Solution D 

AP 
TEMED

30% acrylamide / 0.8% bisacrylamide (Millipore), 4°C
1.5 M Tris-HCl pH 8.8 

10% SDS
0.5 M Tris-HCl pH 6.8

10% ammonium persulphate (Bio-Rad) in (IH2O, freshly prepared 
N ^N 'jN ’-tetramethylethylenediamine (Bio-Rad)

Resolving gels (50 ml)
stock solutions

A B C  water TEMED AP
7.5% 12.5 ml 12.5 ml 0.5 ml 24 ml 50 pi 450 pi
12.5% 20.8 ml 12.5 ml 0.5 ml 16.2 ml 50 pi 450 pi

68



11 U i V 1 ^

Stacking gel (10 ml)
stock solutions

A B D water TEMED AP
1.5 ml 2.5 ml 0.1ml 5.8 ml 10 pi 90 pi

Western blotting

Up to 40 pg total protein or material immunoprecipitated from 100 pg total protein was 
loaded per track on an SDS-PAGE gel and electrophoresed. After electrophoresis, 
proteins were transferred onto a Immobilon polyvinyldifluoride (PVDF) membrane 
(Millipore) membrane (pre-wet in absolute methanol) using Bio-Rad western blotting 
apparatus with 10 mM cyclohexylaminopropane (Sigma) solution pH 11.0 transfer 
buffer under conditions of constant current of 0.5 mA for 5 hours at 4°C or of 0.3 mA 
overnight at 4°C (Hotchin et al., 1995). After transfer, the membrane was stained using 
a 1:1000 dilution of Indian Ink in PBS containing 0.05% Tween-20 (PBST) for 15 
minutes. The membrane was rinsed briefly in PBST and then was incubated in 5% milk 
powder (99% fat free, Marvel) solution in PBST for 2 hours at room temperature or 
overnight at 4°C to block non-specific binding of antibodies. Membranes were 
incubated with either neat monoclonal antibody culture supernatant or antibodies 
(polyclonal sera was typically diluted 1:1000, purified IgG was used at 5 pg/ml) diluted 
in 1% milk powder solution in PBST. Incubation with primary antibody was for 16 
hour at 4°C with agitation. This was followed by incubation with horseradish 
peroxidase (HRP)-conjugated secondary antibody (0.1 pg/ml) or with 125I-labelled 
Protein A (1: 1000 dilutiion of 100 pCi/ml, specific activity 30 mCi/mg total protein A, 
Amersham). After each antibody incubation, membranes were washed thoroughly with 
3 changes of PBST. Detection of HRP-bound antibody was by chemiluminescence kit 
(ECL, Amersham) which was used according to manufacturer's instructions. Detection 
of 125I-labelled Protein A was by autoradiography.

Induction of terminal differentiation

Keratinocytes are induced to undergo terminal differentiation by placing them as a 
single cell suspension in medium made viscous by the addition of methyl cellulose 
(Green, 1977; Watt and Hertle, 1994).

Preparation of methyl cellulose medium
3.5g of methyl cellulose, viscosity 4,000 centipoises (Aldrich) was sterilised by 
autoclaving and mixed with 180 ml of FAD medium (preheated to 60°C), stirring for 30 
minutes at room temperature followed by 18 hours at 4°C. 20 ml of foetal calf serum
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(FCS) was added and the medium centrifuged at 9,500 rpm in a Beckman J2-21 at 4°C 
for 30 minutes. Methyl cellulose (1.75%, w/v) medium was aliquoted and stored at - 
20°C. To use, the frozen medium was thawed in a 37°C water bath, and "cocktail" and 
insulin solutions were added and mixed thoroughly.

Preparation of polyHEMA-coated dishes
To minimise keratinocytes attaching to the tissue culture dish, bacteriological grade 
plastic petri dishes were used. Petri dishes were coated with polyHEMA (type NCC, 
cell culture grade, Hydro Medical). A 10% polyHEMA (w/v) stock solution in 95% 
ethanol was prepared by mixing end over end overnight at room temperature. To coat 
dishes, stock solution was diluted to 0.4% in 1:1 ethanol:acetone. 5 ml of diluted 
solution was added to a 100 mm dish and swirled quickly to coat the base of the dish 
and then removed immediately. This coated the dish with a very thin film of 
polyHEMA solution. Coated dishes were left under sterile conditions to dry completely 
before use.

Suspension culture

Newly confluent cultures of keratinocytes were incubated briefly with versene to 
remove any remaining feeder cells, harvested with versene and trypsin and resuspended 
at 106 cells per ml in complete FAD medium. The cells were then added slowly to 
methyl cellulose medium and simultaneously swirling the medium, to ensure that 
keratinocytes are homogenously distributed in the suspension. Keratinocytes were at a 
final cell density of 105 cells per ml. 50 ml cell suspension was poured into 100 mm 
polyHEMA-treated dishes and cultured for varying periods in a humidified 37°C 
incubator. The starting population of cells (suspension culture time = 0) was recovered 
from the methyl cellulose medium immediately. Keratinocyte were recovered from 
suspension by diluting methyl cellulose medium 10 fold with ice cold PBS and 
centrifuging in 250 ml conical bottom Beckman bottles at 2000 rpm for 10 minutes at 
4°C. The cell pellet obtained was resuspended gently in 15 ml ice cold PBS. From this 
cell suspension an aliquot of 5 x 104 cells or 5 x 105 was removed and placed in a 
separate conical tube; this was to use to assess the extent of induction of terminal 
differentiation (see below). The cell suspension was centrifuged at 1000 rpm for 5 
minutes at 4°C. The cell pellet was then resuspended in protein lysis buffer or in RNA 
extraction buffer for further experimental manipulations

To assess the extent of induction of terminal differentiation, 5 x 105 cells pelleted from 
the small aliquot were permeabilised with saponin and stained for involucrin a marker 
of keratinocyte terminal differentiation, and analysed by FACS as described earlier. 
Alternatively, 5 x 104 cells pelleted were resuspended in 50 jxl complete FAD medium
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and 12 pi of this suspension spread over glass coverslips and air dried at 37°C for 30 
minutes before being fixing and staining for involucrin. The number of involucrin- 
positive cells were scored from photographs. Induction was expressed as the percentage 
increase in the number of cells expressing involucrin compared to the starting 
population (Hotchin et al., 1993). Populations of cells that showed a 3-fold induction in 
involucrin expression were used for further experimental manipulations.

Bacterial Culture

Bacterial strain
The strain of bacteria used was Escherichia coli DH5a.

Bacterial media 

Brain Heart Infusion (BHI) broth (ICRF)
3.7% Brain Heart Infusion (BHI) broth powder (Difco) dissolved in dH2 0  and 
autoclaved.

L-broth (ICRF)
L-broth comprised 1% Bacto-Tryptone (Difco), 0.5% yeast extract (Difco), 170 mM 
NaCl and was sterilised by autoclaving.

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

Ampicillin
Ampicillin (Sigma) was used as a selection antibiotic and was added to BHI or L-agar 
to a final concentration of 100 pg/ml.

Bacterial transformation 

Buffers for making competent bacteria
Buffer I comprised 30 mM CH3COONa pH 6.0, 50 mM MnCl2 , 100 mM RbCl, 10 mM 
CaCl2 and 15% (v/v) glycerol. The solution was adjusted to pH 5.8, filtered through 
0.22 pm filter and stored sterile at 4°C. Buffer II comprised 10 mM MOPS (3-[N-

71



^  r

Morpholino]propane-sulfonic acid, Sigma) pH 7.0, 10 mM RbCl, 75 mM CaCh and 
15% (v/v) glycerol.

Preparation of competent bacteria
A loop inoculate of a single colony of bacteria strain DH5a was cultured overnight in 
BHI medium in a 37°C agitator (250 rpm). 2 ml of overnight culture was used to 
inoculate 200 ml BHI and cultured in a 37°C agitator until O.D^oo was about 0.6 (for 
between 3 to 4 hours). The bacteria was pelleted by centrifugation at 3,000 rpm for 10 
minutes at room temperature. Bacteria was resuspended in ice cold buffer I (see below) 
and incubated on ice for 10 minutes. Bacteria was pelleted again by centrifugation at
3.000 rpm for 10 minutes at 4°C. The pellet was resuspended in 4 ml ice cold buffer II 
(see below) and aliquoted in Eppendorf tubes which were pre-cooled in dry ice. 
Aliquots were stored at -70°C. Competence was tested by transformation with a 
plasmid and spreading 3 dilutions of bacteria. Typically, 10 pi of competent bacteria 
were able to produce approximately 106 colonies per pg DNA.

Transformation of bacteria
50 pi of competent bacteria were thawed at room temperature and then incubated on ice 
for 10 minutes. DNA (0.1 pg for ligations and 1 ng for plasmids) was added, mixed and 
left on ice for 20 minutes. The bacteria was then incubated for 90 seconds at 42°C and 
transferred on ice for 2 minutes. 4 volumes of BHI medium was added and the tube was 
agitated gently in a 37°C water bath for 40 minutes. 100 pi culture was spread out onto 
plates containing L-agar and ampicillin and incubated overnight at 37°C. Single 
colonies were picked with a sterile loop to inoculate BHI medium.

DNA Techniques

Methods and solutions prepared were according to Sambrook et al., (Sambrook et al, 
1989). Reagents used were of molecular biology grade.

Solutions 

Plasmid preparation solutions I, II, and III
Solution I comprised 50 mM glucose, 25 mM Tris-HCl pH 8.0 and 10 mM EDTA pH
8.0 and 5 mg/ml lysozyme (Sigma L651). Solution II comprised 0.2M NaOH and 1% 
(w/v) SDS and was prepared just before use by diluting from stock solutions of 5 M 
NaOH and 10% SDS (w/v). Solution III comprised 3 M potassium acetate and 11.5% 
(v/v) glacial acetic acid to give pH 4.8.
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Agarose/TBE (DNA) gel
This was used in the electrophoresis of DNA. For the resolution of fragments 100-200 
bp, a 2% agarose gel was used. Agarose (ultra pure, Gibco BRL) was melted in 
microwave oven in 0.5x TBE buffer. Ethidium bromide was added at 0.05 pg/ml to 
agarose solution before casting in gel mould Typically, DNA was electrophoresed at 
constant voltage of 100 V in 0.5x TBE buffer.

Sequencing gel
Sequencing gel apparatus and glass plates were set up for use with Gibco BRL Model 
S2. For a 100 ml sequencing gel mix, 49g urea was added to 10 ml lOx TBE and 40 ml 
(IH2O and dissolved by agitation and heating. When the solution was cooled to room 
temperature, 15 ml 40% (w/v) acrylamide : 2% (w/v) bisacrylamide solution (Scotlab) 
were added and mixed. The final composition of the gel was 6 % acrylamide, 8.16 M 
urea in lx TBE. To 50 ml sequencing mix, 50 pi TEMED, and 250 pi freshly prepared 
10% ammonium persulphate (w/v) solution were added and mixed. The gel was poured, 
the spacer for the wells was inserted and was left to polymerise for at least 2 hours. The 
gel running buffer was lx TBE. The gel was pre-run for between 1-2 hours to allow the 
gel and insulation bath to reach 50°C (wattage was set at 65 W, current at 35 mA) and 
then samples were loaded.

Tris-borate-EDTA buffer (TBE)
A lOx stock solution was prepared by dissolving 54g Trizma base and 27.5g orthoboric 
acid in dH2 0 . 20 ml 0.5 M EDTA pH 8.0 was added and the final volume was made up 
to 1000 ml. When used at lx for sequencing gels, the solution was 45 mM Tris-HCl, 45 
mM borate and 1 mM EDTA. For DNA gel electrophoresis, 0.5x TBE was used.

TBE-gel loading buffer (DNA)
6x DNA gel loading buffer comprised of 30% (v/v) glycerol and 0.25% (w/v) orange G 
dye (BDH) in dH20.

Tris/EDTA buffer
This comprised 10 mM Tris-HCl and 1 mM EDTA and was prepared from stock 
solutions of 1 M Tris-HCl of the required pH and 0.5 M EDTA pH 8.0. A stock buffer 
of 1 M Tris-HCl and adjusted to the required pH (common ones were 7.4, 7.5, 7.6, and 
8.0) with concentrated HC1 and was autoclaved.

Ethanol precipitation of DNA
To DNA solution, CH3COONH4 was added to a final concentration of 2.5 M; or NaCl 
was added to a final concentration of 0.2 M; or CH3COONH4 was added to a final
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concentration of 0.3 M. The solution was mixed, 2 volumes of ice cold ethanol was 
added, mixed thoroughly and left at -20°C to precipitate for at least 30 minutes. DNA 
was pelleted by centrifugation at 14,000 rpm for 10 minutes at 4°C. The supernatant 
was carefully decanted and the last traces removed by pipetting. The pellet was washed 
with 70% ethanol and air dried.

Quantitation of DNA
Nucleic acids solution was suitable diluted and placed in a quartz cuvette with a path 
length of 1 cm and the absorbance at wavelengths 260 nm and 280 nm read in a 
spectrophotometer (Pharmacia Biotech, Ultrospec 2000). An O.D.260 nm reading of 1 
corresponded to 40 pg/ml single stranded DNA and RNA. The concentration of nucleic 
acid in pg/ml was given by the reading at 260 nm x 40 x dilution factor. For double 
stranded DNA, concentration in pg/ml was given by the reading at 260 nm x 50 x 
dilution factor.

Phenol/chloroform extraction
This was used to extract protein from preparations of DNA. 1 volume of 
phenol/chloroform/isoamyl alcohol (25:24:1 by volume, Amresco) was mixed with 1 
volume of DNA solution, vortexed thoroughly and centrifuged at 14,000 rpm for 5 
minutes at room temperature. As much of the upper aqueous phase (DNA) was 
removed without disturbing the interphase.

Extraction of plasmid DNA by ethidium bromide / caesium chloride gradient
Plasmid DNA used in transfection experiments was purified by this method. 0.5 ml of 
culture (from miniprep) was added to 10 ml BHI containing ampicillin to make a starter 
culture which was grown for 6 hours in 37°C shaker or until late log phase of growth 
(O.D.600 was 0.6) before being added to 400 ml BHI containing ampicillin and cultured 
overnight in 37°C shaker. In a 400 ml Beckman bottle, bacteria was pelleted by 
centrifugation at 4,000 rpm for 15 minutes at 4°C in a Beckman J2-21 centrifuge. The 
supernatant was discarded. The pellet was resuspended in 18 ml solution I (see 
solutions for plasmid preparation) containing 5 mg/ml lysozyme and incubated for 15 
minutes at room temperature. 40 ml of solution II was added, mixed gently by inverting 
and incubated at room temperature for 10 minutes. 20 ml of ice cold solution III was 
added, mixed thoroughly by vortexing and incubated on ice for 10 minutes. Contents of 
the bottle was centrifuged at 6,000 rpm for 15 minutes at 4°C. The supernatant was 
filtered through several layers of gauze into a 250 ml Beckman bottle. 0.6 volume 
(approximately 47 ml) propan-2-ol was mixed thoroughly with the supernatant and 
incubated for 10 minutes at room temperature. Contents of the bottle was centrifuged at
5,000 rpm for 15 minutes at room temperature. The supernatant was discarded. The
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pellet was dissolved in 5 ml of TE pH 8.0, transferred to a 15 ml Corex glass tube and 5 
ml of ice cold 5 M LiCl solution was added and mixed well. The solution was 
centrifuged in a Beckman JA-17 centrifuge in a free swinging bucket at 10,000 rpm for 
10 minutes at 4°C. The supernatant was transferred to a fresh 30 ml Corex glass tube 
and an equal volume of propan-2-ol was added, mixed well and then centrifuged at
10,000 rpm for 10 minutes at room temperature. The supernatant was discarded and the 
pellet was washed once in 70% ethanol and left to air-dry. The pellet was dissolved in 
10 ml TE pH 7 and 10 g CsCl was added and dissolved completely by warming the tube 
to 35°C and gently vortexing. 1 ml of 5 mg/ml ethidium bromide solution was added, 
mixed and the nucleic acid solution was kept away from light as much as possible. The 
nucleic acid solution was transferred to a 16 x 76 mm sealable polyallomer tube 
("Quick-Seal", Beckman). The tube was heat-sealed and ultracentrifuged at 47,000 rpm 
for 48 hours at 20°C in a Beckman 70Ti rotor (fixed angle).

After ultracentrifugation, plasmid DNA was visible as 2 discrete bands. The upper band 
was nicked DNA and the lower band was the supercoiled form. Pressure within the 
sealed tube was released carefully by piercing a hypodermic needle at the top end of 
tube. With minimum disturbance to the contents of the tube, a second needle was used 
to puncture the tube just below the lower band and DNA was withdrawn slowly into a 2 
ml syringe. The DNA was transferred into a 15 ml plastic tube and kept away from 
light. Ethidium bromide was extracted by mixing well with an equal volume iso-butyl 
alcohol saturated with 1 M NaCl. Phase separation was by centrifugation at 2,000 rpm 
for 5 minutes at room temperature and the upper phase discarded. The solution was 
repeatedly extracted until the upper phase appeared colourless. The lower aqueous was 
transferred to a 30 ml Corex glass tube with minimum disturbance to the interphase. 2 
volumes (approximately 2 ml) of (IH2O were added and 10 M CH3COONH4 solution 
was added so that the final concentration was 1 M. 3 volumes of ice cold absolute 
ethanol was added and mixed well and incubated at -20°C for 1 hour. Contents of the 
tube was centrifuged at 10,000 rpm for 30 minutes at 4°C in a free swinging bucket 
rotor in Beckman JA-17 centrifuge. The supernatant was discarded and the pellet was 
washed in 70% ethanol and allowed to air dry. The pellet was dissolved in 400 pi TE 
pH 7 and ethanol precipitated twice with NaCl (0.5 M final). Finally, the air dried pellet 
was dissolved in 200 pi dH2 0  and the concentration of DNA determined.

Reverse transcription polymerase chain reaction (RT-PCR)
cDNAs corresponding to the entire cytoplasmic domain of piA  and piB  integrin 
subunits were generated by RT-PCR and had a 5' Xbal site and a 3' BarrHl site for 
cloning. The sequences of primers used are listed in Table 2.6. picomm, 5' primer, 
spanned the start of the cytoplasmic domain and was common to both p i A and piB 
cytoplasmic domains. piA was 3' primer specific for piA  cytoplasmic domain. piB
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was 3' primer specific for piB cytoplasmic domain. piBSS, piBKS, and piBSK were 
3' primers used to generate mutants of the piB cytoplasmic domain SSQSGL, 
KSQSGL and SKQSGL respectively. Primers for human actin were used as positive 
control for RNA.

Table 2.7 Oligoprimers used in RT-PCR

primer sequence
Pi comm 5 - g c g g c t c t a g a a a g c t t t t a a t g a t a a t t c a t g a c a g -3'

plA 5-GGCGCGGATCCTCATTTTCCCTCATACTTCGGATTG-31

piB 5'-GGCGCGGATCCTTATAAGCCACTTTGCTTTTTGGATG-3’

plBSS 5'-g g c g c g g a t c c t t a t a a g c c a c t t t g c g a g c t g g a t g t t t t g -3'

plBKS 5'-g g c g c g g a t c c t t a t a a g c c a c t t t g c t t g c t g g a t g t t t t g -3’

PIBSK 5'-g g c g c g g a t c c t t a t a a g c c a c t t t g c g a t t t g g a t g t t t t g -3'

actin 5' 5'-g t g g g c c g c t c t a g g c a c c a -3’

actin 3' 5'-tg g c c tt a g g g t g c a g g g g g -3'

Total RNA was used as a template to synthesise the first strand cDNA using 3' primers 
specific for the cytoplasmic domain of the p i A and piB integrin subunits. 5 pg total 
RNA was denatured in 10 mM Tris-HCl pH 7.5 at 95°C for 2 minutes and was used in a 
25 pi reaction using the following conditions: 10 mM Tris-HCl pH 8.3, 50 mM KC1,
2.5 mM MgCl2, 0.8 mM each dNTP (dATP, dTTP, dCTP and dGTP), 12.5 pmol 3’ 
primers and 10U of Moloney Murine Leukaemia Virus - Reverse Transcriptase 
(Boehringer Mannheim). Samples were incubated for 1 hour at 42°C. 6 pi of the RT 
reaction mixture was used for each PCR. PCR mixture comprised 10 mM Tris-HCl pH 
8.3, 50 mM KC1, 1.75 mM MgCl2, 0.2 mM each dNTP, 2% formamide, 25 pmol of 
each primer and 2.5 U Taq DNA polymerase (Boehringer Mannheim) in 25 pi final 
volume. The following reaction conditions were used: a "hot" start, samples were 
heated for 5 minutes at 95°C, then 5 minutes at 72°C (during which Taq enzyme was 
added) and followed by 35 cycles of 94°C for 1 minute, 0.5 minute at 65°C and 1 
minute at 72°C. PCR products were mixed with gel loading buffer, electrophoresed in a 
2% agarose/TBE gel with ethidium bromide and examined under UV light. The bands 
were quantified using the ImageStore 5000 System version 7.11 (Ultra-Violet 
Products).

Construction of CD8P1A and CD8P1B expression vector
PCR products were ethanol precipitated with NaCl. The pellet was resuspended in 
water and incubated with Xbal and BaniHl (New England Biolabs) in the digestion
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buffer supplied for BamHI. Digested products were purified by gel electrophoresis 
followed by electroelution. The expression vector used was pCMU IV, a generous gift 
from Dr T. Nilsson (Nilsson et al. , 1989). pCMU IV was digested with Xbal and 
BarriHl and phenol/chloroform extracted and ligated to the PCR fragments. PCR 
fragments were present in 3:1 molar ratio to the cut vector. The ligation was under the 
following conditions: 20 pi final volume, 1U ligase (Boehringer Mannheim) was used 
in supplied reaction buffer that contained 10 mM ATP and incubated overnight at 16°C. 
Ligation reactions were used to transform competent bacteria. Sequences of the p i A 
and piB cytoplasmic domains were confirmed by sequencing directly from pCMU IV 
vector (see below). The final construct encoded the complete extracellular domain and 
transmembrane region of CD8 and the first 5 amino acids of the cytoplasmic domain of 
the E3/19K adenoviral protein, KYKSR, followed by the complete cytoplasmic domain 
of the pi A or piB integrin subunit (Figure 2.1).

Construction of mutants of CDS P IB
Mutants of the piB cytoplasmic domain SSQSGL, KSQSGL and SKQSGL were 
generated by PCR using CD8plB (1 ng) as template. Conditions for PCR and cloning 
of PCR fragments into pCMU IV were as described for CD8plB. Mutations in the 
cytoplasmic domain of piB were confirmed by sequencing directly from pCMU IV 
vector.

Double stranded DNA sequencing
This was performed using the Sequenase version 2.0 DNA sequencing kit (US 
Biochemical Corp, 70770) according to the manufacturer's instructions. The specific 
sequencing primer used was 5'-GAAAGAACAATCAAGGGTCC-3' (Nilsson et al.„ 1989) 
and was complementary to sequences downstream of the BamHI cloning site in pCMU 
IV.

RNA Techniques

Methods and solutions prepared were according to Sambrook et al., (Sambrook et al.„ 
1989) unless otherwise stated. Reagents used were of molecular biology grade.

Buffers 

Guanidinium isothiocyanate (GIT) homogenisation buffer
This contained 4 M GIT, 0.1 M Tris-HCl pH 7.5 and 1% P-mercaptoethanol. 50 g GIT 
was dissolved in 10 ml 1 M Tris-HCl pH 7.5 and 89 ml (IH2O. The solution was filtered
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through Whatman No. 1 paper. 1 ml P-mercaptoethanol was added. Aliquots of the 
solution were stored at -20°C until use.

Phenol/chloroform extraction
1 volume of phenol/chloroform/isoamyl alcohol (25:24:1 by volume, Amresco) was 
mixed with 1 volume of DNA solution, vortexed thoroughly and centrifuged at 14,000 
rpm for 5 minutes at room temperature. As much of the upper aqueous phase (RNA) 
was removed without disturbing the interphase.

Sodium phosphate buffer
The stock solutions of this buffer were 0.2 M Na2HPC>4 and 0.2 M NaH2P0 4 . For 
buffer at pH 7.2, 36 ml Na2HPC>4 and 14 ml NaH2PC>4 were mixed together (Dawson 
et al., 1987).

Formaldehyde (RNA) gel buffer (lOx)
lOx formaldehyde gel running buffer comprised 0.2 M MOPS (3-[N- 
Morpholino]propane-sulfonic acid, Sigma), 10 mM EDTA and 80 mM sodium acetate.

Formaldehyde RNA gel sample buffer
RNA, up to 20 pg, was resuspended in 4 pi DEPC water and added to 14.5 pi cocktail 
A which consisted of a mixture of 1 ml of deionised formamide, 100 pi lOx 
formaldehyde gel running buffer and 350 pi 12.3 M formaldehyde. The sample was 
heated at 65°C for 15 minutes and then chilled on ice, and centrifuged briefly and 2 pi 
of cocktail B which comprised 50% glycerol, 1 mM EDTA, 0.25% EDTA, and 1 pg 
ethidium bromide were added. The sample was then loaded on a formaldehyde gel.

Formaldehyde RNA gel
1.8 g agarose was melted in 108 ml CIH2O and cooled to 60°C and was then added to 15 
ml of lOx formaldehyde gel running buffer and 27 ml stock formaldehyde solution 
(37%, BDH). The solutions were mixed and then poured into a gel casting tray. The gel 
casting tray and apparatus were treated with 3% hydrogen peroxide solution prior use. 
The final composition of the gel was 1.2% agarose gel in 2.2 M formaldehyde, lx 
formaldehyde gel running buffer.

Northern blot hybridisation solution
This comprised 0.2 M sodium phosphate buffer pH 7.2, 1 mM EDTA, 1% (w/v) bovine 
serum albumin, 7% (w/v) SDS, 45% (v/v) formamide .
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Northern blot wash buffer
This comprised 40 mM sodium phosphate buffer pH 7.2, 1 mM EDTA, and 1% (w/v) 
SDS.

Northern blot transfer buffer
This was 20x SSC (ICRF) and comprised 3 M NaCl and 0.3 M tri-sodium citrate pH 
7.0.

DEPC water
Diethyl pyrocarbonate (DEPC) (Sigma) was added to dH2 0  to a final concentration of 
0.1% and left overnight in a 37°C water bath. The treated water was then autoclaved.

Isolation of RNA from cells
This method was used to isolate RNA from HeLa cells and keratinocytes. Media from 
tissue culture flasks were discarded and the cells were rinsed thrice in PBS at 4°C. Cells 
were lysed on ice in 8 ml of GIT homogenisation buffer for 30 minutes. The 
homogenate was carefully layered on 4 ml 5.7 M CsCl, 10 mM EDTA pH 7.5 solution 
in a Beckman SW40 polyallomer tube. The homogenate was centrifuged at 32,000 rpm 
for 21 hours at 20°C in a Beckman L8-70M ultracentrifuge. RNA was present as a 
pellet at the bottom of the tubes. The supernatant was carefully removed by aspiration. 
The tube was cut, leaving the round bottom. The pellet was washed with 70% ethanol at 
room temperature and left to air dry. The pellet was then dissolved in 250 |il TE pH 7.6 
containing 0.1% SDS, transferred to an Eppendorf tube, and ethanol precipitated thrice 
using sodium acetate. The concentration and purity of RNA was determined by 
absorbance at 260 nm and 280 nm. The concentration of the sample was adjusted to 1 
mg/ml, aliquoted and stored at -70°C.

Ethanol precipitation of RNA
Sodium acetate pH 5.2 was added (final concentration of 0.3 M) to the RNA solution 
and mixed. 2 volumes of ice cold absolute ethanol was added, mixed thoroughly and 
left at -20°C to precipitate for at least 30 minutes. RNA was pelleted by centrifugation 
at 14,000 rpm for 10 minutes at 4°C. The supernatant was carefully decanted and the 
last traces removed by pipetting. The pellet was washed with 70% ethanol and air dried.

RNA gel electrophoresis
The 1.2% agarose formaldehyde gel was electrophoresed in lx formaldehyde gel 
running buffer for 4 hours at 100 V at room temperature. After electrophoresis, the gel 
was photographed.
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Northern blotting
After electrophoresis, RNA was transferred from the gel to Hybond-N (Amersham) 
membrane by capillary action using 20x SSC as the transfer buffer. The transfer was 
completed overnight at room temperature. The membrane was then rinsed in PBS baked 
for 1 hour at 80°C and stored in Saran wrap at room temperature until required for 
hybridisation.

Oligo-probes and end-labelling
The oligo-probe for the P1A integrin cytoplasmic domain was 5'-

CATTTTCCCTCATACTTCGGATTGACCACAGTTGTTACGGCACTCTTATAAATAGGATTT 
TCACC-3', complementary to the piA  subunit-specific sequences. The oligo-probe for 
the piB integrin cytoplasmic domain was 5'-GTCTTAGGAGTATTACATTTACT 

TTATAAGCCACTTTGCTTTTTGGATGTTTTGTAACTTACCGTGTCCC-3', consisting of 44 
bp of the coding region and 26 bp of the 3' untranslated region. 2 pg of oligo in 4.5 pi 
CIH2O was warmed at 65°C for 5 min. In the following order were added 1 pi lOx T4 
polynucleotide kinase buffer (New England Biolabs), 1 pi T4 polynucleotide kinase,
2.5 pi [y32P]-dATP (2 pCi/pl, 800 Ci/mmol, Amersham), and then incubated at 37°C 
for 40 minutes. Labelled probes from un-incorporated [y32P]-dATP was separated using 
Sephadex G50 DNA grade 'Nick' columns (Pharmacia) according to the manufacturer's 
instructions.

Northern hybridisation and washing
Hybridisation was carried out following the method of Church and Gilbert (Church and 
Gilbert, 1984). To prevent the non-specific binding of probe to RNA the blot was 
incubated in 7.5 ml of Northern blot hybridisation solution in a Techne Hybridiser HB- 
1 for 1 hour at 42°C. The labelled probe was heated for 3 minutes at 95°C and then 
added at 2xl06 cpm/ml probe to the membrane in 12.5 ml of Northern blot 
hybridisation solution and incubated in the hybridisation oven overnight at 42°C. The 
hybridisation solution was discarded and the membrane was washed once in Northern 
blot wash buffer for 30 minutes at 42°C. This was followed by 2 washes for 15 minutes 
at 65°C. The membrane was monitored with a Geiger counter to check that where no 
RNA was present, there were low background counts. Membranes were wrapped in 
Saran wrap and exposed to film for autoradiography.

Construction of ribo-probes for RNase Protection Assay
The entire sequence corresponding to the cytoplasmic domain of the pi A and piB 
integrin subunits were digested from the previously constructed pCMU IV constructs 
and cloned in to the pGEM-3 vector as Xbal and BamHl fragments (Figure 2.2). The 
constructs were digested with Sphl overnight at 37°C, electrophoresed on 1%
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agarose/TBE gel, the linearised vector band was cut out using a scalpel, extracted and 
purified from the gel using the Geneclean kit II (Bio 101) according to manufacturer's 
instructions and dissolved in (IH2O to 1 mg/ml.

Synthesis of RNA probes
RNA probes were synthesised according the method of Dr Francisco Cruzalegui of the 
Transcription Laboratory, ICRF, based on the methods described by Zinn et al., 1983 
and Melton et al., 1984. The probes were transcribed under the T7 RNA polymerase 
promoter. A 12 pi final volume 'mix-1' was prepared as follows: 3 pi lOx T7 
polymerase buffer which comprised 400 mM Tris-HCl pH 7.5, 60 mM MgCl2 and 20 
mM Spermidine, 1.5 pi each of 10 mM ATP, 10 mM GTP and 10 mM CTP, 1.5 pi 0.5 
mM UTP, 1.5 pi RNAsin (Gibco BRL) and 1.5 pi 0.2 M DTT. In an Eppendorf tube, 
1.75 pi of 'mix', 0.5 pi 1 mg/ml DNA template, 0.5 pi (10U) T7 RNA polymerase 
(Pharmacia, 27-0805) and 2.5 pi [a 32P]-UTP (10 pCi/pl, 600 Ci/mmol, Amersham) 
were added together and incubated for 1 hour at 40°C. The DNA template was then 
digested by adding the following to tube, 90 pi 50 mM Tris-HCl pH 7.5 in 1 mM 
EDTA, 0.5 pi RNAsin, 1.25 pi 'mix-2' which comprised 10 pi 1 M MgCh, 5 pi 1 M 
CaCl2 and 10 pi 200 mM DTT, and 0.75 pi DNase I (Worthington) and then incubated 
for 30 minutes at 37°C. The DNase I digestion was stopped by adding 4 pi 0.5 M 
EDTA and 10 pg tRNA was added as a carrier. The solution was phenol extracted and 
20 pi 5 M CH3COONH4 and 900 pi absolute ethanol were added and the RNA was 
precipitated on dry ice for 30 minutes and centrifuged at 14,000 rpm for 10 minutes at 
4°C. The pellet was washed once with 80% ethanol and left to air dry before dissolving 
the pellet in 100 pi of lx formamide hybridisation buffer, lx hybridisation buffer was 
diluted from a 5x stock which comprised 400 mM NaCl, 40 mM PIPES (Piperazine- 
N,N'-bis[2-ethanesulfonic acid], sodium salt) buffer pH 4.6 and 1 mM EDTA by the 
addition of 80% (v/v) formamide. 1 pi of RNA probe was electrophoresed on a 
formaldehyde gel to check that the probe was not degraded and 1 pi of RNA probe was 
mixed scintillation fluid and counted on a Beckman LS-6500 scintillation counter. An 
aliquot of the probe was diluted to 2 x 105 cpm/ml and added to the RNA samples while 
the rest of the probe was stored at -20°C. Synthesised RNA probes were used on the 
same day for hybridisation with samples. Full length probes for the piA  and piB 
mRNAs are 189 bp and 162 bp respectively. The predicted fragments protected by the 
Pi A probe after RNase digestion would be 144 bp from p i A mRNA, and 78 bp from 
PIB mRNA (due to sequences common to both subunits). The predicted fragments 
protected by the piB probe after RNase digestion would be 117 bp from piB mRNA, 
and 78 bp from pi A mRNA (due to sequences common to both subunits).
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Ribonuclease Protection Assay
This was carried out using the Ribonuclease Protection Assay kit II (Amion, 1410). 
Hybridisation conditions and RNase digestion were according to manufacturer's 
instructions.

List of suppliers and distributors

Aldrich Chemical Company Ltd. Dorset, UK.
Amresco, Solon, Ohio, USA.
Amersham International, Amersham, Buckinghamshire, UK.
Amion, AMS Biotechnology, Witney, Oxon, UK.
Austral Biologicals, San Ramon, California, USA.
BDH Laboratory Supplies Inc., Hemel Hempstead, Hertfordshire, UK.
Beckman Instruments, Palo Alto, California, USA.
Bio 101 Inc. La Jolla, California, USA
Bio-Rad Laboratories Inc. Hemel Hempstead, Hertfordshire, UK.
Boehringer Mannheim UK Ltd. Lewes, East Sussex, UK.
Calbiochem - Novabiochem (UK) Ltd. Nottingham, UK.
Carl Zeiss Ltd. Welwyn Garden City, Hertfordshire, UK.
Developmental Studies Hybridoma Bank, University of Iowa, Iowa, USA.
Eastman Kodak Co. is distributed by Sigma Chemical Co.
Gibco BRL/Life Technologies Ltd. Paisley, Renfrewshire, UK 
Hydro Medical Sciences Division, Brunswick, New Jersey, USA.
ICN Pharmaceuticals Ltd. Thame, Oxon, UK.
Imperial Laboratories (Europe) Ltd. Andover, Hampshire, UK. 
intraMARK is distributed by Marathon Laboratories Supplies, London, UK.
Jackson Immunoresearch Laboratories, distributor Stratech, Luton Bedfordshire, UK 
Janssen Biochimica, Geel, Belgium.
Jencons, Leighton Buzzard, UK.
Monsanto Indian Orchard Plant. Springfield, Massachusetts, USA.
Millipore, Harrow, Middlesex, UK
New England Biolabs, (UK) Ltd, Hitchin, Hertfordshire, UK.
Pharmacia Biotech AB, Uppsala, Sweden 
Pierce, Rockford, Illinois, USA.
RND Systems, Abingdon, Oxford, UK.
Scotlab, Coatbridge, Strathclyde, Scotland, UK.
Sigma Chemical Co., Poole, Dorset, UK.
Ultra-Violet Products Ltd, Cambridge, UK.
US Bichemical Corp. Cleveland Ohio, USA.
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Whatman International Ltd. Maidstone, Kent, UK 
Worthington Biochemical Corp. Freehold, New Jersey, USA.

Dr P. C. L. Beverley, The Jenner Institute, Compton, Berkshire, UK.
Dr M. B. Brenner, Brigham and Women's Hospital, Boston, Massachusetts, USA. 
Dr J. -J. Cassiman, University of Leuven, Leuven, Belgium.
Dr S. Fuller, EMBL, Heidelberg, Germany.
Dr S. Goodman, E. Merck, Darmstadt, Germany.
Dr T. Nilsson, EMBL, Heidelberg, Germany.
Dr G. Tarone, University of Torino, Torino, Italy.
Dr K. Yamada, National Institute of Dental Research, Bethesda, Maryland, USA. 
Dr R. Zamoyska, National Institute for Medical Research, Mill Hill, London, UK.
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Figure 2.1 Cloning of CD8|31A and CD8|31B 
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Figure 2.2 Construction of probes for 
ribonuclease protection assay
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S t u d i e s  w i t h  c h i m e r a s  o f  C D 8  a n d  t h e  
b I A  a n d  b I B  i n t e g r i n  c y t o p l a s m i c

D O M A I N S

Overview

The piB splice variant of the |3l integrin subunit was reported to be expressed in 
human skin (Altruda et al., 1990). I wanted to determine whether the piB integrin was 
specifically expressed by epidermal keratinocytes, and if so, what its role might be. 
Within the unique region of the piB integrin cytoplasmic domain, there are two lysine 
(K) residues at the -5 and -6 positions from the carboxy terminus (Figure 3.1). This 
resembles the double lysine motif for endoplasmic reticulum (ER) retention/retrieval, 
although the consensus sequence is K at -3 and at either -4 or -5 positions from the 
carboxy terminus (Nilsson et al., 1989; Jackson et al., 1993). I tested if the piB integrin 
subunit could be retained in the ER and if the lysine residues near the carboxy terminus 
were responsible. In addition, I screened for rabbit polyclonal and mouse monoclonal 
antibodies that specifically recognise the piB integrin subunit.

Results

Expression of piB integrin in human epidermal keratinocytes

RT-PCR was used to detect the presence of piB mRNA from total RNA prepared from 
human epidermal keratinocytes. Specific 3' oligonucleotides from the carboxy termini 
of the pi A and the piB integrin cytoplasmic domains were used to prime the first 
strand cDNA synthesis. The 5' primers used for amplifying the piA  and the piB 
integrin products were identical and spanned the region of the cytoplasmic domain 
proximal to the transmembrane region that was common to both subunits. As a positive 
control, an RT-PCR reaction was set up with primers specific for human actin. As a 
control for DNA contamination in the RNA preparation, an RT-PCR reaction was set 
up with primers for human actin but reverse transcriptase enzyme was omitted at the 
first strand synthesis step. Another negative control (not shown) was to set up an RT- 
PCR reaction using the piB integrin specific primers and RNA from human dermal 
fibroblasts which was reported not to express the piB integrin (Balzac et al., 1993). 
The predicted sizes of the amplified products from actin, the piA  and (3IB integrin 
subunits were obtained and were 270 bp, 159 bp and 128 bp respectively (Figure 3.2).
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Cloning of (31A and (3 IB integrin cytoplasmic domains in CD8 expression cassette

In order to test if the (31B integrin cytoplasmic domain contained an ER 
retention/retrieval signal, the (3 IB integrin cytoplasmic domain was cloned into a 
human CD8 cassette in the pCMU IV expression vector (Nilsson et al„  1989). When 
transfected into HeLa cells, the expressed protein contained CD8 extracellular and 
transmembrane domains and the entire |31B integrin cytoplasmic domain. As a control, 
the p i A integrin cytoplasmic domain was also cloned into the CD8 cassette in pCMU 
IV expression vector. DNA fragments comprising the entire cytoplasmic domain of 
plA and piB integrin subunits flanked by restriction enzyme sites required for cloning 
were generated by PCR. The fidelity of DNA fragments was then checked by 
sequencing directly from the vector after cloning (not shown). The expressed CD8 

chimeric proteins containing the piA and piB integrin cytoplasmic domains are named 
CD8plA and CD8 plB respectively.

Expression of CD8P1A and CD8plB chimeras in HeLa cells

In order to analyse the cellular distribution of CD8plA and CD8P1B, HeLa cells were 
co-transfected using calcium phosphate co-precipitation method with the CD8plA and 
CD8plB constructs and a vector encoding the puromycin resistance gene (pBabe puro). 
By selecting for puromycin resistance and for expression of CD8 by 
immunofluorescence staining (non-permeabilised cells), 2 clones of CD8P1A and 13 
clones CD8 plB transfectants were established. As controls, HeLa cells were also 
transfected with constructs for wild type CD8 and CD8E19, and pBabe puro. CD8 is a 
cell surface protein expressed on subsets of T lymphocytes (Reinherz and Schlossman, 
1980). CD8E19 is a chimeric protein comprising CD8 extracellular and transmembrane 
domains and the entire cytoplasmic domain of the E3/19K adenoviral protein which 
contained the double lysine motif for ER retention/retrieval (Nilsson et al„ 1989). 2 
clones of CD8 (non-permeabilised cells) and 3 clones of CD8E19 (permeabilised cells) 
transfectants were established by puromycin resistance and expression of CD8 .

The stable transfectants were permeabilised and then stained with an anti-CD8 

antibody, UCHT4 (Figure 3.3A). CD8|31A was detected diffusely in the cytoplasm with 
a punctate (vesicular) pattern. The cellular distribution of CD8|3lB was reticular and 
predominantly perinuclear. Wild type CD8 was detected in vesicles and throughout the 
cytoplasm, with brighter staining at the edges of the cell that was typical of cell surface- 
expressed molecules (Nilsson et al.„ 1989). CD8E19 is a control for ER staining, with a 
strong perinuclear and reticular cytoplasmic distribution (Nilsson et al.„ 1989). Figure 
3.3B shows the staining pattern when the stable transfectants were stained with UCHT4
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without prior permeabilisation. CD8P1A, CD8P1B and CD8 , but not CD8E19, were 
expressed at the cell surface.

Surface expression of CD8P1A, CD8P1B and CD8 , but not CD8E19 was also 
demonstrated by biotinylation of live transfectants followed by immunoprecipitation 
with anti-CD8 antibody, UCHT4. Immunoprecipitated proteins were transferred onto 
PVDF membrane and probed with HRP-conjugated streptavidin (Figure 3.4A). 
CD8plA  migrated with an apparent molecular weight of approximately 34 kD. 
CD8plB was slightly smaller in size compared with CD8P1A, which may be explained 
by its shorter cytoplasmic tail (38 compared with 47 for CD8P1A). Wild type CD8 

exhibited an apparent molecular weight of approximately 32 kD, as previously reported 
(Nilsson et al.„ 1989). CD8E19, whose apparent molecular weight was approximately 
27 kD (Nilsson et al.„ 1989) (see also Figure 3.6), was not labelled by biotin. Surface 
expression of CD8plA, CD8P1B and CD8 was also confirmed by live staining of the 
transfectants with UCHT4 directly conjugated to fluorescein and analysed by flow 
cytometry (Figure 3.4B).

When permeabilised cells were doubled labelled with anti-vinculin and anti-CD8 

antibodies, CD8P1A co-localised with vinculin in focal contacts but CD8 plB did not 
(Figure 3.5). These results are consistent with the localisation of the piB integrin 
subunit transfected in CHO cells (Balzac et al.„ 1993) and also with earlier reports that 
the p i A integrin cytoplasmic domain is sufficient for localisation to focal contacts, 
whereas the piB integrin cytoplasmic domain is not (see Chapter 1).

Delayed maturation of CD8P1B

Results from the immunofluorescence microscopy, biotinylation and flow cytometry 
studies suggested that although CD8P1B could reach the cell surface, its maturation 
might be less efficient than that of CD8P1A. To examine the maturation of these CD8 

chimeric proteins, stable transfectants of CD8P1A and CD8P1B were pulse-labelled 
and lysates were immunoprecipitated with an anti-CD8 antibody (Figure 3.6). As 
controls, stable transfectants of CD8 and CD8E19 were examined first (Figure 3.6A). 
Immunoprecipitation after a 20-minute label with [35S]-cysteine and -methionine (chase 
time = 0) revealed a doublet of -30 kD corresponding to the immature non-glycosylated 
forms of CD8 , and a single band of -27 kD corresponding to the immature under
glycosylated form of CD8E19. By 2 hours (chase time = 2), CD8 had been completely 
processed to the mature, fully glycosylated form that migrated at -32 kD, consistent 
with Nilsson et al., 1989. In contrast, maturation of CD8E19 did not occur, even after a 
chase period of 4 hours (Nilsson et al.„ 1989).
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When CD8P1A and CD8P1B were examined at chase time = 0, a single band of -30 kD 
corresponding to the immature non-glycosylated forms of the chimeric proteins was 
observed. After a chase period of 2 hours, in addition to the immature form, a band -34 
kD corresponding to the mature fully-glycosylated forms appeared in both CD8P1A 
and CD8plB immunoprecipitates. The ratio of immature to mature forms of the 
CD8P1B was 10:1 whereas that of CD8P1A was 1:1, as estimated using NIH image 
analysis programme. After a chase period of 4 hours, the immature form of CD8P1B 
still predominated (ratio of immature to mature forms was 10:2), whereas the majority 
of CD8P1A had been processed to the mature form (ratio of immature to mature forms 
was 1:4) and this was maintained for up to 8 hours. The immature and mature forms of 
CD8P1B existed in approximately equal proportions after 6 hours, in contrast with 
CD8P1A where equal proportions of the immature and mature forms appeared after 
chase period of 2 hours. After an overnight incubation, very little of labelled CD8plA 
or CD8P1B remained.

Partial colocalisation of CD8P1B with calnexin

CD8piB-expressing HeLa cells were stained for CD8 (green fluorescence) and for 
calnexin (red fluorescence) an ER-resident protein (Hochstenbach et al., 1992), and 
were examined by confocal immunofluorescence microscopy (Figure 3.7A and 3.7B). 
There was partial colocalisation of CD8plB with calnexin. This confirmed that the 
perinuclear staining shown in Figure 3.3A and reflected accumulation of CD8P1B 
within the ER.

Mutation of lysine residues, -5 and -6, from the carboxy terminus of CD8P1B

To test if the lysine residues, -5 and -6 , from the carboxy terminus of CD8P1B were 
responsible for the partial retention within the ER compartment, the lysine (K) residues 
were substituted with serine (S) residues (Figure 3.8A). Substitution with a serine 
residue introduces a change in charge from positive to neutral but still maintains the 
solubility of the expressed protein (Nilsson et al.„ 1989). The mutant CD8plB 
constructs, &SQSGL, SKQSGL, and S5QSGL, were used to transiently transfect HeLa 
cells. Transfected cells were permeabilised and stained with an anti-CD8 antibody, 
UCHT4 (Figure 3.8B). Mutating one lysine residue at the -5 or at the -6 position did not 
change the intracellular location of CD8 which remained was reticular and 
predominantly perinuclear (compare with Figure 3.3A). In contrast, when both lysine 
residues were mutated, the perinuclear and reticular staining was less intense but 
staining of vesicles, the edges of the cell and lamellaepodia were observed.
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The effect of mutating the lysine residues on the maturation of CD8P1B was also 
examined by pulse labelling HeLa cells that were transiently transfected with mutant 
CD8P1B constructs, ASQSGL, SKQSGL, and SSQSGL, as well wild type CD8P1B. 
Lysates were prepared at chase time = 0 and after a chase time of 2 hours. Anti-CD8 
immunoprecipitates revealed after a chase period of 2 hours, the majority of wild type 
CD8P1B existed in the immature form, confirming the result shown in Figure 3.6. This 
was also observed for the mutants KSQSGL, SKQSGL where only one of the lysine 
residues was mutated. In contrast, after a chase period of 2 hours, the mutant SSQSGL 
with both lysine residues mutated existed in approximately equal proportions of the 
immature and the mature forms. The rate of maturation of the mutant SSQSGL was 
comparable to that of CD8P1A (compare with Figure 3.6). These experiments showed 
that the double lysine motif in piB was responsible for the delay in piB maturation 
relative to piA.

Antibodies specific for the piB integrin subunit

Peptides from the piB integrin cytoplasmic domain were used to immunise mice and 
rabbits in order to generate antibodies. WJK16 mouse monoclonal antibody was raised 
against the peptide RREFAKFEKEKMNAKWDTVSYKTSKKQSGL, corresponding to the 
last 30 amino acid residues of the piB integrin cytoplasmic domain. The primary screen 
for clones producing anti-plB antibodies was to test the ability of supernatants to bind 
to the immunogenic peptide immobilised on plastic in an ELISA. 31 initial positives 
were identified. Of the 31 clones, only WJK16 was positive in both 
immunofluorescence staining of stable transfectants of CD8P1B (Figure 3.9 a, b) and 
not CD8P1A HeLa cells (Figure 3.9 c) as well as by Western blotting of CD8P1B 
lysates. Protein lysates from CD8plB and CD8P1A HeLa cells were 
immunoprecipitated with an anti-CD8 antibody. Immunoprecipitated proteins were 
transferred onto a membrane which was probed with mouse monoclonal supernatant, 
WJK16, and a negative clone supernatant (Figure 3.10A). WJK16 recognised a single 
band of the predicted mobility for CD8P1B.

In addition to WJK16, rabbit antibodies to the PiB integrin cytoplasmic domain were 
prepared. WJK3 rabbit polyclonal serum was raised against the peptide 
DTVSYKTSKKQSGL that was coupled to the carrier protein via a cysteine residue at the 
amino terminus. WJK3 stained stable transfectants of CD8P1B (Figure 3.9 a, b) but not 
CD8P1A HeLa cells (Figure 3.9 c) and was specific for the CD8P1B lysates in the 
Western blotting assay (Figure 3.10B). DH3 rabbit polyclonal serum, raised against the 
peptide KMNAKWDTVSYKTSKKQSGL, stained stable transfectants of CD8P1B (Figure
3.9 a, b) but not CD8P1A HeLa cells (Figure 3.9 c). However, DH3 polyclonal serum
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did not work in the Western blot assay, presumably, because it only recognised a native 
conformation of the carboxy terminus of piB cytoplasmic domain.

Stably transfected CD8P1B and CD8P1A or parental HeLa cells were permeabilised 
with 3% saponin, stained with WJK16, WJK3, DH3 and with an anti-CD8 antibody, 
UCHT4. The stained cells were fixed and analysed by flow cytometry (Figure 3.11). As 
expected, UCHT4 stained HeLa cells transfected with CD8P1B and CD8plA but not 
parental HeLa cells. WJK16 produced the greatest difference in modal fluorescence 
intensity between CD8P1B and CD8P1A transfected HeLa cells whereas WJK3 and 
DH3 had a more modest difference. This may be due to the fact that WJK16 is a 
monoclonal antibody and that WJK3 and DH3 are polyclonal antibodies.

Conclusions

I have shown that the piB integrin subunit mRNA is expressed by human epidermal 
keratinocytes. By using specific primers to piB, based on sequence data from Altruda 
et al., 1990, a specific product of the predicted size was amplified by RT-PCR from 
total RNA extracted from cultured human keratinocytes. Included in the RT-PCR 
experiment were a control for genomic DNA contamination where the reverse 
transcriptase enzyme was omitted, and a negative control using total RNA extracted 
from human dermal fibroblasts that were reported not to express the piB  integrin 
(Balzac et al„  1993). Subsequently, I cloned the piB integrin RT-PCR product into an 
expression cassette, pCMU IV, and confirmed the cloned insert to be the cytoplasmic 
domain of the P IB integrin subunit by sequencing.

A chimeric protein was constructed and contained CD8 extracellular and 
transmembrane domains, in combination with either the piA  or the piB integrin 
cytoplasmic domains. When transfected into HeLa cells, both CD8P1A and CD8plB 
chimeras were expressed on the cell surface. CD8plB on the cell surface failed to enter 
into focal contacts whereas CD8P1A was localised to focal contacts. This was as 
predicted since the piB  integrin lacks the sequences required for focal contact 
localisation (Reszka et a l , 1992) and is consistent with results obtained when the piB 
integrin subunit was transfected in CHO cells (Balzac et al.„ 1993). The intracellular 
distribution of CD8P1B was reticular and predominantly perinuclear, and colocalised 
with ER-resident proteins calnexin and protein disulphide isomerase (Hochstenbach et 
al„ 1992; Huovila et al, 1992). Tarone and co-workers had also made the observation 
that transfected human piB integrin subunit in CHO cells produced a perinuclear 
staining pattern but had speculated that it was due to probably accumulation in the 
Golgi apparatus (Balzac et al.„ 1993).
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Pulse-chase experiments demonstrated that the maturation of CD8plB was delayed 
when compared to that of CD8plA. Two lysine residues at the -5 and the -6 positions 
from the carboxy terminal of the piB subunit were involved in the retention of 
CD8P1B in the ER. When both lysine residues were mutated, CD8P1B became less 
concentrated at perinuclear region and stained in vesicles as well the cell edges and 
lamellaepodia, and pulse chase experiment revealed that its rate of maturation was 
comparable to that of CD8P1A. Although the lysine residues in the piB cytoplasmic 
domain did not conform to the di-lysine ER retention/retrieval motif (Nilsson et al.„ 
1989; Jackson et al., 1990; Jackson et al.„ 1993), they nevertheless contributed to the 
delayed maturation of CD8P1B.

The ability of the di-lysine motif to function as an efficient retrieval signal depends on 
its environment. Parameters of its environment include the structure and length of the 
cytoplasmic domain, its proximity to the membrane (Vincent et al., 1998) and steric 
interactions with other proteins. Lysine residues (-3 and -4 from the carboxy terminus) 
were introduced in poly-serine or -alanine background could function in ER targeting, 
but failed to do so in poly-glycine or -proline background. However, a functional ER 
targeting motif could be achieved in a poly-glycine background if 2 serine residues 
were positioned around the lysine residues in any combination. Whether the sequence 
context is important for exposure of the lysine residues or for achieving a specific three- 
dimensional structure is unknown (Teasdale and Jackson, 1996). An example of steric 
masking of the di-lysine motif is the high affinity IgE receptor a  chain which is found 
in protein complexes located at the cell surface. The di-lysine motif of IgE receptor a 
chain when linked to a reporter molecule (interleukin-2 receptor a  chain) that normally 
located on the cell surface caused its ER localisation (Letourneur et al., 1995). 
However, the di-lysine motif was sterically masked by the y chain of the receptor that 
resulted in a non-functional di-lysine motif which ensured that only correctly assembled 
receptors could exit the ER (Letourneur et al.„ 1995).

The di-lysine motif when expressed in reporter molecules resulted in ER localisation by 
also acquisition of Golgi-specific post-translational modifications (Jackson et al.„
1993), indicating it was a retrieval signal. Retrograde transport or the selective retrieval 
by vesicles helps maintain a functional ER by returning proteins that have left the 
compartment as residency is not permanent (Rothman and Wieland, 1996). The ER 
while allowing selective transit of newly synthesised secretory and plasma membrane 
proteins must maintain its repertoire of resident proteins that defines its structural and 
functional properties, such as enzymes involved in post-translational modifications such 
as protein folding, glycosylation, sulphation and phosphorylation (Nilsson and Warren,
1994).

92



C h a p t e r  3
Two lines of evidence showed that the di-lysine motif interacted with the components 
of the coat protein (COP) (protein complexes that are required for protein trafficking 
within the early secretory pathway), COPI, and were responsible for retrieval to the ER 
from post-ER compartments (Bednarek et a l, 1996). Firstly, the component of COPI 
known as coatomer bound the di-lysine motif and related peptides in vitro, but not 
mutated sequences that were inactive as retrieval signals (Cosson and Letourneur,
1994). Secondly, a yeast mutant that failed to retain a reporter molecule with the di
lysine motif was shown to have mutations in genes encoding components of coatomer, 
a-COP (retl) and y-COP (sec21) (Letourneur et al., 1994). In addition, an existing 
mutant of coatomer (p'-COP mutant (sec27)) had a similar phenotype and its coatomers, 
as well as coatomers of the a-COP mutant, had failed to bind the di-lysine motif in vitro 
(Letourneur et al.„ 1994). Another sequence that is important for retrograde transport is 
the tetrapeptide lysine-aspartic acid-glutamic acid-lysine, or KDEL sequence (Munro 
and Pelham, 1987; Pelham, 1989). In contrast to the di-lysine motif, the retrieval of 
KDEL-containing proteins is receptor-mediated and the KDEL receptor has been 
cloned and identified (Lewis et al., 1990; Lewis and Pelham, 1990). Binding to the 
KDEL-containing protein occurred in a pH-dependent manner (Wilson et al., 1993) and 
induced receptor oligomerisation. Oligomerised KDEL receptors were recycled to the 
ER where the protein would be discharged and the monomeric receptor would return to 
the Golgi (Townsley et al, 1993).

Whether the di-lysine motif in CD8P1B is associated with COPI-coated vesicles, or 
whether it is recognised as a mis-folded protein and retained by a different mechanism 
(Helenius et al., 1992) remains to be investigated. In favour of the idea that it acts as a 
specific signal, both lysine residues were required for the reduced maturation of 
CD8plB and both lysine residues are required for ER retrieval of proteins bearing the 
di-lysine motif (Jackson et al.„ 1990). Another question raised is what effect the di
lysine motif would have on the maturation of p IB integrin heterodimers compared with 
that of p i A integrin heterodimers. The proximity of the cytoplasmic domain of an a  
integrin subunit could possibly introduce steric effects. To examine this, heterodimers 
of human CD8a containing the cytoplasmic domain of piB (i.e. CD8P1B) and mouse 
CD8P containing the cytoplasmic domain of a  integrin subunit could generated in order 
to examine CD8P1B expression in the presence of an a  integrin cytoplasmic domain. 
Cross-species dimerisation of human CD8a and mouse CD8P was thought to be 
possible (Dr R. Zamoyska personal communication) and would also allow the use of 
species-specific antibodies in expression studies. As a pilot experiment and a control, 
mouse CD8P (in pBluescript, a gift from Dr R. Zamoyska) was cloned into pCMU IV 
expression vector and was transiently transfected in HeLa cells and in HeLa cells that 
were stably expressing human CD8a. The transfected cells were permeabilised and 
stained with anti-mouse CD8P antibody and anti-human CD8a antibody, UCHT4 (not
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shown). Human CD8a was expressed on the cell surface (as described earlier) but the 
distribution of mouse CD8(3 was entirely intracellular. Colocalisation of human CD8a 
and mouse CD8P was not observed, presumably because dimerisation did not occur. 
Hence, I did not purse this line of investigation any further in HeLa cells but decided to 
concentrate on generating antibodies that specifically recognised the piB integrin 
cytoplasmic domain.

Using synthetic peptides based on the piB integrin cytoplasmic domain, I have 
prepared rabbit polyclonal serum WJK3 and DH3, and a mouse monoclonal antibody 
WJK16 and have demonstrated that they specifically recognised the piB integrin 
cytoplasmic domain. Using these reagents, I aimed to investigate the expression and 
function of the piB integrin subunit in keratinocytes.
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Figure 3.1 Comparison of the cytoplasmic domains of the (31A and the piB 
integrin subunits

Comparison of the cytoplasmic domains of the piA and the piB integrin subunits. 
Sequences unique to each subunits are italicised in bold. The lysine residues at the -5 
and the -6 positions from the carboxy terminal of the piB integrin subunit is 
underlined.
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Figure 3.2 Detection of the (3IB integrin subunit mRNA in keratinocytes using RT- 
PCR

Total RNA prepared from cultured keratinocytes was used in RT-PCR reactions. 
Specific 3' primers for human actin, and the piA  and piB integrin subunits were used 
in the first strand cDNA synthesis. The 5' primers used for amplifying the piA and piB 
products were identical and spanned the region of the cytoplasmic domain proximal to 
the plasma membrane that was common to both subunits. Products from 35 cycles of 
amplification was electrophoresed on a 1.8% agarose gel. The negative control was 
identical to the actin PCR reaction except that reverse transcriptase was omitted in the 
first strand synthesis step. The PCR product obtained using primers specific for human 
actin is 270 bp. The piB PCR product is 128 bp. The p i A PCR product is 159 bp.
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Figure 3.3 Immunofluorescence localisation of wild type CD8 and chimeric CD8 
proteins in transfected HeLa cells

HeLa cells were stably transfected with CD8plA, CD8plB, CD8wt or CD8E19. Cells 
were fixed in paraformaldehyde, permeabilised, and stained an anti-CD8 antibody, 
UCHT4, directly conjugated to fluorescein (A). Cells were not permeabilised before 
staining with anti-CD8 antibody (B). Scale bar 10 pm.
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Figure 3.4 Expression of CD8 and chimeric CD8 proteins in transfected HeLa cells

(A) HeLa cells stably transfected with CD8P1A, CD8P1B, wild type CD8 and CD8E19 
were live labelled with biotin. Lysates were then immunoprecipitated with anti-CD8 
antibody, UCHT4. Immunoprecipitated proteins were separated by SDS-PAGE, 
transferred onto PVDF membrane, incubated with HRP-conjugated streptavidin and 
visualised by chemiluminescence. Positions of molecular mass standards are shown.

(B) HeLa cells stably transfected with CD8plA, CD8P1B and wild type CD8 were 
stained live on the cell surface with the anti-CD8 antibody, UCHT4 directly conjugated 
to fluorescein or with a negative control, M3S7, anti-collagen antibody which was also 
directly conjugated to fluorescein. Stained cells were analysed on a Becton Dickinson 
FACScan machine. Dead cells were gated out using propidium iodide and data were 
collected for 10,000 events. In each graph, the peak on the left hand side corresponds to 
negative-control labelling while the peak on the right hand side corresponds to anti- 
CD8.
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Figure 3.5 CD8(31B did not enter focal contacts

HeLa cells transiently transfected with CD8(31A (A) or CD8plB (B) were 
permeabilised and stained with anti-vinculin antibody (red) and with anti-CD8 antibody 
(green). The staining pattern was visualised using confocal microscopy. When the two 
markers colocalise, fluorescence appeared yellow.
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Figure 3.6 Maturation of CD8(31A, CD801B CD8 and CD8E19 in HeLa cells

(A) HeLa cells stably transfected with CD8 or CD8E19 were pulse labelled for 20 
minutes in medium containing p 5S]-cysteine and -methionine and then chased in 
medium containing excess unlabelled cysteine and methionine for 0, 2, or 4 hours. 
Equal volumes of lysates were immunoprecipitated with OKT8, an anti-CD8 antibody.

(B) HeLa cells stably transfected with CD8plA or CD8P1B were pulse labelled as 
described in (A), but were examined at additional time points, o/n: overnight. Positions 
of the mature and immature forms of CD8, CD8E19, CD8plA and CD8P1B are 
indicated. Positions of molecular weight markers (kD) are shown.
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Figure 3.7 Partial colocalisation of CD8(31B with calnexin

HeLa cells stably transfected with CD8P1B were permeabilised and stained with an 
antibody to calnexin (red), an ER-resident protein, and with anti-CD8 antibody (green). 
The staining pattern was visualised using confocal microscopy. Presented are 2 
examples of Z-series images (Figures 7A and 7B). Z-series are sequential images 
viewed at 0.5 pm intervals from the basal region of the cells (panels 1 in A and B) to 
the apical region of the cells (panel 4 in A, panel 6 in B). When the two markers 
colocalise, fluorescence appears yellow. In A, 0.85 cm represented 10 pm. In B, 1.6 cm 
represented 10 pm.
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Figure 3.8 Mutation of the two lysine residues closest to the carboxy terminus of 
CD8P1B

(A) Using wild type CD8plB as the template, wild type 5' primer and 3' primers 
carrying mutant sequences, DNA fragments carrying the mutations were generated by 
PCR and were then cloned into the pCMU IV human expression vector. The mutations 
were checked by sequencing directly from the vector before transiently transfecting 
HeLa cells by calcium phosphate co-precipitation.

(B) HeLa cells were transiently transfected with mutant CD8P1B constructs, KSQSGL, 
SKQSGL, and SSQSGL, permeabilised and stained with anti-CD8 antibody. Scale bar: 
10 pm.

(C) Transient transfectants were pulse labelled for 20 minutes in medium containing 
[35S]-cysteine and -methionine and then chased in medium containing excess 
unlabelled cysteine and methionine for 0, or 2 hours. Equal volumes of lysates were 
immunoprecipitated with OKT8, an anti-CD8 antibody. Positions of mature and 
immature forms of CD8plB are indicated. Molecular weight standard: 30 kD.
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Figure 3.9 Immunofluorescence staining with antibodies that are specific for 
CD8P1B

HeLa cells stably transfected with CD8JHB (a and b) or CD8|31A (c) were fixed with 
paraformaldehyde, permeabilised and stained with mouse monoclonal antibody WJK16, 
rabbit polyclonal sera WJK3 and DH3. In a and c, magnification is 180x. In b, 
magnification is 450x.
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Figure 3.10 Western blotting with antibodies that are specific for CD8P1B

Protein lysates from HeLa cells stably transfected with CD8P1A or CD8P1B were 
immunoprecipitated with an anti-CD8 antibody, OKT8. Immunoprecipitated proteins 
were transferred onto a membrane which was probed with rabbit polyclonal serum 
WJK3 and pre-immune serum (Pi) (panel A) or with mouse monoclonal supernatant, 
WJK16, and a negative clone supernatant (panel B). WJK3 and WJK16 recognised 
CD8P1B but not CD8P1A.
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Figure 3.11 Flow cytometry with antibodies that are specific for CD8plB

HeLa cells stably transfected with CD8plA and CD8P1B were permeabilised using 3% 
saponin. Parental non-transfected HeLa cells (thin solid line) as well as CD8P1A 
(dotted line) and CD8plB (thick solid line) transfectants were stained with an anti-CD8 
antibody, UCHT4, or with WJK16, WJK3 or DH3.
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E x p r e s s i o n  a n d  F u n c t i o n  o f  b I B

I N T E G R I N  S U B U N I T  IN K E R A T I N O C Y T E S

Overview

Using antibodies that are specific for the plB integrin subunit, I investigated the 
expression and function of the PlB integrin subunit in keratinocytes. In particular, I was 
interested in the potential role of the PlB integrin subunit in the block in integrin 
transport to the cell surface that occurs when keratinocytes become committed to 
terminal differentiation.

Results

Expression of the plB integrin subunit in human epidermis

Frozen sections of neonatal foreskin were stained with antibodies specific for the plB 
integrin subunit, WJK16, DH3, and WJK3 (Figure 4.1). WJK16 was a mouse 
monoclonal antibody raised against RREFAKFEKEKM NAKW DTVSYKTSKKQSGL, 

corresponding to the last 30 amino acid residues of the PlB integrin cytoplasmic 
domain. DH3 was a rabbit polyclonal serum that was raised against the last 20 amino 
acid residues of PlB integrin cytoplasmic domain, KMNAKWDTVSYKTSKKQSGL. 

WJK3 was a rabbit polyclonal serum raised against the peptide DTVSYKTSKKQSGL  

that was coupled to the carrier protein via a cysteine residue at the amino terminus. 
Foreskin sections were also stained with P5D2, a mouse monoclonal antibody that 
recognises the extracellular domain of p i integrin subunit, and as negative controls, 
with an anti-CD8 antibody, UCHT4, and rabbit pre-immune serum, Pi.

Staining with 3 different antibodies to the PlB integrin cytoplasmic domain revealed 
the same pattern which was very weak staining in the basal layer of the epidermis. 
Under higher magnification (not shown, see Figure 4.2), the staining was predominantly 
diffuse cytoplasmic with some spotty staining observed in the nuclei and was not 
concentrated at cell membranes, neither at the basement membrane zone nor at cell-cell 
borders. This is in contrast to the pattern obtained with P5D2 as well as for other 
antibodies which recognise the extracellular domain of the p i integrin subunit (Hertle et 
al., 1991). These results suggested that the abundance of the PlB integrin subunit 
within the epidermis was very low. Although antibodies which specifically recognised
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the piA  integrin subunit by immunofluorescence staining are lacking, it seems likely 
that the staining pattern obtained with P5D2 is representative of the piA  integrin 
subunit, in view of the much greater abundance of mRNA levels of the piA integrin 
subunit compared with that of the PlB integrin subunit (see below).

Expression of the plB integrin subunit in cultured keratinocytes

Stratifying colonies of cultured keratinocytes were fixed and permeabilised 
simultaneously in ice cold methanol/acetone. Staining with antibodies to the PlB 
integrin cytoplasmic domain, WJK3 (Figure 4.2A), DH3 and WJK16 (not shown) 
revealed a staining pattern that was weak and predominantly diffuse cytoplasmic. This 
staining pattern was similar to that obtained when keratinocytes were stained with 
antibodies to ER-resident proteins calnexin (AF8), and protein disulphide isomerase 
(1D3) (Figure 4.2A). In contrast to the staining pattern of antibodies to the PlB integrin 
cytoplasmic domain, P5D2 staining concentrated at the cell-cell borders (Figure 4.2A).

A method which is used to stain for focal contacts in keratinocytes is to fix and 
permeabilise simultaneously with a solution of formaldehyde and Triton X-100. It is a 
milder treatment than methanol/acetone since focal contacts still remain intact. 
Stratifying colonies of cultured keratinocytes were fixed and permeabilised 
simultaneously with formaldehyde and Triton X-100 (Figure 4.2B). Staining with 
WJK3, DH3 and WJK16 revealed a diffuse cytoplasmic localisation and also very faint 
and diffuse staining at the cell surface that did not localise to focal contacts. In contrast, 
P5D2 staining appeared as streaks corresponding to focal contacts, at the cell periphery. 
The staining pattern obtained for the PlB integrin subunit from 3 different antibodies, 
suggested that its abundance in cultured keratinocytes was low, consistent with the 
staining in epidermis sections (Figure 4.1). The PlB integrin subunit had a 
predominantly cytoplasmic location with a very small proportion on the cell surface. 
The spotty nuclear staining, also observed in epidermis sections, was likely due to 
shared epitopes on nuclear proteins.

Abundance of the (3 IB integrin subunit in keratinocytes

Three methods were attempted to examine the abundance of the piB integrin subunit 
mRNA in keratinocytes: Northern blotting, RNase protection assay and semi- 
quantitative RT-PCR.

The first method attempted was Northern blotting using as a probe a 70 bp synthetic 
oligonucleotide complementary to the PlB coding strand, comprising 44 bp of the 
coding region and 26 bp of the 3' untranslated sequence. The oligo-probe was end-
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labelled with [y32P]-dATP using T4 polynucleotide kinase. The Northern blotting 
experiment was unsuccessful. The problems stemmed from the fact that the probe was 
an oligonucleotide which meant the method of end-labelling was the only option. End- 
labelling does not label the oligo-probe to a high specific radioactivity since only one 
mole of [32P] label was incorporated per mole of oligo-probe. Hybridisation conditions 
for the Northern blot were also difficult to optimise with a very short probe (70 bp). In 
retrospect, an oligo-probe with a high specific radioactivity could have been synthesised 
by PCR using [32P]-dATP, -dTTP, -dGTP and -dCTP. Northern blotting using a probe 
corresponding to a 1 kb fragment in the extracellular domain of p i integrin subunit, 
which would be able to hybridise to mRNA of both piA  and PlB integrin subunits, 
reveals only one band at -2.6 kb (Nicholson and Watt, 1991; Hotchin and Watt, 1992). 
Given that the coding region of the piA  integrin subunit is only 27 bp longer than that 
of the PlB integrin subunit, it is not surprising that any difference in the sizes of the 
mRNA of the piA and plB integrin subunits was too small to be resolved by Northern 
gel electrophoresis.

The second method attempted was an RNase protection assay using RNA probes 
corresponding to the entire cytoplasmic domains of the piA and plB integrin subunits. 
This was unsuccessful because the conditions for RNase digestion could not be 
optimised in the time available.

The third method was semi-quantitative RT-PCR. Total RNA was prepared from 
keratinocytes (K), HeLa cells (clonal) stably expressing CD8plA (A) and CD8P1B (B), 
and non-transfected parental HeLa cells (H). Specific 3' primers corresponding to the 
carboxy termini of the piA and PlB integrin subunits, and as a control, actin 3' primer, 
were used in the first strand synthesis. Aliquots of the first strand synthesis reactions 
were used in PCR with the 5' primer common to both the p i A and plB integrin 
subunits, or the actin 5' primer in the controls. At 10 cycles of amplification and 
thereafter for every fifth cycle, up to 35 cycles, an aliquot of the PCR reaction was 
removed and stored at 4°C until electrophoresis (Figure 4.3A) (Braga et al., 1992). The 
intensities of the electrophoresed PCR products were quantitated in arbitrary units using 
the ImageStore 5000 programme version 7.11 (Ultra-Violet Products), and plotted 
against the number of amplification cycles (Figure 4.3B). The gradient of the graph 
corresponded to the rate of amplification which was directly related to the number of 
template molecules before amplification. For clarity, only the graphs of p i A and plB 
integrin PCR products are shown.

Since the 3 pairs of primers used in the RT-PCR reactions were different (although the 
5' primer for the PIA and plB integrin subunits was common to both), comparison of 
the intensities of the 3 PCR products after the same cycle of amplification did not give a
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sound indication of the relative abundance of their mRNA levels. However, for a given 
primer pair, comparison of the intensities of the PCR product from different RNAs did 
provide a valid indication of the relative abundance of the particular mRNA. The actin 
primers were a control for a highly expressed mRNA from all cell types, and as 
expected, the actin PCR product from RNA of all cells was observed after a short round 
of amplification (15 cycles) (Figure 4.3A). The PlB primers in combination with 
CD8P1B RNA formed a control for high levels of PlB mRNA.

The slope of the plB integrin PCR product from CD8P1B RNA was steeper than that 
from RNA of CD8plA, non-transfected 'parental' HeLa cells, or from keratinocyte 
RNA (Figure 4.9B). Thus it can be concluded that the level of the PlB integrin subunit 
mRNA was low in keratinocytes. There was no significant difference between the 
gradients obtained for the pi A integrin PCR product from RNA of CD8P1A, CD8P1B, 
'parental' HeLa cells or from keratinocytes (Figure 4.3B). This was not surprising since 
endogenous levels of the piA  integrin subunit mRNA in HeLa cells were high; 
transfection of HeLa cells with the CD8P1A construct probably did not significantly 
increase the pool of mRNA that could be amplified by the piA  integrin primers used.

Semi-quantitative PCR suggested that in keratinocytes the plB integrin subunit mRNA 
was less abundant than the p i A integrin subunit mRNA, consistent with the weak 
immunofluorescence staining of the plB integrin subunit in the epidermis and cultured 
keratinocytes.

Immunoprecipitation of the plB integrin subunit from keratinocyte lysates

Figure 4.4 shows the immunoprecipitation of [35S]-cysteine and -methionine labelled 
keratinocyte lysate with pre-immune sera (Pi), and 4 sequential immune bleeds of DH3, 
b l to b4 (panel A), and WJK3 (panel B). Immunoprecipitation with the mouse 
monoclonal antibody WJK16 was attempted but it failed to immunoprecipitate 
consistently.

Under non-reducing conditions, immunoprecipitation with DH3 bleeds 1 and 2 (panel 
A) revealed 2 bands at -120 kD and -110 kD. Bands of the same mobility were also 
immunoprecipitated using the rabbit polyclonal serum raised against the peptide, 
CSYKTSKKQSGL, which was a gift from Dr G. Tarone (panel C) (Balzac et al., 1993). 
DH3 bleeds 3 and 4 have decreased antibody titre to the PlB integrin subunit. Hence, 
bleed 1 of DH3 was used in all other experiments. Included as positive controls are RX, 
a rabbit polyclonal antibody raised against the last 39 amino acid residues of the piA 
integrin subunit cytoplasmic domain, which was a gift from Dr S. Goodman, and CD29, 
a mouse monoclonal antibody recognising the extracellular domain of p i integrin 
subunit. Immunoprecipitation with WJK3 (panel B) revealed 2 bands at -120 kD and
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-110 kD (which resolved as a doublet in shorter exposures, not shown), and 2 
additional bands at -130 kD and -115 kD that were very faint, indicated by a cross and 
an asterisk respectively. DH4, a rabbit polyclonal antibody raised against the last 20 
amino acid residues of the a3 integrin subunit cytoplasmic domain, was included as a 
positive control.

The 120 kD band co-migrated with the band corresponding to mature (31 integrin in the 
CD29 and DH4 immunoprecipitated tracks and hence could correspond to mature, fully 
glycosylated plB integrin subunit. The 110 kD band migrated in a position that was 
intermediate between the mature and immature forms of the p i integrin subunit and 
hence could correspond to a partially glycosylated piB integrin subunit. The -130 kD 
band could correspond to under glycosylated (immature) forms of the a  subunits known 
to associate with the p i A integrin subunit. These included a2 (-150 kD), a3 (-150 
kD), a5 (-150 kD) (Hynes, 1987), a6 (-140 kD) (Sonnenberg et al., 1987; Hemler et 
al., 1989), a8 (-180 kD) (Schnapp et al., 1995), and a9 (-140 kD) (Palmer et al., 
1993), whose apparent molecular weights in parentheses were quoted for mature 
subunits under non-reducing conditions. Immunoprecipitation with DH3, however, did 
not reveal any additional bands.

Under reducing conditions, the 120 kD band co-migrated with the 110 kD band whilst 
the mobility of the 110 kD band remained the same (Figure 4.5, panel A). This 
suggested that the 120 kD band corresponded to the PlB integrin subunit in a different 
conformation which upon reduction was converted to the conformation that co-migrated 
at 110 kD. The effect of reduction on the 120 kD band also suggested that it was 
unlikely to be mature, fully glycosylated PlB since mature, fully glycosylated piA 
when reduced has an increased apparent molecular weight (Akiyama and Yamada, 
1987; Hemler et al., 1987; Hynes, 1987). The mobility of the 110 kD doublet was 
unchanged upon reduction which is consistent with the behaviour of precursors of 
mature piA integrin subunit (Akiyama and Yamada, 1987).

In order to establish that the 110 kD band was indeed a p i integrin subunit the 
following experiment was performed. Total protein lysate was prepared from 
keratinocytes, resolved by 7.5% SDS-PAGE under reducing conditions, transferred 
onto a membrane and probed with WJK3. However, WJK3 was unable to detect bands 
of the expected mobility even under conditions optimal for Western blotting of 
CD8P1B from stably transfected HeLa cells (not shown). This may be a reflection of 
the low levels of the PlB integrin subunit in keratinocytes. An attempt was made to 
concentrate the PlB integrin subunit by immunoprecipitation using DH12, a mouse 
monoclonal antibody directed against the extracellular domain of (31 integrin subunit 
(DeStrooper et al., 1988) but which preferentially immunoprecipitated the immature
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form of the p i integrin subunit. Proteins immunoprecipitated by DH12 which was 
directly conjugated to protein G Sepharose beads, were resolved by 7.5% SDS-PAGE 
under reducing conditions and transferred onto a membrane. The membrane was probed 
with WJK3 or as a positive control, with rat monoclonal antibody against pi integrin 
subunit extracellular domain, mAb 13. Bound rabbit antibodies were detected by [125I]- 
labelled protein A and bound rat antibodies were detected with HRP-conjugated anti-rat 
IgG followed by chemiluminescence (Figure 4.5, panel B). WJK3 bound to a DH12- 
immunoprecipitated band, 110 kD, corresponding to the size of immature pi integrin 
subunit.

plB integrin subunit biosynthesis and glycosylation

Figure 4.6 shows the result of a pulse-chase experiment using newly confluent adherent 
keratinocytes. Immunoprecipitation with WJK3 after a 1 hour label with [35S]-cysteine 
and -methionine (chase time = 0) produced the same pattern of proteins as seen with an 
overnight metabolic label (Figure 4.4). The half life of the -120 kD and -110 kD bands 
was about 2 hours. At each time point from chase time = 0 to 5, the pattern as well as 
the relative intensities of bands within the same track did not change. Since the bands 
appeared simultaneously, this suggested that there was no biosynthetic relationship 
between the bands. In contrast, immunoprecipitation with P5D2 at chase time = 0 
revealed bands corresponding to the immature pi integrin subunit and associated a  
integrin subunits. By chase time = 5, most of the proteins immunoprecipitated by P5D2 
corresponded to the mature fully glycosylated forms of the pi and associated a  integrin 
subunits, consistent with the observations of Hotchin and Watt (Hotchin and Watt, 
1992).

The processing of immature p i integrin subunits to the mature forms has been 
previously shown to involve the addition of N-linked carbohydrate side chains within 
the Golgi (Akiyama et al., 1989a). 1-deoxymannojirimycin (MNJ) is a mannose 
analogue that specifically inhibits Golgi cc-mannosidase I. Treatment with MNJ results 
in the failure of trimming of high mannose oligosaccharides within the Golgi and thus 
subsequent addition of complex oligosaccharide chains is prevented. To test if MNJ 
could prevent the processing of the p IB integrin subunit, a pulse-chase experiment was 
performed using newly confluent keratinocytes treated with MNJ. Keratinocytes were 
labelled for a 1 hour with [35S]-cysteine and -methionine and then chased in medium 
containing MNJ without label for various times (Figure 4.7). Immunoprecipitation with 
WJK3 revealed the same pattern of bands immunoprecipitated from untreated cells 
(Figure 4.6). MNJ treatment did not alter the mobility of the bands. This suggested the 
PlB integrin subunit was not heavily glycosylated and that the 120 kD band was not the 
result of the glycosylation of the proteins at 110 kD. Immunoprecipitation with P5D2 at
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chase time = 0 revealed bands corresponding to the immature forms of the p i A and 
associated a  integrin subunits (Figure 4.7). These bands continued to be 
immunoprecipitated at subsequent chase times. The processing of both the piA subunit 
and its associated a  integrin precursors was inhibited in the presence of MNJ.

MNJ treatment increased the half life of plB integrin subunit from 2 hours to more than 
24 hours when compared to untreated cells (see Figure 4.6). This has also been 
observed with the pi A integrin subunit and its associated a  integrin subunits previously 
(Hotchin and Watt, 1992).

Expression of piB integrin subunit during suspension-induced terminal 
differentiation in keratinocytes

Induction of terminal differentiation was achieved by placing keratinocytes as a single 
cell suspension in medium made viscous by methyl cellulose. The level of the plB 
integrin subunit was examined in keratinocytes that had been induced to undergo 
terminal differentiation using 2 approaches. One involved the pulse labelling 
keratinocytes with [35S]-cysteine and -methionine for 1 hour and subsequently chasing 
them in medium containing methyl cellulose without label. The other involved anti-piB 
integrin subunit antibodies staining of terminally differentiating keratinocytes which 
were permeabilised with saponin.

Newly confluent adherent keratinocytes were labelled for 1 hour with [35S]-cysteine 
and -methionine. The keratinocytes were then disaggregated to form a single cell 
suspension and placed in unlabelled medium containing methyl cellulose for various 
times before lysis (Figure 4.8). Protein lysates were immunoprecipitated with WJK3 or 
as a control, DH12. DH12 was a mouse monoclonal antibody directed against the 
extracellular domain of p i integrin subunit that preferentially immunoprecipitated the 
immature (unglycosylated) form of the p i integrin subunit (DeStrooper et al.„ 1988). 
Immunoprecipitation with DH12 showed that at chase time = 0 hours, only immature 
p l integrin subunits were detected. During the chase period, p i A integrin subunits fail 
to mature and by chase time = 24 hours, the level of p iA  integrin subunits had 
decreased appreciably. These observations are consistent with immunoprecipitation 
using other anti-pl integrin antibodies that recognised the extracellular domain of pi 
integrin subunit, CD29 (Hotchin and Watt, 1992) or P5D2 (not shown). In the WJK3 
immunoprecipitates, the same pattern of bands appeared in all of the chase times. 
However, the intensity of these bands peaked between chase time = 5 and chase time = 
9. This suggested that the abundance of the PlB integrin subunit had increased relative 
to the total protein content since equal amounts of protein were immunoprecipitated. 
The half life of the p lB  integrin subunit was increased relative to adherent
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keratinocytes with little decrease even after 24 hours in suspension (Figure 4.8 compare 
with Figure 4.6). The -97 kD band in WJK3 immunoprecipitated track at chase time = 
2 which was also observed in the pre-immune control, was considered non-specific.

Using the second approach, newly confluent keratinocytes were disaggregated and 
placed as a single cell suspension in medium containing methyl cellulose for 0, 5 and 24 
hours. The keratinocytes were recovered from the medium, permeabilised in 3% 
saponin, stained with WJK16 (Figure 4.9 A) or DH3 (Figure 4.9 B), fixed with 
paraformaldehyde before analysis by flow cytometry.

In A and B, the top panels show the light scatter profile (dot plot) of keratinocytes after 
0 (red) and 24 (green) hours in suspension. R1 and R2 were gates set up according to 
the method of Jones and Watt (Jones and Watt, 1993) and corresponded to 
undifferentiated and differentiated cells respectively. In the starting population (0 hr), 
R1 and R2 contained 37% and 57% of the total cell population respectively. Between 0 
and 5 hours (not shown) in suspension, there was no significant change in the light 
scatter characteristics of these 2 populations of keratinocytes. This was expected since 
after 5 hours in suspension, changes in keratinocyte cell shape and size do not occur 
although commitment to terminal differentiation has occurred (see Chapter 1). After 24 
hours in suspension, when overt terminal differentiation has taken place, the changes in 
keratinocyte morphology including an increase in cell size were reflected by an increase 
in both the forward scatter and side scatter heights; R1 and R2 contained 22% and 72% 
of the total cell population respectively.

The middle panels show the corresponding fluorescence intensity profiles for 
keratinocytes after 0 and 24 hours in suspension. Staining with WJK16 (A) or DH3 (B) 
revealed that the level of the PlB integrin subunit in the starting population (0 hours) 
was low as the red profile was shifted only slightly to the right of the negative control 
profile (black). There was no difference between the fluorescence intensity profiles of 
cells from the starting population (0 hr) and after 5 hours in suspension (not shown) 
when stained with WJK16 or DH3. After 24 hours in suspension, staining with WJK16 
revealed that levels of the (3 IB integrin subunit were maintained at the levels as in the 
starting population. Similarly, staining with DH3 revealed that the 24 hour profile 
shifted only slightly to the left of the 0 hr profile, from a mode of 10 to 7.

These experiments suggested that during suspension-induced terminal differentiation 
the levels of the plB integrin remained constant. However, the pulse-chase data 
suggested that the abundance of the plB integrin subunit relative to the piA integrin 
subunit had increased. The fact that the levels of the PlB integrin subunit persisted 
whilst the levels of the PIA integrin subunit were diminishing suggested that the PlB
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integrin subunit could represent a significant proportion of total pi integrin subunits in 
terminally differentiating keratinocytes.

Conclusions

The PlB integrin subunit was expressed in the epidermis and in cultured keratinocytes 
at very low levels compared to the piA integrin subunit. Evidence for this came from 
immunofluorescence staining, immunoprecipitation and Western blotting experiments, 
and semi-quantitative RT-PCR. The low level of PlB integrin subunit expression in 
keratinocytes was, however, inconsistent with the findings of Tarone and co-workers 
(Balzac et al„ 1993) who reported PlB integrin expression in human skin tissue and 
keratinocytes by Western blotting using a rabbit polyclonal anti-serum that specifically 
recognised the plB integrin subunit. I had tested this rabbit polyclonal serum (obtained 
as a gift from Dr Tarone) against 2 rabbit polyclonal anti-sera that specifically 
recognised the PlB integrin subunit that I prepared, DH3, and WJK3, and had found 
them to be comparable (see Figure 4.4). In addition, independent of antibody quality, I 
had shown that PlB mRNA was less abundant in keratinocytes than piA mRNA which 
lent support to conclusions regarding the relative protein levels reached on the basis of 
immunofluorescence staining, immunoprecipitation and Western blotting experiments.

Antibodies that specifically recognised the piB integrin subunit stained the basal layer 
of the epidermis weakly. In cultured keratinocytes, the plB integrin subunit was not 
detected in focal contacts but in diffuse pattern on the cell surface and its intracellular 
distribution was reticular. The subcellular distribution of the PlB integrin subunit in 
keratinocytes was consistent with that of chimeric plB protein, CD8P1B, in transfected 
HeLa cells (Chapter 3) as well as the findings of Tarone and colleagues on the human 
PlB integrin subunit (full length) in transfected in CHO cells (Balzac et al.„ 1993).

Immunoprecipitation with antibodies that specifically recognised the PlB integrin 
subunit revealed 2 major bands at 120 kD and 110 kD. Based on their electrophoretic 
mobilities, the 120 kD and the 110 kD bands could correspond to mature, fully 
glycosylated and immature, partially glycosylated PlB integrin subunits. Pulse-chase 
experiments, however, revealed that both bands appeared simultaneously and suggested 
that it was unlikely that a biosynthetic precursor-product relationship existed between 
these 2 bands. Pulse-chase experiments also indicated that neither bands were 
extensively glycosylated, which was supported by the MNJ experiments. Upon 
reduction the 120 kD band co-migrated with the 110 kD band which suggested that they 
corresponded to the plB integrin subunit in 2 different conformations.
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The plB integrin subunit should be capable of forming a functional heterodimer with 
an a  integrin subunit since it has been demonstrated that an artificial deletion mutant of 
the p i integrin subunit that lacked the entire cytoplasmic domain was able to associate 
with a  subunits and mediate binding to fibronectin (Hayashi et al., 1990; Marcantonio 
et al., 1990). Moreover, transfected human piB integrin subunits in CHO cells were 
able to form heterodimers with the endogenous a  integrin subunits known to associate 
with the p i A integrin subunit (Balzac et al.„ 1993), consistent with the belief that the 
extracellular domains of the a  and P integrin subunits are sufficient for heterodimer 
formation (O'Toole et al., 1989; LaFlamme et al., 1992). It was, however, unclear from 
the immunoprecipitation studies whether in keratinocytes the PlB integrin subunit 
formed heterodimers with any a  subunit known to associate with the piA integrin 
subunit; DH3 antibody did not co-immunoprecipitate any more bands but WJK3 co- 
immunoprecipitated 2 very faint bands at 130 kD and 115 kD. The 130 kD band could 
correspond to the under glycosylated precursor forms of the a2, a3, a5, a6, a8, a9 
integrin subunits or possibly, a novel integrin a  subunit. To investigate if any apiB  
heterodimers exists, the following experiment could be carried: immunoprecipitation of 
[35S]-labelled proteins with antibodies against a  integrin subunits, followed by Western 
blotting with WJK3 which is specific for the PlB integrin subunit. However, given that 
the additional bands immunoprecipitated by WJK3 from keratinocytes metabolically 
labelled to a steady state were just barely detectable, it suggested that in keratinocytes, 
levels of apiB  integrin heterodimers, if any, were very low.

At commitment to terminal differentiation, expression of total p i integrin is down- 
regulated (see Chapter 1). Since the PlB integrin subunit has an ER retention/retrieval 
motif, it could have a potential role in the block in the maturation as well as transport of 
newly synthesised integrins to the cell surface. One possible mechanism could be the 
plB integrin subunits sequestered in the ER preferentially formed heterodimers with a  
integrin subunits at commitment to terminal differentiation. Results from the pulse- 
chase experiment showed that the half life of the PIB integrin subunit increased from 2 
hours in uninduced keratinocytes to more than 24 hours in keratinocytes induced to 
undergo terminal differentiation. Moreover, upon overt terminal differentiation the PlB 
integrin subunits formed a significant proportion of the total p i subunit levels. 
However, at the time of commitment to terminal differentiation (5 hours in suspension), 
there was no evidence for increase synthesis of plB integrin subunit or for an increased 
association of a  subunits. The physiological role of the plB integrin subunit therefore 
remains obscure. Results from terminal differentiation induction experiments showed 
that the piB integrin subunit was not subject to the signals that regulated expression of 
the pi A integrin subunit during terminal differentiation, consistent with evidence that

128



C h a p t e r  4

the unique 21 amino acid residues of the (31A integrin subunit was the target of such 
regulatory signals (see Chapter 1).
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Figure 4.1 (3 IB integrin subunit expression in epidermis

Frozen sections of human foreskin epidermis were stained with rabbit polyclonal sera, 
DH3 and WJK3, and mouse monoclonal antibody, WJK16. Included as a positive 
control was mouse monoclonal antibody P5D2, and as negative controls, UCHT4 (anti- 
CD8 mouse monoclonal) and pre-immune rabbit serum, Pi. Sections were fixed using 
paraformaldehyde after staining. The junction between the epidermis and the dermis is 
indicated by arrows. Magnification = 11 lx
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Figure 4.2 (3 IB integrin subunit staining in cultured human keratinocytes

(A) Human keratinocytes cultured on glass coverslips were fixed and permeabilised by 
methanol/acetone. Colonies of stratifying keratinocytes was stained with the plB 
integrin subunit specific antibody, WJK3, and mouse monoclonal antibody, P5D2, 
which recognises the extracellular domain of the p i integrin subunit, anti-calnexin 
antibody, AF8, or anti-PDI (protein disulphide isomerase) antibody, 1D3.
Magnification for WJK3 and P5D2 panels = 200x
Magnification for AF8 and 1D3 panels = 500x

(B) Cultured human keratinocytes were fixed and permeabilised simultaneously with 
formaldehyde and Triton X-100, and stained with piB integrin subunit specific 
antibodies, DH3, WJK3, and WJK16 or with P5D2. Included as negative controls were 
pre-immune serum, Pi, and an anti-CD8 antibody, UCHT4. Focal contacts are indicated 
by arrows. Magnification = 500x
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Figure 4.3 Abundance of the |31B integrin subunit in keratinocytes

Total RNA prepared from newly confluent keratinocytes (K ), HeLa cells stably 
expressing CD8P1A (A) and CD8P1B (B), and non-transfected parental HeLa cells (H) 
were used in RT-PCR reactions. Specific 3' primers for the p i A and PlB integrin 
subunits, and as a control, actin, were used in the first strand synthesis reaction. First 
strand synthesis reaction was performed in one single tube and then individual aliquots 
made for each amplification cycle point. The 5' primers used for amplifying the piA 
and piB  integrin subunit products were identical and spanned the region of the 
cytoplasmic domain proximal to the plasma membrane that was common to both 
subunits. For each amplification time point, an aliquot was removed and stored at 4°C 
until electrophoresis on a 1.8% agarose gel (panel A).

The intensities of the piA and the PIB PCR products were quantitated in arbitrary units 
using ImageStore 5000 programme, and plotted against number of amplification cycles 
(panel B). The intensities of the piB PCR product from parental HeLa cells, CD8plA 
transfected HeLa cells, and keratinocytes were very similar. Consequently, their plots 
(panel B) were very close to each other.
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Figure 4.4 Immunoprecipitation of (3 IB integrin subunit from keratinocytes

Adherent newly confluent keratinocytes were metabolically labelled overnight in 
medium containing [35S]cysteine and -methionine. Protein lysate was pre-cleared with 
protein-A Sepharose CL-4B before immunoprecipitation with pre-immune sera (Pi), 
DH3 (panel A) and WJK3 (panel B) followed by 7.5% SDS-PAGE under non-reducing 
conditions. In panel A, bl to b4 indicate the 4 different (sequential) test bleeds of DH3. 
RX is a rabbit polyclonal serum raised against the last 30 amino acids of the (31A 
integrin subunit cytoplasmic domain (prepared by Dr S Goodman). CD29 is a mouse 
monoclonal antibody recognising the extracellular domain of the p i integrin subunit. In 
panel B, bands at -130 kD and -115 kD are indicated by a cross and an asterisk 
respectively; DH4 is a rabbit polyclonal serum raised against the last 20 amino acids of 
the a3 integrin subunit. Panel C shows the immunoprecipitation performed by Dr Fiona 
M. Watt using a rabbit polyclonal serum (prepared by Dr G. Tarone) raised against the 
peptide CSYKTSKKQSGL containing the last 11 amino acid residues from the plB 
integrin subunit cytoplasmic domain. The length of time for which films were exposed 
for panels A, B, and C are 49, 22 and 14 days respectively.
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Figure 4.5 Effect of reduction on (3 IB integrin immunoprecipitates and detection 
of the (3 IB integrin subunit by Western blotting

Adherent newly confluent keratinocytes were metabolically labelled overnight in 
medium containing [35S]cysteine and -methionine. In panel A, protein lysate was pre
cleared with protein-A Sepharose CL-4B before immunoprecipitation with pre-immune 
serum Pi, and WJK3 followed by 7.5% SDS-PAGE under reducing conditions. The 
arrow indicates 110 kD. The length of time for which the film was exposed was 29 
days.

In panel B, total protein lysate prepared from newly confluent keratinocytes was pre
cleared with protein G agarose beads before immunoprecipitating with DH12 which 
was covalently coupled to protein G beads. Immunoprecipitated proteins were resolved 
by 7.5% SDS-PAGE under reducing conditions and then transferred onto PVDF 
membrane. The membrane was probed with WJK3 or with rat monoclonal antibody 
against (31 integrin subunit, mAb 13. Detection of rabbit antibodies bound to the 
membrane was by incubation with [125I]-labelled protein A followed by 
autoradiography for a period of 12 days. Detection of rat antibodies bound to the 
membrane was by using HRP-conjugated anti-rat IgG antibody and visualised by 
chemiluminescence. The arrows indicate 110 kD. The film was exposed for 5 minutes.
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Figure 4.6 (3 IB integrin subunit biosynthesis

Newly confluent keratinocytes were incubated in methionine-deficient medium for 1 
hour, labelled in medium with [35S|-cysteine and -methionine for 1 hour and then 
chased in medium without label for different lengths of time. Lysates were pre-cleared 
with protein A bound Sepharose CL-4B beads before immunoprecipitation with rabbit 
polyclonal serum WJK3 and pre-immune serum, Pi. Lysates were pre-cleared with 
protein G bound agarose beads before immunoprecipitation with mouse monoclonal 
antibody P5D2. The length of time for which films were exposed was for 105 days for 
WJK3/Pi and 29 days for P5D2 immunoprecipitated tracks.
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Figure 4.7 plB integrin subunit does not undergo extensive N-glycosylation

Newly confluent keratinocytes were incubated in methionine-deficient medium for 1 
hour in the presence of MNJ (50 pg/ml). MNJ was also included when keratinocytes 
were labelled in medium containing [35S|-cysteine and -methionine for 1 hour and then 
chased in medium without label. Lysates were pre-cleared with protein A bound 
Sepharose CL-4B beads before immunoprecipitation with rabbit polyclonal serum 
WJK3 and pre-immune serum, Pi. Lysates were pre-cleared with protein G bound 
agarose beads before immunoprecipitation with mouse monoclonal antibody P5D2. The 
length of autoradiography were 105 days for WJK3 and 10 days for P5D2 
immunoprecipitated tracks.
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Figure 4.8 plB integrin subunit half-life during keratinocyte terminal 
differentiation

Newly confluent adherent keratinocytes were incubated in methionine-deficient 
medium for 1 hour before labelling in medium containing [35S]-cysteine and - 
methionine for 1 hour and then disaggregated and placed in medium containing methyl 
cellulose for different lengths of time. Keratinocytes were recovered from the medium 
and then lysed. Lysates from chase time = 0 (starting population) were from 
keratinocytes that were recovered immediately from medium containing methyl 
cellulose. Equal volumes of lysates were pre-cleared with protein A bound Sepharose 
CL-4B beads or protein G bound agarose beads before immunoprecipitation with rabbit 
polyclonal serum, WJK3, pre-immune serum, Pi, or mouse monoclonal antibody, 
DH12, respectively. The length of autoradiography was 64 days for both WJK3 and 
DH12 immunoprecipitated tracks.
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Figure 4.9 Flow cytometry of plB integrin subunit during keratinocyte terminal 
differentiation

Newly confluent keratinocytes placed in medium containing methyl cellulose for 0 
(red) and 24 (green) hours were recovered and were permeabilised in 3% saponin. 
Keratinocytes were stained with WJK16 or negative control mouse monoclonal 
antibody, UCHT4 (A), or with DH3 or pre-immune serum (B) and followed by the 
appropriate secondary antibody which was conjugated to FITC. The cells were then 
fixed with paraformaldehyde and analysed on a Becton Dickinson FACScan machine. 
Data was collected for 10 000 events.

The top panels show the light scatter profile (dot plot) of keratinocytes after 0 (red) and 
24 (green) hours in suspension. Each dot represents one cell. Both side scatter height 
and forward scatter height were measured in arbitrary units on a linear scale. The 
middle panels show the corresponding fluorescence intensity profiles for the 2 
populations of cells when stained with WJK16 (A) or with DH3 (B). Fluorescence was 
measured in arbitrary units on a logarithmic scale. In each graph, the peak on the left 
hand side (black) corresponds to negative control labelling with mouse monoclonal 
anti-CD8 antibody, UCHT4 (A) or with rabbit pre-immune serum, Pi (B). The lowest 
panel is an overlay of the fluorescence intensity profiles of the 2 populations of cells.
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S u r v e y  o f  b I b  i n t e g r i n  e x p r e s s i o n  i n

N O R M A L  AND M A L I G N A N T  O R A L  M U C O S A

Overview

In normal epidermis, the (3IB integrin subunit is expressed at low levels. It is well 
documented in oral squamous cell carcinomas (SCCs) that integrin expression is 
altered. The patterns of integrin expression in tumours are variable, both between 
tumours and in different regions of the same tumours (Jones et al., 1993). Given that 
overexpression of the (3IB integrin can have dominant negative effects on the functions 
of the p i A integrin subunit (Balzac et al., 1994) and that levels of total p i integrin in 
tumours are decreased (Jones et al.„ 1993), it is possible that upregulation of the piB 
integrin subunit might result in abnormal adhesion, proliferation and terminal 
differentiation. I therefore examined that expression of the PlB integrin subunit in oral 
SCCs.

Results

7 different oral SCCs (3 well differentiated (WD), 2 moderately differentiated (MD) 
and 2 poorly differentiated (PD)) were surveyed. For comparison, normal oral 
epithelium was also included. Frozen serial sections of SCCs were stained with 
antibodies specifically recognising the piB integrin subunit (WJK16, WJK3 and DH3), 
and with P5D2, a mouse monoclonal antibody that recognised the extracellular domain 
of the p i integrin subunit, and then fixed in paraformaldehyde (Table 5.1). As negative 
controls, frozen sections were also stained with anti-mouse IgG secondary antibody 
only or with rabbit pre-immune serum (Figures 5.1, 5.2, 5.3, 5.4).

As shown in Table 5.1, in normal oral epithelia and well differentiated SCCs, 
expression of the plB integrin subunit was very weak or undetectable. Staining normal 
oral epithelia (Figure 5.1) and well differentiated SCCs (Figure 5.2) with DH3 and 
WJK3 also produced spotty staining in the nucleus which was non-specific. Staining of 
the moderately and poorly differentiated SCCs with antibodies specific for the plB 
integrin subunit was slightly stronger than that in normal oral epithelia or in well 
differentiated SCCs. The pattern of staining was patchy; isolated cells stained strongly 
but neighbouring cells appeared dull.
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Table 5.1 Expression of (31B integrin subunit in oral mucosa

Tissue Classification WJK3 DH3 WJK16 P5D2

94/40 normal - + + + + +

94/63 normal + + +b + + +

94/49 WD - - - + +

93/40 WD - - - + +

92/187 WD - - - + + + p

93/185 MD +p + + p +P + + p

93/136 MD +p +P - + + P

94/48 PD +p +P +P + + + p

93/237 PD + + p + + P + + + p

SCCs were graded as well differentiated (WD), moderately differentiated (MD), or 
poorly differentiated (PD). Staining was scored as negative (-), weak (+), moderate 
(+ + ), or strong (+4-+). (p) indicates patchy staining, some areas being negative, (b) 
indicates staining in the basal layer of epithelia.
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Conclusions

The expression of (31 integrins in normal oral epithelia is generally similar to that in the 
epidermis except that integrin expression is less well confined to the basal layer. 
Consistent with the observations of Jones et al., (Jones et al.„ 1993), staining with 
P5D2 showed that whilst there was (31 integrin expression in the basal layer, some 
staining was also detected in the layers above the basal layer (Figure 5.1).

In oral SCCs, there is considerable variation in integrin expression (see Chapter 1). 
Staining with P5D2 showed that some tumours have a lower level of p i integrin 
expression with a patchy distribution (Figure 5.2), whilst in other tumours there was an 
increase in p i integrin expression and a patchy distribution (Figure 5.4).

In the oral SCCs examined, there was no significant upregulation of piB integrin 
expression. Expression of the plB integrin subunit was not detectable in any of the 
well-differentiated tumours. However, in 1 moderately differentiated tumour and 1 
poorly differentiated tumour, there was evidence for increased expression of plB 
integrin subunit within individual cells. Hence, it would be worthwhile to survey a 
larger panel of moderately differentiated and poorly differentiated oral SCCs to 
investigate if the upregulation of the PlB integrin subunit is a feature of a large 
proportion of these tumours.
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Figure 5.1 Expression of the |31B integrin subunit in normal oral epithelium

The tissue stained was 94/63 (see Table 5.1).

Magnification = 94x.
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Figure 5.2 Expression of the (31B integrin subunit in well differentiated oral SCC

The tissue stained was 92/187 (see Table 5.1).

Magnification = 97x.
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Figure 5.3 Expression of the PlB integrin subunit in moderately differentiated oral 
SCC

The tissue stained was 93/185 (see Table 5.1).

Magnification = 97x.
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Figure 5.4 Expression of the PlB integrin subunit in poorly differentiated oral 
SCC

The tissue stained was 93/237 (see Table 5.1).

Magnification = 96x.
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C O N C L U S I O N S

In the final chapter, I will summarise the findings of the thesis and suggest further 
experiments to tackle some of the questions that have remained unanswered. I will 
also discuss briefly the biological significance of the (3IB integrin splice variant, in 
comparison with the other variants, (31C and plD

1 There is an ER retention/retrieval motif in piB integrin subunit
By expressing chimeric proteins of CD8 extracellular and transmembrane domain 
with the cytoplasmic domain of the (31B or of the plA  integrin subunit in HeLa cells,
1 have shown that there was an ER retention/retrieval signal within the PlB 
cytoplasmic domain. 2 lysine residues at the -5 and -6 positions appear to be involved 
because there was decreased ER staining in HeLa cells transfected with CD8P1B 
containing mutations in the lysine residues. The effect of mutating the lysine residues 
could be further demonstrated and quantitated by radio-labelling HeLa cells 
transfected with wild type or mutant CD8P1B constructs in a pulse-chase experiment. 
The presence of an ER retention/retrieval signal in the PlB integrin subunit 
cytoplasmic domain suggested that it may play a role in the block in integrin 
transport to the cell surface that occurs when keratinocytes become committed to 
undergo terminal differentiation.

2 Raising antibodies to plB integrin subunit
Synthetic peptides were used to generate antibodies against the PlB integrin subunit. 
HeLa cells stably transfected with CD8plB were used as a positive screen whilst 
HeLa cells stably transfected with CD8plA provided a negative control. In this way, 
a mouse monoclonal antibody, WJK16, as well as 2 rabbit polyclonal antibodies, 
DH3 and WJK3, were prepared. It would have been useful to have an antibody 
specific for the PlA integrin subunit but attempts to raise one were not successful.

3 The plB integrin subunit is expressed at low levels in keratinocytes
I have examined the expression of the PlB integrin subunit in cultured human 
keratinocytes using the pIB-specific antibodies and have found that its level of 
expression is very low, unlike that of the PlA integrin subunit. Consistent with this 
finding, low levels of staining of the plB integrin subunit in epidermis sections were 
observed. I have examined the abundance of mRNA levels of the PlB integrin
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subunit in cultured keratinocytes by semi-quantitative RT-PCR and confirmed that 
the endogenous levels of PlB mRNA in HeLa cells and human keratinocytes are low 
compared with that of PlA.

4 Does the plB integrin subunit form heterodimers with a subunits?
Immunoprecipitating keratinocyte lysates with antibodies specific for the PlB 
integrin subunit revealed 2 bands at 120 kD and 110 kD. Upon reduction, the 120 kD 
band co-migrated with the 110 kD band. I have shown that the 110 kD band in 
reduced samples was recognised by an antibody to the extracellular domain of the pi 
integrin subunit, but I cannot rule out the possibility that it may contain an a  integrin 
subunit. If it does, it must be a novel a  subunit because its apparent molecular mass is 
different from any of the known keratinocyte a  subunits. In order to resolve the issue, 
I could carry out peptide-mass fingerprinting of the 110 kD and 120 kD non-reduced 
bands (Bishop et al., 1995). Large scale immunoprecipitates would be transferred to 
PVDF membrane and the blotted 110 kD and 120 kD bands would be cut out and 
separately analysed. Each band would be digested with a proteolytic enzyme such as 
trypsin to generate a fingerprint consisting of the mass of each peptide. The mass of 
the peptides would be measured by laser-desorption mass spectroscopy and the 
resulting profile screened against a database (MOWSE), containing the calculated 
masses of peptides generated from the proteolytic digestion of over 70,000 proteins. 
In this way, I could determine whether any protein co-immunoprecipitates with the 
PlB integrin subunit, and, if so, whether it is a known protein in the database or a 
novel protein.

5 The half-life of the plB integrin subunit is increased during terminal 
differentiation

I have examined the expression of the PlB integrin subunit when cultured human 
keratinocytes were induced to undergo terminal differentiation. During terminal 
differentiation, the half-life of the PlB integrin subunit was increased but at the time 
of commitment to terminal differentiation, when the block in integrin transport to the 
cell surface occurred, I have found no evidence for increased synthesis of the plB 
integrin subunit or for an association with a  integrin subunits known to form 
heterodimers with the PlA integrin subunit. So, is the PlB integrin subunit 
significant for the block in integrin transport? The available data suggests that it is 
probably not because there is so little of the PlB integrin subunit at the time of 
commitment to terminal differentiation, relative to the PlA  integrin subunit. 
However, I could test the potential of the PlB integrin subunit to block integrin 
transport by overexpressing it in keratinocytes using a retroviral vector (Zhu and 
Watt, 1996).
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6 (3 IB integrin subunit expression in squamous cell carcinomas
I have examined a small panel of oral squamous cell carcinomas and have found that 
whilst in normal and well-differentiated tumours, there was little or no (3IB integrin 
subunit expression, there was, however, a patchy increase in |31B integrin subunit 
expression in 1 moderately-differentiated tumour and 1 poorly-differentiated tumour. 
It would be interesting to examine larger sample numbers to determine if increased 
expression of the PlB integrin subunit is a feature of moderately-differentiated and 
poorly-differentiated tumours. It would also be worth extending analysis to benign 
hyperproliferative disorders such as psoriasis in which integrin expression is known 
to be upregulated (Hertle et al., 1992).

Biological significance of the (3 IB, C, and D integrin subunits

So far, 3 alternatively-spliced forms of the p i integrin subunit have been described, 
in addition to PlA. When each of the variants has been overexpressed in cultured 
cells, interesting effects have been observed. Tarone and colleagues have shown that 
the plB integrin subunit has dominant-negative effects on cell adhesion and motility 
(Balzac et al., 1994) and I have shown that the PIB-specific sequences caused 
delayed transport to the cell surface. The PIC integrin subunit when expressed in 
fibroblasts causes cell cycle arrest (Meredith et al., 1995) which is mediated by a 
specific sequence within the plC  cytoplasmic domain. The piD  integrin subunit 
when expressed in CHO cells is recruited to focal contacts and when clustered on the 
cell surface, stimulates tyrosine phosphorylation of signalling molecules (Belkin et 
al., 1996).

Although these observations are interesting, the question arises whether they are 
significant for cells that are not overexpressing the integrin subunits but expressing at 
physiological concentrations. My results have cast doubt on the biological 
significance of the PlB integrin subunit because of its low level of expression. The 
PlC integrin subunit is readily detected in cell lines but its level of expression in 
tissues is not well documented (Languino and Ruoslahti, 1992; Fomaro et al., 1995). 
The P ID integrin subunit, in contrast, is detected in skeletal and cardiac muscles and 
its pattern of expression appears to be developmentally regulated (Belkin et al.,, 
1996). Of the 3 isoforms of the p i integrin subunit, the piD integrin subunit is the 
only one to be expressed in the absence of the PlA integrin subunit. The piD integrin 
subunit is not detected in proliferating C2C12 myoblasts, but it appears immediately 
after myoblast fusion and its amount increases during myotube development. The 
Pi A integrin, in contrast, is downregulated during differentiation of C2C12
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myoblasts, and is completely absent in mature differentiated myotubes (Belkin et al.„ 
1996).

The genomic organisation of 3' region of the mouse p i integrin subunit gene has been 
determined recently by Sonnenberg and colleagues and they have compared the 
murine and human sequences (Baudoin et al., 1996). The murine sequences for the 
plB integrin subunit (predicted) are very different from the human sequences at both 
nucleotide and amino acid levels (Figure 6.1). Moreover, no specific polyadenylation 
signal was found which suggested that the PlB isoform did not exist in the mouse 
and sequences for a murine PlC integrin isoform were also undetectable (Baudoin et 
al.„ 1996). In contrast, there is rigorous conservation of the amino acid sequence of 
the cytoplasmic domain of the PlA integrin subunit during evolution. Comparative 
analysis of the Xenopus and human proteins indicate that the cytoplasmic domain of 
the pi A integrin subunit are identical in the two species while the rest of the protein 
is 80% homologous (DeSimone and Hynes, 1988). There is, however, convincing 
evidence for the existence of the murine piD integrin subunit. The human and 
murine sequences for the piD integrin subunit are conserved at the nucleotide (93%) 
and amino acid (100%) level (Baudoin et al.„ 1996). Such a high level of identity of 
primary sequence argues strongly for an important function that is likely to be 
conserved during evolution. In the same vein, the PlB and the plC  integrin subunits 
would be predicted to have been conserved in evolution if they had major functional 
significance.

In conclusion, while I have shown that the plB integrin subunit has the potential to 
regulate integrin transport in keratinocytes, I am pessimistic about its biological 
significance, given the low level of PlB expression in keratinocytes in culture and in 
the epidermis, and the lack of sequence conservation between human and mouse.
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Figure 6.1 Comparison of the murine and human (31 integrin gene (3' end 
region)

Comparison of the 3' end region of the murine and human p i integrin gene, not 
drawn to scale. The sizes of the introns and the exons 6, 7, B, C and D are indicated. 
The location of exon 6 and 7 of the murine p i gene closely corresponds to that of the 
human p i gene. Exon B and C are absent in the mouse gene.

164



6 D 7

Mouse

0.8 kb 5.2 kb

6 B D C 7

Human

1.23 kb 0.48 kb 4.3 kb

(Re-drawn from Baudoin et al., 1996)

165



R e f e r e n c e

Adams, J. C. and Watt, F. M. (1988). An unusual strain of human keratinocytes which do not stratify 
or undergo terminal differentiation in culture. J. Cell B io l 107, 1927-1938.

Adams, J. C. and Watt, F. M. (1989). Fibronectin inhibits the terminal differentiation of human 
keratinocytes. Nature 340, 307-309.

Adams, J. C. and Watt, F. M. (1990). Changes in keratinocyte adhesion during terminal differentiation: 
reduction in fibronectin binding precedes a5|3l integrin loss from the cell surface. Cell 63,425-435.

Adams, J. C. and Watt, F. M. (1991). Expression of p i, p3, P4 and P5 by human epidermal 
keratinocytes and non-differentiating keratinocytes. J. Cell Biol. 115, 829-841.

Adams, J. C. and Watt, F. M. (1993). Regulation of development and differentiation by the 
extracellular matrix. Development 117, 1183-1198.

Akiyama, S. K. and Yamada, K. M. (1987). Biosynthesis and acquisition o f biological activity of the 
fibronectin receptor. J. Biol. Chem. 262, 17536-17642.

Akiyama, S. K., Yamada, S. S., Chen, W.-T.and Yamada, K. M. (1989). Analysis of fibronectin 
receptor function with monoclonal antibodies: role in cell adhesion, migration, matrix assembly, and 
cytoskeletal organization. J. Cell Biol. 109, 863-875.

Akiyama, S. K., Yamada, S. S.and Yamada, K. M. (1989a). Analysis of the role of glycosylation of the 
human fibronectin receptor. J. Biol. Chem. 264, 18011-18018.

Altruda, F., Cervella, P., Tarone, G., Botta, C., Balzac, F., Stefanuto, G.and Silengo, L. (1990). A 
human integrin p i subunit with a unique cytoplasmic domain generated by alternative mRNA 
processing. Gene 95,261-266.

Aota, S., Nagai, T.and Yamada, K. M. (1991). Characterization of regions of fibronectin besides the 
arginine-glycine-aspartic acid sequence required for adhesive function of the cell binding domain 
using site-directed mutagenesis. J. Biol. Chem. 266, 15938-15943.

Argraves, W. S., Suzuki, S., Arai, H., Thompson, K., Pierschbacher, M.and Ruoslahti, E. (1987). 
Amino acid sequence of the human fibronectin receptor. J. Cell Biol. 105, 1183-1190.

Arnemann, J., Sullivan, K. H., Magee, A. I., King, I. A.and Buxton, R. S. (1993). Stratification-related 
expression of isoforms of the desmosomal cadherins in human epidermis. J. Cell Sci. 104,741-750.

Arroyo, A. G., Garcia-Vicuna, R., Marazeula, M., Yednock, T. A., Gonzalez-Amaro, R.and Sanchez- 
Madrid, F. (1995). Expression and functional significance of an activation dependent epitope of the p i 
integrins in chronic inflammatory diseases. Eur. J. Immunol. 25, 1720-1728.

Balzac, F., Belkin, A. M., Koteliansky, V. E., Balabanov, Y. V., Altruda, F., Silengo, L.and Tarone, G.
(1993). Expression and functional analysis of a cytoplasmic domain variant of the p i integrin subunit. 
J. Cell Biol. 121, 171-178.

Balzac, F., Retta, S. F., Albini, A., Melchiorri, A., Koteliansky, V. E., Geuna, M., Silengo, L.and 
Tarone, G. (1994). Expression of PlB integrin isoform in CHO cells results in a dominant negative 
effect on cell adhesion and motility. J. Cell Biol. 127, 557-565.

Basset-Seguin, N., Culard, J. F., Kerai, C., Bernard, F., Watrin, A., Demaille, J.and Guilhou, J. J.
(1990). Reconstituted skin in culture: a simple method with optimal differentiation. Differentiation 44, 
232-238.

Baudoin, C., Van Der Flier, A., Borradori, L.and Sonnenberg, A. (1996). Genomic organization of the 
mouse p i gene: conservation of the p iD  but not of the PlB and PlC integrin splice variants. Cell 
Adhesion and Communication 4, 1-11.

166



R e f e r e n c e
Bednarek, S. Y., Orci, L.and R., S. (1996). Traffic COPs and the formation of vesicle coats. Trends 
Cell Biol. 6,468-473.

Belkin, A. M., Zhidkova, N. I., Balzac, F., Altruda, F., Tomatis, D., Mai l̂r, A., Tarone, G.,
Koteliansky, V. E.and Burridge, K. (1996). p iD  integrin displaces the (31A isoform in striated 
muscles: localization at junctional structures and signaling potential in non-muscle cells. J. Cell B iol 
132,211-226.

Belkin, V. M., Belkin, A. M.and Koteliansky, V. E. (1990). Human smooth muscle VLA-1 integrin: 
purification, substrate specificity, localization in aorta, and expression during development. J. Cell 
Biol. 111,2159-2170.

Berditchevski, F., Bazzoni, G.and Hemler, M. E. (1995). Specific association of CD63 with the VLA-3 
and VLA-6 integrins. J. Biol. Chem. 270, 17784-17790.

Berditchevski, F., Zutter, M. M.and Hemler, M. E. (1996). Characterization of novel complexes on the 
cell surface between integrins and proteins with 4 transmembrane domains (TM4 proteins). Mol. Biol. 
Cell 7,193-207.

Bemfield, M., Hinckes, M. T.and Gallo, R. L. (1993). Developmental expression of the syndecans: 
possible function and regulation. Development Suppl. 205-212.

Beverley, P. C. L. (1982). The application of monoclonal antibodies to the typing and isolation of 
lymphoreticular cells. Proc. Royal Soc. Edinburgh 8 IB, 224-232.

Bishop, L. M., Rahman, D., Pappin, D. J. C.and Watt, F. M. (1995). Identification of an 80kD protein
associated with the a3p i integrin as a proteolytic fragment of the a3 subunit: studies with human
keratinocytes. Cell Adhesion and Communication 3, 243-255.

Borradori, L. and Sonnenberg, A. (1996). Hemidesmosomes: roles in adhesion, signaling and human 
diseases. Curr. Opin. Cell Biol. 8, 647-656.

Bossy, B., Bossy-Wetzel, E.and Reichardt, L. F. (1991). Characterization of the integrin a8 subunit: a 
new integrin pi-associated subunit, which is prominently expressed on axons and on cells in contact 
with basal laminae in chick embryos. EMBO J. 10, 2375-2385.

Bowditch, R. D., Halloran, C. E., Aota, S., Obara, M., Plow, E. F., Yamada, K. M.and Ginsberg, M. H.
(1991). Integrin allbp3 (platelet GPIIb-IIIa) recognizes multiple sites in fibronectin. J. Biol. Chem. 
266,23323-23328.

Bowditch, R. D., Hariharan, M., Tominna, E. F., Smith, J. W., Yamada, K. M., Getzoff, E. D.and 
Ginsberg, M. H. (1994). Identification of a novel integrin binding site in fibronectin. J. Biol. Chem. 
269, 10856-10863.

Bradford, M. M. (1976). A rapid and sensitive method for the quantification of microgram quantities 
of protein utilizing the principle of protein-dye binding. Anal. Biochem. 142, 79-83.

Braga, V. M. M., Pemberton, L. F., Duhig, T.and Gendler, S. J. (1992). Spatial and temporal 
expression of an epithelial mucin, Muc-1, during mouse development. D evelopm ent 115,427-437.

Bray, P. F., Leung, C. S.and Shuman, M. A. (1990). Human platelets and megakaryocytes contain 
alternately spliced glycoprotein lib mRNAs. J. Biol. Chem. 265,9587-9590.

Bretscher, M. S. (1992). Circulating integrins: a5|3l, cc6|34 and Mac-1, but not oc3|3l, a4|3l or LFA-1. 
EM BOJ. 11,405-410.

Breuss, J. M., Gallo, J., DeLisser, H. M., Klimanskaya, I. V., Folkesson, H. G., Pittet, J. F., Nishimura, 
S. L., Aldape, K., Landers, D. V.and Carpenter, W. (1995). Expression of the (36 integrin in 
development, neoplasia and tissue repair suggest a role in remodeling. J. Cell Sci. 108, 2241-2251.

Briesewitz, R., Kern, A.and Marcantonio, E. E. (1993). Ligand-dependent and -independent integrin 
focal contact localization: the role of the a  chain cytoplasmic domain. Mol. Biol. Cell 4, 593-604.

167



R e f e r e n  ce
Brown, N. H., King, D. L., Wilcox, M.and Kafatos, F. C. (1989). Developmentally regulated 
alternative splicing of Drosophila integrin PS2 a  transcripts. Cell 59, 185-195.

Burridge, K., Fath, K., Kelly, T., Nuckolls, G.and Turner, C. (1988). Focal adhesions: transmembrane 
junctions between the extracellular matrix and the cytoskeleton. Annu. Rev. Cell Biol. 4,487-525.

Calvete, J. J., Henschen, A.and Gonzalez-Rodriguez, J. (1989). Complete localization of the intrachain 
disulphide bonds and the N-glycosylation points in the a-subunit of human platelet glycoprotein lib. 
Biochem. J. 261, 561-568.

Calvete, J. J., Henschen, A.and Gonzalez-Rodriguez, J. (1991). Assignment of disulphide bonds in 
human platelet GPIIIa. A disulphide pattern for the (3 subunits of the integrin family. Biochem. J. 274, 
63-71.

Carroll, J. M., Romero, R. M.and Watt, F. M. (1995). Suprabasal integrin expression in the epidermis 
of transgenic mice results in developmental defects and a phenotype resembling psoriasis. Cell 83, 
957-986.

Carter, W. G., Kaur, P., Gil, S. G., Gahr, P. J.and Wayner, E. A. (1990a). Distinct functions for 
integrins a3(3l in focal adhesions and a6  (34/bullous pemphigoid antigen in a new stable anchoring 
contact (SAC) of keratinocytes: relation to hemidesmosomes. J. Cell Biol. I l l ,  3141-3145.

Carter, W. G., Wayner, E. A., Bouchard, T. S.and Kaur, P. (1990b). The role of integrins a2(3l and 
cc3f3l in cell-cell and cell-substrate adhesion of human epidermal cells. J. Cell Biol. 110, 1387-1404.

Cepek, K. L., Shaw, S. K., Parker, C. M., Russell, G. J., Morrow, J. S., Rimm, D. J.and Brenner, M. B.
(1994). Adhesion between epithelial cells and T lymphocytes mediated by E-cadherin and the a^P7 
integrin. Nature 372, 190-193.

Church, G., M. and Gilbert, W. (1984). Genomic sequencing. Proc. Natl. Acad. Sci. USA 81, 1991- 
1995.

Clark, E. A. and Brugge, J. S. (1995). Integrin and signal transduction pathways: the road taken. 
Science 268,233-239.

Collo, G., Starr, L.and Quaranta, V. (1993). A new isoform of the laminin receptor integrin cc7|3l is 
developmentally regulated in skeletal muscle. J. Biol. Chem. 268, 19019-19024.

Cooper, H. M., Tamura, R. N.and Quaranta, V. (1991). The major laminin receptor of mouse 
embryonic stem cells is a novel isoform of the a6(3l integrin. J. Cell Biol. 115, 843-850.

Cosson, P. and Letourneur, F. (1994). Coatomer interaction with di-lysine endoplasmic reticulum 
retention motifs. Science 263, 1629-1631.

Couchman, J. R., Austria, M. R.and Woods, A. (1990). Fibronectin-cell interactions. J. Invest. 
Dermatol. 94, 7S-14S.

D'Souza, S. E., Ginsberg, M. H., Burke, T. A., Lam, S. C.and Plow, E. F. (1988). Localization of an 
Arg-Gly-Asp recognition site within an integrin adhesion receptor. Science 242,91-93.

D'Souza, S. E., Ginsberg, M. H., Burke, T. A.and Plow, E. F. (1990). The ligand binding site of the 
platelet integrin receptor GPIIb-IIIa is proximal to the second calcium binding domain of its a  subunit. 
J. Biol. Chem. 265, 3440-3446.

D'Souza, S. E., Ginsberg, M. H., Matsueda, G. R.and Plow, E. F. (1991). A discrete sequence in a 
platelet integrin is involved in ligand recognition. Nature 350, 66-68.

Dawson, R. M., Elliott, D. C., Elliott, W. H.and Jones, K. M. (1987). Data for Biochemical Research. 
Oxford, Clarendon Press, 3rd edition.

De Luca, M., Tamura, R. N., Kajiji, S., Bondanza, S., Rossino, P., Cancedda, R., Marchisio, P. C.and 
Quaranta, V. (1990). Polarized integrin mediates human keratinocyte adhesion to basal lamina. Proc. 
Natl. Acad. Sci. USA 87, 6888-6892.

168



R e f  e r e n  ce
Dedhar, S. and Hannigan, G. E. (1996). Integrin cytoplasmic interactions and bidirectional 
transmembrane signalling. Curr. Opin. Cell Biol. 8, 657-669.

DeSimone, D. W. and Hynes, R. O. (1988). Xenopus laevis integrins: structural conservation and 
evolutionary divergence of integrin P subunits. J. Biol. Chem. 263,5333-5340.

DeStrooper, B., Saison, M., Jaspers, M., Spaepen, M., Van Leuven, F., Van Den Berghe, H.and 
Cassiman, J.-J. (1988). Monoclonal DH12 reacts with cell surface and a precursor form of the P 
subunit o f the human fibronectin receptor. Cell Biol. Int. Rep. 12, 9-16.

Dittel, B. N., McCarthy, J. B., Wayner, E. A.and LeBien, T. W. (1993). Regulation of human B-cell 
precursor adhesion to bone marrow stromal cells by cytokines that exert opposing effects on the 
expression of vascular cell adhesion molecule-1 (VCAM-1). Blood  81, 2272-2282.

Djaffar, I., Chen, Y. P., Creminon, C., Maclouf, J., Cieutat, A. M., Gayet, O.and Rosa, J. P. (1994). A 
new alternative transcript encodes a 60 kDa truncated form of integrin P3. Biochem. J. 300, 69-74.

Dover, R. and Watt, F. M. (1987). Measurement of the rate of epidermal terminal differentiation: 
expression of involucrin by S-phase keratinocytes in culture and in psoriatic plaques. J. Invest. 
Dermatol. 89, 349-352.

Downer, C. S., Watt, F. M.and Speight, P. M. (1993). Loss of a6  and P4 integrin subunits coincides 
with loss of basement membrane components in oral squamous cell carcinomas. J. Pathol. 171,183- 
190.

Dustin, M. L., Singer, K., Tuck, D.and Springer, T. A. (1988). Adherence of T lymphoblasts to 
epidermal keratinocytes is regulated by IFN gamma and mediated by ICAM-1. J. Exp. M ed  167, 1323- 
1340.

Elenius, K. and Jalkanen, M. (1994). Function of the syndecans - a family of cell surface 
proteoglycans. J. Cell Sci. 107,2975-2982.

Elenius, K., Vainio, S., Laato, M., Salmivirta, M., Thesleff, Land Jalkanen, M. (1991). Induced 
expression of syndecan in healing wounds. J. Cell Biol. 114, 585-595.

Fleischmayer, R. and Timpl, R. (1984). Ultrastructural localization of fibronectin to different anatomic 
structures of the human skin. J. Histochem. Cytochem. 32, 315-321.

Foellmer, H. G., Madri, J. A.and Furthmayr, H. (1983). Monoclonal antibodies to type IV collagen: 
probes for the study of structure and function of basement membranes. Lab. Investigation  48, 639-649.

Fomaro, M., Zheng, D.-Q.and Languino, L. R. (1995). The novel structural motif Gln795_Gin802 -n 
the integrin PlC cytoplasmic domain regulates cell proliferation. J. Biol. Chem. 270, 24666-24669.

Gates, R. E., King, L. E., Hanks, S. K.and Nanney, L. B. (1994). Potential role for focal adhesion 
kinase in migrating and proliferating keratinocytes near epidermal wounds and in culture. Cell Growth 
Diff. 5, 891-899.

Georges-Labouesse, E., Messaddeq, N., Yehia, G., Cadalbert, L., Dierich, A.and Le Meur, M. (1996). 
Absence of the a6  integrin leads to epidermolysis bullosa and neonatal death in mice. Nat. Genet. 13, 
370-373.

Green, H. (1977). Terminal differentiation of cultured human epidermal cells. Cell 11, 405-416.

Grinnell, F. (1992). Wound repair, keratinocyte activation and integrin modulation. J. Cell Sci. 101,1- 
5.

Guan, J.-L., Trevithick, J. E.and Hynes, R. O. (1991). Fibronectin/integrin interaction induces tyrosine 
phosphorylation of a 120 kD protein. Cell Regul. 2, 951-964.

Gulino, D., Boudignon, C., Zhang, L., Concord, E., Rabiet, M. J.and Marguerie, G. (1992). Calcium- 
binding properties of the platelet glycoprotein lib ligand-interacting domain. J. Biol. Chem. 267, 1001- 
1007.

169



R e f e r e n c e
Gunthert, U. (1993). CD44: a multitude o f isoforms with diverse functions. Curr. Top. Microbiol. 
Immunol. 184,47-63.

Guo, L., Degenstein, L., Dowling, J., Yu, Q. C., Wollmann, R., Perman, B.and Fuchs, E. (1995). Gene 
targeting of BPAG1: abnormalities in mechanical strength and cell migration in stratified epithelia and 
neurologic degeneration. Cell 81,233-243.

Guo, M., Toda, K.-I.and Grinnell, F. (1990). Activation of human keratinocyte migration on type I 
collagen and fibronectin. J. Cell Sci 96, 197-205.

Hall, P. A. and Watt, F. M. (1989). Stem cells: the generation and maintenance of cellular diversity. 
Developm ent 106, 619-633.

Hayashi, Y., Haimovich, B., Reszka, A., Boettiger, D.and Horwitz, A. (1990). Expression and function 
of chicken integrin (31 subunit and its cytoplasmic domain mutants in mouse NIH 3T3 cells. J. Cell 
Biol. 110, 175-184.

Helenius, A., Marquardt, T.and Braakman, I. (1992). The endoplasmic reticulum as a protein-folding 
compartment. Trends Cell Biol. 2,227-231.

Hemler, M. E., Crouse, C.and Sonnenberg, A. (1989). Association of the VLA a6  subunit with a novel 
protein. J. Biol. Chem. 264, 6529-6535.

Hemler, M. E., Elices, M. J., Chan, B. M., Zetter, B., Matsuura, N.and Takada, Y. (1990). Multiple 
ligand binding functions for VLA-2 (alpha 2 beta 1) and VLA-3 (alpha 3 beta 1) in the integrin family. 
Cell Differ. Dev. 32, 229-38.

Hemler, M. E., Huang, C.and Schwarz, L. (1987). The VLA protein family. J  Biol. Chem. 262, 3300- 
3309.

Hemler, M. E., Weitzman, J. B., Pasqualini, R., Kawaguchi, S., Kassner, P. D.and Berdichevsky, F. B.
(1994). Structure, biochemical properties and biological functions of integrin cytoplasmic domains. 
Integrins: The Biological Problem. Y. Takada, ed., Boca Ranton, CRC Press, pp 2-35.

Hertig, C. M., Eppenberger-Eberhardt, M., Koch, S.and Eppenberger, H. M. (1996). N-cadherin in 
adult rat cardiomyoctes in culture. I. Functional role of N-cadherin and impairment of cell-cell contact 
by a truncated N-cadherin mutant. J. Cell. Sci. 109, 1-10.

Hertle, M. D., Adams, J. C.and Watt, F. M. (1991). Integrin expression during human epidermal 
development in vivo  and in vitro. Developm ent 112, 193-206.

Hertle, M. D., Kubler, M.-D., Leigh, I. M.and Watt, F. M. (1992). Aberrant integrin expression during 
epidermal wound healing and in psoriatic epidermis. J. Clin. Invest. 89, 1892-1901.

Hochstenbach, F., David, V., Watkins, S.and Brenner, M. B. (1992). Endoplasmic reticulum resident 
protein of 90 kilodaltons associates with the T- and B-cell antigen receptors and major 
histocompatibility complex antigens during their assembly. Proc. Natl. Acad. Sci. USA 89,4734-4738.

Hodivala, K. J. and Watt, F. M. (1994). Evidence that cadherins play a role in the downregulation of 
integrin expression that occurs during keratinocyte terminal differentiation. J  Cell Biol 124, 589-600.

Hogervorst, F., Admiraal, L. G., Niessen, C., Kuikman, I., Janssen, H., Daams, H.and Sonnenberg, A. 
(1993). Biochemical characterization and tissue distribution of the a  variant and |3 variant of the 
integrin a6  subunit. J. Cell Biol. 121, 179-197.

Hogervorst, F., Kuikman, I., van Kessel, A. G.and Sonnenberg, A. (1991). Molecular cloning of the 
human a6  integrin subunit. Alternative splicing of a6  messenger RNA and chromosomal localization 
of the a6  gene and (34 gene. Eur. J. Biochem. 199, 425-433.

Hogervorst, F., Kuikman, I., von dem Borne, A. E. G. K.and Sonnenberg, A. (1990). Cloning and 
sequence analysis of beta-4 cDNA: an integrin subunit that contains a unique 118 kD cytoplasmic 
domain. EMBO J. 9, 765-770.

170



R e f e r e n  ce
Holbrook, K. A. (1994). Ultrastructure of the epidermis. The Keratinocyte Handbook. E. B. L. I. M. 
Leigh, and F. M. Watt, ed., Cambridge, Cambridge University Press, pp 3-39.

Horwitz, A., Duggan, E., Buck, C., Beckerle, M. C.and Burridge, K. (1986). Interaction of plasma 
membrane fibronectin receptor with talin - a transmembrane linkage. Nature 320, 531-533.

Hotchin, N. A., Ganderillas, A.and Watt, F. M. (1995). Regulation of cell surface p i integrin levels 
during keratinocyte terminal differentiation. J. Cell B io l 128, 1209-1219.

Hotchin, N. A., Kovach, N. L.and Watt, F. M. (1993). Functional down-regulation o f a5(3l integrin in 
keratinocytes is reversible but commitment to terminal differentiation is not. J. Cell Sci. 106, 1131- 
1138.

Hotchin, N. A. and Watt, F. M. (1992). Transcriptional and post-translational regulation of |3l integrin 
expression during keratinocyte terminal differentiation. J. Biol. Chem. 267, 14852-14858.

Huber, O., Bierkamp, C.and Kemler, R. (1996). Cadherins and catenins in development. Curr. Opin. 
Cell Biol. 8,685-691.

Hudson, D. L., Sleeman, J.and Watt, F. M. (1995). CD44 is the major peanut lectin-binding 
glycoprotein of human epidermal keratinocytes and plays a role in intercellular adhesion. J. Cell Sci. 
108,1959-1970.

Hughes, P. E., Diaz-Gonzalez, F., Leong, L., Wu, C., McDonald, D. A., Shattil, S. J.and Ginsberg, M.
H. (1996). Breaking the integrin hinge - a defined structural constraint regulates integrin signaling. J. 
Biol. Chem. 271, 6571-6574.

Hughes, P. E., O'Toole, T. E., Ylanne, J., Shattil, S. J.and Ginsberg, M. H. (1995). The conserved 
membrane-proximal region of an integrin cytoplasmic domain specifies ligand binding affinity. J. Biol. 
Chem. 270, 12411-12417.

Humphries, M. J. (1996). Integrin activation: the link between ligand binding and signal transduction. 
Curr. Opin. Cell Biol. 8, 632-640.

Humphries, M. J., Mould, A. P.and Tuckwell, D. S. (1993). Dynamic aspects of adhesion receptor 
function-integrins both twist and shout. Bioessays 6, 391-397.

Huovila, A.-P., Eder, A. M.and Fuller, S. D. (1992). Hepatitis B surface antigen assembles in a post- 
ER, pre-Golgi compartment. J. Cell Biol. 118, 1305-1320.

Hynes, R. O. (1987). Integrins: a family of cell surface receptors. Cell 48, 549-54.

Hynes, R. O. (1992). Integrins: versatility, modulation, and signaling in cell adhesion. Cell 69, 11-25.

Isacke, C. M. (1994). The role of the cytoplasmic domain in regulating CD44 function. J. Cell Sci.
107, 2353-2359.

Jackson, M. R., Cohen-Doyle, M. F., Peterson, P. A.and Williams, D. B. (1994). Regulation of MHC 
class I transport by the molecular chaperone, calnexin (p88, IP90). Science 263, 384-387.

Jackson, M. R., Nilsson, T.and Peterson, P. A. (1990). Identification of a consensus motif for retention 
of transmembrane proteins in the endoplamsic reticulum. EMBO J. 9, 3153-3162.

Jackson, M. R., Nilsson, T.and Peterson, P. A. (1993). Retrieval of transmembrane proteins to the 
endoplasmic reticulum. J. Cell Biol. 121, 317-333.

Jacob, M. C., Favre, M.and Bensa, J. C. (1991). Membrane cell permeabilization with saponin and 
multiparametric analysis by flow cytometry. Cytometry 12, 550-558.

Jones, J., Sugiyama, M., Giancotti, F., Speight, P. M.and Watt, F. M. (1996a). Transfection of |34 
integrin subunit into a neoplastic keratinocyte line fails to restore terminal differentiation capacity or 
influence proliferation. Cell Adhesion and Communication 4, 307-316.

171



R e f e r e n c e
Jones, J., Sugiyama, M., Speight, P. M.and Watt, F. M. (1996b). Restoration of av(35 integrin 
expression in neoplastic keratinocytes results in increased capacity for terminal differentiation and 
suppression of anchorage-independent growth. Oncogene 12, 119-126.

Jones, J., Sugiyama, M., Watt, F. M.and Speight, P. M. (1993). Integrin expression in normal, 
hyperplastic, dysplastic, and malignant oral epithelium. J. Pathol. 169, 235-243.

Jones, J., Watt, F. M.and Speight, P. M. (1997). Changes in the expression of av  integrin in oral 
squamous cell carcinomas. J. Oral. Pathol. Med. 26, 63-68.

Jones, P. H., Bishop, L. A.and Watt, F. M. (1996c). Functional significance of CD9 association with 
Pi integrins in human epidermal keratinocytes. Cell Adhesion and Communication 4,297-305.

Jones, P. H., Harper, S.and Watt, F. M. (1995). Stem cell patterning and fate in human epidermis. Cell 
80, 83-93.

Jones, P. H. and Watt, F. M. (1993). Separation of human epidermal stem cells from transit amplifying 
cells on the basis of differences in integrin function and expression. Cell 73, 713-724.

Jou, T.-S., Stewart, D. B., Stappert, J., Nelson, W. J.and Marrs, J. A. (1995). Genetic and biochemical 
dissection of protein linkages in the cadherin-catenin complex. Proc. Natl. Acad. Sci. USA 92, 5067- 
5071.

Kaiser, H. W., Ness, W., Offers, M., O'Keefe, E. J.and Kreysel, H. W. (1993). Talin: adherens junction 
protein is localized at the epidermal-dermal interface in skin. J. Invest. Dermatol. 101, 789-793.

Kamata, T., Puzon, W.and Takada, Y. (1994). Identification of putative ligand binding sites within I 
domain of integrin a 2 p i (VLA-2, CD49b/CD29). J. Biol. Chem. 269,9659-9663.

Karecla, P. I., Timpl, R.and Watt, F. M. (1994). Adhesion of human epidermal keratinocytes to 
laminin. Cell Adhesion and Communication 2, 309-318.

Kawaguchi, S., Bergelson, J. M., Finberg, R. W.and Hemler, M. E. (1994). Integrin a2  cytoplasmic 
domain deletion effects: loss of adhesive activity parallels ligand-independent recruitment into focal 
adhesions. Mol. Biol. Cell 5, 977-988.

Keeble, S. and Watt, F. M. (1990). Characterisation of the peanut lectin-binding glycoproteins of 
human epidermal keratinocytes. Differentiation  43, 139-145.

Kim, J. P., Zhang, K., Chen, J. D., Wynn, K. C., Kramer, R. H.and Woodley, D. T. (1992a). 
Mechanism of human keratinocyte migration on fibronectin: unique roles of RGD site and integrins. J. 
Cell Physiol. 151,443-450.

Kim, J. P., Zhang, K., Kramer, R. H., Schall, T. J.and Woodley, D. T. (1992b). Integrin receptors and 
RGD sequences in human keratinocyte migration: unique antimigratory function of a3|3l epiligrin 
receptor. J. Invest. Dermatol. 98, 764-770.

Kirchhofer, D., Languino, L. R., Ruoslahti, E.and Pierschbacher, M. D. (1990). a2(3l integrins from 
different cell types show different binding specificities. J. Biol. Chem. 265, 615-618.

Knudsen, K. A. and Wheelock, M. J. (1992). Plakoglobin, or a 83-kD homologue distinct from (3- 
catenin, interacts with E-cadherin and N-cadherin. J. Cell Biol. 118, 671-679.

Kovach, N. L., Carlos, T. M., Yee, E.and Harlan, J. M. (1992). A monoclonal antibody to (31 integrin 
(CD29) stimulates VLA-dependent adherence of leukocytes to human umbilical vein endothelial cells 
and matrix components. J. Cell Biol. 116, 499-509.

Kubler, M.-D. and Watt, F. M. (1993). Changes in the distribution of actin-associated proteins during 
epidermal wound healing. J. Invest. Derm atol. 100, 785-789.

Laemmli, U. K. (1970). Cleavage of structural proteins during the assembly of the head of the 
bacteriophage T4. Nature 227, 680-685.

172



R e f e r e n c e
LaFlamme, S. E., Akiyama, S. K.and Yamada, K. M. (1992). Regulation of fibronectin receptor 
distribution. J. Cell Biol. 117, 437-447.

Languino, L. R. and Ruoslahti, E. (1992). An alternative form of the integrin p i subunit with a variant 
cytoplasmic domain. J. Biol. Chem. 267, 7116-7120.

Larjava, H., Peltonen, J., Akiyama, S. K., Yamada, S. S., Gralnick, H. R., Uitto, J.and Yamada, K. M.
(1990). Novel function for (31 integrins in keratinocyte cell-cell interactions. J. Cell Biol. 110, 803- 
815.

Leigh, I. M. and Watt, F. M. (1994). The culture of human epidermal keratinocytes. The Keratinocyte 
Handbook. E. B. L. I. M. Leigh, and F. M. Watt, ed., Cambridge, Cambridge University Press, pp 43- 
51.

Lesley, J., Hyman, R.and Kincade, P. W. (1993). CD44 and its interaction with extracellular matrix. 
Adv. Immunol. 54, 381-335.

Letoumeur, F., Gaynor, E. C., Hennecke, K., Demolliere, C., Duden, R., Emr, S. D., H., R.and Cosson, 
P. (1994). Coatomer is essential for retrieval of dilysine-tagged protiens to the endoplasmic reticulum. 
Cell 79, 1199-1207.

Letoumeur, F., Hennecke, K., Demolliere, C.and Cosson, P. (1995). Steric masking of a di-lysine 
endoplasmic reticulum retention motif during assembly of the human high affinity receptor for 
immunoglobulin E. J. Cell Biol. 129, 971-978.

Lewis, J. E., Jensen, P. J.and Wheelock, M. J. (1994). Cadherin function is required for human 
keratinocytes to assemble desmosomes and stratify in response to calcium. J. Invest. Dermatol. 102,
870-877.

Lewis, J. M. and Schwartz, M. A. (1995). Mapping in vivo associations of cytoplasmic proteins with 
integrin p i cytoplasmic domain mutants. Mol. Biol. Cell 6, 151-160.

Lewis, M. J., J., S. D.and Pelham, H. R. (1990). The ERD2 gene determines the specificity of the 
luminal ER protein retention system. Cell 61,1359-1363.

Lewis, M. J. and Pelham, H. R. (1990). A human homologue of the yeast HDEL receptor. Nature 348, 
162-163.

Loftus, J. C., O'Toole, T. E., Plow, E. F., Glass, A., Frelinger III, A. L.and Ginsberg, M. H. (1990). A 
(33 integrin mutation abolishes ligand binding and alters divalent cation-dependent conformation. 
Science 249, 915-8.

Loftus, J. C., Smith, J. W.and Ginsberg, M. H. (1994). Integrin-mediated cell adhesion: the 
extracellular face. J. Biol. Chem. 269,25235-25238.

Luque, A., Gomez, M., Puzon, W., Takada, Y., Sanchez-Madrid, F.and Cabanas, C. (1996). Activation 
conformations of very late activation integrins detected by a group of antibodies (HUTS) specific for a 
novel regulatory region (355-425) of the common (31 chain. J. Biol. Chem. 271, 11067-11075.

Mainiero, F., Pepe, A., Wary, K. K., Spinardi, L., Mohammadi, M., Schlessinger, J.and Giancotti, F.
G. (1995). Signal transduction by the a6P4 integrin: distinct (34 subunit sites mediate recruitment of 
Shc/Grb2 and association with the cytoskeleton of hemidesmosomes. EMBO J. 14, 4470-4481.

Mainiero, F., Pepe, A., Yeon, M., Ren, Y.and Giancotti, F. G. (1996). The intracellular functions of 
a6(34 integrin are regulated by EGF. J. Cell Biol. 134,241-253.

Marcantonio, E. E., Guan, J.-L., Trevithick, J. E.and Hynes, R. O. (1990). Mapping of the functional 
determinants of the integrin (31 cytoplasmic domain by site-directed mutagenesis. Cell Regul. 1, 597- 
604.

Marchisio, P. C., Bondanza, S., Cremona, O., Cancedda, R.and De Luca, M. (1991). Polarized 
expression of integrin receptors (oc6(34, a2(3l, a 3 p i, avP5) and their relationship with the 
cytoskeleton and basement membrane matrix in cultured human keratinocytes. J. Cell Biol. 112, 761- 
773.

173



R e f e r e n c e

Marinkovich, M. P., Verrando, P., Keene, D. R., Meneguzzi, G., Lunstrum, G. P., Ortonne, J. P.and 
Burgeson, R. E. (1993). Basement membrane proteins kalinin and nicein are structurally and 
immunologically identical. Lab. Invest. 69, 295-299.

McLean, W. H. I., Pulkkinen, L., Smith, F. J. D., Rugg, E. L., Lane, E. B., Bullrich, F., Burgeson, R. 
E., Amano, S., Hudson, D. L., Oriwaribe, K., McGrath, J. A., McMillan, J. R., Eady, R. A. J., Leight,
I. M., Christiano, A. M.and Uitto, J. (1996). Loss of plectin causes epidermolysis bullosa with 
muscular dystrophy: cDNA cloning and genomic organization. Genes Dev. 10, 1724-1735.

Meredith, J., Takada, Y., Fomaro, M., Languino, L.and Schwartz, M. A. (1995). Inhibition of cell 
cycle progression by the alternatively spliced integrin PlC. Science 269, 1570-1572.

Michishita, M., Videm, V.and Amaout, M. A. (1993). A novel divalent cation-binding site in the A 
domain of the |32 integrin CR3 (CD1 lb/CD18) is essential for ligand binding. Cell 72, 857-867.

Milstone, L. M., Hough-Monroe, L., C., K. L., Bender, J. R.and Haggerty, J. G. (1994). Epican, a 
heparan/chondroitin sulfate proteoglycan form of CD44, mediates cell-cell adhesion. J. Cell Sci. 107, 
3183-3190.

Miyamoto, S., Akiyama, S. K.and Yamada, K. M. (1995a). Synergistic roles for receptor occupancy 
and aggregation in integrin transmembrane function. Science 267, 883-885.

Miyamoto, S., Teramoto, H., Coso, O. A., Gutkind, J. S., Burbelo, P. D., Akiyama, S. K.and Yamada, 
K. M. (1995b). Integrin function: molecular hierarchies of cytoskeletal and signaling molecules. J.
Cell Biol. 131,791-805.

Miyamoto, S., Teramoto, H., Gutkind, J. S.and Yamada, K. M. (1996). Integrins can collaborate with 
growth factors for phosphorylation of receptor tyrosine kinases and MAP kinase activation: roles of 
integrin aggregation and occupancy of receptors. J. Cell Biol. 135, 1633-1642.

Morgenstem, J. P. and Land, H. (1990). Advanced mammalian gene transfer: high titre retroviral 
vectors with multiple drug selection markers and a complementary helper-free packaging cell line. 
Nucl.AcidsR.es. 18,3587-3596.

Morrison, A. I., Keeble, S.and Watt, F. M. (1988). The peanut lectin-binding glycoproteins of human 
epidermal keratinocytes. Exp. Cell Res. I l l , 247-256.

Mould, A. P., Akiyama, S. K.and Humphries, M. J. (1995a). Regulation of integrin a5pi-fibronectin 
interactions by divalent cations. Evidence for distinct classes of binding sites for Mn2+, Mg2+ , and 
Ca2+. J. Biol. Chem. 270, 26270-26277.

Mould, A. P., Akiyama, S. K.and Humphries, M. J. (1996). The inhibitory anti-pl integrin monoclonal 
antibody 13 recognises an epitope that is attenuated by ligand occupancy. J. Biol. Chem. 271, 20365- 
20374.

Mould, A. P., Garratt, A. N., Askari, J. A., Akiyama, S. K.and Humphries, M. J. (1995b).
Identification of a novel anti-integrin monoclonal antibody that recognizes a ligand-induced binding 
site epitope on the p i subunit. FEBS Lett. 363, 118-122.

Munro, S. and Pelham, H. R. (1987). A C-terminal signal prevents secretion of luminal ER proteins. 
Cell 48, 899-907.

Murdoch, A. D., Liu, B., Schwarting, R., Tuan, R. S.and Iozzo, R. V. (1994). Widespread expression 
of perlecan proteoglycan in basement membranes and extracellular matrices of human tissues as 
detected by a novel monoclonal antibody against domain III and by in situ hybridization. J. Histochem. 
Cytochem. 42, 239-249.

Nagai, T., Yamakawa, N., Aota, S., Yamada, S. S., Akiyama, S. K., Olden, K.and Yamada, K. M.
(1991). Monoclonal antibody characterization of two distant sites required for function of the central 
cell binding domain of fibronectin in cell adhesion, cell migration, and matrix assembly. J. Cell Biol. 
114, 1295-1305.

174



R e f e r e n c e
Nagar, B., Overduin, M., Ikura, M.and Rini, J. M. (1996). Structural basis of calcium-induced E- 
cadherin rigidification and dimerization. Nature 380, 360-364.

Nakamura, K., Iwamoto, R.and Mekada, E. (1995). Membrane-anchored heparin-binding EGF-like 
growth factor (HB-EGF) and diphtheria toxin receptor-associated protein (DRAP27)/CD9 form a 
complex with integrin a3(3l at cell-cell contact sites. J. Cell Biol. 129, 1691-1705.

Nazzaro, V., Berti, E., Cerri, A., Brusasco, A., R., C.and Caputo, R. (1990). Expression of integrins in 
junctional and dystrophic epidermolysis bullosa. J. Invest. Dermatol. 95, 60-64.

Nermut, M. V., Green, N. M., Eason, P., Yamada, S. S.and Yamada, K. M. (1988). Electron 
microscopy and structural model of human fibronectin receptor. EMBO J. 7,4093-4099.

Nicholson, L. J., Pei, X. F.and Watt, F. M. (1991). Expression of E-cadherin, P-cadherin and 
involucrin by normal and neoplastic keratinocytes in culture. Carcinogenesis 12, 1345-1349.

Nicholson, L. J. and Watt, F. M. (1991). Decreased expression of fibronectin and the a 5 p i integrin 
during terminal differentiation of human keratinocytes. J. Cell Sci. 98,225-232.

Nilsson, T., Jackson, M. R.and Peterson, P. A. (1989). Short cytoplasmic sequences serve as retention 
signals for transmembrane proteins in the endoplasmic reticulum. Cell 58, 707-718.

Nilsson, T. and Warren, G. (1994). Retention and retrieval in the endoplasmic reticulum and the Golgi 
apparatus. Curr. Opin. Cell Biol. 6,517-521.

North, A. J., Chidgey, M. A. J., Clarke, J. P., Bardsley, W. G.and Garrod, D. R. (1996). Distinct 
desmocollin isoforms occur in the same desmosomes and show reciprocally graded distribution in 
bovine nasal epidermis. Proc. Natl. Acad. Sci. USA 93, 7701-7705.

Nose, A. and Takeichi, M. (1980). A novel cadherin cell adhesion molecule: its expression patterns 
associated with implantation and organogenesis of mouse embryos. J. Cell Biol. 103, 2649-2658.

O'Toole, T. E., Katagiri, Y., Faull, R. J., Peter, K., Tamura, R., Quaranta, V., Loftus, J. C., Shattil, S. 
J.and Ginsberg, M. H. (1994). Integrin cytoplasmic domains mediate inside-out signal transduction. J. 
Cell Biol. 124, 1047-1059.

O'Toole, T. E., Loftus, J. C., Plow, E. F., Glass, A. A., Harper, J. R.and Ginsberg, M. H. (1989). 
Efficient surface expression of platelet GPIIb-IIIa requires both subunits. Blood  74, 14-18.

O'Toole, T. E., Mandelman, D., Forsyth, J., Shattil, S. J., Plow, E. F.and Ginsberg, M. H. (1991). 
Modulation of the affinity of integrin aIIbP3 (GPIIb-IIIa) by the cytoplasmic domain of allb. Science 
254, 845-7.

O'Toole, T. E., Ylanne, J.and Culley, B. M. (1995). Regulation of integrin affinity states through an 
NPXY motif in the P subunit cytoplasmic domain. J. Biol. Chem. 270, 8553-8558.

Otey, C. A., Pavalko, F. M.and Burridge, K. (1990). An interaction between a-actinin and the pi 
integrin subunit in vitro. J. Cell Biol. I l l ,  721-729.

Otey, C. A., Vasquez, G. B., Burridge, K.and Erickson , B. W. (1993). Mapping of the a-actinin 
binding site within the p i integrin cytoplasmic domain. J. Biol. Chem. 268, 21193-21197.

Overduin, M., Harvey, T. S., Bagby, S., Tong, K. I., Yau, P., Takeichi, M.and Ikura, M. (1995). 
Solution structure of the epithelial cadherin domain responsible for selective cell adhesion. Science 
267, 386-389.

Ozawa, M., Baribault, H.and Kemler, R. (1989). The cytoplasmic domain of the cell adhesion 
molecule uvomorulin associates with independent proteins structurally related in different species. 
EM BOJ. 8, 1711-1717.

Ozawa, M., Ringwald, M.and Kemler, R. (1990). Uvomorulin-catenin complex formation is regulated 
by a specific domain in the cytoplasmic region of the cell adhesion molecule. Proc. Natl. Acad. Sci. 
USA 87, 4246-4250.

175



R e f e r e n c e
Palmer, E. L., Rttegg, C., Ferrando, R., Pytela, R.and Sheppard, D. (1993). Sequence and tissue 
distribution of the integrin a9 subunit, a novel partner of |3l that is widely distributed in epithelia and 
m uscle./. Cell Biol. 123, 1289-1297.

Pasqualini, R. and Hemler, M. E. (1994). Contrasting roles for integrin p i and |35 cytoplasmic 
domains in subcellular localization, cell proliferation, and cell migration. / .  Cell Biol. 125,447-460.

Pasqualini, R., Koivunen, E.and Ruoslahti, E. (1995). A peptide isolated from phage display libraries 
is a structural and functional mimic of an RGD-binding site on integrins. J. Cell Biol. 130, 1189-1196.

Pelham, H. R. (1989). Control o f protein exit from the endoplasmic reticulum. Annu. Rev. Cell Biol. 5, 
1-23.

Pellegrini, G., De Luca, M., Orecchia, G., Balzac, F., Cremona, O., Savoia, P., Cancedda, R.and 
Marchisio, P. C. (1992). Expression, topography, and function of integrin receptors are severely 
altered in keratinocytes from involved and uninvolved psoriatic skin. J. Clin. Invest. 89, 1783-1795.

Peltonen, J., Larjava, H., Jaakkola, S., Gralnick, H., Akiyama, S. K., Yamada, S. S., Yamada, K.
M.and Uitto, J. (1989). Localization of integrin receptors for fibronectin, collagen, and laminin in 
human skin. Variable expression in basal and squamous cell carcinomas. J. Clin. Invest. 84, 19lb- 
1923.

Picker, L. J., Treer, J. R., Nguyen, M., Terstappen, L. W. M. M., Hogg, N.and Yednock, T. (1993). 
Coordinate expression of p i and P2 "activation" epitopes during T cell responses in secondary 
lymphoid tissue. Eur. J. Immunol. 23, 2751-2757.

Plopper, G. E., McNamee, H. P., Dike, L. E., Bojanowski, K.and Ingber, D. E. (1995). Convergence of 
integrin and growth factor receptor signaling pathways within the focal adhesion. Mol. Biol. Cell 6, 
1349-1365.

Ponnambalam, S., Rabouille, C., Luzio, J. P., Nilsson, T.and Warren, G. (1994). The TGN38 
glycoprotein contains two non-overlapping signals that mediate localization to the trans-Golgi 
network. J. Cell Biol. 125, 253-268.

Potten, C. S. (1981). Cell replacement in epidermis (keratopoiesis) via discrete units of proliferation. 
Int. Rev. Cytol. 69, 271-318.

Prunieras, M., Regnier, M.and Woodley, D. (1983). Methods for cultivation of keratinocytes with an 
air-liquid interface. J. Invest. Dermatol. 81, 28S-33S.

Rajagopalan, S., Xu, Y.and Brenner, M. B. (1994). Retention of unassembled components of integral 
membrane proteins by calnexin. Science 263, 387-390.

Ralfkiaer, E., Thomsen, K.and Vejlsgaard, G. L. (1991). Expression of a cell adhesion protein (VLA 
P) in normal and diseased skin. Br. J. Dermatol. 124, 527-532.

Reily, J. T. and Nash, J. R. (1988). Vitronectin (serum spreading factor): its localisation in normal and 
fibrotic tissue. J. Clin. Pathol. 41, 1269-1272.

Reinherz, E. L. and Schlossman, S. F. (1980). The differentiation and function of human T 
lymphocytes. Cell 821-827.

Reszka, A. A., Hayashi, Y.and Horwitz, A. F. (1992). Identification of amino acid sequences in the 
integrin p i cytoplasmic domain implicated in cytoskeletal association. J. Cell Biol. 117, 1321-1330.

Reynolds, A. B., Danile, J., McCrea, P., Wheelock, M. J., Wu, J.and Zhang, Z. (1994). Identification
of a new catenin: the tyrosine kinase substrate p l20cas associates with E-cadherin complexes. Mol. 
Cell Biol. 14, 8333-8342.

Rheinwald, J. G. (1989). Methods for clonal growth and serial cultivation of normal human epidermal 
keratinocytes and mesothelial cells. Cell Growth and Division. A practical approach. R. Baserga, ed., 
Oxford, IRL press, pp 81-94.

176



R e f e r e n c e
Rheinwald, J. G. and Green, H. (1975). Serial cultivation of strains of human epidermal keratinocytes: 
the formation o f keratinizing colonies from single cells. Cell 6, 331-344.

Rothman, J. E. and Wieland, F. T. (1996). Protein sorting by transport vesicles. Science 272,227-234.

Salmivirta, M. and Jalkanen, M. (1995). Syndecan family of cell surface proteoglycans: 
developmentally regulated receptors for extracellular effector molecules. Experientia 51, 863-872.

Sambrook, J., Fritsch, E. F.and Maniatis, T. (1989). Molecular cloning - a laboratory manual. New 
York, Cold Spring Habor Laboratory Press, 2nd.

Sanderson, R. D. and Bemfield, M. (1988). Molecular polymorphism of a cell surface proteoglycan: 
distinct structure on simple and stratified epithelia. Proc. Natl. Acad. Sci. USA 85, 9562-9566.

Sanderson, R. D., Hinckes, M. T.and Bemfield, M. (1992). Syndecan-1, a cell-surface proteoglycan, 
changes in size and abundance when keratinocytes stratify. J. Invest. Dermatol. 99, 390-396.

Sastry, S. K., Lakonishok, M., Thomas, D. A., Muschler, J.and Horwitz, A. F. (1996). Integrin a  
subunits ratios, cytoplasmic domains, and growth factor synergy regulate muscle proliferation and 
differentiation. J. Cell Biol. 133, 169-184.

Schaller, M. D., Hildebrand, J. D., Shannon, J. D., Fox, J. W., Vines, R. R.and Parsons, J. T. (1994). 
Autophosphorylation of the focal adhesion kinase ppl2 5 ^AK, directs SH2-dependent binding of 
pp60src. Mol. Cell Biol. 14, 1680-1688.

Schaller, M. D., Otey, C. A., Hildebrand, J. D.and Parsons, J. T. (1995). Focal adhesion kinase and 
paxillin bind to peptides mimicking (3 integrin cytoplasmic domains. J. Cell Biol. 130, 1181-1187.

Schnapp, L. M., Breuss, J. M., Ramos, D. M., Sheppard, D.and Pytela, R. (1995). Sequence and tissue 
distribution of the human integrin a8 subunit: a pi-associateda subunit expressed in smooth muscle 
cells. /. Cell Sci. 108, 537-544.

Schwartz, M. A., Schaller, M. D.and Ginsberg, M. H. (1995). Integrins: emerging paradigms of signal 
transduction. Ann. Rev. Cell Dev. Biol. 11, 549-599.

Shapiro, L., Fannon, A. M., Kwong, P. D., Thompson, A., Lehmann, M. S., Grubel, G., Legrand, J.-F., 
Als-Nielsen, J., Colman, D. R.and Hendrickson, W. A. (1995). Structural basis of cell-cell adhesion by 
cadherins. Nature 374, 327-336.

Shattil, S. J., Haimovich, B., Cunnigham, M., Lipfert, L., Parsons, J. T., Ginsberg, M. H.and Brugge, J. 
S. (1994). Tyrosine phosphorylation of ppl25FAK in platelets requires coordinated signaling through 
integrin and agonist receptors. J. Biol. Chem. 269,14738-14745.

Shibamoto, S., Hayakawa, M., Takeuchi, K., Hori, T., Miyasawa, K., Kitamura, N., Johnson, K. R., 
Wheelock, M. J., Matsuyoshi, N., Takeichi, M.and Ito, F. (1995). Association of pl20, a tyrosine 
kinase substrate, with E-cadherin/catenin complexes. J. Cell Biol. 128, 949-957.

Shimoyama, Y., Hirohashi, S., Hirano, S., Noguchi, M., Shimosato, Y., Takeichi, M.and Abe, O.
(1989). Cadherin cell-adhesion molecules in human epithelial tissues and carcinomas. Cancer Res. 49, 
2128-2133.

Smith, F. J. D., Eady, R. A. J., M., L. I., McMillan, J. R., Rugg, E. L., Kelsell, D. P., Bryant, S. P., 
Spurr, N. K., Geddes, J. F., Kirtschig, G., Milana, G., de Bono, A. G., Oriwaribe, K., Wiche, G., 
Pulkkinen, L., Uitto, J., McLean, W. H. I.and Lane, E. B. (1996). Plectin deficiency: hereditary basis 
for muscular dystrophy with epidermolysis bullosa simplex. Nat. Genet. 13,450-457.

Smith, J. W., Piotrowicz, R. S.and Mathis, D. (1994). A mechanism for divalent cation regulation of 
(33 integrins. J. Biol. Chem. 269,960-967.

Solowska, J., Guan, J.-L., Marcantonio, E. E., Trevithick, J. E., Buck, C. A.and Hynes, R. O. (1989). 
Expression of normal and mutant avian integrin subunits in rodent cells. J. Cell Biol. 109, 853-861.

177



R e f e r e n c e
Song, W. K., Wang, W., Foster, R. F., Bielser, D. A.and Kaufman, S. J. (1992). H36-a7 is a novel 
integrin alpha chain that is developmentally regulated during skeletal myogenesis. J. Cell Biol. 117, 
643-657.

Song, W. K., Wang, W., Sato, H., Bielser, D. A.and Kaufman, S. J. (1993). Expression of a l  integrin 
cytoplasmic domains during skeletal muscle development: alternate forms, conformational change, 
and homologies with serine/threonine and tyrosine phosphatases. J. Cell Sci. 106, 1139-1152.

Sonnenberg, A., Janssen, H., Hogervorst, F., Calafat, J.and Hilgers, J. (1987). A complex of platelet 
glycoproteins I and Ha identified by a rat monoclonal antibody. J. Biol. Chem. 262, 10376-10383.

Spinardi, L., Einheber, S., Cullen, T., Milner, T. A.and Giancotti, F. G. (1995). A recombinant tail-less 
integrin (34 subunit disrupts hemidesmosomes, but does not suppress a6(34-mediated cell adhesion to 
laminins. J. Cell Biol. 129, 473-487.

Spinardi, L., Ren, Y. L., Sanders, R.and Giancotti, F. G. (1993). The (34 subunit cytoplasmic domain 
mediates the interaction of a6(34 integrin with the cytoskeleton of hemidesmosomes. Mol. Biol. Cell 4,
871-884.

Sriramarao, P., Steffner, P.and Gehlsen, K. R. (1993). Biochemical evidence for a homophilic 
interaction of the a3(3l integrin. J. Biol. Chem. 268, 22036-22041.

Stappert, J. and Kemler, R. (1994). A short region of E-cadherin is essential for catenin binding and is 
highly phosphorylated. Cell Adhesion and Communication 2, 319-323.

Sugiyama, M., Speight, P. M., Prime, S. S.and Watt, F. M. (1993). Comparison of integrin expression 
and terminal differentiation capacity in cell lines derived from oral squamous cell carcinomas. 
Carcinogenesis 14, 2171-2176.

Suzuki, S. and Naitoh, Y. (1990). Amino acid sequence of a novel integrin |34 subunit and primary 
expression of the mRNA in epithelial cells. EMBO J. 9, 757-763.

Symington, B. E., Takada, Y.and Carter, W. G. (1993). Interaction of integrins a3|3l and a2[3l: 
potential role in keratinocyte intercellular adhesion. J. Cell Biol. 120, 523-535.

Takada, Y. and Puzon, W. (1993). Identification of a regulatory region of integrin (31 subunit using 
activating and inhibiting antibodies. J. Biol. Chem. 268, 17597-17601.

Takada, Y., Ylanne, J., Mandelman, D., Puzon, W.and Ginsberg, M. H. (1992). A point mutation of 
integrin (31 subunit blocks binding of cc5(3l to fibronectin and invasin but not recruitment to adhesion 
plaques. J. Cell Biol. 119, 913-921.

Tamura, R. N., Cooper, H. M., Collo, G.and Quaranta, V. (1991). Cell type-specific integrin variants 
with alternative a  chain cytoplasmic domains. Proc. Natl. Acad. Sci. USA 88, 10183-10187.

Tamura, R. N., Rozzo, C., Starr, L., Chambers, J., Reichardt, L. F., Cooper, H. M.and Quaranta, V.
(1990). Epithelial integrin oc6(34: complete primary structure o f a6  and variant forms of (34. J. Cell 
Biol. I l l ,  1593-1604.

Teasdale, R. D. and Jackson, M. R. (1996). Signal-mediated sorting of membrane proteins between the 
endoplasmic reticulum and the Golgi apparatus. Annu. Rev. Cell Dev. Biol. 12,27-54.

Tenchini, M. L., Adams, J. C., Gilbert, C., Steel, J., Hudson, D. L., Malcovati, M.and Watt, F. M. 
(1993). Evidence against a major role for integrins in calcium-dependent intercellular adhesion of 
epidermal keratinocytes. Cell Adhesion and Communication 1,55-66.

Thomas, T. and Dziadek, M. (1993). Genes coding for basement membrane glycoproteins laminin, 
nidogen and collagen IV are differentially expressed in the nervous system and by epithelial and 
mesenchymal cells o f the mouse embryo. Exp. Cell Res. 208,54-67.

Thomas, Y., Sosman, J., Irigoyen, O., Friedman, S. M., Kung, P. C., Goldstein, G.and Chess, L.
(1980). Functional analysis of human T cell subsets defined by monoclonal antibodies. Collaborative 
T-T interaction in the immunoregulation of B cell differentiation. J. Immunol. 125, 2402-2308.

178



R e f e r e n c e
Townsley, F. M., Wilson, D. W.and Pelham, H. R. (1993). Mutational analysis of the human KDEL 
receptor: distinct structural requirements for Golgi retention, ligand binding and retrograde transport. 
EM BOJ. 12, 2821-2829.

Tsukita, S., Oishi, K., Sato, N., Sagara, J., Kawai, A.and Tsukita, S. (1994). ERM family members as 
molecular linkers between the cell surface glycoprotein CD44 and actin-based cytoskeleton. J. Cell 
Biol. 126, 391-401.

Tuckwell, D., Calderwood, D. A., Green, L. J.and Humphries, M. J. (1995). Integrin a 2 1-domain is a 
binding site for collagens. J. Cell Sci. 108, 1629-1637.

Tuckwell, D. S. and Humphries, M. J. (1993). Molecular and cellular biology of integrins. Crit. Rev. 
Oncol. Hematol. 15, 149-171.

Turner, C. and Burridge, K. (1991). Transmembrane molecular assemblies in cell-extracellular matrix 
interactions. Curr. Opin. Cell Biol. 3, 849-853.

Uematsu, J., Nishizawa, Y., Sonnenberg, A.and Owaribe, K. (1994). Demonstration of type II 
hemidesmosomes in a mammary gland epithelial cell line, BMGE-H. Biochem. J. 115,469-476.

van der Flier, A., Kuikman, I., Baudoin, C., van der Neut, R.and Sonnenberg, A. (1995). A novel (31 
integrin isoform produced by alternative splicing: unique expression in cardiac and skeletal muscle. 
FEBS Lett. 369, 340-344.

van der Neut, R., Krimpenfort, P., Calafat, J., Niessen, C. M.and Sonnenberg, A. (1996). Epithelial 
detachment due to absence of hemidesmosomes in integrin (34 null mice. Nat. Genet. 13, 366-369.

van Kuppevelt, T. H. M. S. M., Languino, L. R., Gailit, J. O., Suzuki, S.and Ruoslahti, E. (1989). An 
alternative cytoplasmic domain of the integrin 03 subunit. Prc. Natl. Acad. Sci. USA 86, 5415-5418.

van Waes, C., Surh, D. M., Chen, Z., Kirby, M., Rhim, J. S., Brager, R., Sessions, R. B., Poore, J., 
W olf, G. T.and E., C. T. (1995). Increase in suprabasilar integrin adhesion molecule expression in 
human epidermal neoplasms accompanies increased proliferation occurring with immortalization and 
tumor progression. Cancer Res. 15, 5434-5444.

Vincent, M. J., Martin, A. S.and Compans, R. W. (1998). Function of the KKXX motif in endoplasmic 
reticulum retrieval of a transmembrane protien depends on the length and structure of the cytoplasmic 
domain. J. Biol. Chem. 273, 950-956.

Wary, K. K., Mainiero, F., Isakoff, S. J., Marcantonio, E. E.and Giancotti, F. G. (1996). The adaptor 
protein She couples a class of integrins to the control of cell cycle progression. Cell 87, 733-743.

Watt, F. M. (1983). Involucrin and other markers of keratinocyte terminal differentiation. J. Invest. 
Dermatol. 81, 100S-103S.

Watt, F. M. and Green, H. (1982). Stratification and terminal differentiation of cultured epidermal 
cells. Nature 295, 434-436.

Watt, F. M. and Hertle, M. D. (1994). Keratinocyte integrins. The Keratinocyte Handbook. E. B. L. I. 
M. Leigh, and F. M. Watt, ed., Cambridge, Cambridge University Press, pp 153-164.

Watt, F. M., Jordan, P. W.and O'Neill, C. H. (1988). Cell shape controls terminal differentiation of 
human epidermal keratinocytes. Proc. Natl. Acad. Sci. USA 85, 5576-5580.

Watt, F. M., Kubler, M.-D., Hotchin, N. A., Nicholson, L. J.and Adams, J. C. (1993). Regulation of 
keratinocyte terminal differentiation by integrin-extracellular matrix interactions. J. Cell Sci. 106, 175- 
182.

Wayner, E. A., Carter, W. G., Piotrowicz, R. S.and Kunicki, T. J. (1988). The function of multiple 
extracellular matrix receptors in mediating cell adhesion to extracellular matrix: preparation of 
monoclonal antibodies to the fibronectin receptor that specifically inhibit cell adhesion to fibronectin 
and react with platelet glycoproteins Ic-IIa. J. Cell Biol. 107, 1881-1891.

179



R e f e r e n c e
Wheelock, M. J. and Jensen, P. J. (1992). Regulation of keratinocyte intercellular junction 
organization and epidermal morphogenesis by E-cadherin. J. Cell Biol. 117, 415-425.

Williams, M. J., Hughes, P. E., O'Toole, T. E.and Ginsberg, M. H. (1994). The inner world of cell 
adhesion: integrin cytoplasmic domains. Trends Cell Biol. 4, 109-112.

Wilson, D. W., Lewis, M. J.and Pelham, H. R. (1993). pH-dependent binding of KDEL to its receptor 
in virto. J. Biol. Chem. 268, 7465-7468.

Wolf, G. T. and Carey, T. E. (1992). Tumour antigen phenotype, biologic staging, and prognosis in 
head and neck squamous carcinoma. Monogr. Natl. Cancer Inst. 13, 61-1 A.

Yamada, K. M. and Miyamoto, S. (1995). Integrin transmembrane signaling and cytoskeletal control. 
Curr. Opin. Cell Biol. 7, 681-689.

Ylanne, J., Chen, Y., O'Toole, T. E., Loftus, J. C., Takada, Y.and Ginsberg, M. H. (1993). Distinct 
functions of integrin a  and (3 subunit cytoplasmic domains in cell spreading and formation of focal 
adhesions. J. Cell Biol. 122, 223-233.

Yuan, Q., Jiang, W.-M., Leung, E., Hollander, D., Watson, J. D.and Krissansen, G. W. (1992). 
Molecular cloning of the mouse integrin (37 subunit. J. Biol. Chem. 267, 7352-7358.

Yurchenco, P. D. and O'Rear, J. J. (1994). Basal lamina assembly. Curr. Opin. Cell Biol. 6, 674-681.

Zhidkova, N. I., Belkin, A. M.and Mayne, R. (1995). Novel isoform of p i integrin expressed in 
skeletal and cardiac muscle. Biochem. Biophys. Res. Commun. 214, 279-285.

Zhu, A. J. and Watt, F. M. (1996). Expression of a dominant negative cadherin mutant provides 
evidence that cadherins regulate growth and differentiation of human epidermal keratinocytes. J. Cell 
Sci. 109, 3013-3023.

Zimmermann, D. R., Dours-Zimmermann, M. T., Schubert, M.and Bruckner-Tuderman, L. (1994). 
Versican is expressed in the proliferating zone in the epidermis and in association with the elastic 
network of the dermis. J. Cell Biol. 124, 817-825.

Ziober, B. L., Vu, M. P., Waleh, N., Crawford, J., Lin, C.-S.and Kramer, R. H. (1993). Alternative 
extracellular and cytoplasmic domains of the integrin a l  subunit are differentially expressing during 
development. J. Biol. Chem. 268, 26773-26783.

180


