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Abstract

The desmocollins and desmogleins are transmembrane glycoproteins of the cadherin
superfamily of adhesion proteins. They are present in desmosomes, the specialised
intercellular junctions characteristically found in epithelial tissues, where they provide
strong and stable cellular interactions. Both types of desmosomal cadherin, together
with the desmosomal plaque protein plakoglobin, are required for these strong
intercellular interactions. Three types of desmocollin (DSC1, 2, and 3) and three types
of desmoglein (DSG1, 2, and 3) have been identified and their genes are clustered in a
region of not more than 700kb on human chromosome 18q12.1, the DSC and DSG
genes being arranged separately in two tandem arrays. Desmocollins most strongly
resemble the classical cadherins in their structure, although they are unique amongst
the cadherins in that there are two protein forms, a long ‘a’ form and a truncated ‘b’
form, generated by alternative splicing. Desmogleins differ in that they have a number
of unique repeats in the cytoplasmic domain, varying between the different types,
which is predicted to form a B-pleated sheet structure. Given the clustered position of
the genes, it seems likely that they evolved by gene duplication and mutation from an
ancestral gene on this chromosome. I have determined the exon-intron boundaries of
the human DSC2 gene and shown it to consist of more than 33kb of DNA arranged
into 17 exons ranging in size from 46 to 258bp; exon 16 is alternatively spliced giving
rise to the ‘a’ and ‘b’ forms of the protein. This has revealed a most remarkable degree
of conservation of intron position with other cadherins, which strongly suggests that
they all evolved from a common ancestral gene. The desmocollin exon-intron

organisation is more similar to the classical cadherins than to the desmogleins,



especially in the cytoplasmic domain. Intron 1 is the largest, as it is in the
desmogleins, in contrast to the classical cadherins, where intron 2 is extremely large;
this latter intron is missing from the desmogleins. The intron positions occur at
different positions in consecutive repeats in the extracellular domain, which may have
evolved to constrain intragenic crossing-over events that could otherwise take place

and lead to proteins with differing numbers of extracellular repeats.

The desmosomal cadherins have varying spatial and temporal distributions. The type
2 isoforms have the most widespread tissue distribution in epithelia and also in
desmosome-bearing non-epithelial tissues, being found for example as the only
isoforms in the heart. Dsc2 is the first type expressed in the developing mouse embryo
from the 16/32-cell stage. A luciferase reporter gene system has been used to analyse
regions of the gene to determine if they contain elements required for tissue specific
expression. It is known that a 3.5kb upstream fragment mediates strong expression of
the reporter in epithelial cells with reduced expression in non-epithelial cells, and
deletion derivatives have defined a minimal promoter of 525bp. Using a primer
extension experiment I have determined the position of transcription initiation in
DSC2 to be 201bp upstream of the translation start site. As distinct from E-cadherin,
which has enhancer activity in intron 1, I have found that intron 1 of DSC2 has a
possible silencer element which may be responsible for restricting expression in non-
expressing cell types. No enhancer activity was found in any regions examined, which

included the 5’ and 3’ untranslated regions, intron 1 and intron 2, and the coding

region.



The DSC3 gene differs from the DSC2 gene in being expressed only in stratified
epithelia, mainly in the lower layers. I have cloned and sequenced the promoter region
of human DSC3. No useful homologies were found with the DSC2 promoter, but
comparison with the mouse DSC3 promoter has revealed several highly conserved
regions which may indicate the sites of important regulatory functions. In common
with DSC2, the DSC3 gene had no obvious TATA box, but contained a number of
possible sites for transcription factors such as Ap-1 and Ap-2, implicated in epithelial
specificity of gene expression. Deletion derivatives were cloned into a luciferase
reporter vector and reporter enzyme assays were used to define a minimal promoter of

438bp.

It is speculated that the failure to produce absolute in vivo tissue specificity using
short-range genetic elements such as promoters may be because of the absence of
more upstream genetic elements. It is possible that the specificity of expression of the
desmosomal cadherins may be controlled within a multi-layered transcriptional unit in
which each gene has proximal control elements which are overlayed by a global
regulation system for the whole desmosomal cadherin locus. It is also therefore
possible that gene position within the cluster plays a part in the regulation of gene

expression.
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Chapter 1: Introduction

1.1 Introduction

Cell-cell adhesion is one of the most fundamental biological processes for
multicellular organisms. The formation of semi-stable contacts that are spatially and
temporally regulated is required for processes including embryonic development, the
formation of supracellular structures, wound healing, and the inflammatory response.
In general, the adhesion is mediated by molecules which can be placed into one of
four main families which are the integrins, the selectins, the immunoglobulins, and the
cadherins. These cell adhesion molecules can then form part of large supramolecular

structures known as adhesion junctions.

One such junction is the desmosome cell-cell junction (Garrod, 1986), which are
characteristic of epithelial cells, but are also found in other tissues. The adhesive
portion of the desmosome consists of two types of transmembrane glycoproteins, the
desmocollins and the desmogleins, which belong to the cadherin superfamily of
adhesion proteins. Three different isoforms of the desmocollins and three different
desmogleins have been identified and in desmosome-bearing tissues such as the
epidermis, they are found to be differentially expressed. The regulated expression of
cell adhesion molecules is important in a diverse array of biological phenomena such
as cell condensation at compaction, neurite outgrowth, keratinisation, metastasis, and
cell sorting. So it is of fundamental interest to elucidate the mechanisms that control

the specific expression of these molecules.

19



Recently the cDNA’s of the desmosomal cadherins have been isolated. These have
been used for the determination of their structure, biological function, and expression
patterns, and for mapping their chromosomal locations. The six desmosomal cadherin
genes found so far are located on chromosome 18; they occupy a region not larger
than about 700kb, with the desmocollin and desmoglein genes arranged separately in
two tandem arrays, transcription of each gene being outwards from the inter-locus

region.

Transcriptional control of the differential expression of the desmosomal cadherins in
human epidermis has been suggested, and this is supported by two pieces of evidence.
Firstly, desmosomal cadherin mRNA’s are detected within those cell layers where the
proteins are initially detected (King et.al., 1995). Secondly, in the trophoectoderm, the
developing epithelium of the murine pre-implantation embryo, expression of the
desmocollin DSC2 mRNA is detected immediately prior to the protein (Collins et.al.,

1995).

This thesis is concerned with an analysis of the structure and expression of the
desmosomal cadherins on a genetic level. In the introduction a description of the
desmosomal cadherins will be given, but firstly there is a section placing these
molecules in context on a cellular scale, as cell adhesion molecules within the

specialised intercellular adhesion structures, desmosomes.

20



1.2 Cell Adhesion

Research has shown that the subject of cell adhesion stretches far deeper into the heart
of the physiology of an organism than simply holding its cells together. Cells are not
merely clumped and stuck together to form tissues and organs, rather they are
organised into diverse and highly distinctive patterns. The adhesive elements that
mediate these cell-cell and cell-substratum interactions play a central role in many
basic cellular functions, including maintenance of normal tissue organisation, cell
migration, and regulation of proliferation and differentiation. They are an absolute

requirement for the proper physiological functioning of the cell and tissue.

1.3 Intercellular Junctions

In free-living cells, electron micrographs generally show a relatively homogeneous
trilamellar image over the whole surface, although the existence of local membrane
specialisations is often revealed by freeze-fracture studies, for example at the
boundary between a cell body and a cilium. In contrast, in differentiated cells which
are organised into tissues and sustain long-term interactions with their neighbours,
there are variations in the detailed structure of the surface membrane at these points of

interaction that can be visualised without the need for freeze fracture analysis.

1.4 Types of Intercellular Junctions

In principle, two morphological forms of adhering junction can be distinguished. The
first is in tissues in which extended regions of the cell surface are closely opposed to
the surfaces of adjacent cells, leaving a narrow interspace. In such a case, most of the

cell surface can be regarded as equivalent to a junctional structure (Marchesi, 1985).
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The second is, which is the case in most tissues, concerns the sites of close attachment
of neighbouring cells, limited in size and form to individual, distinct junctions, which

are classified on the basis of their difference in structure and function.

1.4.1 Tight Junctions (Occluding Junctions)

One of the most physiologically important properties of tissues is their capacity to
create selective permeability barriers. Cells are often organised into specialised
structures that create interfaces between compartments, which serve to regulate the
movement of cells, macromolecules, small solutes, and ions; for example, the

selective absorption of nutrients by the epithelium of the gastrointestinal tract.

Tight junctions, or zonula occludens, are narrow, belt-like structures on the plasma
membrane of transporting epithelial cells that circumferentially wrap it and adjoin it
with its neighbours. In general they reside at the apical pole of the cell and separate
the apical and basolateral plasma membranes (Madara, 1988). The lateral membranes
of adjacent cells closely approximate each other and these sites of intimate contact,
colloquially termed membrane “kisses”, are thought to represent the physical sites at

which diffusion of molecules across the junction is impeded.

The tight junction has two known functions; first, by helping to restrict specific
transporters, pumps, and channels to either the apical or basolateral domains, it assists
in (but is not solely responsible for) the maintenance of the surface polarity required

for trans-epithelial transport processes. Second, by acting as a barrier it helps retain

22



the differences in extracellular fluid composition that exists across epithelia as a result

of transport.

1.4.2 Gap Junctions

Classically, gap junctions are defined by thin section images in which membranes of
opposed cells closely approach each other, but where a small gap of 1-2 nm separate
the membrane. Each channel (called a connexon) is thought to be formed by six
similar or identical proteins, the connexins (Bennett et.al., 1991), which comprise a
family of proteins with sequence homology and a similar predicted membrane
topology. The gap junction channel permits the exchange of small molecules, which
may be positively or negatively charged, or neutral, and up to 1kDa in size, resulting

in functional couplings between apposed cells through their plasma membranes.

1.4.3 Hemidesmosomes

Hemidesmosomes are punctate, cell-extracellular matrix adhesion structures located
on the basal surface of stratified and transitional epithelial cells (Legan et.al., 1992,
Garrod, 1993). They are so-called due to their similarity to desmosomes, and
ultrastructurally they do indeed resemble a half desmosome; they too have plaques
which are linked to intermediate filaments, but are unpaired because they are adjacent
to the basement membrane. The similarity, however, is primarily superficial, as it has
been demonstrated immunochemically and by molecular biology and cloning that the
major components of these overtly similar structures are quite distinct, and any
relationship between them as implied by their name is misleading. Each has become

specialised for its particular function, and the structural resemblance between them is

23



serendipitous, arising most likely through evolutionary convergence dictated by the
requirements of providing strong adhesive cytoskeletal links. Recent studies indicate
that hemidesmosomes are not simply adhesion devices; there is evidence that they
also act as multiprotein receptor complexes that transduce signals between the
extracellular matrix and the cell interior, and may profoundly modulate the behaviour

of cells (Borradori and Sonnenberg, 1996).

1.4.4 Adhaerens Junctions

The adhaerens junction, along with the desmosome, are the two major types of
adhesive intercellular junction in epithelial cells. In columnar epithelia, the adhaerens
junction encircles the apical region of the cells and forms part of a greater junctional
complex with the more apical tight junction and more basal desmosomes and gap

junctions as shown in figure 1.1.

The common structural principle of the two types are transmembraneous proteins
which belong to the superfamily of calcium-dependent cell adhesion molecules called
the cadherins (Magee and Buxton, 1991). They bind with their extracellular molecular
domain to the cadherin domain of the adjacent cell to facilitate cellular adhesion. The
intercellular portion of the cadherin is associated with a dense cytoplasmic plaque via
a plaque protein complex, which serves to anchor the filaments of the cytoskeleton.
Whereas the desmosomes are linked to the intermediate filament network, adhaerens
junctions link to the contractile actin filament network, possibly to fulfill a function in
the co-ordination of contractile activity among groups of cells. In this way these

junctions represent major architectural elements of both intercellular and intracellular

24



Figure 1.1: Epithelial Intercellular Junctions. Schematic diagram showing the major
types of intercellular junctions in a typical cell of a simple polarised epithelium. After

Garrod (1986).






organisation, which contribute to the functional coherence and alignment of the cells
within given tissues, as well as to the positioning and functional arrangement of the
organelles and other structural components within the cells they connect. This
dual functionality can be illustrated in figure 1.2 which shows a cell stained
for desmosomes and intermediate filaments, showing desmosomes involved in
cellular adhesion at the cell membrane, and also in connection to the intermediate

filament network.

1.4.5 Desmosomal Junctions

Desmosomes or maculae adhaerentes are disc-shaped adhesive intercellular junctions,
usually less than 1pm in diameter (Fawcett et.al. 1981), although interestingly larger
desmosomes have been found in some tumours (Ghadially et.al., 1995). The first
desmosomes appear early in development between trophoectoderm cells (Fleming
et.al., 1991) and subsequently they are found most prominently in tissues prone to
mechanical stress, and would seem to assemble during development when strong and
stable intercellular adhesion is required (Dubicella et.al., 1975). As a result they are
present in most vertebrate epithelia, for example, that of the skin, uterus, cervix, and
bladder. They are also present in cardiac muscle (Cowin et.al., 1984a), the pia and
arachnoid meninges (Parrish et.al., 1986), and the follicular dendritic cells of the
lymphoid system (Garrod et.al, 1990), but are absent from skeletal muscle,

connective tissue, and other non-epithelial tissue.

Desmosomes occur throughout the vertebrate class, as well as in a variety of different

tissues. Cross-reactivity of antibodies raised against bovine desmosomal components
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Figure 1.2: Desmosomes in Cells. The intermediary filaments (green lines) build a
complex network which embeds the nucleus in the centre of the cell and is attached on

the periphery to the desmosomes (orange dots) of the cell membrane.



with avian, reptilian, amphibian, and piscine tissues shows that desmosomal
components are conserved (Suhrbier and Garrod, 1986), and thus point to an
important role for these structures which has been evolutionarily conserved.
Moreover, the adhesive recognition specificity of desmosomes is also conserved,
since desmosomes have been shown to form between heterologous combinations of

mammalian, avian, and amphibian cells (Mattey and Garrod, 1985).

1.5 Focus on Desmosomes

On the ultrastructural level desmosomes appear as highly organized, electron dense
discs at sites of very close cell-cell contacts. The ordered structure of the desmosome
is presumably related to the requirement that desmosomes mediate strong adhesive
interactions between cells; even the harsh denaturing conditions that must be used to
isolate desmosomes fail to cause these adhesive structures to separate. However, it is
likely that desmosomes are dynamic structures, as they appear to be modulated in

response to growth factors and other environmental cues.

The structure of a desmosome is shown in photographic form in figure 1.3 and
schematic form in figure 1.4. They are normally between 0.2-0.6um in size with
electron micrographs showing a distinctive disc-like morphology. On the cytoplasmic
side, each of the two membranes is covered with a dense plaque of variable thickness
(10-40 nm), which sometimes appears as divided into an approximately 10-20 nm
rigid primary and a more distal and loosely packed secondary plaque. Additional

accessory plaques at an even greater distance (100-150 nm) from the primary plaque
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Figure 1.3: Electronmicrograph of a Desmosome. Electronmicrograph of a transverse
section through a desmosome in an MDCK cell, magnification *187,000 (courtesy of Dr.
I. D. J. Burdett). A dark extracellular midline can be seen within the desmoglea between
the two electron-dense submembraneous plaques of the desmosome. A dense material
extending into each of the cells from the plaques forms the satellite zones. Intermediate

filaments are not visible on this micrograph.






Figure 1.4: Schematic Diagram of a Desmosome. Schematic diagram of a

desmosome showing the location of the major constituents. After Garrod (1993).



4

(%, *

1>

* %

%

%

%

% $

% *

n%

? *
%*

"(%9

%



have been described in the desmosomes of certain special cell types (Cowin et.al.,

1985).

The two visible plasma membrane structures, apparently representing the lipid
bilayers, are not in close contact but seem separated by a 20-30nm thick layer called
the desmoglea. The desmoglea is highly organised with an almost crystalline
structure, which in cross section often reveals a dense mid-line which runs parallel to
the plasma membrane. The substructure of the cellular interspace, as revealed by
trypsinisation, consists of regular arrays of cross-bridges linking the mid-line with the

outer surface of the plasma membrane (Farquhar and Palade, 1963).

The mirror image cytoplasmic plaques sandwich a membrane core region which
comprises two types of transmembrane glycoproteins which form the adhesive portion
of the desmosome and are discussed in detail in section 1.8. The glycoproteins

extend into the desmoglea and have their origins in the plaque region.

Intermediate filaments form one component of the mammalian cytoskeleton. These
intracellular fibrous proteins can also be seen on the electron micrograph adjacent to
the plaque. The particular type of intermediate filament attached to the desmosome is
dependent upon the cell type (Lazarides, 1980). For example, desmin filaments are
present in heart muscle, vimentin filaments in dendritic cells, and keratin filaments in
most epithelial cells. The epithelial keratins are classified into two groups which are
type I (basic), and type II (acidic), with one member of each group expressed in any

given epithelial cell differentiation stage, as both types are required for filament
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formation. The filaments either connect to other desmosomal plaques or extend deep
into the cytoplasm where they connect to the nucleus. It does not appear as if the
filaments attach directly to the plaque, rather they terminate or loop back into the
cytoplasm at 40-70nm from its inner surface passing through a less dense inner
plaque. The intervening region between the plaque and the intermediate filaments is
known as the satellite region and it is thought to be bridged by plaque peripheral

filaments known as traversing filaments.

As we have seen already, the desmosome can be divided into the plaque region which
acts as a focal point for intermediate filament attachment and the core region which is
composed of transmembrane glycoproteins. A great deal is now known about the

individual components which go to make up the desmosome.

1.6 Composition of Desmosomes

Originally, most of the biochemical information on desmosome composition was
obtained from analysis of desmosome fractions from stratified epithelial tissue, the
multi-layered stratum spinosum of bovine muzzle epithelium. Various procedures to
isolate desmosomal structures, undenatured or partly denatured in solutions of citric
acid or urea, with or without cytokeratin intermediate filaments attached have been
described (Skerrow and Matoltsy, 1974; Drochmans et.al., 1978; Gorbsky and
Steinberg, 1981). In such fractions the enrichment of several major proteins has been

noted.
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1.7 Desmosomal plaque proteins

1.7.1 Plakoglobin

Plakoglobin is described as the common plaque protein of intercellular junctions; it is
a non-glycosylated protein of 83,000 molecular mass that occurs in the plaques of
desmosomes as well as in the diverse forms of intermediate junctions which include
the adhaerens junctions. The protein consists of unique N- and C-terminal domains
and a central domain containing 13 imperfect repeats of a 42 amino acid sequence.
Multiple copies of this repeat have been found in the product of the Drosophila
segment polarity gene armadillo which was originally identified due to its
involvement in the wingless signaling pathway (Peifer, 1996). Other proteins in this
family include the adhaerens junction protein B-catenin, the tumour suppressor gene
product APC and most recently, another stratification specific plaque protein,

plakophillin (Hatzfield et.al., 1994).

As plakoglobin is the only component common to both desmosomes and adhaerens
junctions it may play an important role in the adhesive mechanism of both structures.
In addition, both the classical and desmosomal cadherins share a small region of
homology in their cytoplasmic domains which interact with plakoglobin (Chitaev
et.al., 1996). It has, however, been suggested that plakoglobin is primarily a
desmosomal protein and that B-catenin is substantially more involved in the
plakoglobin-like function in adhaerens junctions. In adhaerens junctions, plakoglobin
forms a link between the classical cadherins and a-catenin, which in turn connects to

the actin cytoskeleton.
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The role of plakoglobin in desmosomes is less clear. It is essential for desmosome
formation and function as shown by transgenic mice with plakoglobin inactivated by
homologous recombination with a mutant gene (Bierkamp et.al., 1996, and Ruiz
et.al., 1996). Plakoglobin null-mutant embryos died from embryonic day 10.5
onwards due to severe heart defects with ultrastrucural analysis revealing that here
desmosomes were greatly reduced in number and structurally altered. In addition, skin
blistering reminiscent of the human blistering disease epidermolytic hyperkeratosis,
where autoantibodies are directed towards desmosomal components (see section 1.10)
was apparent. A putative function of plakoglobin in desmosomes is that it may act as
an adapter molecule between the desmosomal cadherins and the intermediate filament
network via proteins such as desmoplakins (Troyanovsky et.al., 1994). The binding of
plakoglobin with the desmogleins Dsgl and Dsg3 has already been demonstrated by
co-immunoprecipitation and in vitro binding studies (Korman et.al., 1989; Mathur
et.al., 1994). Plakoglobin has also been shown to bind directly to desmoplakin

(Stappenbeck et.al., 1993), possibly through the arm repeats in plakoglobin.

In addition to its role in cell-cell adhesion, plakoglobin, and its close relative B-
catenin, are implicated in pathways controlling cell proliferation, differentiation, and
motility due to its binding to the product of the tumour suppressor gene, APC
(Birchmeier et.al., 1994). As already mentioned, armadillo, the Drosophila
homologue of plakoglobin and B-catenin (Peifer et.al., 1990) is involved in the
wingless signaling pathway (Peifer, 1996) which determines segment polarity via
post-translational up-regulation in response to wingless expression (Riggleman et.al.,

1990). A similar up-regulation of plakoglobin and B-catenin can be produced in
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vertebrate cells by expression of wnt-1, a homologue of wingless (Hinck et.al., 1994).
The expression of plakoglobin, B-catenin, or wnt-1 in Xenopus embryos each
produced a duplication of the embryonic axis, suggesting that they each operate in a
common conserved pathway (Funayama et.al., 1995). Interestingly, B-catenin deletion
mutants have been used to show that its binding to cadherins can be eliminated
without affecting its signalling activity (Fagotto et.al., 1996), showing that the
signalling function is independent of its role in cell adhesion. This observation could
indicate that desmosomes and adhaerens junctions play roles not only in cell adhesion

but in cell signalling.

1.7.2 Desmoplakin and the Plakin Family

Along with plakoglobin, desmoplakin is the major constituent of the desmosomal
plaque; and although plakoglobin appears to play an important role in establishing
contact with the intermediate filament cytoskeleton of desmosomes, more likely
candidates exist for direct association with the intermediate filament polypetides. The
most abundant and well studied of these is desmoplakin which appears to be a
molecule which may function as an adaptor between the intermediate filament
network and the desmosomal plaque (Kouklis ez.al., 1994). Desmosomes interact with
several different types of intermediate filament networks. In epithelia these are
predominantly composed of keratin, in cardiac muscle, desmin, while in certain
arachnoidial and meningioma cells the desmosome anchored intermediate filament
contains vimentin. It is thought that there are probably differences between these

interactions and that they may require additional proteins.
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So far, two alternatively spliced forms derived from a single desmoplakin gene have
been reported as forms I and II (Green et.al., 1992). with the smaller desmoplakin II
product more variably expressed, found at lower levels in non-stratified tissues, and
absent in certain tissues such as the heart. They are very large proteins of 250,000 and
215,000 molecular mass respectively, which are dumb-bell shaped molecules with a
central helical coiled rod domain flanked by two globular end domains with distinct
functions. Molecular mapping studies using transient transfection of constructs
encoding specific domains have indicated that desmoplakin is a functionally modular
protein that acts as a molecular linker to anchor intermediate filaments at the
desmosome. The carboxyl terminus contains sequences that govern its association
with intermediate filaments (Stappenbeck et.al., 1992) and the amino terminus is
responsible for binding to the desmosomal plaque (Stappenbeck et.al.,, 1993) as it

binds directly to plakoglobin, possibly through the arm repeats in plakoglobin.

Desmoplakin belongs to another emerging gene family whose members are involved
in the organisation or anchorage of intermediate filament networks. Along with the
desmoplakins, plectin, IFAP300, bullous pemphigoid antigen 1, envoplakin, and
periplakin, are sequence related proteins recently named the plakin family. The first
similarity identified was with BP230, also known as bullous pemphigoid antigen 1,
which is a plaque component and candidate intermediate filament linker found
specifically in hemidesmosomes. Plectin is a known intermediate filament associated
protein with broad tissue distribution reported to be present in desmosomes and
hemidesmosomes. Like desmoplakin, plectin’s domain functions have been mapped

using transient expression experiments, and the carboxy-terminal repeats have been
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shown to associate with intermediate filament networks in cells (Wiche et.al., 1993).
It has been shown in vitro to bind to many intermediate filament types, including
nuclear lamin B, fodrin, and a-spectrin, and thus it may function as a universal

linking protein.

Another related protein called intermediate filament associated protein 300 (IFAP300)
has also been demonstrated to be in desmosomes and hemidesmosomes (Skalli et.al.,
1994). Similar to plectin, IFAP300 binds to cytoplasmic intermediate filament
networks in fibroblasts, in addition to being localised at both junction types in

epithelial cells.

Two further members have been isolated as components of desmosomes occuring in
the cornified envelope. This is a layer of transglutaminase cross-linked proteins that is
deposited under the plasma membrane of keratinocytes in the outermost layers of the
epidermis. Envoplakin (Ruhrberg et.al., 1996) and more recently periplakin
(C.Ruhrberg, personal communication) have shown localisation similar to
desmoplakin. Interestingly, immunofluorescent staining has shown a distinct but
partially overlapping distribution of these three molecules, and in vitro studies have
shown that whilst envoplakin and periplakin can interact with each other, they cannot
interact with desmoplakin (C.Ruhrberg, personal communication). If this is the case in
vivo this suggests that envoplakin and periplakin may be arranged around
desmoplakin, and may be required for stabilising the desmoplakin-intermediate
filament interaction, or for some overall stability, as may be the case for the other

members of the plakin family.
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1.8 Desmosomal core components

Protein analysis of the core of desmosomes revealed two types of transmembrane
glycoproteins, the desmogleins resolved as a triplet of proteins (140,000-165,000
molecular mass), and the desmocollins resolved as a doublet of proteins (115,000 and
100,000 molecular mass). They are N-glycosylated calcium binding, type 1
transmembrane proteins (i.e. their amino termini are located on the extracellular side

and their carboxyl termini on the intercellular side of the plasma membrane).

It had long been suspected that the desmosomal cadherins were related to the
cadherins as they were similarly sized transmembrane proteins which are
proteolytically processed. This has been confirmed through amino acid sequence
comparison (Holton et.al., 1990) and the transmembrane organisation (Parrish et.al.,

1990).

The desmosomal cadherin family is a subset of the larger cadherin superfamily. Their
defining features are that they are transmembrane glycoproteins which mediate
calcium dependent cell-cell adhesion. At least some of the members are found in
virtually all cell types that form solid tissues. They display a homophilic binding
specificity, which has been shown to be of fundamental importance in determining
cell adhesion specificity for the majority of cell types, and consequently the
inactivation of other adhesion systems has little effect on cell-cell adhesion (Takeichi,
1991). They are also known to play important roles in cell recognition and cell sorting

during development (Takeichi, 1991).
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When the desmocollins and desmogleins were further investigated by the isolation of
cDNA clones it was revealed that in fact there were different isoforms of each. Three
desmoglein isoforms have been identified to date from human, murine, and bovine
sources: Dsgl, Dsg2, and Dsg3 (Goodwin et.al., 1990; Koch et.al., 1990; Wheeler
et.al, 1991a; Wheeler et.al., 1991b; Nilles et.al., 1991; Koch et.al, 1991a). Each of
these is the product of a separate gene. In addition, three desmocollin genes have been
identified from human, murine, and bovine sources: Dscl, Dsc2, and Dsc3 (Collins
et.al., 1991; Koch et.al., 1991b; Mechanic et.al., 1991; Parker et.al., 1991; King et.al.,

1993a; Kawamura et.al., 1994; Legan et.al., 1994).

Although the cadherin family is rapidly expanding, three types of cadherin have been
found to be typical for the overall family and these are known as the classical
cadherins. The classical cadherins are E-cadherin (epithelial cadherin, also known as
uvoromulin, or L-CAM - the chicken homologue), P-cadherin (placental cadherin, or
K-CAM - the chicken homologue), and N-cadherin (neural cadherin). These three
subclasses are well characterised at the molecular level and share a common basic
structure between each other and with other members of the family. The molecular
domains of a E-cadherin, a desmoglein, and a desmocollin (with splice variants ‘a’

and ‘b’) are shown in figure 1.5.

The extracelluar domain is organised in five subdomains named E1, E2, E3,
E4, and EA (from the amino-terminus respectively). The four amino-terminal
domains contain internally repetitive sequence elements believed to be essential for

the homophilic interactions. The extracellular domain is the most conserved part of
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Figure 1.5: Structural Organisation of the Desmosomal Cadherins. Structural
organisation of the desmogleins Dsgl, Dsg2, and Dsg3, and the desmocollin Dsc2 in
comparison with the classical cadherin N-cadherin. The mature cleavage site of the
precursor peptide (P) is shown by (V). Sites of putative N-glycosylation and cysteine
residues are marked. The cell adhesion recognition tripeptide is labelled in the most N-
terminal ectodomain of the mature protein (E1). N-cadherin is organised into five
ectodomains made up of four repeated ectodomains (E1-E4) and a less well conserved
extracellular anchor region (EA), a transmembrane portion (TM), and intracellular anchor
(IA), an intercellular cadherin-type domain (ICS) and a terminal domain (TER). The
desmocollin splice variants Dsc2a and Dsc2b have similar organisation and size to N-
cadherin. Dsc2b contains a unique C-terminus. The extracellular serine/threonine rich
domain of Dsgl (EST) is a potential site for O-glycosylation. Desmogleins contain an
intracellular repeat region (IR) and a proline-rich intracellular linker (IPL). The C-termini

of Dsgl and Dsg?2 are glycine and serine rich (IG). After Wheeler et.al. (1991b).
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the molecule with an overall conservation among the subclasses in the region of 50%.
The cell adhesion recognition sequence in cadherins consists of a tripeptide sequence
located in the amino-terminal E1 domain (Blaschuk et.al., 1990). Deletion analysis
has shown that the amino acids at the amino-terminus are essential for binding
specificity. Site directed mutagenesis in this region of E-cadherin revealed that
mutations at only two amino acids on either side of the cell adhesion recognition
sequence could alter its binding specificity from E-cadherin to P-cadherin (Nose et.al.,
1990). Although these regions are essential, the cooperation of other sites is necessary

for complete binding specificity.

The main differences between the classic cadherins and the desmosomal cadherins
reside within the cytoplasmic domain, which is consistent with the different
cytoplasmic interactions which they must make, as desmosomes ultimately interface

with the intermediate filament system.

The desmocollins are synthesised as two protein isoforms, generated by differential
splicing of a pre-mRNA derived from a single gene; they have been designated splice
variants ‘a’ and ‘b’. They differ with respect to their carboxy-terminal end: splice
variant ‘a’ resembles E-cadherin in size, whereas splicé variant ‘b’ has a shortened
carboxy-terminal domain and shows a sequence of eleven amino acids that is unique
to this variant and that is encoded by a 46 base pair exon containing an in-frame stop
codon. The absence of carboxy-terminal sequences in splice variant ‘b’ is of
functional importance, because this region appears to be involved at the desmosomal

plaque. Transfection experiments using chimaeric proteins having tails of the
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desmocollins has shown that only the carboxy-terminal domain of the larger type ‘a’
splice form and not the smaller type ‘b’ form can induce assembly of a desmosome

type plaque (Troyanovsky et.al., 1993).

The diagnostic hallmark of the desmogleins when compared to the classic cadherins
and the desmocollins, is a large cytoplasmic domain that contains five (Dsgl), six
(Dsg2), or two (Dsg3) copies of a repetitive sequence element of twenty nine amino
acids that has a consensus consisting of N-V-V/I-V-T-E-R/S-V-I/V. This region has
been predicted to have an anti-parallel B-sheet structure, and has been visualised by
rotary shadowed electron microscopy, where it was seen to consist of a globular head

attached to a thin tail (Rutman et.al., 1994); its function is as yet unknown.

1.9 Other Desmosomal Components

The desmosomal cadherins, plakoglobin, desmoplakin, and a protein which
immunolocalises only to the circumference of the plaque known as desmoyokin
(Heida et.al., 1989), appear to be obligatory components of the desmosome. However
reports of minor or cell specific desmosomal associated proteins are plentiful, and this
molecular complexity of the desmosome may be indicative of its functional diversity
and tissue heterogenity. These include several which are restricted to desmosomes of
stratified epitheila which include keratocalmin, also known as desmocalmin (Tsukita

and Tsukita, 1985), which binds calmodulin and keratin filaments.

Other proteins include desmonectin which is expressed in the granular layers of the

epidermis (Zhou et.al., 1993), and pinin which is associated with the mature
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desmosomes of the epithelia, and may play a part in reinforcing the intermediate

filament-desmosome complex (Ouyang et.al., 1996).

What was previously known as band 6 in enriched preparation of desmosomes
isolated from bovine tissues has now been identified as a plakoglobin-like molecule.
Now called plakophilin 1, this protein has been shown in vitro to interact directly with
intermediate filaments (Hatzfield et.al., 1994). Although it has been shown to have a
broad tissue distribution within desmosomes, it is not a constitutive component and

thus is unlikely to be absolutely required for intermediate filament anchorage.

1.10 Desmosomal Cadherin Mediated Adhesion

At the beginning of this century, H. V. Wilson performed a very important experiment
to show that cell surface mechanisms existed which allowed for cells of the same
species to specifically attach to each other (Wilson, 1907). He took a red sponge and a
white sponge and dissociated the cells of these two primitive multicellular organisms.
The cells from both organisms were then mixed together in sea water and their
behaviour was microscopically observed. It became apparent that the cells from the
two sponge types segregated from each other so that there was specific adhesion
between cells of the same species. Furthermore, it was suggested that cell types within
an organism, such as those forming specific organ systems, might also use similar
types of adhesion systems to assemble during development and maintain their
structural integrity throughout life, a situation now known to exist with many cell
adhesion molecules implicated as morphogenic regulators including the cadherins

(Takeichi, 1991).
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The aforementioned members of the cadherin superfamily are found in both
vertebrates and invertebrates, and include the classical cadherins found in cell to cell
adhaerens junctions, the desmocollins and desmogleins of desmosomes, and others of
less certain cellular localisation. All are type I membrane proteins whose extracellular
portion contains variable numbers of a characteristic approximately 110 amino acid
repeat referred to as the cadherin domain. The best studied cadherins are the classic
cadherins which as we have seen contain five cadherin domains (see section 1.8).
Various lines of evidence have implicated the most N-terminal domain in determining

homophilic binding specificity (Nose et.al., 1990, Blaschuk et.al., 1990).

The structures of cadherin repeat 1 from two of the classical cadherins, neural (N),
and epithelial (E), have been determined by crystallographic (Shapiro et.al., 1995) and
solution nuclear magnetic resonance spectroscopy (Overduin et.al., 1995) methods
respectively. The X-ray and nuclear magnetic resonance structures of the E- and N-
cadherin functional domains show a remarkable degree of similarity, and provided a
framework for understanding the conserved repeat sequence and calcium (Ca®")

requirement of cadherins.

Both domains contain seven P-strands in an antiparallel orientation such that the N
and C termini of the region are situated at opposing ends of the structures. In the E-
cadherin molecule, the Ca® ion - required for cell adhesion activity of all the
cadherins - is located in a negatively charged pocket in the C-terminal region of the
protein. In N-cadherin the Yb** ion used for phasing, which is analogous to the Ca*"

ion, is localised to a similar site. These observations suggest that the acidic residues
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seen at the C-terminal end of one domain, along with the acidic residues at the N-
terminal end of the successive domain form a Ca** binding site between the cadherin
domains to give a stiff, elongated molecule. Indeed, rod-like structures appear in
electron micrographs of the E-cadherin extracellular region in the presence of Ca®,
whereas more globular images are observed when Ca® is removed (Pokutta et.al.,
1994). The Ca*>* dependence of cadherin function therefore appears to be due, at least
in part, to the need to maintain the molecule in a properly orientated, rigid state, rather
than to a direct participation of Ca® in the adhesive interface. Nonetheless, addition of
Ca’* to the most N-terminal E-cadherin domain induces changes in the chemical shifts
of residues His 79 and Met 92, found in dimer interfaces in the crystal structure,

suggesting that Ca’>* may affect residues involved in adhesive contacts.

Additionally, the organisation of the N-cadherin repeat in several different crystal
lattices (Shapiro et.al., 1995) may reflect the interactions of cadherins at cellular
junctions and suggest how these interactions contribute to the dynamics of cell
adhesion. The N-cadherin crystal structure reveals the existence of two types of
intermolecular interaction, which together result in the formation of a cadherin
supermolecular structure. The first consists of a parallel interface between each of two
cadherin domains. The presence of this interface implies that the cadherin domains
may form dimers, and physical measurements of N-cadherin in solution are consistent
with this idea (Shapiro et.al., 1995). Because these dimers all face in the same
direction, that is, are parallel to each other, it is highly likely that the dimerised
cadherin domains emanate from the same cell surface, and are not the product of the

intercellular adhesive interactions between the cadherins. Because this is thought to-be

45



the case these dimers are referred to as strand dimers. Similar investigations of E-
cadherin (Pokutta et.al., 1994) indicate a monomeric form at high protein
concentrations. The reason for this discrepancy is not clear, although the methods

used to assess oligomeric states were different in the two cases.

The second type of interaction observed in the N-cadherin structure is also dimeric,
and sheds light on the adhesive interactions mediated by the cadherins. This other
dimer forms a head to head complex, with the two halves of the dimer interface
appearing to be antiparallel. As the strand dimer consists of parallel domains that
would correspond to dimers projecting from the same cell surface, the head to head
dimer seems likely to represent the interaction of cadherins from opposing cells and

has been termed the adhesion dimer.

Because there are two different sites of interaction within the cadherin domain which
mediate intra- and inter-cellular cadherin dimerisation, it was logical to conclude that
a complex of these molecules could be assembled to form a large supermolecular
structure. As can be seen in figure 1.6, dimerised cadherins on one cell could interact
with dimerised cadherins on the opposing cell in a manner that would form an
adhesion zipper. Although the association constant for interacting cadherin monomers
is not known, it is presumably weak, given that in solution either monomers or dimers
are seen. The zipper structure can be viewed as an oligomeric interaction at the cell
surface in which many weakly interacting cadherins form a strongly adherent

junction.
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Figure 1.6: Cadherin Zipper Model. The proposed cadherin zipper model for the
structure of cadherin-mediated adhaerens junctions. The zipper structure can be
looked upon as an oligomeric interaction at the cell surface in which many weakly
interacting cadherins collectively form a strongly adherent junction. The four repeated
extracellular domains are labeled E1 to E4 with the extracellular anchor labeled ES5.

After Shapiro et.al. (1995).
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The mechanism for adhesion between the desmosomal cadherins is thought to be
similar to that recently proposed for the classical cadherins. Analysis of other cadherin
sequences suggests that all of the members of this family may form similar dimers.
Furthermore, the desmosomal cadherins have a similar length to N-cadherin, which
is just under half the width of the desmosomal intercellular space (Overduin et.al.,

1995) which is consistent with the idea of the adhesion zipper.

Apparently direct evidence for adhesion and desmosome formation mediated by the
desmocollins has come from ir vitro experiments where these processes are inhibited
by high concentrations of the Fab’ fragments of antibodies directed against the
external domain (Cowin et.al., 1984b). Desmosomes were not, however, observed by
electron microscopy in this study, the loss of desmosomes being inferred by
immunofluorescence. Antisense expression of a genomic clone of DSC2 has,
however, shown a loosening of the desmosome plaque and loss of desmoplakin from

the desmosome (G. A. Roberts and R. S. Buxton, unpublished data).

Heterophilic and homophilic interaction between cells expressing N-cadherin and E-
cadherin have been found by Volk et.al. (1987). These results imply that, since both
types of desmosomal cadherin are found in the same desmosome bearing tissues and
cell lines, desmosome adhesion could be mediate by homo- or heterodimers present
within the same cell or by homo- or heterodimers between cells. Experimental
evidence for strong adhesion involving the desmocollins and desmogleins together
has come from transfection experiments with non-adhesive fibroblasts, which have

shown that expression of one type of desmosomal cadherin, for example a
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desmoglein, does give some cell-cell adhesion (Amagai et.al., 1994). However, for
strong intercellular adhesion to occur expression of both types of desmosomal
cadherin, together with the cytoplasmic protein plakoglobin, known to bind to

desmocollins and desmogleins, is required (Marcozzi et.al., 1998).

A desmosomal cadherin adhesion zipper may be involved in the formation of
desmosomes. However, it is likely that a combination of the adhesion zipper structure
and contributions of the cytoskeleton are both important to the formation, since it has
been shown that inhibition of the catenin-mediated interactions between cadherins and
the cytoskeleton abolish cadherin-mediated adhesion (Shapiro et.al., 1995). The rigid,
interlocked extracellular structure would produce a linearly arrayed desmosomal
cadherin-plakoglobin complex in the cytoplasm. Such an array could serve as an
organising centre for assembly of the filament bundles that run parallel to the plane of
the membrane in desmosomes. It is unlikely that the cytoplasmic filament system
directly potentiates cell adhesion by positioning the extracelullar zipper structure,
because there must be a system that localises filaments to sites of cell to cell contact.
It is possible that plakoglobin regulates adhesion from the cytoplasmic side of the

junction, as it may be the target of signals that affect cell growth and adhesiveness.

1.11 Desmosomes and Disease

Even by clinical and histological findings alone it is reasonable to suspect that certain
blistering skin diseases might involve abnormalities in adhesion structures. Several
auto-immune diseases of the skin have desmosomal components as target antigens.

The best defined bullous diseases in this regard are pemphigus. Pemphigus foliaceous
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and its more severe and potentially lethal variant pemphigus vulgaris, have as there
antigenic targets Dsgl (Rubinstein et.al., 1987) and Dsg3 (Amagai et.al., 1991)
respectively. Histology shows that the blisters in pemphigus result from a loss of cell
to cell adhesion, a pathological process called acantholysis. In pemphigus vulgaris
loss of adhesion occurs deep in the epidermis, just above the basal layers, whereas in
pemphigus foliaceous the defective adhesion is more superficial, in the granular layer.
This is consistent with the findings on the expression of these desmosomal cadherin
isoforms in the layers of the epidermis, with Dsg3 expressed in the more basal layers,

and Dsgl expressed more suprabasally.

So far no corresponding disease has been described for Dsg2, however, due to the
ubiquitous nature of this protein, and such disease would most likely be lethal.
Desmocollins may also be involved in similar diseases with Dscl demonstrated as the
target antigen in a further pemphigus disease (Hashimoto et.al., 1997), and have also
been implicated in the Brazillian pemphigus vulgaris variant, fogo selvagem
(Dmochowski et.al., 1993; Dmochowski et.al., 1995). In addition, the auto-immune
disease paraneoplastic pemphigus has as its targets the conrnified envelope proteins
envoplakin and periplakin (C.Ruhrberg, personal communication) which have been

discussed.

Until recently, no genetic diseases had been conclusively attributed to mutations
within the desmosomal cadherin genes. Davisson et.al. (1994) previously described
the mouse bal mutation as a balding phenotype whereby hair is lost in patches and the

mice are grossly runted. The mutation was mapped to the same region as the murine
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desmosomal cadherins on chromosome 18, making them especially interesting
candidates due to their expression in the epidermis, especially around the hair follicle.
In subsequent studies on Dsg3 adhesive function the DSG3 gene was inactivated, with
the phenotype of mutant mice identical to that of the bal/ mice. Further investigation
has shown that bal mice do indeed lack Dsg3 and have a mutation in the DSG3 gene
(Koch et.al., 1997). Additionally, the mice showed a phenotype similar to that of
human pemphigus vulgaris patients which is the auto-immune disorder with Dsg3 as

its target.

Palmoplantar keratoderma is a hereditary disorder of keratinisation in humans, a form
of this disease known as striated palmoplantar keratoderma has been mapped to
human chromosome position 18q12.1 (Hennies et.al., 1995) which is the same as the
desmosomal cadherin locus. This disorder is characterised by differentially shaped
thickening of the epidermis on the surface of palms and soles, and has prompted
speculation that additional desmosomal cadherin genes may exist, whose expression is
restricted to palms and soles of feet, in a similar situation to the keratin gene family

which has many members whose expression is restricted to specific areas of a body.

Work on a newly discovered desmosomal mutation has proved to be due to a loss of
the plakophillin component (McGrath et.al., 1997). This results in severe blistering of
the epidermis with large spaces between the cells in the squamous regions shortly
after birth, the scaling of the skin, an absence of hair, and a thickening of the

epidermis on the hands and feet.
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Although the cadherins were originally described in a developmental context, their
importance in the maintenance of adult epithelial structures (Gumbiner et.al., 1986)
suggested that they may also play a role in epithelial cell tumour invasion. A growing
body of evidence suggests that cellular adhesion components play an important role in
carcinogenesis (Behrens et.al., 1993). Most prominently, E-cadherin has been
implicated in many tumours (Shiozaki er.al., 1991, Schipper et.al., 1991), although

several desmosomal components have already shown themselves to be noteworthy.

The importance of desmosomes in cancer is twofold. Firstly, their tissue distribution
makes them ideal markers for immunohistochemical diagnosis of carcinomas,
meningomas, and other tumours. Secondly, as mediators of cell adhesion, variation in
their abundance, or temporary or permanent modulation of their binding affinity,
could result in changes of cell behaviour leading to invasion and metastasis; thus
desmosomes may have an invasion and metastasis suppressor function. Desmosome
expression is down-regulated in poorly differentiated transitional carcinomas and
squamous cell carcinomas of the head and neck (Alroy et.al., 1981; Harada et.al.,
1992). However, in colorectal carcinoma, no down-regulation is found (Collins et.al.,
1990). This raises the question of how tumour cells metastasize with an apparently
full complement of normal desmosomes, to which there are several possible answers.
Firstly, it is possible that separation of cells from the primary tumour does not involve
direct separation of cell-cell adhesion. Another possibility is that there is a change in
affinity (reduction in adhesiveness) of desmosomes either temporarily at the time of
separation, or persistently in tumour desmosomes due to some abnormality of

desmosomal function. Alternatively, a small proportion of cells within the tumour
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temporarily reduce or lose desmosomes and re-aquire them when they form a

secondary tumour.

The human plakoglobin gene has been localised to chromosome 17¢21 and shown to
be subject to loss of heterozygosity in breast and ovarian cancer, in addition, frequent
down-regulation of plakoglobin expression has been recently demonstrated in certain
lung carcinomas. The desmosomal cadherins and desmoplakin are frequently down-
regulated in oral squamous cell carcinoma where the reduction is correlated with loss
of differentiation and metastasis (Natsugoe et.al., 1995; A. Hikari et.al., unpublished
data). The reduced expression of various desmosomal components in several human
carcinomas may be indicative of a tumour suppressor role for desmosomes. However,
in other tumours, for example colorectal carcinoma, invasion and metastasis do not
involve loss of desmosome expression. In such cases it is important to question how
metastasis occurs. Studies have not conclusively shown a down-regulation of
desmosomal expression in malignant primary tumours and metastases (Collins ez.al.,
1990; Garrod et.al., 1987), hence it may be that the affinity of desmosomal binding

temporarily reduced in such states.

1.12 Genetics of the Desmosomal Cadherins

The initial mapping of the desmosomal cadherins involved localising them on a
chromosomal scale. PCR analysis on multi-chromosomal somatic cell hybrids
revealed that all the desmosomal cadherin genes were located on human chromosome
18 (Buxton et.al., 1994a; Amemann et.al., 1991; Amemann et.al., 1992a; Arnemann

et.al., 1992a;). The subsequent linkage analysis of mouse DSC2 and DSG1 genes
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revealed very close linkage in the region equivalent to human 18q12.1 (Buxton et.al.,
1994b) which is illustrated in figure 1.7. Physical mapping and the isolation of human
YAC clones has shown that the desmocollin and desmoglein genes occupy a region
not larger than about 700kb, with the two sets of genes being clustered in two groups,
transcription of each gene being outwards from the inter-locus region as shown in

figure 1.8.

This clustering of the desmosomal cadherins is reminiscent of the type II keratin
genes which are present on human chromosome 12q11-13, where the more closely
related genes are close together (Yoon et.al., 1994). Hence the close proximity of the
desmocollins and desmogleins is probably due to a series of discrete duplication
events and mutation of an ancestral desmosomal cadherin. This suggests some form of
selective pressure keeping the desmosomal cadherins in close proximity which could

take the form of a shared regulatory element.

1.13 Expression of the Desmosomal Cadherins

Various studies on adult human and bovine tissues have established that the
desmocollins and desmogleins are both expressed in tissue-specific and
differentiation-dependent patterns. In situ hybridisation data first suggested that the
desmosomal cadherins exhibit these spatially and temporally specific patterns of
expression (Koch et.al., 1992; Amemann et.al., 1993; King et.al., 1993b), which are

similar to those seen for the keratin genes.
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Figure 1.7: Chromosomal Location of the Desmosomal Cadherins. All of the
desmosomal cadherins so far isolated have been localised on human chromosome 18
(Buxton et.al., 1994) in region 18q12.1. The chromosomal location of N-cadherin (N-
CAD) at 18q12.2 is also marked. Ttr is a sequence tag site (STS), a mapped marker at

18q12.1.
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Figure 1.8: Structure of the Desmosomal Cadherin Locus. The six desmosomal
cadherin genes found so far are located on chromosome 18; they occupy a region not
greater than about 700kb, with the two sets of genes clustered in two groups, transcription

of each gene being outward from the inter-locus region.
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Northern blot analysis and ribonuclease protection assays have established that the
type 2 desmosomal cadherins (DSC2 and DSG2) are the most widely expressed
isoforms being present in all desmosome bearing tissues and cells (Legan et.al., 1994,

Nuber et.al., 1995; Schafer et.al., 1994).

In contrast, the type 3 isoforms have been detected only in stratifying epithelia, with
the type 1 isoforms further restricted. DSG1 is present in epidermis, tongue and
oesophagus with DSC1 is restricted to the epidermis, tongue and lymph nodes (Nuber
et.al., 1995; Schafer et.al., 1994). Furthermore, DSC1 transcripts were not detected in
any of the non-keratinising epithelia examined (buccal mucosa, cervix, and
oesophagus), with expression of DSC1 message and protein correlating closely with
the onset of keratinisation in these tissues, indicating that it is specific for the

keratinising layers of the epidermis.

The best characterised tissue in terms of the expression patterns of the desmosomal
cadherins is the epidermis which is shown in figure 1.9. In situ hybridisation and
immunofluorescence indicated that DSC3 was expressed by cells in the lower layers,
whereas DSC1 was present in the upper layers of the epidermis (King ez.al., 1995).
An analagous situation was found for DSG3 and DSG1 using pemphigus vulgaris and
pemphigus foliaceous autoantibodies (Arnemann et.al., 1993). The DSC2 and DSG2
isoforms have been found in all the layers of the epidermis although at levels reduced

in comparison to the type 1 and 3 isoforms.
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Figure 1.9: Differential Expression of the Desmosomal Cadherins in Human
Epidermis. The DSC3 and DSG3 isoforms are expressed more basally in the epidermis,
whereas the DSC1 and DSG1 isoforms are expressed more suprabasally. The DSC2 and

DSG?2 isoforms are expressed at lower levels but throughout all layers of the epidermis.






It therefore appeared that particular desmocollin and desmoglein subtypes were
coordinately expressed in particular types of epithelial tissue. Recent studies by King
et.al. (1997) imply complex regulatory mechanisms controlling both the activation of
desmosomal cadherin gene transcription during epithelial morphogenesis and the
tissue specificity of gene expression. The temporal sequence of transcription shows
some variation between developing epithelial tissues ;suggesting that it may be
controlled, at least in part, by tissue-specificity regulatory mechanisms. In contrast,
the spatial expression patterns are generally consistent from tissue to tissue and
correlate remarkably with the physical order of these genes at the desmosomal
cadherin locus. The outermost gene in each cluster (DSC3 and DSG2) is the one
which is expressed in the least differentiated layers of stratified epithelia. The middle
gene in each cluster (DSC2 and DSG?3) is expressed by more differentiated suprabasal
cells, whereas the innermost genes (DSC1 and DSGI1) are expressed in the most

differentiated cell layers.

Thus the physical order of the genes may specify the spatial order in which they
are expressed, implying a higher level of transcriptional regulation. This may
indicate the presence of shared regulatory elements, which coordinate the hierarchical
expression of the desmosomal cadherins during epithelial differentiation and

morphogenesis.

The reason for the differential expression of the desmosomal cadherin isoforms in
epidermis is not clear. However, the fact that both desmoplakin and plakoglobin show

no stratification-related expression suggests that it is linked to adhesion levels within
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the different cell layers. It appears as if desmosomes are constantly modified as cells
move up the epidermis, with continuing turnover of the desmosomal glycoproteins
(North et.al., 1996). A gradual change in desmosomal composition with respect to the
desmosomal cadherins may constitute a vertical adhesive gradient within the
epidermis. The epidermis is a dynamic structure that provides resistance to shearing
forces and acts as a barrier against penetration; it is also being continually sloughed
off from the surface of the skin and regenerated during keratinisation of cells in the
basal layers. Hence it could be that desmosomes in the more basal cell layers of the
epidermis contain less adhesive desmosomal cadherins to allow keratinocytes to move
up through the cell layers. It would also seem likely that desmosomes of the upper
layers would contain more adhesive desmosomal cadherins that would help to

contribute towards the skin’s barrier function.

1.14 Focus of this Research
The differential expression patterns form as the basis for my research project as they

pose the question: what genetic elements control this restricted gene expression?

To date, research into specific gene expression within the desmosomal cadherin
cluster in this laboratory has concentrated on promoter function, of the DSC2 and
DSG1 genes. For DSG1, transgenic mice have been obtained which express a reporter
gene under the control of 4.2kb of 5’ upstream sequence (Adams et.al., 1998).
Although I have been involved in the analysis of the DSG1 transgenic mice, my main
area of interest has been the DSC2 and DSC3 genes. Expression of a reporter gene

under the control of 1.9kb of 5> DSC2 sequence has been obtained which has been
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shown to be only weakly epithelial-specific. This region gives approximately three-
fold increase in activity of a reporter gene in MDCK cells, which express Dsc2
(G.Roberts, unpublished data), when compared to a fibroblast cell line, which do not
possess desmosomes (Marsden et.al., 1997). The majority of my research project has
been dedicated to the search for further genetic control elements involved iﬁ the

specific expression of DSC2.

The possibilities for genetic control elements, which act to enhance or suppress a
basal level of transcription provided for by basic promoter elements, can be sub-
divided into two areas according to the distance over which they act. The first
possibility concerns short-range genetic elements which will usually be so-called
enhancer or silencer elements which could act over relatively short distances from the
promoter to increase or suppress the expression of the gene. The second is long-range
genetic elements, which are candidates for at least the partial regulation of the entire
desmosomal cadherin locus. The close genetic linkage of the desmocollins and
desmoéleins in the desmosomal cadherin cluster could be a reflection of their co-
ordinated regulation of expression although this close linkage may merely be as a
result of duplication with no subsequent alteration of their positions on the
chromosome. In several gene clusters of this nature, most noteworthy the B-globin
cluster, gene expression has been shown to be coordinated by a dominant control
region, known as the locus control region, which is found some distance upstream

from the gene cluster (see chapter 5).
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In order to tackle the issue of short-range genetic elements, I have used a reporter
gene system to insert portions of DNA from the DSC2 gene which are of interest, and
assayed for a cell-type specificity in the expression in the reporter gene, which would
indicate an enhancer property in the DNA region in question. Regions further 5’ than
the 1.9kb that had already been analysed were an obvious first target, but other areas
of interest are the 3’untranslated region of the gene, intronic sequences, and even the

coding region of the gene itself, based on documented regulation of related genes.

Work has begun in determining the presence or absence of locus control regions in the
desmosomal cadherin gene cluster. The cluster is considerably larger than the globin
cluster, which has a single locus control region, and so it remains to be seen whether
locus control regions are present, and whether the individual genes have their own or
if there is a shared locus control region for the entire locus. This investigation is
helped enormously by the fact that YAC clones spanning the whole locus have been
isolated (Simrak et. al., 1995; Cowley et.al.,1997) and characterised. They will be
most useful as they contain various combinations of the DSC and DSG genes. Work
has begun to use these to determine whether there is position independent expression
of included genes when the YACs are integrated into genomes, which would be
indicative of a locus control region. Furthermore, PAC clones covering the entire
desmosomal cadherin locus have been isolated (V. Sahota, unpublished data) and
several contain entire genes and additionally the intergenic regions surrounding them,
which could contain all the elements necessary for the specific expression of the gene,

perhaps without the requirement of a locus control region.
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In addition to the work on the human DSC2 gene, studies into the promoter region of
other members of the human and mouse desmosomal cadherin cluster have been
initiated. Most notable from the perspective of this project has been human DSC3. By
isolating these regions from-different genes and species we can hope to compare the
DNA sequences and look for regions of homology, which would be indicative of an

important function.
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Chapter 2: Materials and Methods

2.1 Reagents

2.1.1 Bacterial Hosts, Vectors and Mammalian Cell Lines

Escherichia coli Strains

e pMOS end AL hsd R17 (Tg12-MK 12+)supE44 thil recAI gy A9 relAl
lac[F pro A+B+lacq142AM1 5::Tnl0(TetcR)]

e DH5a F’/endAl hsdR17("g-My+) supE44 thil recAl gyrA (Nal”)
relAl A(lacZYA-argF)U169 deoR (#80dlacA(lacZ)M15)

e DHI10B F mcrA A(mrr-hsdRMS-mcrBC) ¢80dlacZAM15 AlacX74 deoR
recAl endAl araD139 A(ara, leu)7697 galU galKA rpsL nupG

e SRB sbcC recJ uvrC umuC::Tn5(kan") supE44 lac gyrA96 relAlthil
endAl el4~(mrcA)A(mrcBC, hsdRMS, mrr)171(F 'proAB

lacl9ZM15)

SRB(P2) SRB(P2) lysogen

Plasmid Strains (see appendix 1 for maps)

e pGL2-Basic Luciferase reporter gene vector (Promega)

e pGL2-Control Luciferase reporter gene under the control of the SV40 early
promoter and enhancer (Promega)

e pGL2-Promoter  Luciferase reporter gene under the control of the SV40 early

promoter (Promega)
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e pRL-SV40 Renilla luciferase reporter gene under the control of the

SV40 early promoter and enhancer (Promega)

e pCRII T-Vector for cloning PCR products (Invitrogen)

e pMOS Blue T-Vector for cloning PCR products (Amersham)

e pUC18 Cloning vector (Pharmacia)

Cell Lines

¢ MDCK Madin-Darby canine kidney epithelial (ATCC catalogue)
e NIH-3T3 Murine fibroblasts (ATCC catalogue)

e Caco-2 Human colon carcinoma (ATCC catalogue)

(American Type Culture Collection - catalogue of cell lines and hybridomas, 7th

edition, 1992)

2.1.2 Primers

The primers used in this project are shown in appendix 2. Oligonucleotides were
synthesised by the Institute’s central facility using an Applied Biosystems 380B DNA
synthesiser. They were supplied in ammonia which was removed under vacuum in a
Hetovac concentrator and then resuspended in 50ul of distilled water. Concentration
was estimated by measuring the absorbance of an oligonucleotide solution at 260nm
using a Perkin Elmer Lambda Bio UV/VIS spectrophotometer, calculating the molar
extinction coefficient of the oligonucleotide (absorbance of a 1M solution at 260ﬁn),
then dividing the measured absorbance by the calculated molar coefficient to give the

molarity of the solution.
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2.1.3 Bacteriological Media

L-Agar: tryptone 15g, yeast extract 5g, sodium chloride 10g, Difco agar 15g, pH
adjusted to 7.2 with NaOH, made up to 1 litre with distilled water.

L-Broth: tryptone 15g, yeast extract 5g, NaCl 5g, pH adjusted to 7.2 with NaOH,
made up to 1 litre with distilled water.

SOB: tryptone 12g, yeast extract 5g, NaCl 0.5g, 10ml 1M MgCl,, 10ml 1M MgSO,,
made up to 1 litre with distilled water.

SOC: 98ml SOB, 2ml 20%(w/v) glycerol.

NZY-Agar: NaCl 5g, MgCl,e6H,0 1.837g, casamino acids 10g, yeast extract 5g,
Difco agar 15g, made up to 1 litre with distilled water.

NZY-Broth: NaCl 5g, MgCl,e6H,0 1.837g, casamino acids 10g, yeast extract 5g,
made up to 1 litre with distilled water.

NZY top agarose: NZY-broth with 0.8% low melting point agarose.

2.1.4 Yeast media
AHC Broth: 17g yeast nitrogen base without amino acids, 10g caesin hydrolysate,

20mg adenine hemi-sulphate, made up to 1 litre with dH,0, pH 5.8.

2.1.5 Standard Reagents

20X SSC: 6M NaCl, 0.6M trisodium citrate pH 7.0.

TE: 10mM Tris pH 8.0, 0.1mM EDTA.

20X SSC + Denhardt’s solution: polyvinylpyrrolidone 4g, Ficol-400 4g, BSA 4g,

made up to 1 litre with 20X SSC.
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Southern pre-hybridisation solution: 1.5% v/v SDS, 5X SSC, Denhardt’s (2% PVP,
2% Ficoll, 2% BSA), 7.5% v/v dextran sulphate, 2mg/ml sonicated salmon sperm
DNA, made up to required volume with distilled water.

SCE: 1M sorbitol, 0.1M Sodium citrate pH5.8, 10mM EDTA.

LDS: 100mM EDTA, pH8.0, 10mM Tris-HCl, 1% Lithium dodecy] sulphate.
Automated sequencing loading buffer: a 5:1 ration of deionized formamide/25mM
EDTA(pHS.0) containing 50mg/ml Blue dextran.

A Buffer: 10mM MgSO,, 50mM NaCl, 0.01% Difco gelatin.

2.1.6 Agarose Gel Electrophoresis Reagents

Electrophoresis Buffer (TBE): 40mM Tris acetate pH8.3, 20mM sodium borate, 1mM
EDTA.

Loading Buffer: Ficoll-400 2.500g, xylene cyanol 0.042g, bromophenol blue 1.000g,
made up to 10ml with distilled water to make a 10X solution.

Agarose: Type I Low EEO (Sigma)

Pulsed field gel quality agarose: LE Geneline (Beckman)

Low melting point agarose: SeaPlaque (FMC)Low melting point pulsed field gel

quality agarose: InCert (FMC)

2.1.7 Mammalian Cell Culture Media

Antibiotics + glutamine: penicillin 6.00g, streptomycin 10.00g, L-glutamine 29.20g,
made up to 1 litre with distilled water.

Cell culture medium: Dulbecco’s Modified Eagle’s Medium (GibcoBRL), 10% v/v

foetal calf serum, 1% antibiotics + glutamine.
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PBS-A: NaCl 10.00g, KCl1 0.25g, Na,HPO, 1.44g, KH,PO, 0.25g, made up to 1 litre
with distilled water.
Trypsin versene: NaCl 8.00g, KCl 0.20g, Na,HPO, 1.15g, KH,PO, 0.20g, EDTA

0.10g, trypsin 1.25g, phenol red 0.01g, made up to 1 litre with distilled water.

2.2 Generation of DNA Recombinant Molecules

2.2.1 Restriction of DNA with Endonucleases

Restriction enzymes, also known as restriction endonucleases, are responsible for the
phenomenon in bacteria known as host-controlled restriction modification or
phenotypic modification. They cleave DNA molecules at sequence specific sites of
different length and base composition. Enzymes are supplied stored in glycerol, a
cryoprotectant which is inhibitory to the enzyme’s action, and so they are diluted at
least 10X in the final reaction volume which was normally 50ul. They were used with
the recommended buffers at the suggested optimum incubation temperature for 2-3
hours. Cleavage by different restriction enzymes can generate a number of different
ends, and so in addition to simply cleaving DNA, protruding 5’ or 3’ termini can
subsequently be annealed and ligated if their single stranded overhangs are

compatible.

2.2.2 Agarose Gel Electrophoresis

This technique is used to resolve, visualise, and size linear DNA molecules. A 0.8-
2.0% w/v agarose solution was made by boiling powdered agarose (Sigma) in a 1X
solution of electrophoresis buffer and allowed to cool to 50°C. The solution was then

poured into a pre-assembled gel mould with a comb inserted at one end to create a
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series of wells. Once set, the gel was transferred to the electrophoresis apparatus and
covered with electrophoresis buffer. Three systems were used (Pharmacia GNA-200,
BRL Horizon 11.14 and 58) depending on the size of the gel required. Loading buffer
which was added to the sample serves two purposes; firstly it sinks to the bottom of
the well, taking the DNA with it, and secondly, the two dye components in the
loading buffer run on the gel approximately with DNA of a known size, and so allow
the electrophoresis to be monitored. The gel acts as a molecular sieve, retarding the
movement of larger molecules, the rate of migration being inversely proportional to
the log,, of the molecule’s size. To size molecules of unknown lengths the A 1kb
ladder (Gibco BRL) was loaded alongside samples; the bands of the ladder each
contain from 1 to 12 repeats of a 1018bp DNA fragment, in addition to these 12
bands, the ladder contains vector DNA fragments that range from 75 to 1636bp. The
gel was stained by soaking in a 0.1mg/ml EtBr solution (which intercalates in between
the bases of DNA molecules) for 30 minutes and then the DNA was visualised using
an ultraviolet transilluminator with a wavelength of 365nm, at which wavelength the
EtBr fluoresces. Gels were photographed using a Polaroid Land camera with Kodak

technical pan film 4445 and processed in an AGFA Gevaert developer.

2.2.3 Alkaline Phosphatase Treatment of Vectors

Phosphatases remove the 5’-phosphate groups from a nucleic acid strand. This
property can be used to prevent compatible ends of restriction digested vectors
rejoining during ligation reactions, which reduces the background in cloning
experiments. Vectors were dephosphorylated using one unit of calf intestinal

phoshpatase (Boehringer Mannheim) for the last hour of endonuclease restriction of
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vector DNA. Removal of the phosphatase was necessary prior to ligations to prevent
phosphatasing of insert DNA, so that the insert could no longer ligate into the vector.

This was achieved by gel electrophoresis of the vector DNA.

2.2.4 Phenol/Chloroform Extraction and Ethanol Precipitation of DNA

In order to purify samples of DNA in solution extraction was carried out with an equal
volume TE saturated phenol/chloroform (50/50 w/v). The solution was vortexed, then
centrifuged at 13,000rpm for 5 minutes in a benchtop centrifuge. The DNA was
precipitated from the aqueous solution vby adding 2.5 volumes of 100% ethanol and
0.1 volumes of 3M sodium acetate, the solution was mixed gently, then placed at -
70°C for 30 minutes. After centrifuging at 14,000rpm for 30 minutes in a Sigma 3K-
10 centrifuge at 4°C the pellet was washed with 0.5ml of 70% ethanol, allowed to air-
dry for 30 minutes, then resuspended in an appropriate volume of distilled water, or

TE buffer.

2.2.5 Ligation of DNA Fragments into Plasmid Vectors
DNA fragments and cut plasmid DNA, both with either compatible sticky ends or
blunt ends, are mixed and joined to produce a closed circular covalent molecule. Two

systems of ligation were used:
2.2.5.1 Standard ligation technique

One unit of T4 ligase was used in a 20ul reaction volume with the recommended

buffer. The DNA fragment and vector were added in either a 3:1 ratio if the ends were
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sticky or 1:3 ratio if the molecules were blunt-ended. The reaction was incubated

overnight at 16°C and 2l was used transform competent cells.

2.2.5.2 Rapid DNA Ligation
The Rapid DNA Ligation Kit (Boehringer) enables ligation of sticky-end or blunt-end
DNA fragments in just five minutes at room temperature. The ligation was performed

as per the manufacturer’s instructions.

2.3 Southern Blotting (Southern, 1975)

This technique allows the identification of discrete bands of nucleic acids on an
agarose gel through hybridisation with a labelled probe. The stained and photographed
agarose gel was blotted using a Scotlab capillary blotting unit. A piece of 3MM
Whatman filter paper was cut just larger than the width of the gel; this was positioned
onto the wick of the blotting apparatus above the buffer reservoir containing the
transfer buffer (1.5M NaCl, 0.5M NaOH). The treated gel was positioned on the filter
paper taking care to avoid air bubbles and surrounded by Saran Wrap to ensure buffer
is only drawn through the gel. A piece of nylon membrane (Hybond N+, Amersham
International) and three sheets of 3MM paper were cut to the exact size of the gel. The
membrane was carefully placed on the gel and air bubbles were removed by rolling
the pipette over it. The three sheets of filter paper were soaked in 2X SSC and placed
on top of the membrane. A stack of paper towels at least 10 cm high was put on top of
the filter papers and this assembly was left overnight. The membrane was marked for
orientation and washed in 2X SSC, dried and wrapped in Saran Wrap. DNA was fixed

to the membrane by irradiating with 120mJ/cm in a Spectrolinker UV crosslinker
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(Spectronics Corp.). The membrane was then ready to probe or could be stored at -

20°C.

2.3.1 Probing Nylon Membranes

The membranes were soaked in 2X SSC and rolled between nylon nets, taking care to
avoid air bubbles and placed in hybridisation bottles (Hybaid). 20 ml of pre-
hybridisation solution were added to each bottle which was then incubated in a rotary
hybridisation oven (Hybaid) for at least one hour at the hybridisation temperature
(65°C for mouse). Pre-hybridisation solution was replaced by pre-warmed
hybridisation solution and the labelled DNA probe (see section 2.3.3) added. The

bottles were incubated in the oven at the hybridisation temperature overnight.

2.3.2 Washing Nylon Membranes

Membranes were rinsed with 50ml 2X SSC at room temperature in each hybridisation
bottle. They were then washed in two 4 litre washes, the first 0.4X SSC, 0.1% SDS,,
the second 0.4X SSC, both at 5°C below the hybridisation temperature for fifteen
minutes. The membranes were wrapped in Saran Wrap and exposed to pre-flashed
film (X-OMAT Kodak) overnight at -70°C between two intensifying screens. The film

was then processed in an AGFA Gevaert developer.

2.3.3 Random primed labelling of DNA
The probes used in hybridisations were produced by exploiting the fact that random
oligomers anneal to random sites on the DNA to be used as a probe. The oligomers

then serve as primers for DNA synthesis by the Klenow fragment of DNA polymerase
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I. The ‘Ready-to-GO’ DNA labelling kit (Pharmacia) was used to label DNA
fragments with y*?’P-dCTP (Amersham). This kit utilises the random primed labelling
method whereby the DNA to be labelled is first denatured and then mixed with
oligodeoxyribonucleotides of random sequence. The polymerase, random primers and
dATP, dGTP, and dTTP are supplied dried down in the bottom of a microfuge tube.
The user supplies the DNA (dissolved in a total of 45ul of distilled water and
denatured) and the radioactivity (50uCi per reaction). Unincorporated nucleotides
were removed using a Sephadex G-50 Nick column (Pharmacia) according to the
manufacturer’s instructions. Prior to adding the labelled probe, it was denatured by

boiling for 5 minutes and then snap cooled on ice for 10 minutes.

2.4 DNA Sequencing (Sanger et.al., 1977)

All sequencing reactions were carried out using the Sequenase Version 2.0 kit (United
States Biochemical Corp) which uses chain termination with dideoxynucleotides, and
a-*S dATP (Amersham, 1000 Ci/mmol) to label single stranded DNA molecules.
Electrophoresis was performed on 6% polyacrylamide gels produced using Sequagel
(National Diagnostics) reagents and run using the BRL Model S2 electrophoresis
apparatus. After electrophoresis gels were fixed in 500ml of 10% methanol plus 10%
acetic acid and dried on a BioRad slab gel drier for one hour at 80°C, and exposed to
Kodak Biomax film overnight without intensifying screens at room temperature.

Finally, the film was then processed in an AGFA Gevaert developer.
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2.4.1 Preparation of Plasmid DNA for Sequencing

Double-stranded plasmid DNA was prepared for sequencing with the Sequenase
Version 2.0 kit (United States Biochemical Corp) which requires single stranded
DNA, by incubating approximately 20pg of DNA in a volume of 16yl distilled water
with 4pl of 5M NaOH for 5 minutes at room temperature. This was then spun to
remove the NaOH through a freshly prepared spin-column for 1.5 minutes at 2000
rpm, 4°C and was used immediately or stored on ice. Spin-columns were prepared by
piercing the bottom of a 0.5ml microfuge tube with an 18S needle, packing the lower
quarter of the tube with glass wool then filling the rest of the tube with TE-buffered
Sepharose CL-6B (Pharmacia). The 0.5ml tube was then placed inside a 1.5ml
microfuge tube with a pierced bottom and both tubes placed in a 15ml Falcon tube
and spun at 2000 rpm, 4°C for 1.5 minutes in order to pack the column. The spin

column was then ready to be used.

2.4.2 Direct DNA Sequencing (Winship, 1989)

In some cases, either where PCR products are difficult to clone or sequence data is
required without the need for cloning, it is possible to sequence directly from the PCR
product. In such a case reagents from the Sequence 2.0 kit (Amersham) were used
with a modified protocol. A total of 3pl of primer and PCR product are placed in a
microfuge tube, with a ratio of 20:0.25pmoles. To the primer/product mix, 3 pl of 2X
Sequence reaction buffer was added and the mix was boiled for two minutes and snap
cooled in an ethanol/ice bath for five minutes. During this time 7ul of labelling mix
was made which consisted of 4pl of diluted dGTP labelling mix, 1pl of 0.1M DTT,

1ul of a-**S dATP, and 1ul of diluted Sequence 2.0. The 6pl of primer/product mix
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was added to the 7pl of labelling mix and incubated at room temperature for two to
five minutes. 3ul was transferred to each of four tubes containing 2.1ul of the ddNTP
mixes, and this was incubated at 37°C for three to five minutes. Finally, 4ul of stop

buffer was added and spun down before freezing at -20°C.

2.4.3 Automated Sequencing of DNA

In recent years the demands upon the technique of DNA sequencing have grown
enormously, in no small part due to the many genome sequencing projects currently
" underway. Standard manual sequencing protocols could no longer provide for large-
scale sequencing projects, and the advent of systems with the potential of sequencing

far greater amounts of DNA per reaction was necessary.

Several systems have been developed which are based upon the Sanger method of
dideoxynucleotide chain termination chemistry (Sanger, et.al, 1977). The
performance of the system relies on four flourescently labeled dideoxynucleotides: the
G, A, T, and C DyeDeoxy terminators. When these terminators replace standard
dideoxynucleotides in enzymatic sequencing, a fluorescently labeled dye is
incorporated into the DNA along with the terminating base. We chose to use the
Prism Ready Reaction DyeDeoxy Terminator Cycle Sequencing Kit (Perkin Elmer),
which was developed specifically for the preparation of samples for sequence analysis
on the ABI model 377 DNA sequencer. The kit provides a reaction mixture containing
nucleotides and the four types of flourescently labeled dideoxynucleotides. The
polymerase for the reaction is included, which in this case is AmpliTaq, FS which was

developed specifically for fluorescent cycle sequencing. The enzyme is a mutant form
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of Taq DNA polymerase which has essentially no 5’ — 3’ nuclease activity and has a
much reduced discrimination against dideoxynucleotides. This permits the use of
much lower levels of dye labelled terminators in the reaction and greatly simplifies

the removal of unincorporated terminators.

The kit leaves only the DNA template and the required primer to be added by the user.
Because all four termination reactions are performed in the same tube, only one

reaction is required for the sequencing of any one template.

The sequencing reaction is a PCR reaction, although only one primer is used to extend
on the template. The reactions were performed in thin-walled tubes (Biotechnologies)
which increases heat transfer efficiency when compared to standard 0.5ml microfuge
tubes, using a heated lid apparatus to avoid the use of oil to overlay the reaction. The

components of the reaction are shown below:

Terminator Premix 9.5ul
ds DNA Template(1.0pg) 5.0ul
Primer (1.6pmoles/ul) 2.0ul
distilled water to 20ul

As soon as the reactions were ready they were placed into a Hybaid thermal cycler
with cycling as follows: 96°C for 30 seconds, 50°C for 15 seconds, 60°C for 4

minutes, for a total of 25 cycles.
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Following the sequencing reactions the samples were purified by ethanol precipitation
which would serve to remove any unincorporated nucleotides, especially the
fluorescent terminators which could interfere with the following sequence analysis.
Samples were then washed with 250pl of 70% ethanol and allowed to air dry for 1
hour. In this form as dried pellets the reactions would be stable in the dark at -20°C for
several months. More commonly, the samples were analysed within the following few

days.

The automated sequencing method of running samples is very similar to standard
sequencing protocols, with DNA samples loaded onto a vertical gel and separated by
electrophoresis on a polyacrylamide gel. The samples are first resuspended in 6pl of
loading buffer then heated to 90°C for five minutes and placed on ice until loaded onto
the pre-warmed gel. Up to 36 reactions can be loaded onto one gel, 1.5ul of sample is

used per lane.

Near the bottom of the gel, the DNA fragments pass by an argon ion laser which
excites the fluorescent dyes; the information of which dye and therefore which base
has incorporated into that particular fragment, is transmitted to a computer which
analyses information for all 36 reactions. The data is presented in the form of an
electropherogram which displays the individual peaks of fluorescence used to
calculate the sequence, where routinely 500-600bp are attained, and up to 1000bp can
be achieved. A 98% accuracy is quoted for the polymerase used in the sequencing
reaction and so generally when sequencing using this method, each reaction was run

in at least two lanes, so that a consensus sequence could be generated to avoid errors.
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This technique allows the sequencing of large amounts of DNA in a short space of
time with a high degree of accuracy. The reactions are simple to perform and negate
the use of radioactively labeled nucleotides, by replacement with the four

fluorescently labeled dideoxynucleotides.

2.5 Polymerase Chain Reaction

The PCR was carried out in a Hybaid Omnigene thermal cycler. Reactions were
carried out in a 50ul volume with 200uM of dATP, dCTP, dGTP and dTTP,
50pmoles of both primers, and buffer (10X 100mM Tris-HCI pHS8.3, 500mM KCl,
15mM MgCl 0.1% w/v gelatin, from Perkin-Elmer Cetus) with 1.67 units of
Amplitaq Taq Polymerase (Perkin-Elmer Cetus). The reactions were performed in
thin-walled tubes (Biotechnologies) which increases heat transfer efficiency when

compared to standard 0.5ml microfuge tubes.

Standard thermal cycling conditions - A total of 32 cycles for each PCR were used.
The first cycle: 94°C, 3 minutes 50 seconds; annealing temperature, 2 minutes; 72°C,
2 minutes. Subsequent 30 cycles: 94°C, 1 minute 30 seconds; annealing temperature,
1 minute 30 seconds; 72°C, 1 minute 45 seconds. The final cycle: 94°C, 1 minute 30

seconds; annealing temperature, 1 minute 30 seconds; 72°C, 15 minutes.

In addition, when PCR reactions resulted in multiple bands on an agarose gel,

possibly due to non-specific binding of primers, one or more of the following

specialised additives to the reaction were used, to try and produce a single product.
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2.5.1 TaqStart Antibody (Clontech)

‘Hot Start’ PCR is commonly used to enhance the specificity and sensitivity of PCR
amplification. Taq Start Antibody is a neutralising monoclonal antibody to Taq DNA
polymerase. It is used to block polymerase activity during set-up of the PCR reactions
at ambient temperatures (20-22°C). The inhibition of the polymerase is completely
reversed when the temperature is raised above 70°C. At the first template denaturation
step in thermal cycling, the enzyme-antibody complex dissociates and the antibody is
rendered non-functional. At the same time, the activity of the polymerase is restored

and the enzyme functions normally during the course of the PCR.

2.5.2 Perfect Match (Stratagene)

Perfect Match polymerase enhancer is an additive which can increase the specificity
of the PCR reactions. When added to genomic in vitro amplification reactions, it has
been shown to destabilise many mis-matched primer-template complexes that would

otherwise result in a heterogeneous population of amplified molecules.

2.5.3 T-Vector Cloning of PCR products

The T-vector cloning protocol provides an efficient system for direct cloning of PCR
products. The methodology eliminates the requirement for additional sequences or,
restriction sites being incorporated into PCR primers which when cleaved produce
sticky ends. The system exploits the template-independent activity of certain
thermostable polymerases which preferentially add a single adenosine nucleotide to
the 3’ end of double standard DNA. Such PCR products can then be inserted into a

compatible thymidine tailed vector.
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Two kits based around this system were used:
@) pMOS Blue T-Vector kit (Amersham)

(ii)  Original TA Cloning Kit (Invitrogen)

2.5.4 PCR Amplification of long DNA Sequences

Conventional DNA polymerases for example Amplitaq (Perkin Elmer) have an upper
amplification limit of approximately 4-5 kb of DNA, whereupon the polymerase falls
off the DNA in part due to errors in base incorporation. Systems are available which
can amplify sequences of greater length due mainly to the presence of Pwo DNA
polymerases (Cheng et.al., 1994), which have a proof-reading facility allowing for

larger sequences to be amplified. Two such systems were used:

2.5.4.1 Expand Long Template PCR System (Boehringer)

This system is composed of a unique enzyme mix containing thermostable Taq and
Pwo DNA polymerases. This polymerase mixture is designed to give a high yield of
PCR products from episomal and genomic DNA. It amplifies fragments up to 27kb

from human genomic DNA and up to 40kb from phage DNA.

2.5.4.2 XL PCR Kit (Perkin Elmer)

The XL PCR kit (Perkin Elmer) uses the same principle as the Expand system with
the same claims for its upper limits. However, it can also use a ‘Hot Start’ system
employing the same style of antibody based inhibition of the polymerases as
previously described for normal PCR (see section 2.5.1), this time using the rTth

antibody (Perkin Elmer).

80



2.5.5 Expand High Fidelity PCR system (Boehringer)

This system was chosen to amplify the DNA fragments required for the human
desmocollin type 3 promoter deletion studies (see chapter 4) because of its increased
fidelity over standard DNA polymerases. The Expand High Fidelity PCR system is
composed of an enzyme mix containing thermostable Taq DNA and Pwo DNA
polymerases. The mixture is designed to produce PCR products with high yield, high
fidelity, and high specificity from episomal and genomic DNA, and is optimised to
amplify DNA fragments up to Skb most efficiently. Due to the inherent 3’-5°
exonuclease proofreading activity of Pwo DNA polymerases the system results in a 3-
fold increased fidelity of DNA synthesis (8.5 x 107 error rate) when compared to Taq

DNA polymerase (2.6 x 10” error rate).

2.6 Promoter Finder DNA Walking Kit (Clontech Laboratories)

This kit provides a method for walking along a piece of DNA from a known sequence
using PCR, the procedure is illustrated in figure 2.1. The kit uses five ‘libraries’
of uncloned adaptor ligated genomic DNA fragments. They are not libraries in the
conventional sense i.e., the DNA fragments are not ligated into a vector which
is then propagated in Escherichia coli; however like a conventional library these
are pools of specially prepared DNA fragments from which specific pieces of DNA
can be identified, isolated and cloned. The system uses two rounds of PCR, where in
each case one primer is specific to the adapter sequence which is ligated onto
every DNA fragment in the library, the other primer is user defined and is specific

to the section of DNA which is of interest. The products are analysed by agarose gel
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Figure 2.1: Promoter Finder DNA Walking Kit. The kit provides a method for

walking along a piece of DNA from a known sequence using two rounds of PCR.
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electrophoresis, these can then be removed from the gel and cloned using the T-vector

approach as previously described, before sequencing to identify the desired inserts.

2.7 Isolation of Nucleic Acids

2.7.1 Small-scale DNA plasmid preparation

There are many different methods for extracting and purifying plasmid DNA on a
small scale. The standard procedure for such preparations is the alkaline lysis method
(Bimboim and Doly, 1979). The same principles are used in the Hybaid Recovery
Plasmid Mini Prep Kit (Hybaid), which is base upon the rapid alkali denaturation of
both chromosomal and plasmid DNA followed by the selective renaturation of
plasmid DNA after neutralisation. This technique also exploits the principle that
double stranded DNA will stick to glass powder in the presence of high salt
concentrations, enabling the plasmid DNA to be isolated away from the denature

chromosomal DNA.

2.7.2 Large Scale DNA plasmid preparation

A Quiagen plasmid maxikit was employed to purify up to 750ug of plasmid DNA
from 500 ml of L-broth cultures as directed by the manufacturer’s instructions. This
kit was based upon alkaline lysis method with a column packed with an anion-
exchange resin purifying the plasmid DNA further through binding, washing and

selective elution of the plasmid DNA.
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2.7.3 Preparation of DNA from mouse tails

When analysis of DNA from putative transgenic mice was required (see chapter 6), it
was prepared from approximately 1cm of tail tissue. Up to 50ug of DNA from such a
piece of tail can be prepared using the QIAamp, Tissue Kit (Qiagen). This procedure
resulted in very pure samples of DNA which were suitable to perform the subsequent
Southern Blot or PCR analysis. Preparation of DNA was performed by following the

manufacturer’s protocol.

2.7.4 mRNA Purification

In order to purify the mRNA population from cellular extracts the QuickPrep Micro
mRNA purification Kit (Pharmacia) was used. The kit is designed for the isolation of
mRNA from small amounts of eukaryotic cells or tissues without the need for
intermediate purification of total RNA. Each purification yields a maximum of 6pug of

RNA, at least 90% of which will be mRNA.

The tissue or cells are extracted in a buffered solution containing N-lauroyl sarcosine
and a high concentration of guanidinium thiocyanate, ensuring rapid inactivation of
endogenous RNases. The extract was then diluted three-fold with elution buffer
(10mM Tris-HCI (pH7.4), ImM EDTA), reducing the guanidinium thiocyanate to a
carefully selected level, which was low enough to allow efficient hydrogen bonding
between poly(A) tracts on the mRNA molecules and oligo (dT) attached to cellulose,
but high enough to maintain complete inhibition of RNases. The three-fold dilution

also causes a number of proteins to precipitate, giving an initial purification.

84



The extract was then clarified by a short centrifugation in a bench top microfuge, and
the supernatant transferred to a microfuge tube containing oligo(dT)-cellulose
(oligo(dT) at 25mg/ml suspended in a storage buffer containing 0.15% Kathon CG).
After several minutes, during which the poly(A)” RNA binds to the oligo (dT)-
cellulose, the tube was centrifuged at maximum speed for 10 seconds, and the
supernatant aspirated off the pelleted oligo (dT)-cellulose. The pelleted material is
then washed sequentially with 1ml aliquots of high salt buffer (10mM Tris-HCl
(pH7.4), ImM EDTA, 0.5M NaCl), and low salt buffer (10mM Tris-HC1 (pH7.4),
ImM EDTA, 0.IM NaCl), each wash being accomplished by a process of
resuspension by gentle inversion a brief re-centrifugation and careful removal of the

supernatant using a pipette.

After the last wash with low salt buffer, the pelleted oligo (dT)-cellulose was taken up
in 0.3ml of low salt buffer. The slurry was spun through a MicroSpin column placed
within a 2ml microfuge tube, and the column was washed with three 0.5ml aliquots of
low salt buffer, with a 5 second centrifugation between each addition of buffer.
Finally, the polyadenylated material was eluted into a fresh 2ml centrifuge tube with
two applications of 0.2ml of elution buffer (10mM Tris-HCI (pH7.4), ImM EDTA)

which had been pre-warmed to 65°C, and was spun through the column for § seconds.

The mRNA was then precipitated by adding 10pl of glycogen (10mg/ml) and 40pl of

potassium acetate (2.5M, pH 5.0). Then 1ml of 95% ethanol chilled to -20°C was

added and the sample was placed at -20°C for 30 minutes. The precipitated mRNA
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was collected by centrifuging at 4°C for 15 minutes at 13,000rpm, and stored at -80°C

until needed.

2.7.5 Measuring Nucleic Acid Concentrations

When it was necessary to calculate the concentration of a DNA or RNA preparation it
was performed using a Perkin Elmer Lambda Bio UV/VIS spectrophotometer by
determining the absorbance at 260nm and 280nm, then applying the coefficients by

Warburg and Christian.

2.8 Extraction of DNA from Agarose
Following electrophoresis of DNA on agarose gels one of two protocols were used

when extraction of a specific DNA fragment was required.

2.8.1 Geneclean

The majority of extractions were performed using the Geneclean kit (Bio 101). This
technique uses the principle that double-stranded DNA will stick to glass powder in
the presence of high salt concentrations. Incubation of a DNA solution in a highly
electrolytic environment with large anions causes a modification in the structure of

water, forcing the DNA to adsorb to the silica particles.

The gel was stained by soaking in a 0.1mg/ml EtBr solution (which intercalates in
between the bases of DNA molecules) for 30 minutes and then the DNA was
visualised using an ultraviolet transilluminator with a wavelength of 365nm, at which

wavelength the EtBr fluoresces. The DNA band of interest was excised from the gel
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using a sterile scalpel and placed into a tared microfuge tube. A volume 4M sodium
iodide approximately three times that of the gel slice was added to the tube which was
then incubated at 55°C for 20 minutes with vortexing of the tube every 5 minutes,
during which time the agarose melted completely. Then 1ul of glass powder solution
was added for every 2ug of DNA in solution before the tube was vortexed and left on

ice for 5 minutes.

The glass powder was pelleted by centrifuging at 13,000rpm for 10 seconds, and the
supernatant was drawn off. The pellet was washed three times by resuspending in
500pl of ethanol wash solution (50% ethanol, 0.1M NaCl, 10mM Tris pH 7.5, ImM
EDTA) which was stored at -20°C, centrifuging at 13,000rpm for 10 seconds to pellet
the glass powder, and discarding the supernatant. Following the third wash the tube
was centrifuged again and any remaining wash solution was carefully removed using
a pipette. The pellet was allowed to air dry for 30 minutes before the DNA was eluted
by adding an equal volume of distilled water to powdered glass solution to resuspend
the powder, and incubating at 55°C for 5 minutes. The powder was pelleted again by
centrifuging at 13,000rpm for 10 seconds leaving the DNA in solution in the distilled

water which was removed to a fresh microfuge tube.

This protocol was unsuitable for very small (less than 500bp) or very large (more than

10kb) fragments of DNA in which case an alternative approach was taken which

required the use of low melting point agarose and the GELase system of extraction.

87



2.8.2 GELase

The GELase nucleic acid extraction kit (Epicentre Technologies) is based around an
enzyme preparation which completely digests molten agarose gels in electrophoresis
buffer to yield a clear solution which does not gel upon cooling. The protocol is
dependent upon the use of a low melting point agarose, so that the gel is still molten
after heating to 70°C and then cooling to 45°C to allow the enzyme to work. In the
case of very small fragments SeaPlaque agarose (FMC) was used for the
electrophoresis; and where very large fragments had required separation on the PFGE
or FIGE apparatus (see sections 2.15.6 and 2.15.7), InCert agarose (FMC) was used.
The DNA band of interest was removed from the gel and placed into a tared 1.5ml
tube so that the weight could be determined. The slice was soaked in 3 volumes of 1X
GELase buffer (40mM Bis-Tris (pH 6.0), 40mM NaCl) for 1 hour before excess
buffer was removed and the gel slice was melted at 70°C for 20 minutes. The molten
agarose was then equilibrated to 45°C for 20 minutes before the appropriate amount of
GELase enzyme was added. As a general rule 1 unit of GELase per 600mg of 1% low
melting point agarose was used to allow for digestion in 1 hour at 45°C. The amounts
can be increased or decreased to save time or enzyme and the length of incubation can

be appropriately increased or decreased.

At this point, the nucleic acid could be used directly for many common procedures for
example ligations and restriction endonuclease digestion. However, further
purification was more commonly used. For standard purification an ethanol
precipitation is used, effective because the digestion products from the agarose are

alcohol soluble. In this case one volume of filter sterile 5M ammonium acetate and
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four volumes of room temperature ethanol were added to the DNA solution before
centrifuging at 13,000rpm in a bench top microfuge for 30 minutes at room
temperature. The nucleic acid pellet was then washed with 500ul of 70% ethanol

before air drying for 1 hour and resuspension in distilled water.

Alternatively, for large fragments of DNA as used in the PAC experiments (see
chapter 5), the GELase protocol could be followed until the precipitation purification
step, which was omitted in favour of a dialysis method. The DNA in solution is placed
on 0.025pum filters (Millipore) which were floated onto 500ml of distilled water in a
500ml beaker and left for 1 hour. In this way the solution was dialysed against the
distilled water with the filter pores large enough for the agarose digestion products to

pass through, but small enough to restrict DNA from passing.

2.9 Primer Extension

An important part in the genetic analysis of a gene is to determine the transcription
start site of that gene i.e. the 5’ terminus of a poly(A)" mRNA product, this often
helps in identifying the DNA regulatory sequences that control transcription of that
gene. In the primer extension protocol a radioactively labeled probe derived entirely
from within the gene of interest is hybridised to complimentary RNA and extended
using the enzyme reverse transcriptase. The probe is generally derived from a region
near the 5° end of the gene so that the extension reaction terminates at the extreme 5’
end of the RNA. As such the technique can be used to precisely determine the start

point of transcription of an mRNA sequence. Because only a small fragment of DNA

89



is required as a primer for the extension reaction, synthetic oligonucleotides are now

almost exclusively used.

The probe, which was complimentary to the 5’ upstream region of DSC2, was 5’ end-
labeled with >5000Ci/mmol y-**P ATP (Amersham) and 1 unit of T4 polynucleotide
kinase (Promega), and annealed to 6pg of mRNA produced from -cultured
keratinocytes using the QuickPrep Micro mRNA purification kit (Pharmacia), with
the hybridisation performed at 50°C overnight. The extension reaction was performed
with 8 units of AMV reverse transcriptase (Promega) for 60 minutes at 42°C. The
reaction products were then analysed on a 6% denaturing acrylamide gel alongside a

DNA sequencing reaction performed using the same primer.

2.10 Competent Bacteria

2.10.1 Transformation of pMOS Competent Bacteria

The pMOS competent bacteria (Amersham) were used for all initial transformation of
plasmids and ligations. The bacteria are stored as 20ul aliquots which are thawed on
ice as they are temperature sensitive. Normally, 2ul of a ligation mix or approximately
100ng of plasmid DNA was added to the cells which were then incubated on ice for
30 minutes. To increase the transformation efficiency the cells were heat shocked in a
42°C water bath for exactly 40 seconds and then placed back on ice for two minutes.
The 80ul of room temperature SOC media was added and the tubes were shaken
at 200 rpm for 1 hour at 37°C. The L-agar (containing ampicillin) plates
were previously prepared, these were removed from 4°C storage and allowed to

warm to room temperature for 30 minutes. If, however, the plasmid or ligation
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required blue/white selection, then the plate was removed 30 minutes earlier, these
were then treated with 35ul of X-gal (50mg/ml) and 20ul of IPTG (100mM) which
was allowed to soak in for at least 30 minutes. Following this incubation period the
100p1 of transformation mix was spread onto the plate which was incubated inverted

overnight at 37°C.

2.10.2 Production of DH5c Competent Bacteria
In order to standardise the transfection experiments performed using plasmid DNA, in
each case the plasmid was transformed into the Escherichia coli strain DH5a prior to

a large-scale plasmid preparation.

When DHS5a cells were used in transformations they were grown up from a glycerol
stock. A 10ml culture of cells was set up with L-broth in a 100ml conical flask and

shaken at 200 rpm overnight at 37°C.

The following morning the 1ml culture was used to inoculate a further 10ml of L-
broth and incubated for a further 4-5 hours (until OD,¢,= 0.6). The cells were pelleted
by spinning for 10 minutes at 2,000 rpm in a centrifuge. The supernatant was removed
and the cells were suspended in 5Sml of 10mM CaCl,, the cells were then left on ice

for 30 minutes before being divided into 200ul aliquots in pre-cooled tubes. Any

remaining bacteria were stored at 4°C for up to one week.
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2.10.3 Transformation of DH5a Competent Cells

When DHS5a cells were required, they were grown and made competent as described
in section 2.6b. The method of transformation is essentially the same as for pMOS
cells with a couple of exceptions. Firstly, 200ul of competent cells were used with the
same amount of DNA, and 800ul of SOC media was used. Also, after incubation of
the transformation mix at 37°C for one hour, the cells were pelleted for 10 minutes at
1,000 rpm in a bench top microfuge. 900ul of media was carefully removed and the
remaining 100pl was used to resuspend the cells before plating the whole mix onto

agar plates as previously described for pMOS cells.

2.10.4 Blue-white selection of transformants

When using vectors containing the cloning site internal to the lacZ reporter gene,
blue-white selection of transformants could be used. Agar plates were spread with
40ul X-Gal (20mg/ml, Sigma) and 4pl IPTG (200mg/ml, Sigma) 30 minutes before
plating transformants. LacZ encodes B-galactosidase which is able to convert the X-
Gal substrate to an insoluble indigo blue colour. If the lacZ gene, which is inducible
by IPTG, is disrupted by cloning a fragment of DNA into it, the blue colour no longer
develops. Clones can be selected for on the basis of their colour, with white colonies

indicating the desired insertion of fragments into a vector.

2.10.5 Glycerol Stocks
Upon production of a DNA plasmid a long-term stock can be made which ensures that
this plasmid can be recovered some time into the future. This was achieved by

inoculating 10ml of L-agar (with antibiotics if required) with Iml of bacterial
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suspension which had been used in the small scale preparation of that plasmid (see
section 2.20), in a 100ml conical flask. This was incubated overnight without shaking
(to avoid too high a cell density), before 1ml of this culture was used to make the
glycerol stock adding 1ml of autoclaved glycerol and the bacterial culture to a 2ml
cryotube (Nalgene). The tube was vortexed and allowed to settle for five minutes

before freezing at -70°C.

2.11 Mammalian Cell Culture

Mammalian cells were passaged when they covered approximately 70% of the culture
flask. Splitting the cells involved pouring off the culture medium and washing them
carefully three times with PBS-A. A thin layer of trypsin-versene was pipetted on to
the cells which were then replaced in the incubator until they had detached. A volume
of pre-warmed culture medium was then pipetted into the flask and mixed gently
before the cells were dispensed into fresh flasks containing medium and then replaced

into the incubator (37°C, 5% CO,)

2.11.1 Transfection of Mammalian Cells

Adherent cell lines were transfected with plasmid DNA by lipofection. This method
of DNA delivery coats the plasmid DNA with cationic lipids which promotes uptake
by binding to the cells through electrostatic interactions followed by either direct

fusion of the liposome or entry by spontaneous endocytosis.

A 70% confluent 25cm flask was trypsinised and split 1:30 into the 9.5cm wells of

six-welled plates (Nunclon). After allowing the cells to re-attach overnight, they were
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washed carefully three times with PBS-A, any excess PBS-A was aspirated off and
1.1ml of unsupplemented F15 medium added to them. Liposomes were prepared by
mixing 114pl of serum-free F15 medium to 5.7ul of lipofectamine (Gibco, BRL) and
then adding a total of 1.71ugk of plasmid and sonicated salmon sperm DNA and
mixing by gentle pipetting. The liposomes were left to stand for forty-five minutes
before adding them to the serum-free medium of the washed cells and mixing by
gently rocking the plate. After five hours, 1.1ml of supplemented F15 media was
added to each well, and the transfected cells were replaced in the incubator, then

extracted forty hours later.

2.11.2 Extraction of Transfected Cells

The transfected cells needed to be lysed and removed from the culture wells. They
were first washed twice using PBS-A and then lysis of cells was achieved using
passive lysis buffer (from the Promega dual assay reporter system - see section
2.11.3). 250pl of passive lysis buffer was added to each well and then the cells were
scraped off the bottom of the well using an inverted pipette tip (Gilson). Cell lysates
were spun at 13,000rpm in a bench microfuge for 2 minutes and placed on ice, ready

to be assayed.

2.11.3 Dual-Luciferase Reporter Assay System (Promega)

The concept of using dual-reporters relates to the simultaneous expression and
measurement of two individual reporter enzymes within a single system. Typically,
the activity of one gene reports upon the effect of the specific experimental

conditions, while activity of the second gene provides an internal control by which
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each value within the experimental set can be normalised. Normalising the activity of
the experimental reporter to the activity of the internal control effectively eliminates
inherent variabilities that can undermine experimental accuracy (eg. plate-to-plate
differences in the number and health of cultured cells and the efficiency of cell
transfection and lysis).  Furthermore, internal controls negate assay-to-assay
variability arising from inconsistencies in the transfer volume of samples being

assayed.

Originally, the B-gal reporter gene system had been used, and the internal control used
in conjunction had been provided by the chloramphenicol acetyl transferase (CAT)
system. However, subsequently 3-gal was replaced by the luciferase reporter gene due
to unacceptable levels of B-gal expression in untransfected MDCK cells. Work by
Marsden et.al. (1997) used a luciferase system for the test plasmid and continued with
the chloramphenicol acetyl transferase (CAT) system for the internal control, this
assay requires the use of a radioactively labelled butyryl co-enzyme. However,
recently a new system has been made available which combines the speed, sensitivity,
and convenience of two luciferase reporter enzymes into an integrated single-tube

dual-reporter assay format.

This system allows the immediate sequential quantification of both firefly (Photinus
pryralis) luciferase and sea pansy (Renilla reniformis) luciferase in cell lysates
because the firefly and sea pansy luciferases are of distinct evolutionary origins, and
thus have dissimilar enzyme structures and substrate requirements. These differences

make it possible to selectively discriminate between their respective bioluminescent
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reactions. Specifically, the luminescence from the firefly luciferase reaction (the
experimental-reporter) may be quenched while simultaneously activating the

luminescent reaction of the Rernilla luciferase (the “control” reporter).

In all transfections the Renilla control vector used was pRL-SV40 (see appendix 1).
This vector contains the SV40 early enhancer/promoter region which provides strong
constitutive expression of the Renilla luciferase in a variety of cell types. As such it
makes the use of the firefly luciferase control plasmids more directly comparable, as

they also use this promoter (see appendix 1).

To control for the effects of titrating transcription factors, each of the reporter
constructs were transfected into cell lines in equimolar ratios. A 10:1 ratio of
experimental:control plasmid was used in a total amount of 1.71ug of DNA. It was
decided to use 85.5ng of experimental plasmid and so 8.55ng of control plasmid, with

the remaining 1.62nug of DNA being made up with sonicated salmon sperm DNA

(1mg/ml).

Following transfection and production of the cell lysate, cellular debris was pelleted
by microfuging at 13,000 rpm for 2 minutes, the supernatant used in subsequent
assays. The assays were performed according to the Promega protocol, except using
half of the amounts of the reagents and cell lysate in each case. The measurements
were performed on a Berthold CliniLumat LB9502 luminometer over a 10 second
period. The activity of different constructs was measured relative to either the pGL2-

Control or pGL2-Promoter vectors depending on which plasmid (pGL2-Basic or
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pGL2-Promoter respectively) was used in making the construct. Expressing the
activity of cells transfected with reporter constructs as a percentage of pGL2-Control
or pGL2-Promoter activity allows trends between the reporter constructs to be
observed and their relative strength to the SV40 early promoter and enhancer to be

measured.

The original fluorescence data is obtained from the luminometer and consists of two
readings. The first of these is a background reading which is read for the first two
seconds. The second reading is derived from a ten second measurement of
fluorescence. In each case a reading is taken firstly for the test plasmid, and secondly
for the co-transfection plasmid.

The first step of any calculation is to minus the background reading from the
experimental reading to give the true measurement. The next phase of the calculation
is to normalise the data so that they are directly comparable with other results. This is
achieved by dividing the test plasmid results by the co-transfection result from the
same sample. Next, to allow for freak results, each transfection had been performed

three times, and the results were averaged.

Although results from the same cell type are comparable in this form they are not
comparable with results from different cell types because background levels of
expression can differ hugely. As such it proved useful to now normalise data against
an appropriate control plasmid, for example in the case of the pGL2-promoter vector,

which allows insertion of potential enhancer elements in with a constant promoter
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element. The control in this case is the reading for the pGL2-promoter vector with no

inserts.

This proved useful as it now becomes possible to infer a level of epithelial specificity.
By taking data normalised against both the co-transfection result and the appropriate
control plasmid it is possible to compare results between two cell types. If a result of a
particular plasmid in an epithelial cell type is divided by the corresponding result in a

non-epithelial cell type then some measure of epithelial specificity can be inferred.

Example: expression of human desmocollin type 3 promoter construct MDG17 in

MDCK cells.

pMDG17 A B C
sample counts (1): 21476 13111 493
background counts (2): 2964 1248 56
(1) minus (2) = (3): 18512 11863 437

pRL-SV40 co-transfection plasmid

sample counts (4): 127558 32364 12384
background counts (5): 13610 3578 2194
(4) minus (5) = (6): 113948 28786 10190
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(3)/(6) x 100 = normalised 16.246%  41211%  4.289%

average = 20.582%

equivalent result for pGL3-Basic = 113.141%

normalise against pGL3-Basic: 20.582 x 100 = 18.191%
113.141

2.12 Screening a AFix II Library
Section 4.4.2 details the search for the mouse desmocollin type 3 promoter, in which

the human promoter was used as a probe on a mouse genomic library.

2.12.1 Preparation of Plating Culture

The SRB(P2) Escherichia coli bacterial strain restricts the growth of wild type A
bacteriophage which are spi” (spi = sensitive to P2 interference) phage. Only phage
where the recombination genes that give the spi* phenotype (red, gamma, and delta)
are deleted will be propagated. AFix II is a replacement vector lacking these genes that

accepts inserts of DNA between 9 and 23kb.

10ml of L-broth with 0.2% wt/v maltose and 10mM MgSO, were inoculated with the
SRB(P2) strain and grown overnight with shaking at 32°C. Maltose induces the
expression of maltose binding protein on the surface of the Escherichia coli to which

the phage will adhere during infection. The low temperature ensures that the cells do
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not overgrow as the phage will also adhere to dead cells. The cells were then pelleted
at 4°C for 10 minutes at 2,000rpm in a Mistral 30001 centrifuge. The supernatant was
decanted and the cells were gently resuspended in 10ml 10mM MgSO,, then re-
centrifuged as before, with the supernatant again being discarded and the cells
resuspended in 4ml of 10mM MgSO, Plating cultures were stored at 4°C and were

viable for approximately 2 weeks.

2.12.2 Plating out a AFix II Library

Aliquots of A buffer containing 10° pfu were mixed with 200ul of the plating culture
cells in 15ml centrifuge tubes (Falcon) then incubated at 37°C for 15 minutes. 7ml of
melted NZY top-agarose containing 10mM MgSO, was cooled to 48°C and added to
each tube of infected bacteria, quickly mixed by inversion, and plated on two day old
150mm NZY-agar plates. When the agarose had set the plates were incubated at 39°C
for 8 hours, which is optimal for plaque formation of this particular A phage strain.
Following this incubation the plates were chilled overnight at 4°C prior to replica

plating.

2.12.3 Replica Plating a AFix II Library

Positively charged nylon membranes (Hybond N+, Amersham) were used to blot the
library. A membrane was carefully placed on the surface of the agarose using forceps,
then asymmetrically marked with a sterile needle dipped in Indian ink to allow future
orientation of the filter to the plate. After 1 minute the membrane was removed and
placed ‘plaque side up’ on two sheets of Whatmann 3MM paper soaked in

denaturation solution for 7 minutes. The membrane was transferred to two sheets of
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Whatmann 3MM paper soaked in neutralising solution. Membranes were then washed
of any excess agarose in 2X SSC before they were air dried for 1 hour on a sheet of
Whatmann 3MM paper. A duplicate was made of each plate by repeating the
procedure, except the time of contact between the agarose surface and the membrane
was extended to 3 minutes. DNA was fixed to the membrane by irradiating with
120mJ/cm in a Spectrolinker UV crosslinker (Spectronics Corp.). The membrane was

then ready to probe or could be stored at -20°C.

Membranes were probed using the human desmocollin type 3 promoter (see chapter
4) labelled with y”P-dCTP (see section 2.3.3). Following developing of
autoradiographs, putative positives which were present on both of the replica
membranes were picked using a wide bore pipette tip to remove the required portion
of top agarose. The agarose was placed in 5ml of A buffer and allowed to stand
overnight at room temperature to allow the phage to diffuse out. Putative positive
plaques were re-plated, replica plated and probed with the aim to have all the plaques

on a single plate positive; this would normally take at least three rounds of screening.

2.13 PAC and YAC Protocols
2.13.1 PAC DNA preparation
Large amounts of PAC DNA can be produced by virtue of the fact that a multicopy
replicon contained in PAC vectors is under ;che control of the inducible lac operator.
Addition of the lac inducer, IPTG, increases the copy number of a PAC in a cell from

1 to approximately 15.

101



Initially the PAC was inoculated into a 3ml overnight culture in L-Broth
supplemented with kanamycin (25ug/ml), and shaken at 37°C. The 3ml culture was
used to inoculate a 500ml culture of L-Broth supplemented with kanamycin
(25pg/ml) and IPTG (0.5mM), which was shaken at 37°C for a further 5 hours. The
culture was now prepared in the standard large-scale DNA preparation method (see

section 2.7.2).

2.13.2 PAC retrofitting

Because the pCYPAC-2n vector used in the preparation of PAC libraries (Ioannou
et.al., 1994) lacks mammalian selection markers, it is not possible to use PAC’s from
this library directly for gene transfer experiments. It is, however, possible to retrofit
the PAC’s with a cassette containing a neomycin resistance gene (Mejia and Monaco,
1997). There are two protocols with different retrofitting plasmids; the method of
choice depends on whether the PAC of interest contains a No¢I restriction site internal
to the included DNA. It is therefore first necessary to digest the PAC DNA with Norl
to determine if any sites are present outside those in the vector. 1ug of PAC DNA was
digested with 10 units of NotI (New England Biolabs) for 2 hours before the digest
was run on a FIGE gel (see section 2.15.7). Figure 2.2 shows that all PAC’s we
attempted to retrofit were devoid of additional Notl sites. This meant that only the
‘vector exchange’ protocol was required, where the original PAC vector is simply
removed using the Notl sites and replaced with a new vector which contains the

neomycin resistance gene.
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Figure 2.2: Checking PAC’s for Nol Sites. Two protocols exist for the retrofitting
of a neomycin cassette to PAC’s, with the choice based around the presence or
absence of Noil sites in the DNA insert, therefore it is necessary for the PAC’s of
interest to be digested before the neomycin cassette can be inserted. Five PAC’s
considered for neomycin insertion were digested, 1pg of DNA was digested using 10
units of Nofl for 5 hours at 37°C, and analysed on a 0.4% TBE agarose gel. The lanes
on the gel are as follows: (LRM) Low-range YAC markers (New England Biolabs);
(1) PAC 87014; (2) PAC 159P13; (3) PAC 147K3; (4) PAC 40019; (5) PAC

315L21.
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The pJMOx166 plasmid was prepared by a large-scale DNA preparation and stored
at -20°C until needed. 10ug of the plasmid was linearised by digestion with NofI
together with 10pg BSA (New England Biolabs). This was digested for 2 hours at
37°C before the DNA ends were dephosphorylated using 1 unit of calf intestinal
phosphatase (Boehringer) for 30 minutes. The PAC was prepared using a modified
large scale DNA preparation (see section 2.13.1) before 2pg was digested using Notl

for 2 hours at 37°C.

Both the vector and the PAC digested DNA were subjected to electrophoresis on a
FIGE gel (see section 2.13.7) using a programme which separates fragments between
the sizes of Skb and 150kb in size. The agarose used for the FIGE gel was InCert
agarose (FMC) which is very high quality agarose with a low melting temperature,
making the agarose suitable for the GELase DNA extraction protocol (see section
2.8.2). This is a very useful technique since the chances of shearing the relatively
large pieces of DNA are greatly reduced over standard extraction protocols. The
agarose containing the DNA was removed from the gel, equilibrated in buffer,
heated to melt the agarose, cooled and an enzyme which digests the agarose was
added, to leave the DNA in solution. The GELase protocol was followed until the
precipitation purification step, which was omitted in favour of a dialysis method. The
DNA in solution was placed on 0.025um filters (Millipore) which were floated onto
500ml of distilled water in a 500ml beaker and left for 1 hour. In this way the solution

is dialysed against the distilled water with DNA too large to pass through the filter.
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The PAC DNA and vector DNA was now in solution and in a form ready for ligation.
10l of each sample was analysed on a 1% agarose gel to check that extraction had
been successful. Following confirmation that DNA was present in each sample at
concentrations which were estimated from the agarose gel, a ligation was performed
with a PAC:pJMOx166 molar ratio of 5:1. The ligation was in a final volume of 20ul
using 400 Weiss units of T4 DNA ligase (New England Biolabs) and incubated

overnight at 16°C.

The following morning 10ul of the ligation was dialysed against distilled water in the
same way as before so that an electroporation transformation could be used (requiring
DNA free of phenol, ethanol, salts, proteins, and detergents). Because such large
fragments of DNA were involved ElectroMAX DHI10B cells (GibcoBRL) were
preferred because of the inclusion of a mutation in the deoR gene which makes them
more capable of taking in larger fragments. The procedure outlined in section 2.13.3
gives the electroporation method which was followed. 400pul of each cell suspension
was plated onto 15cm dishes of L-agar containing 30pg/ml kanamycin, 20pg/ml
chloramphenicol, and 2% sucrose. Sucrose was employed as a selective factor on the
basis of the presence of the Bacillus amyloliquefaciens sacB gene in pCYPAC-2n, the
vector in the PAC library, and the absence of this gene in the product desired. Levan-
sucrase, the enzyme encoded by sacB, uses sucrose to synthesis levan, and expression
of sacB in Escherichia coli has been observed to result in cell poisoning when sucrose

is added to the culture medium (Steinmetz et.al., 1983).
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During the course of retro-fitting the neomycin gene to PAC’s a transformation was
required and Mejia and Monaco (1997) recommend the use of ElectroMAX DH10B
electrocompetent cells (Gibco BRL). The DNA used was purified following ligation
by dialysing against distilled water using a 0.025um filter as previously described in
this section, because for maximum efficiency the DNA must be free of phenol,

ethanol, salts, proteins, and detergents.

The electrocompetent cells were thawed slowly on ice before aliquoting 25ul to the
required number of pre-cooled microfuge tubes on ice which already contained
approximately 100ng of the transforming DNA. Any unused cells were re-frozen in a

dry ice/ethanol bath for 5 minutes before returning to -70°C.

After 1 minute incubation on ice the mixture of cells and DNA was transferred into a
cold 0.2cm electroporation cuvette (Biorad) and the suspension was shaken to the
bottom of the tube. The cells were electroporated using an EasyjecT electroporation
system (EquiBio) with the following settings: Capacitance25puF, Impedence 156C,

Voltage 2500V, Pulse 6 milliseconds.

Immediately following the electroporation 1ml of room temperature SOC medium
was added to the cuvette and the cells were resuspended using a pasteur pipette,
before transferring to a 15ml polypropylene tube (Falcon) and shaking for 1 hour at
37°C. 500ul of the suspension was used to plate cells onto selective LB agar plates,

which were incubated at 37°C overnight.
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2.13.4 YAC Transformation

The YAC libraries which were used in production of the desmosomal cadherin contig
were constructed using the vector pYAC4 which is shown in figure 2.3. The vector
contains the appropriate genetic elements for maintenance and selection in the yeast
host AB1380, however, it does not contain a mammalian selectable marker. To avoid
constructing new libraries with a new vector, it is easier to use yeast homologous
recombination to target desired elements to previously isolated YAC’s. The new
elements are combined into one of the two YAC arms of the pYAC4 vector, formed

during insertion of the human DNA.

The two systems used were pRAN-4 for the right arm (Markie et.al., 1993) and
pLNA-1 for the left arm (Riley et.al., 1992). The overall theory and methodology is
very similar for both. The plasmid used in each case contains both the neomycin
resistance gene and also a yeast selection marker. To maintain selection for a YAC in
the pYAC4/AB1380 vector/host system which applies here it is essential to ensure
that the growth medium contains no uracil, but provides a source of histidine, lysine,
adenine, and isoleucine or threonine. In the pPRAN-4 system, correct targeting disrupts
the URA-3 gene on the YAC and provides an ADE-2 gene from the plasmid, this
means that correctly targeted YAC’s will be trp+, ura-, lys-, ade+. As such, a correctly
targeted YAC can be selected for by its inability to grow without supplemental uracil
when compared to an untransformed YAC. In the pLNA-1 system the LYS-2 gene is
introduced into the YAC so that correctly targeted YAC’s will be trp+, ura+, lys+,
ade-. As such, a correctly targeted YAC can be selected for by its ability to grow

without supplemental lysine when compared to an untransformed YAC. In both cases
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Figure 2.3: The pYAC4 Vector. The pYAC4 vector is used in the construction of the
YAC libraries referred to. When restricted with BamHI and EcoRlI, three fragments
are produced. The two larger fragments form the left and right YAC arms, because
they have ends which are recognised by Sacchromyces cerevisiae and consequently
are converted in vivo into functional telomeres by the addition of simple sequences by
this host. The third fragment generated contains the Ais3 gene, and is a “stuffer”
fragment which does not participate in the cloning. The 6kb left YAC arm contains
ARS1 and CEN4 sequences which provide for the maintenance of the artificial
chromosome as a linear molecule in the yeast host, as well as a trpl marker gene
which can be used for positive selection. The 3.4kb right YAC arm contains the ura3
gene which can also be used for positive selection. Finally, the sup4 gene has an
EcoRI site which is used as the cloning site. The product of the sup4 gene is a mutant
tRNA which itself suppresses another mutation, this time the ochre mutation in the
ade? gene. Thus when a DNA fragment is successfully cloned within the sup4 gene,
the suppression effect is removed. Therefore, in an ade2-ochre host, adenine
metabolism will be interrupted which results in the accumulation of a premetabolite
(phosphoribosyl-aminoimidazole) which has a red colour and provides recombinant

yeast clones with the same diagnostic colour.
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the plasmids are transferred to the yeast using lithium acetate transformation which is

described below.

A 5ml culture of the required YAC was incubated overnight at 30°C in synthetic

dextrose medium (0.7% yeast nitrogen base without amino acids, 1% D-glucose)

supplemented with: pRAN-4 pLNA-1
adenine adenine
tryptophan tryptophan
histidine All at 20ug/ml histidine
lysine except adenine lysine
isoleucine at 50ug/ml threonine

This was then diluted to 20ml the following morning and grown for a further 4 hours
at 30°C. The cells were pelleted at 2000rpm for 10 minutes at 4°C in a Mistral 3000i
centrifuge, then washed once with 1ml of sterile distilled water, before re-
centrifuging, resuspending in 400pl of distilled water and transferring to a microfuge
tube. The cells were then washed in 500ul of TE/Lithium Acetate (100mM Lithium
Acetate in TE - adjusted to pH7.5 with acetic acid) and resuspended in 400ul of
TE/Lithium Acetate. Then 50ul of this yeast suspension was transferred to a fresh
microfuge tube and 50pg of denatured, sonicated salmon sperm DNA was added,
followed by 1ug of transforming plasmid DNA which had been linearised using
restriction digestion (pRAN-4: BamHI; pLNA-1: Aatll). Following this addition
300u1 of PEG solution (40% v/v PEG 1500 in TE/Lithium Acetate) was mixed into
the yeast and the suspension was incubated at 30°C for 30 minutes. The cells were
heat shocked at 42°C for 15 minutes before they were pelleted for 5 seconds in a

benchtop microfuge and the supernatant was removed. Then 1ml of TE was used to
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resuspend the cells before they were plated onto selective medium with 500ul of

suspension used per plate:

pRAN-4 pLNA-1
adenine adenine
tryptophan histidine
uracil All at 20ug/ml threonine
lysine except adenine uracil

isoleucine at 50ug/ml
histidine

The plates were incubated at 30°C for 4 days or until colonies appeared.

Any colonies which appeared on plates were screened for correct targeting of the
plasmids to the YAC’s. Screening was performed initially using PCR to look for the
neomycin gene using primers RSB 345 and RSB 360. Positives from this preliminary
screening were tested by Southern Blot analysis. YAC DNA was prepared from
putative positives and digested using the EcoRI restriction endonucleases in methods
described below. Subsequent electrophoresis and blotting of fragments was followed
by probing with the neomycin gene with hybridisation to specific sized fragments

required to confirm correct targeting.

2.13.5 PCR directly from YAC colonies

When screening potentially positive YAC’s which had been transformed with
neomycin plasmids using PCR, a method was used which did not require production
of high molecular weight DNA. A small amount of YAC colonies of interest were

transferred from the selective media plate to a microfuge tube containing 10ul of
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0.01M NaOH using a sterile toothpick. The cells were incubated for 10 minutes at
room temperature which allowed the NaOH to lyse yeast cells thus making the
genomic DNA more accessible for the subsequent PCR. Then 1pul of the yeast in

solution was used in a standard 50ul PCR reaction.

2.13.6 High molecular weight DNA preparation in agarose blocks from yeast

Sml of AHC broth was inoculated with a single yeast colony and grown with shaking
at 30°C for 24 hours. Cells were pelleted and resuspended in 25ml SCE and
transferred to a microfuge tube. The cells were washed twice with 1ml SCE and then
resuspended in 180ul of SCE with 45ul of B-SCE (50ul B-mercaptoethanol per ml of
SCE) and 100 units of lyticase (2ul of a 50 unit/pl 50% glycerol stock, Sigma). After
incubating for 1.5 hours at 37°C, 200ul of 1.5% Seaplaque agarose (FMC
Bioproducts) equilibrated to 46°C, was added to the yeast suspension and mixed
gently. This solution was quickly transferred to 80ul moulds which were placed at 4°C
for 15 minutes to solidify, after which the plugs were pushed out of the moulds into
8ml LDS in 15ml tubes (Falcon) and incubated overnight at 48°C with gentle rocking.

Plugs could be stored indefinitely at room temperature in the LDS solution.

2.13.7 Digestion of YAC plug DNA

Each YAC plug to be digested was first washed three times in 10ml of 1X TE at 50°C
with each wash lasting 30 minutes. This procedure was then repeated with the washes
at room temperature. The plugs were then cut in half with each half placed into a
microfuge tube containing 100l of 1X restriction buffer and three times the amount

of restriction endonuclease enzyme according to the manufacturer’s recommended
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instructions. After incubating on ice for 30 minutes each tube was incubated at the
recommended temperature for 4 hours. Finally, 1ml of ice cold 1X TE was added to
stop the reaction and the plugs were washed three times in 0.5X TBE for 30 minutes
at room temperature. Plugs were now ready to be loaded onto a pulsed filed gel for

electrophoretic separation of the digestion products.

2.13.8 Pulsed Field Gel Electrophoresis (PFGE)

Schwartz and Cantor (1984) described a form of gel electrophoresis which allowed
the reliable separation of DNA molecules of up to megabases in size, several orders of
magnitude larger than with conventional systems. The resolution limit of normal
electrophoresis is reached when the length of the DNA molecules is of the same size
as the pores in the agarose matrix. The CHEF DR II (Biorad) PFGE system uses an
array of 24 electrodes, laid out in a hexagon which allows the electric field to be
alternated between spatially distinct pairs of electrodes. By forcing the re-orientation
of large DNA molecules during PFGE the resolution limit is increased because small
molecules are able to re-orientate faster in response to the changing electric field than
the larger ones. The CHEF DR II apparatus generates a 120° re-orientation angle
which is optimal for resolving DNA molecules ranging from 100kb to 6 megabases in
size.

The agarose gel for the PFGE was prepared using 1g of Geneline (Beckman) agarose
which was added to 100ml of 0.5X TBE in a 250ml Erlenmyer flask and the agarose
was stirred at room temperature for 15 minutes to allow the agarose to hydrate. The
agarose was dissolved by heating whilst stirring, and then cooled to 50°C in a water

bath. Digested agarose plugs along with DNA molecular weight markers (New
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England Biolabs) were stuck to the comb of the pulsed filed gel casting apparatus
using a small drop of the pre-cooled agarose. After casting the gel and allowing it to
cool the comb was removed to leave the YAC plugs in the gel. The gel was then
submerged in the pulsed filed gel casting apparatus which contained 0.5X TBE as the
running buffer. The buffer was cooled and circulated through the electrophoresis tray
to maintain a constant temperature of 20°C, to reduce changes in local conductivity.
The gel was run according to the manufacturer’s instruction depending on the size of

the DNA fragments expected.

2.13.9 Field Inversion Gel Electrophoresis (FIGE)

Another system used to separate large DNA molecules is the FIGE Mapper system
(Biorad). In a similar system to PFGE the direction of the voltage is altered, except
here the field is only changed in one direction, hence field inversion (or polarity
reversal). As such this apparatus is effective at resolving DNA from 1kb to 200kb.
The agarose gel for the FIGE was prepared using 1.5g of Geneline (Beckman) agarose
which was added to 150ml of 0.5X TBE in a 250ml Erlenmyer flask and the agarose
was stirred at room temperature for 15 minutes to allow the agarose to hydrate. The
agarose was heated to dissolve whilst stirring and then cooled to 50°C in a water bath.
After casting the gel and allowing it to cool it was submerged in the FIGE Mapper
apparatus which contained 0.5X TBE as the running buffer. The buffer is cooled and
circulated through the electrophoresis tray to maintain a constant temperature of 20°C,
to reduce changes in local conductivity. The gel was run according to the

manufacturer’s instruction depending on the size of the DNA fragments expected.
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Generally, for the PAC experiments a programme was used which separated DNA

between 5kb and 150kb.

2.13.10 Southern Blotting of large DNA fragments

Although the principle behind Southern blotting analysis of pulsed field or field
inversion gels is no different from that for conventional agarose gels, it is more
problematic in execution. This is because it is difficult to transfer large fragments of
DNA out of the agarose efficiently, and because the bands produced are broader
which yields more diffuse hybridisation signals, and also since complete restriction
digestion is often difficult to obtain, further reducing the hybridisation signal from the

band of interest.

Since DNA fragments larger than 20kb are not transferred from gels efficiently, they
must be cleaved before transfer. This was achieved by cleaving the DNA by de-
purination using acid. The gel was stained with 1pg/ml ethidium bromide for 30
minutes before photographing using the minimum exposure to the UV
transilluminator to reduce light-induced nicking. Then 500ml of 0.25M HCI was pre-
warmed to 30°C in an air incubator before the gel was added and gently rocked for 5
minutes. To neutralize the acid treatment the gel was placed in 500ml of room
temperature 0.5M Tris pH 7.0 for 30 minutes whilst gently rocking. With the DNA
now cleaved the gel was equilibrated in transfer buffer, by a room temperature wash
in 500ml of 0.4M NaOH, 1.5M NaCl for 15 minutes with gentle shaking. The
standard Southern Blot technique was now followed with transfer time increased to

24 hours.
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Chapter 3: Structure of the Human Type 2 Desmocollin
Gene

3.1 Introduction

In mouse development desmosomes are first assembled at the 32-cell stage, precisely
coincident with the start of blastocyst cavitation. Initial desmosome assembly appears
to be regulated by the onset of glycoprotein synthesis, and the desmocollin isoform
present at this early stage is Dsc2. The activation of the gene seen in the murine
blastocyst at the 16-cell stage (Collins et.al,, 1995), implies a developmental
involvement, as it is required for the formation of the first desmosomes as the

blastocoel cavity begins to form and swell with fluid.

Because the zygotic Dsc2 gene transcription starts at the 16-cell stage, this shows that
desmosomal glycoprotein synthesis is regulated at the transcriptional level. In
addition, the human type 2 desmocollin gene is subsequently expressed within all the
living layers of the epidermis (King et.al., 1993b) and is ubiquitous to all desmosome-
bearing tissues and cells (Nuber ez.al., 1995), being the only desmocollin expressed in
cardiac desmosomes (Angst, et.al., 1995). The human DSC2 gene thus emerged as a
good candidate for study on a genetic level, with this judgement further qualified by
speculations that this gene could be the primordial desmosomal cadherin from which

the others were duplicated (W. Franke, personal communication).

The gene has been analysed with respect to two areas. The first of these is the

structure of the gene, which has allowed us to accurately size the gene, and determine
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the exon-intron organisation. The second has been involved in the expression of the
gene, from which we have isolated a minimum promoter region, found sites of
transcription and translation initiation, and conducted a series of experiments designed

to look for genetic elements required for the specific expression of the gene.

3.2 Determining the Exon-Intron Structure of the Human Desmocollin Type 2
Gene

3.2.1 Introduction

In 1977, researchers made an embarrassing discovery. They began to realise that
genes from their “model” organism, the bacterium Escherichia coli, were different
from those throughout most of nature. Until then, all the evidence had pointed to a
direct correspondence between the structure of genes and the proteins for which they
code. In Escherichia coli, the string of nucleotides of a gene is translated directly via a
messenger RNA molecule, into a string of amino acids. Biologists expected to find
this one-to-one correspondence everywhere, from orchids to elephants. No one was

prepared for the discovery that most genes in higher organisms were not like that.

In almost all of the nuclear genes coding for proteins in eukaryotes the information
which codes for proteins in genes like our own is contained in small packets. These
coding regions came to be called exons, and are interrupted by stretches of DNA that
apparently code for nothing - the introns, which theoretically must serve some
purpose to have avoided exclusion by evolution (Dibb, 1993). Soon after the dicovery
of introns in eukaryotic genes, many questions arose about the origin and evolution of

these intervening sequences (Long et.al., 1995). Two alternative theories, the exon
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theory of genes (Gilbert, 1987) and the insertional theory of introns (Rogers, 1989),
debate the presence or absence of introns in primordial genes. This has profound
consequences for the origin and evolution of genes, because the existence of introns
opens the possibility that genetic recombination (shuffling) of exonic sequences
events are the major evolutionary force in creating new genes (Rogers, 1985). In a
scenario of intronless genomes, new genes are created solely by gene duplication with

modification in one of the copies.

It was originally thought that a gene was a mosaic containing expressed sequences
held in a matrix of silent DNA (Gilbert, 1978). According to this view, the principal
but passive function of intron is to speed up exon shuffling, greatly increasing the rate
at which new protein-coding genes can evolve. It has been shown, however, that in
many cases introns do have a function, which can range from regulatory functions or

even coding for functional products (Tycowski et.al., 1996).

In bacteria, the genetic information in DNA is colinear with the specified product, so
newly transcribed mRNA’s can be used directly for translation. In eukaryotes of
course, many genes are interrupted by intronic sequences not represented in the final
biopolymer. Consequently, the intron sequences are precisely spliced out of an initial
gene transcript before the mRNA is transported to the cytoplasm for translation. A
sequence of eight nucleotides is highly conserved at the boundary between an exon
and an intron, the 5’ splice site; similarly, the boundary between an intron and an
exon, the 3’ splice site also exhibit a highly conserved sequence of four nucleotides,

preceded by a pyrimidine-rich region. These conserved sequences are an essential part
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of the process of exon splicing and provide a specific molecular signal for the RNA
splicing machinery to identify the precise splice points (Shapiro and Senpathy, 1987).

The exon-intron organisation that has been reported for some of the classical
cadherins including human (Berx et.al.,1995) and mouse (Ringwald et.al., 1991) E-
cadherin and human N-cadherin (Wallis et.al., 1994) has shown remarkable
conservation of intron position but varying intron sizes. With respect to the
desmosomal cadherin genes, exon-intron organisation has been reported only for two
desmoglein genes, these being bovine type 1 (Puttagunta et.al., 1994) and human type
3 (Silos et.al., 1996). The conservation of intron position was evident in the
desmogleins in those regions encoding the extracellular domain, but to a more limited

extent in the part of the gene encoding the cytoplasmic domain.

The initial part of the project involved determining the boundaries between the exon
(coding) and intron (non-coding) sequences within the human DSC2 gene. A PCR-
based approach was adopted (described below) which served two purposes. Firstly it
allowed us to determine the boundaries between coding and non-coding sequence in
the gene and the sizes of introns, which would allow comparison of the structure of
the gene with other related genes. In addition, using this PCR technique, individual
introns could be amplified and cloned, which would enable us to examine them for
possible enhancer elements, as many genes contain regulatory elements within

intronic sequences (Sherwood et.al., 1990; Liska et.al., 1992; Hennig et.al., 1996).

The PCR method of determining the boundaries was made possible because the entire

sequence of the human DSC2 cDNA is known (Parker et.al., 1991). By comparing
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this sequence to that of the classical cadherin, E-cadherin, where the position of exon-
intron boundaries within the cDNA sequence is known (Ringwald et.al, 1991), we
were able to predict the position of the boundaries within the human DSC2 gene.
Primers were designed either side of these predicted boundaries in the cDNA (see
appendix 2), with the initial strategy to use PCR on high molecular weight genomic
DNA sequences to amplify the intervening regions, which in genomic DNA should
possess the introns, and also the boundary between the exon and the intron. Because
consecutive forward and reverse exon primers were used, the entire cDNA was
effectively sequenced during the investigation and as such no exons or introns could
be ‘missed’ using this approach, and so we could also confirm that the cDNA clone
had no deletions. In addition, by comparing PCR products from total human genomic
DNA and the YAC clone employed, we could check this clone for deletions.
Furthermore, we could show that no further alternative splicing of the DSC2 gene

occurred if no additional introns were revealed.

3.2.2 Results

The exon-intron boundaries were determined by PCR of the intron from high
molecular weight DNA. With the exception of intron 1, the products were amplified
from total genomic DNA, and YAC DNA (clone 14E-B5, Cowley et.al., 1997)
containing the DSC2 gene; in each case the PCR product was the same size from both
sources of DNA. The PCR reactions for all introns except 1 and 11 were done using
Amplitaqg DNA polymerase (Perkin Elmer), which had been incubated with TaqStart
antibody (Clontech), with extension times of up to 5 minutes at 72°C, using 1 unit of

Perfect Match (Stratagene) per 50ul reaction.
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PCR products were analysed on 0.8% - 2.0% agarose gels, for example as shown in
figure 3.1 for intron 11, showing a 5.0kb product from both YAC and genomic
DNA sources produced using the Expand DNA polymerase mix (Boehringer) and an
extension time of 7 minutes. The products were purified using the Geneclean (Bio
101) extraction protocol and then either sequenced directly using a modified chain
termination method (Winship, 1989), or in the case of introns 2, 7, 15, and 16, cloned
using a T-vector cloning kit into pCRII (Invitrogen) for intron 2, or pMOS
(Amersham International) for introns 7, 15, and 16, before sequencing using the
standard chain termination method. An example of the sequencing is shown in figure

3.2 for intron 4.

For introns 1 and 11 specialised long-range PCR systems were used as these intron
products, at 5.0kbp and 8.5kbp respectively, are in excess of the size which standard
DNA polymerases can amplify (approximately 4kb). Intron 11 was amplified using
the Expand (Boehringer) protocol with an extension time of 7 minutes, the results of
which are shown in figure 3.1. This product was T-vector cloned into the pCRII

vector and sequenced.

By far the most troublesome intron was number 1. Initially it had proved impossible
to amplify, probably due to a combination of its size and a choice of primer pairs
which were not sufficiently specific (MDM24 and MDM25, also RSB235 and
RSB236). With the lack of any PCR product from which to determine the exon-intron
boundary sequences, we used other methods to gain this information. The 5’ sequence

was determined by DNA sequencing of plasmid pMDM4 (Marsden et.al., 1997). The
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Figure 3.1: PCR Amplification of Human DSC2 Introns 1 and 11. The largest
introns within the human DSC2 gene were 1 and 11. In order to PCR these introns
specialised DNA polymerases were required. Products of the PCR reactions were

analysed on 0.5% agarose gels the contents of which are as follows:

(a) PCR of Intron 11: (M) marker lane; (1) negative control; (2) genomic DNA

template; (3) YAC 14E-BS5 template.

(b) PCR of Intron 1: (M) marker lane; (1) negative control; (2) PAC 40019 template;

(3) genomic DNA template; (4) YAC 14E-BS template.
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Figure 3.2: Sequence of Intron 4 Splice Acceptor. The 3’ splice acceptor site is shown,
written 5’ to 3’ with the intronic sequence in lower case and the exon in upper case

lettering.

























































































































































































































































































































































































































































































































































































































































