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ABSTRACT

The desmosome type of cell-cell junction, which is characteristic of epithelial cells, but 

is also found in cardiac muscle, brain meninges and follicular dendritic cells, has two 

types of adhesive proteins, the desmocollins and the desmogleins, both members of the 

cadherin superfamily. Current evidence based on transfection and anti-sense experiments 

suggests that both types of desmosomal cadherin are necessary for strong cell-cell 

adhesion. Interestingly it has been found that all of the known desmocollin and 

desmoglein isoforms, which have differing tissue and developmental distributions, are 

coded by very closely linked genes at 18ql2.1.1 have isolated YAC clones which carry 

all three desmocollin genes (DSCl, 2 and 3) and all three desmoglein genes (DSGl, 2, 

and 3) as well as clones that join the DSC locus to the DSG locus, forming a complete 

contig for the region. Absence of chimaeric ends for some of the YACs was confirmed 

by isolating Vectorette PCR products for the YAC ends, and mapping the derived DNA 

sequences back to other YACs in the contig or to YACs from CEPH. The whole 

DSC/DSG gene complex occupies no more than about 650kb, and the genes are 

arranged in the order centromere-3'-DSC3-DSC2-DSCl-5'—5-DSG1-DSG3-DSG3-3- 

telomere, so that the two gene clusters are transcribed outwards from the interlocus 

region. API clone carrying part ofDSC2 and DSC3 confirmed the relative orientation 

of transcription of these two genes. I have found no evidence, using PCR, for any further 

DSC genes. The conservation of close genetic linkage may be of trivial importance 

related to the recent duplication of these genes or may be because there is a region 

within the locus which is involved in coordinating the expression of the desmoglein and 

desmocollin genes. Other work undertaken in this thesis includes the determination of 

the chromosomal location of the human PKPl gene coding for the desmosomal plaque 

protein, plakophilin, using fluorescence in situ hybridisation.
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CHAPTER ONE - INTRODUCTION

1.1 Introduction.

Cell-cell adhesion is one of the most fundamental biological processes for multicellular 

organisms. The formation of semistable cell-cell contacts that are spatially and 

temporally regulated are required for processes including embryonic development, the 

formation of supercellular structures, wound healing and the inflammatory response.

In general, adhesion is mediated by molecules which can be placed into one of 

four main families: the integrins, the selectins, the immunoglobulins and the cadherins. 

These cell adhesion molecules can then form large supramolecular structures known as 

adhesion junctions. One such adhesion junction is the desmosome type of cell-cell 

junction, which is characteristic of epithelial cells, but is also found in cardiac muscle, 

brain meninges and follicular dendritic cells. The desmosome has two types of adhesive 

proteins, the desmocollins and the desmogleins, both members of the cadherin 

superfamily. This thesis is concerned with the genetic analysis of the desmosomal 

cadherin locus, particularly the arrangement of the desmocollin and desmoglein genes 

on human chromosome 18.

In this introduction the desmosome is described in detail paying particular 

attention to the desmosomal cadherins. Other types of adhesion junctions are also 

reviewed. Finally the aims of this work are mentioned and the scientific approach taken 

is discussed.
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1.2 The desmosome (macula adhaerens, spot desmosome).

1.2.1 Desmosome morphology.

Desmosomes are punctate intercellular junctions which mediate strong Ca^^-dependent 

cell-cell adhesion and provide positions of anchorage for the intermediate filament 

network. They are normally between 0.2-0.6pm in size. Electron micrographs show a 

distinctive disc-like morphology consisting of two electron-dense submembraneous 

plaques. Each of the adjacent cells provide one half of the plaque (Figure 1.1). Between 

the opposing plaque halves is an intercellular space known as the desmoglea. This is 30- 

40nm in width. It is highly organized with an almost crystalline structure and is 

characterized by a dense central midline which runs parallel to the plasma membrane. 

The substructure of the interspace, as revealed by trypsinisation, consists of regular 

arrays of cross-bridges linking the mid-line with the outer surface of the plasma 

membrane. Intermediate filaments can also be seen on the electron micrograph adjacent 

to the plaque. They either connect to other desmosomal plaques or extend deep into the 

cytoplasm where they connect to the nucleus. Therefore desmosomes act as the 

structural links that form an extended three dimensional lattice within a cell sheet, 

supposedly conferring tensile strength and maintaining tissue integrity. However these 

filaments do not appear to attach directly to the plaque but to terminate or loop back 

into the cytoplasm at 40-70nm from its inner surface. The intervening region between 

the plaque and the intermediate filaments is known as the satellite region. It appears to 

be bridged by plaque peripheral filaments. The desmosome can thus be subdivided into 

the plaque region which acts as a focal point for intermediate filament attachment and 

the core region which is composed of transmembrane glycoproteins (for a review see 

Schwarz et a l, 1990 and Garrod et a l, 1993).
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Figure 1.1 Electronmicrograph and schematic diagram of a desmosome.

Top: Electronmicrograph of a transverse section through a desmosome in an MDCK 

cell, magnification x 187,000 (courtesy of Dr I.DJ. Burdett). A dark extracellular 

midline can be seen between the two electron-dense submembraneous plaques. A dense 

material extending into each of the cells from the plaques forms the satellite zones. 

Bottom: Schematic diagram of a desmosome showing the location of the major 

constituents (After Garrod, 1993).
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1.2.2 Tissue distribution.

The first desmosomes appear in early development between trophectoderm cells 

(Fleming et al.̂  1991) and occur in most types of epithelial cells. However they are not 

exclusively epithelial and have also been detected in diverse cell types such as the 

myocardial and purkinji fibre cells of the heart (Cowin et a l, 1984a), the arachnoid and 

pia meninges (Parrish et a l, 1986) and dendritic cells of the lymphoid system (Garrod 

et a l, 1990). The abundance of desmosomes in a tissue is thought to be related to the 

necessity for resistance to stress and abrasion.

Immunofluorescent staining with polyclonal antibodies against most of the 

known desmosomal proteins has shown cross reaction with a wide variety of epithelia 

in a range of vertebrate species. Mutual desmosome formation has also been shown to 

occur between all hybrid combinations of human, bovine, avian, canine and amphibian 

cells (Matey and Garrod, 1985). These results suggest that mutual desmosome formation 

is not tissue or species specific and that the mechanism for intercellular binding involved 

in desmosomal adhesion has been highly conserved.

1.2.3 Proteins of the desmosome.

An important step in the study of the molecular components of the desmosome was the 

bulk purification of the major protein components fi’om bovine nose using solutions of 

citric acid or urea (Skerrow and Matoltsy, 1974), which was later refined by enriching 

the membrane-associated plaque and extracellular core components comprised mostly 

of glycoproteins. These purification procedures facilitated the production of specific 

antibodies against the various proteins (Cowin et al., 1983), many of which, because of 

the evolutionary conservation, were found to cross-react with proteins of other species.
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These antibodies have since been used to clone the cDNAs coding for the protein 

components of the desmosome. This in turn has been crucial in providing a complete 

picture of the molecular components of this class of cell junction.

Many of the genes coding for proteins of cell junctions appear to have been 

duplicated and have subsequently evolved so that they are specific for a particular type 

of junction. Hence similar but distinct proteins are present in many of the different types 

of adhesion junction in existence (see section 1.7). Thus many desmosomal proteins can 

be grouped into a number of protein families with other members of these families being 

present in other junctions. In the desmosome three main families exist: the desmoplakin 

family, the plakoglobin family and the cadherin family.

1.3 Desmosomal plaque proteins.

1.3.1 Desmoplakin.

The desmoplakins (DP) are the most abundant proteins of the desmosome and, along 

with plakoglobin, are the major constituents of the desmosomal plaque. As well as 

occurring in the desmosome, desmoplakin also occurs in the novel syndesmos junction 

(Schmelz and Franke, 1993). A single gene in the human (DSP), located on chromosome 

6 (Arnemann et a l, 1991), encodes at least two very large polypeptides (DPI, = 

BlOkD; DPn, M^= 240kD), which are generated by translation of alternatively spliced 

mRNAs (Green et a l, 1990). DSPI and DSPH share N- and C-terminal domains, but 

DSPI contains a 1797bp insertion which encodes a 130nm coiled-coil rod. Both splice 

variants are found in all desmosome bearing tissues, although in widely varying ratios. 

Heart tissue however was originally thought to lack DPII (Angst et al., 1990) but is

17



now, due to more sensitive detection techniques, thought to contain this protein, albeit 

in reduced amounts compared with DPI (B. Angst, personal communication). The 

carboxy-terminal regions of DPI and II are predicted to fold into three related globular 

domains. The rod domain of DPI has a heptad repeat, typical of a-fibrous proteins, with 

a periodicity of acidic and basic residues. This suggests that it may self-aggregate into 

filamentous structures similar to a dumbbell (O'Keefe et al., 1989). This periodicity is 

exactly the same as that in the rod domain of intermediate filaments, suggesting the 

possibility of direct interaction between DP and the intermediate filaments of the 

desmosome (Virata e/a/., 1992). Stappenbeck a/. (1993) have performed transfection 

experiments with cDNA encoding the C-terminal domain of DP tagged with a c-myc 

epitope. In HeLa cells, the fusion protein was found to align along the intermediate 

filament network while N-terminal fusion proteins localised to the desmosomal plaque. 

In vitro studies also show a strong interaction between the C-terminal domain of DPI 

and the intermediate filaments of the desmosome in epidermis, the type II keratins 

(Kouklis et a l, 1994). In addition antibody studies have localised desmoplakin to the 

satellite region of the desmosome. This again suggests that desmoplakin could provide 

the link between the plaque and the intermediate filaments (Miller et a l, 1987 and Jones 

and Grelling, 1989).

Other members of this family include the Bullous pemphigoid antigen (BP AGI) 

(Tanaka etal, 1991), present in hemidesmosome plaques, and the intermediate filament- 

associated protein plectin which is found in desmosomes (Wiche et al., 1991).

1.3.2 Plakoglobin.

Plakoglobin is an ~83kD major component of both desmosomes and adherens junctions. 

It is encoded by a single gene product. The protein consists of unique N- and C-terminal
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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 and are known as arm repeats. Other 

proteins containing these repeats include: the adhaerens junction protein P-catenin, the 

tumour suppressor gene product APC and most recently, another stratification specific 

plaque protein plakophillin (Hatzfeld et a/., 1994).

As plakoglobin is the only component common to both desmosomes and 

adhaerens junctions it may play an important role in the adhesive mechanisms of both 

structures. However recently it has been suggested that plakoglobin is mainly a 

desmosomal protein and that P-catenin fulfils the same role in the adhaerens junction, 

(J. Nelson, personal communication). In addition both the classical cadherins and the 

desmosomal cadherins share a small region of sequence homology in their cytoplasmic 

segments that interacts with plakoglobin (Mathur et al.  ̂ 1994 and Chitaev et al., 1996). 

At adhaerens junctions, plakoglobin forms a link between the classical cadhaerins and 

a-catenin, which in turn connects to the actin cytoskeleton. The role of plakoglobin in 

desmosomes is less clear; however it is essential for desmosome formation and may 

promote intermediate filament associations with the desmosomal plaque (Troyanovsky 

et a l, 1994)). Recently Witcher et al. (1996) have shown that arm repeats 1-4 are 

involved in binding Dsgland that the interaction of Dsclwith plakoglobin is sensitive to 

deletion of either end of the central repeat domain.

In addition to its role in cell-cell adhesion, plakoglobin, and its close relative p- 

catenin, is implicated in pathways controlling cell proliferation, differentiation and 

motility due to its binding to the tumour suppressor gene APC (Birchmeier et al., 1994). 

Recently armadillo, the Drosophila homologue of plakoglobin and P-catenin, has been
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implicated in the Drosophila Wingless signal transduction pathway that determines 

segment polarity via post-translational up-regulation in response to wingless expression 

(Peifer etal., 1990 and Riggleman et al, 1990). A similar up-regulation of plakoglobin 

and P-catenin can be produced in vertebrate cells by expression of wnt-1, a homologue 

of wingless (Hinck et al, 1994). Recently expression of plakoglobin, P-catenin or wnt-1 

in Xenopus embryos each produced duplication of the embryonic axis, suggesting that 

they all operate in a common conserved signalling pathway (McCrea et a l, 1993 and 

Funayama et a l, 1995). Recently Fagotto et al. (1996) have used P-catenin deletion 

mutants to demonstrate that binding to cadherins can be eliminated without affecting the 

signalling activity. Therefore the signalling function of P-catenin is independent of its 

role in cell adhesion. The desmosome and adhaerens junction may therefore play roles 

not only in cell adhesion but also in cell signalling.

1.4 The adhesive proteins of the desmosome.

The adhesive proteins of the desmosome have been shown to be members of the 

cadherin superfamily. This family will now be examined in detail, followed by a separate 

review of the desmosomal cadherins

1.4.1 The cadherin superfamily.

The cadherins are a family of transmembrane glycoproteins which mediate Câ  ̂

dependent cell-cell adhesion. All cells that form solid tissue participate in cadherin 

mediated adhesion. Hence this form of contact is thought to be one of the most
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fundamental types of cell-cell adhesion necessary for physical association between cells. 

In addition it has been shown that if all other types of cell adhesion are disrupted but the 

cadherin system is left intact, the cells are still adhesive (for an overall review see Magee 

and Buxton, 1991).

The cadherin family is a rapidly expanding family. However 3 types of cadherin, 

known as the classical cadherins, are typical for the overall family. The classical 

cadherins are: E-cadherin (known as epithelial cadherin, uvomorulin 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 all share the common basic structure of a single transmembrane 

domain and extracellular region consisting of 5 ectodomains named E l, E2, E3, E4 and 

EA (from the N terminus respectively), with El to E4 being weakly conserved (Figure 

1.2). The extent of conservation among the subclassses is dependent upon the position 

within the 728-748 amino acids of each cadherin molecule. However the highest degree 

of conservation is however found within the intracellular domain with the overall 

conservation among the subclasses being ~ 50%.

1.4.1.1 Cadherin mediated adhesion.

Nose et al. (1988) took mouse liver fibroblast cells (L-Cells), which are non-adhesive, 

and transfected them with cadherin cDNAs. Transfected cells became adhesive with each 

other but not with non-transfected control cells suggesting that these control cells did 

not have the correct ligands for cadherin mediated adhesion. However Volk et al. (1987) 

found that if cells expressing N-cadherin are mixed with cells expressing E-cadherin, 

there is a preference for the formation of homophillic contact, yet heterotypic and 

therefore heterophillic junctions are also found. Correct processing of the N-terminus
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has also been shown to be required for function as cells expressing unprocessed 

polypeptides showed no E-cadherin mediated adhesive function (Ozawa and Kemler, 

1990).

The cell adhesion recognition sequence (CAR) in cadherins consists of a 

tripeptide sequence Ks-Ala-Val (HAV) located in the N-terminal El domain (Blaschuk 

a/., 1990). Deletion analysis has shown that the 113 amino acids at the N-terminal are 

essential for binding specificity. Site directed mutagenesis of nonconserved amino 

residues in this region of E-cadherin revealed that mutations at only two amino acids 

on either side of the CAR sequence could alter its binding specificity from E-cadherin 

to P-cadherin (Nose et a/., 1990). Although these regions are essential, cooperation of 

other sites is necessary for complete binding specificity. In addition Takeichi et al. 

(1991) produced antibodies to the N-terminal region of cadherins and showed that they 

were capable of blocking cadherin mediated adhesion. This again demonstrated the 

importance of this N-terminal region.

Recently the structure of the N-terminus ectodomain has been solved for E- and 

N- cadherin and may give clues as to how cadherin adhesion takes place. Using nuclear 

magnetic resonance spectroscopy (NMR) the structure of the 145 N-terminal amino 

acids of E-cadherin have been shown to consist of a seven-stranded P-barrel with two 

short a-helices (Overduin etal.., 1995). X-ray diffraction data on the same region of N- 

cadherin has shown a structure composed of seven P-strands with a single P-helix of 1.5 

turns (Shapiro et al., 1995). The structure of these cadherin repeats is very similar to the 

Ig fold of the constant and variable domains within the immunoglobulin family of cell 

adhesion molecules. Hence these topological similarities could have arisen through 

convergent evolution.
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From dynamic light-scattering experiments performed on the crystals Shapiro et 

al. (1995) suggested the first ectodomain of N-cadherin exists as a dimer in solution. 

This is consistent with adhesive interactions being mediated solely through the N- 

terminal domain. Furthermore the 'cell-adhesion-zipper' model of cadherin interaction 

postulated by this group, whereby cadherins interact via their N-terminal domain, 

estimates the membrane-to-membrane distance as -290Â. This agrees well with the 

range of estimates of intermembrane separations of ~200-350Â reported by electron 

microscopy of desmosomes and adhaerens junctions.

From the information above it would appear that the adhesive function of 

cadherins is mediated solely by the N-terminal domain. However certain studies suggest 

that the membrane proximal region may play a part. Firstly it has been shown that the 

antibody DECMA-1, which has an epitope to the membrane proximal region, is capable 

of blocking adhesive function in E-cadherin. Secondly this region contains four cysteine 

residues and in the presence of the reducing agent DTT adhesive function has been 

shown to be blocked. This is presumed to be due to the structural changes induced in 

the disulphide bonds by the DTT (Ozawa et a/., 1990a). These two results demonstate 

the importance of the membrane proximal region. In addition Overduin et al. (1995) 

state that the N-terminal ectodomains occur as monomers in solution, suggesting that 

first ectodomain of E-cadherin binds to a domain other than itself.

The cadherins have been shown to need to bind Ca^̂  in order to perform their 

adhesive function. The extracellular domain of E-cadherin contains six calcium binding 

motifs (Ringwald eta l, 1987) and a synthetic peptide corresponding to this motif is able 

to form a stable complex with Câ "̂ . However this function is abolished if the first 

aspartate in this motif is mutated to a lysine. Furthermore when L-cells were transfected 

with E-cadherin containing this motif the cells were unable to mediate adhesion.
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Recently structural data obtained by NMR (Overduin et al., 1995) and X-ray 

crystallography (Shapiro et al., 1995) on the N-terminus of both E-cadherin and N- 

cadherin respectively, position the Ca^̂  binding site in the region linking adjacent 

ectodomains. This data infers that although Ca^̂  is necessary for adhesion it may not 

actually take part in any adhesive interaction. Instead it may be needed to stabilise the 

structure of the ectodomains which may be necessary for interaction. However, recently 

Nagar et al. (1996) have shown that Câ  ̂is necessary for dimer formation in E-cadherin. 

Hence the dimérisation, rigidification and resulting mechanical stabilization of E-cadherin 

explains, at least in part, the Câ  ̂requirement for the integrity of cell junctions.

N-linked glycosylation sites are present throughout the extracellular domain and 

it is thought that N-cadherin could be 0-glycosylated. Studies on chick neural retina 

cells suggest that N-cadherin is present on the surface of cells conjugated with N- 

acetygalactosaminyl-phosphotransferase (GalNacPTase). Work by Balsamo et al. (1990) 

suggests that GalNAcPTase acts as a modulator of N-cadherin function by altering the 

association of N—cadherin with the cytoskeleton.

The cytoplasmic region of the classical cadherins is highly conserved with 90% 

homology between the three subclasses. Hence this region is believed to have an 

important function common to all of these molecules. Associated with this region are 

three types of catenin protein: a, P and y (for a review see Kemler., 1993). This 

complex formation links the catenins to the actin filament network and to other 

transmembrane and cytoplasmic proteins, a-catenin may interact with actin and is 

homologous to vinculin, a protein known to associate with actin filaments at their site 

of attachment to the plasma membrane in focal contacts (Nagafiichi et al., 1991 and 

Hirano et al., 1992). P-catenin is the vertebrate homologue to the product of the
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Drosophila gene armadillo which is related to plakoglobin (Gumbiner and 

McCrea, 1993). y-catenin seems to be identical to plakoglobin (Piepenhagen and Nelson, 

1993). E-cadherin deletion mutants lacking the catenin binding domain region have been 

shown to lose their adhesive function when expressed in fibroblasts (Ozawa et al.  ̂

1990b). Furthermore the adhesive properties of PC9 lung cancer cells, which have a null 

mutation in the a-catenin gene, could be restored upon transfection with a-catenin 

cDNA (Hirano et a l, 1992). Hence it would seem that only when complexed with 

catenins do cadherins express their full function. However this theory has been 

challenged by Roh and Stanley (1995) who transfected murine fibroblasts with a 

transgene consisting of the extracellular region of E-cadherin and the intracellular 

portion of DSG3, which does not bind to the catenins. This chimaeric molecule was 

found to be weakly adhesive. In addition these molecules were also found to be soluble 

in nonionic detergent, demonstrating that they are not linked to the cytoskeleton. Thus 

interactions between cadherins and the cytoskeleton are not absolutely necessary for 

adhesion.

1.4.1.2 The cadherin genes.

The genes coding for the classical cadherins, although different in size, have a similar 

genomic organisation. E-cadherin and N-cadherin both consist of 16 exons, with the 

intron-exon boundaries and the size of exons similar in both genes (Ringwald et a/., 

1991; Miyatani et a/., 1992 and Sorkin et a/., 1988). P-cadherin also has a similar 

organization except that it lacks the first intron present in E- and N-cadherin and 

contains a larger first exon (Ikb compared to 296bp and 504bp for E- and N-cadherin) 

(Hatta et a/., 1991). The first intron in P-cadherin, that splits the exons encoding the 

precursor peptide, has been shown to have enhancer activity (Hatta and Takeichi, 1994).
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This intron is some 23 kb in size. The equivalent intron in N-cadherin (the second intron 

in this case) is approximately lOOkb. Hence an important role in transcriptional 

regulation could explain the large size of these introns.

Through mapping studies it has been shown that E-, P- and M-cadherin are all 

positioned on human chromosome 16 with E-cadherin at position 16q22.1 (Mansouri 

etal, 1988) and M-cadherin at position 16q24.1 (Kaupmann etal., 1992). In addition, 

cosmids have been isolated which position the most 3' exon of P-cadherin 32kb upstream 

of the most 5' E-cadherin exon (Bussemakers et al., 1988). The L-CAM and K-CAM 

(chicken homologue of P-cadherin) genes have been found to be arranged in tandem in 

the chicken genome (Sorkin et a l, 1991), with less than TOObp separating the poly-A 

site in the K-CAM gene and the translation initiation site of the L-CAM gene. N- 

cadherin has been mapped onto chromosome 18 at position 18ql 1.2 (Walsh et a l, 1990 

and Wallis e/ûf/., 1994).

1.4.1.3 Developmental expression.

It has long been known that the segregation and remodelling of embryonic tissues is 

associated with the expression of different cadherin molecules. For example, ectoderm 

surrounding the embryo initially expresses E-cadherin, but the part that eventually 

differentiates into the neural tube gradually turns off the expression of E-cadherin and 

begins to express N-cadherin. Also, neural crest cells that separate from the ectoderm 

completely stop expressing cadherins (Takeichi, 1990 and Detrick et a l, 1990). 

Steinberg and Takeichi (1994) have recently tested their proposal that cell segregation 

during tissue formation could be controlled by changes in the expression level of only 

one cadherin. They found that cells expressing a 20-fold difference in the level of P- 

cadherin separated into a core containing the high expressers surrounded by a cortex
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made up of low expressing P-cadherin ceils.

1.4.1.4 Other members of the cadherin family.

Although many new members of this gene family have recently been identified by cross

hybridisation or PCR, not all have been shown to be involved in cell adhesion (Kemler., 

1992). Nevertheless it now appears that the cadherin gene family is much larger than 

originally expected. Interestingly in Drosophila, proteins that have cadherin-like amino 

acid sequences have been found. One such protein is encoded by the fa t  gene. This 

protein has 34 tandem cadherin repeat domains, along with 4 epidermal growth factor 

like repeats, a transmembrane domain and a novel cytoplasmic domain (Mahoney et 

a/., 1991). From studying mutations in the fa t gene it was shown that this member of the 

cadherin superfamily is able to function as a tumour suppressor gene, as well as being 

required for correct morphogenesis.

1.4.1.5 Cadherins and disease.

E-cadherin has been shown to be down regulated in many invasive, poorly differentiated 

carcinomas (Umbas et a l, 1992 and Mareel et a l, 1991). In adittion it has been shown 

that transfection of E-cadherin into invasive cells results in restoration of a non-invasive 

phenotype, suggesting that E-cadherin could function as a tumour suppressor gene 

(Frixen etal, 1991). To reinforce this idea it has been found that E-cadherin is mutated

within 50% of diffuse gastric carcinomas (Becker et a l, 1994). Anti-E-çadherin
■ \

antibodies have been shown to affect desmosome formation in cell culture hence

progression to malignancy, involving E-cadherin, may also affect desmosome mediated
%

27



adhesion (Wheelock and Jensen, 1992 and Lewis et a l, 1994).

1.4.2 The desmosomal cadherins.

1.4.2.1 Cloning the desmosomal cadherins.

The desmosomal cadherins, the desmocollins and the desmogleins, are the adhesive 

molecules of the desmosome. Cloning the cDNA that codes for these proteins has been 

crucial in elucidating their structure-flinction relationship and has revealed a more 

complicated situation than was originally suspected. The desmocollins and desmogleins 

are present not as a single protein species but as a number of distinct isoforms. Three 

genotypically distinct desmogleins have been cloned from both human and bovine 

sources: Dsgl encoded by DSGl, Dsg2 encoded by DSG2 and Dsg3 encoded by DSG3 

(Koch etal, 1990; Goodwin e/ûr/., 1990; Wheeler a/., 1991a; Nilles 1991 and 

Koch etal, 1991a). A murine DSGl cDNA has also been cloned (Buxton et al., 1994). 

In addition three types of human and bovine desmocoUin isoforms have been cloned: 

Dscl encoded by DSC 1, Dsc2 encoded by DSC2 and Dsc3 encoded by DSC3 (Collins 

etal, 1991;Kochera/., 1991b;Mechanica/., 1991;Parkere/a/., 1991; Kochetal., 

1992; Kawamura et al., 1994; Legan et a l, 1994; King, 1994 and King et a l, 1995). 

A murine DSC2 has also been cloned (Buxton et a l, 1994).

1.4.2.2 Structure of the desmosomal cadherins.

The overall structure of the desmocollins and desmogleins is shown in Figure 1.2. The 

desmocollins, like the classical cadherins, have four extracellular ectodomains
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Figure 1.2 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 (▼ ). 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 (El). N-cadherin is organised into five 

ectodomains made up of four repeated ectodomaines (E1-E4) and a less well conserved 

extracellular anchor region (EA), a transmembrane portion (TM), an intracellular anchor 

(lA), an intracellular cadherin-type domain and a terminal domain (TER). The 

desmocollin splice variants Dsc2a and Dsc2b have a 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 0-glycosylation. Desmogleins contain an 

intracellular repeat region (IR) and a proline-rich intracellular linker (IPL). The C- 

termini of Dsgl and DSG2 are glycine and serine rich (IG). After Wheeler et al. 

(1991b).
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containing binding sites, an extracellular anchor domain, a transmembrane domain 

and a cytoplasmic domain which is slightly larger than in E-cadherin and contains a large 

number of cystine residues.

From immunoblotting and immunoprécipitation experiments the desmocollins 

were found to be a pair of proteins of ~94kD and llOkD. The reason for the dual 

desmocollin protein band is that each desmocollin isoform consists of two alternatively 

spliced proteins known as the 'a' form and the f  form (Collins et al., 1991 and Parker 

et al., 1991). The 'b' form differs from the 'a' form in having an extra 46bp exon 

containing an in-frame stop codon, resulting in a smaller cytoplasmic domain (in DSC3 

this exon is 43bp). The 'b' form also has a different c-terminal of 11 amino acids and 

lacks a potential serine phosphorylation site. In MDCK cells the 'a' form has been shown 

to be phosphorylated (Parrish et al., 1990). However no reason has yet been found for 

the existence of the two alternatively spliced desmocollins although it could be related 

to their differential phosphorylation. This may explain why chimaeric molecules, having 

a connexin extracellular domain and a desmocollin cytoplasmic domain, will only support 

plaque assembly when the 'a' and not the V  form is transfected into A431 cells 

(Troyanovsky et al, 1993). Each type of desmocollin has been shown to differ in its cell 

adhesion recognition site (CAR): in Dscl it is Y-A-T, in Dsc2 it is F-A-T and in Dsc3 

it is Y-A-S; this difference could reflect alternative adhesive functions.

The desmogleins also have homology to the classical cadherins. However they 

have a much larger cytoplasmic domain extending beyond the homologous region. In 

Dsgl this 282 residue extension contains five repeats of a 29 residue sequence that has 

a consensus consisting of N-V-V/I-V-T-E-R/S-V-I/V. This repeat region has been 

predicted to have an anti-parallel P-sheet structure and occurs six times in Dsg2, five 

times in Dsgl and twice in Dsg3. This repeat has been visualised by rotary shadowed
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electronmicroscopy where DSGl can be seen to consist of a globular head attached to 

a thin tail (Rutman et a l, 1994). Hence desmogleins are larger in size than the 

desmocollins. The fifth cadherin ectodomain adjacent to the plasma membrane of DSGl 

and DSG3 is shorter in the desmogleins by approximately 50 amino acids, and in Dsgl 

this domain is thought to be the site of 0-linked glycosylation.

1.4.2.3 Desmosomal cadherin mediated adhesion.

The desmosomal cadherins were long suspected of being members of the cadherin cell- 

adhesion family because of their similar size and the fact that they are transmembrane 

glycoproteins which are proteolytically processed (Penn eta l, 1987). More recent work 

described amino acid terminal sequence homology with the classical cadherins (Parish 

et al., 1990). It has also been demonstrated that Fab' fi-agments of polyclonal anti- 

desmocollin antibodies inhibit the formation of desmosomal plaques in MDCK cells 

(Cowin et al, 1984b), providing evidence that the desmosomal cadherins are in fact the 

adhesive molecules of the desmosome. Antibodies against Dsgl and Dsg3 are present 

in the plasma of patients with the autoimmune blistering skin diseases pemphigus 

foliaceous and pemphigus vulgaris. IgG fi-om patients with pemphigus vulgaris has been 

shown to cause loss of cell adhesion in skin in culture (Hashimoto et a l, 1983). 

Similarly, Fab' fragments from patients with endemic pemphigus foliaceous cause 

blistering in neonatal mice (Rock et a l, 1990).

The mechanism for adhesion between desmosomal cadherins is thought to be 

similar to that for the classical cadherins. The model where adhesive interactions are 

within the most N-terminal domain is consistent with the structure of Dsgl and Dsg3 

which do not contain the conserved ectodomain proximal to the plasma membrane. 

Furthermore the desmosomal cadherins have a similar length to N-cadherin, which is just
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under half the width of the desmosomal intercellular space (Overduin et al, 1995). Again 

this suggests that the desmosomal cadherins interact via their N-terminal domain.

That classical cadherin mediated adhesion could be a prerequisite for desmosome 

mediated adhesion has been demonstrated by experiments which have shown that 

antibodies which inhibit E-cadherin or E-cadherin plus P-cadherin delay desmosome 

formation in kératinocytes (Wheelock and Jensen, 1992; Lewis et a l, 1994).In addition 

desmosome formation has been shown to be delayed, in calcium levels that normally 

permit desmosome formation, on introduction of a dominant negative mutation that 

disrupts classical cadherin adhesion (Amagai et a l, 1995).

Heterophilic, and homophilic, interactions between cells expressing N-cadherin 

and E-cadherin have been found by Volk et a/.(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 mediated via heterodimers present within 

the same cell or by heterophilic interactions between cells. C. Marcozzi (personal 

communication) has transfected L-cells with full length cDNAs corresponding to 

plakoglobin, DSGl and DSC2a. The latter is under the control of inducible promoters. 

Upon induction of DSC2a it was shown that cells transfected with both desmosomal 

cadherins aggregated much more efficiently than cells just expressing either DSGl or 

DSC2a or DSGl and DSC2a. These results suggest that both types of desmosomal 

cadherin are required for strong intercellular adhesion as well as demonstrating the need 

for plakoglobin. In addition G. A Roberts (personal communication) has shown that 

antisense expression of a canine DSC2 genomic clone in MDCK cells, which express 

DSC2, DSC3, DSG2 and DSG3 where DSC2 is the predominant form, resulted in 

greatly reduced desmocollin expression and led to altered desmosome morphology 

especially with regard to the plaque protein desmoplakin. Thus desmogleins on their own
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are not sufficient to give correct desmosome structure.

1.4.2.4 Desmosomal cadherin expression patterns in epidermis.

Immunofluorescence experiments performed with monoclonal and polyclonal antibodies 

to human Dscl and Dsc2 (King et al., 1991 and King et al., 1993b) demonstrated that 

these two proteins have a stratification related expression pattern in epidermis. Due to 

the close relationship of these two isoforms it was not until in situ hybridisation 

experiments were performed that this expression could be confirmed. Amemann et al. 

(1993), using mRNA probes, showed that Dscl expression was suprabasal and Dsc2 

expression basal. However more recent in situ hybridisation experiments giving better 

labelling have shown that DSC2 expression is in fact present in most living layers of the 

human epidermis, as is DSC3 expression. DSCl has been confirmed as being suprabasal 

with expression in the upper spinous/granular layers of human epidermis (King et a l, 

1995) (Figure 1.3). In addition, using antibodies against peptides corresponding to 

unique regions of the desmocollin proteins, it was shown that protein expression of the 

democollin isoforms mirrors that of the mRNAs (King et a l, 1995). This is consistent 

with desmocollin expression being controlled at the level of gene transcription.

In the case of the desmogleins in human foreskin DSGl expression is suprabasal, 

whilst both DSG3 and DSG2, although more weakly expressed, appear to be within the 

lower spinous layer and basal layer respectively (Figure 1.3) (Amemann et a l, 1991).

In situ hybridisation experiments on bovine muzzle epidermis give similar 

expression patterns to the human for DSCl (Legan et a l, 1994). However, in contrast 

to human epidermis, bovine DSC2 appears to be absent from the basal layers, and DSC3 

is restricted to the basal layers. This discrepancy could be due to interspecies differences, 

the different location of the skin samples or the relatively low expression levels of these
r
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Figure 1.3 DifTerential expression of the desmosomal cadherins in human 

epidermis.
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isoforms making them difficult to delineate. It is unlikely that these differences would 

be because the human and bovine genes are not species orthologues.

The reason for the differential expression of the desmosomal cadherin isoforms 

in epidermis is unclear. The fact that both desmoplakin and plakoglobin show no 

stratification related expression suggests that it may have something to do with adhesion 

within the different cell layers. The epidermis is a dynamic barrier that provides 

resistance to shearing forces and penetration. It is also being continually being sloughed 

off from the skin's surface and regenerated fi'om the basal layer during kératinisation. 

Hence it could be that desmosomes in the more basal cell layers of the epidermis contain 

less adhesive desmosomal cadherins in order to allow kératinocytes to move up through 

the cell layers. In addition desmosomes of the upper cell layers may contain more 

adhesive desmosomal cadherins that help to contribute towards the skin's barrier 

function.

1.4.2.5 Tissue distribution of the desmosomal cadherin isoforms.

DSC2 and DSG2 transcripts have been found in all desmosome bearing tissues and may 

therefore be the most ubiquitous isoforms (Nuber et a l, 1995). Furthermore in certain 

tissues such as the heart and kidney, DSC2 and DSG2 are the only known desmosomal 

cadherins to be expressed (Angst et al.̂  1995). In contrast King et al. (1995) found that 

DSCl transcripts were not detected in any of the nonkeratinizing human epithelial 

examined (buccal mucosa, cervix, esophagus), indicating that it is specific for the 

keratinizing layers of the epidermis. DSGl expression is also found in epidermis, tongue 

and lymph node, as well as being present in tonsil and oesophagus. However DSC3 and 

DSG3 are expressed in similar tissues to DSGl where transcripts are detected and 

immunofluorescence experiments also show DSC3 to be expressed in all living layers of
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stratified épithélia such as hard palate, buccal mucosa and cervix (King et a/., 1995). 

Thus the overall picture is that DSCl is restricted mainly to epidermis, while DSGl, 

DSC3 and DSG3 are associated with certain stratified epithelia.

1.4.2.6 The location and structure of the desmosomal cadherin genes.

All of the known desmosomal cadherin genes (DSCl-3 and DSGl-3) have been located 

on human chromosome 18 (Amemann et al., 1991; Amemann et al., 1992a; Amemann 

etal, 1992b; Buxton e/arA, 1994; King a/., 1993a and King e/a/., 1995). Clustering 

of all the desmosomal cadherin genes so far examined has been observed at 18ql2.1. 

Thus linkage between DSGl and DSG2 has been reported at 18ql2.1 in a deletion panel 

of somatic cell hybrids (Overhauser et al., 1993), and DSGl and DSG3 have been 

mapped by FISH to band ql2 on chromosome 18 and colocalized on a 320kb Smal 

genomic fragment (Amagai et a l, 1994). In addition, close linkage between a 

desmoglein gene and a desmocollin gene on mouse chromosome 18, in a region having 

conserved synteny with human chromosome 18, has been demonstrated by interspecific 

back cross analysis (Buxton et al., 1994). Furthermore the bovine desmocollin genes 

(DSCl-3) have recently been assigned by FISH to chromosome 24q21/q22 (Solinas- 

Toldo et a l, 1995); human chromosome 18 is syntenic with bovine chromosome 24 

(O'Brien a/., 1993).

The genomic organisation of the bovine DSGl gene has been determined 

(Puttagunta et al., 1994). This gene consists of 15 exons distributed over >37.5kb of
V i . ■■

genomic DNA. A comparison with the genes encoding the classical cadherins revealed 

a striking conservation of exon boundaries in regions encoding the ectodomains. This 

supports the contention that the desmosomal cadherins and classical cadherins have 

evolved by duplication of an ancestral gene and subsequent evolutionary divergence.
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M.Greenwood (personal communication) has found the human DSC2 gene to consist 

of >32kb, which is of a similar size to bovine DSGl. Intron 1 of DSC2 is the largest, 

whereas in all the classical cadherins intron 2 (intron 1 of P-cadherin ) is largest and, in 

the case of L-CAM and P-cadherin, contains significant enhancer activity. Whether 

intron 1 of DSC2 has enhancer activity has yet to be determined. However in the case 

of bovine DSGl, the relative sizes of corresponding introns vary, most notably the 

second intron within the precursor peptide is no more than 400bp. Hence this feature 

may point to significant differences in the transcriptional control among these genes.

Cloning of genomic sequences has shown that there are consensus sequences for 

various transcription factors in the 5' upstream regions of DSC2 (M.D. Marsden, 

personal communication).

1.4.2.7 The desmosomal cadherins and disease.

No genetic diseases have yet been conclusively attributed to mutations within the 

desmosomal cadherin genes. The reason for this could be three fold; either the search 

for mutations has not been extensive enough or mutations could be lethal or alternatively 

because of the different isoforms present, mutations in one isoform could be 

compensated for by another isoform. Recently however, striated palmoplantar 

keratodoma (PPK) has been mapped to human chromosome 18ql2.1, the same region 

occupied by the desmosomal cadherins (Hennies et al., 1995) (see section 3.5). The 

desmosomal cadherins are also candidate genes for the mouse hal mutation (Davisson 

et a l, 1994). This mutation maps very close to the murine desmosomal cadherins on 

chromosome 18 and is characterised by a balding phenotype whereby hair is lost in 

patches. Because the desmosomal cadherins are expressed in epidermis, especially in the 

region around the hair follicle, they are good candidate genes for this disease.

37



The desmosomal cadherin proteins are also the targets of two types of auto

immune disease. Dsgl and Dsg3 are the auto-antigens for the skin disease pemphigus 

foliaceous and its more severe and potentially lethal variant, pemphigus vulgaris 

respectively (Rubinstein and Stanley, 1987 and Amagai eta l, 1991). Both these diseases 

result in blistering due to loss of intercellular adhesion, the symptoms correlating with 

the known expression pattern of the corresponding isoform. So far no auto-antibodies 

have been described for Dsg2. However, due to the ubiquitous nature of this protein, 

any auto-immune disease would probably be lethal. Desmocollins may also be reactive 

towards certain sera from patients with pemphigus-like diseases, particularly from those 

with the variant Brazilian pemphigus foliaceous, fogo selvagem (Dmochowski et a l, 

1993)

Because of their adhesive nature desmosomes could play an important part in the 

progression of a tumour from a benign state to an invasive malignant state. In order to 

metastasize cells must be able to detach from the primary tumour and then reattach 

elsewhere. Thus desmosomes would be required to modulate their adhesive properties. 

However studies have not conclusively shown a reduction in the number of desmosomes 

in malignant primary tumours and métastasés (Collins et a l, 1990 and Garrod et a l, 

1987). Hence it may be that adhesion mediated by the desmosomal cadherins is altered 

in such states. From staining studies on lymph node oesophageal carcinomas with anti- 

desmoglein monoclonal antibodies it has been shown that desmoglein expression is 

reduced in metastatic tumours (Natsugoe et a l, 1995).

1.5 Intermediate filaments linked to the desmosome - the keratins.
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One component of the mammalian cytoplasmic cytoskeleton are the intermediate 

filaments. Different cell types carry different intermediate filaments. The particular type 

of intermediate filament attached to the desmosome depends on the cell type: 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, 

type I, or basic, and type H, or acidic. One member of each group is expressed in a given 

epithelial cell differentiation stage, as both types are necessary for filament formation. 

The basic keratins have been shown to be clustered on human chromosome 12qll-ql3 

while the acidic keratin genes have been found on 17ql2-q21 (Lessin et al., 1988; 

Popescu et al, 1989; Romano et al., 1988 and Rosenberg et al., 1988). Two groups of 

acidic keratins have been found in very tight clusters on chromosome 17, with 5-lOkb 

intergenic sequences, containing K17, K16 and K14 (Rosenberg et a l, 1988) and K15 

and K19 (Leube et al., 1988) respectively. Recently Milisavljevic et al (1996) have 

performed restriction analysis on PI clones containing these acidic keratins. Their results 

show that the two gene clusters are very closely linked to each other, within a 55kb 

region in the human genome. Furthermore they found that the genes are organized 5' to 

3' in the following order: 5-Kl 9-Kl 5-Kl 7-Kl 6-Kl 4-3'. In the case of the basic keratins 

clustered on chromosome 12, Yoon et a/.(1994) have shown that the relative 

organization of the eight type II keratins reflects their evolutionary relationship in that 

closely related genes are nearer to each other than distantly related genes. Interestingly, 

genes encoding K8 and K18, type II and type I keratins, respectively, are closely linked 

to each other on chromosome 12. This close linkage of the keratin genes encoding both 

types of keratins allows for the possibility of shared regulatory elements that could 

produce spatial and/or temporal patterns of expression, as in the case of the P-globin 

gene locus on chromosome 11. An epithelial-specific locus control region could be
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responsible for cell type specificity, while transcription factors binding in the intergenic 

region could modulate the expression of adjacent genes. In the case of the K1 gene a 

nuclear receptor binding site is found in a distal position to the 3'-untranscribed region 

(Rothnagel et a l, 1993). The order of the genes within the locus bears no obvious 

relationship with their expression during development or differentiation. For example, 

K5 and K14 are specific for basal layers, and their genes are interspersed the genes for 

K19, K17 and K16, which are expressed under pathological conditions.

Several inherited skin diseases have been shown to result from mutations in 

keratin genes (McLean and Lane, 1995), the symptoms correlating with the known 

expression pattern of the corresponding gene. For example, mutations in the K5 and K14 

keratin genes, which are expressed in the basal layer, cause epidermolysis bullosa 

simplex (Bonifas et a l, 1991), whereas those in K1 and KIO, which are expressed in 

suprabasal, differentiating cells, cause epidermolytic hyperkeratatosis (Cheng et a l, 

1992). Abnormalities of the desmosome-keratin complex may also have a role in disease. 

Darier's disease is an autosomal dominant skin disease where epidermal lesions are 

present at the focal regions of cell separation within the suprabasal layers of epidermis. 

This disease was thought to result from abnormalities in the desmosome keratin complex 

and has been linked to chromosome 12q in the human (Craddock et a l, 1993; Bashir et 

al, 1993; Parfitt etal, 1994). However, the keratins located on 12q have been reported 

to map at some distance proximal to the linkage reported for Darier's disease, so it 

appears that this is not a mutation in the known keratin cluster and other candidate genes 

must be sought. Another skin condition, Hailey-Hailey disease, maps to human 

chromosome 3q (Ikeda et a l, 1994). It has a similar phenotype to Darier's disease 

(Burge, 1992) and therefore it could also involve the desmosome-keratin complex.
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1.6 Other desmosomal proteins.

Desmoplakin, plakoglobin and the desmosomal cadherins constitute the major groups 

of desmosome proteins, but other accessory proteins also exist. These include 

desmoyokin which has been localized to the circumference of the plaque (Heida et a/., 

1989). In addition a number of proteins that interact with the intermediate filaments of 

stratified epithelia have also been reported. These include keratocalmin or desmocalmin. 

This is a 250kD protein that has been shown to bind to calmodulin and keratin filaments 

(Fairley et al., 1991 and Cowin et a l, 1986). Another protein, this time of 35kD, also 

binds to desmoplakin as well as keratin filaments (Chiu and O'Keefe, 1991). In addition 

plakophilin, or band 6, has also been shown to bind to purified keratin filaments in vitro 

(see chapter 5). Other proteins include desmonectin which is expressed in the granular 

layers of epidermis (Zhou and Chaplin, 1993), a 140kD protein identified in 

ultrastructural studies using a monoclonal antibody (Ouyang and Sugrue, 1992) and 

IFAP300 and plectin which immunolocalise to the cytoplasmic portion of the plaques 

of both hemidesmosomes and desmosomes and hence may link the intermediate 

filaments of these two junctions (Skalli et a l, 1994 and Wiche et a l, 1993).

1.7 Other types of adhesion junctions.

Cell junctions fall into three functional classes: occluding junctions, anchoring junctions 

and communicating junctions. See Figure 1.4.

Tight junctions (or zonular occludens) are the main occluding junctions, and they
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Figure 1.4 Epithelial intercellular junctions.

Schematic diagram showing the major types of intercellular junctions present in a typical 

simple polarised epithelium cell. After Garrod, (1986).
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play a critical part in maintaining the concentration differences of small hydrophilic 

molecules across epithelial cell sheets (Citi, 1993). They perform their function in two 

ways (1) by sealing the plasma membranes of adjacent cells together to create a 

continuous permeability barrier across the cell sheet and (2) by acting as barriers in the 

lipid bilayer to restrict the diffusion of membrane transport proteins between separate 

apical and basolateral domains of the plasma membrane in each epithelial cell. Two 

proteins have been shown to be localized to the cytoplasmic side of gap junctions: ZO-1 

(Stevenson et ûr/.,1986) and cingulin (Citi et al., 1989).

Gap junctions are communicating junctions that are thought to provide a direct 

pathway for the diffusion of small molecules between adjacent cells. This pathway is in 

the form of a collection of dense multimeric channels known as connexons. Each 

connexon is made up of six oligomers of identical protein, called connexins, which are 

joined head to head with a similar structure in the membrane of the adjacent cell 

(Bennett etal, 1991). Gap junction communication is thought to be Câ "̂  dependent and 

regulated by E-cadherin (Jongen et al., 1991).

There are two main types of anchoring junctions: desmosomes, as already 

discussed and adhaerens junctions. Adhaerens junctions, also known as belt 

desmosomes, are widely distributed and vary in size and shape between different tissues. 

When circling the apical regions of columnar epithelium the junction is referred to as the 

zonular adhaerens or intermediate junction, where it lies positioned between the more 

apical tight junction and more basal desmosomes and gap junction (see Figure 1.4). It 

also occurs as distinct sheets in cardiac muscle cells where it is known as the fascia 

adhaerens. With electron microscopy, on cross-sectioned adhaerens junctions, a 

characteristic intercellular space of ~15-25nm can be seen. This space is occupied by an 

electron-dense filamentous material. Cell-cell cross bridges can be clearly visualised
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using the rapid freeze-deep etch technique (Hirokawa and Heuser, 1981). These 

filaments and cross bridges are thought to correspond to E- or N-cadherin. However the 

adhaerens junction differs from the desmosome in that it only contains a single type of 

cadherin glycoprotein, whereas the desmosome contains two types, the desmocollins and 

the desmogleins. Underlying these intercellular filaments is the actin filament network 

(Tsukita et al., 1992). This inserts into a plaque on the inner surface of the plasma 

membrane. Hence both adhaerens junctions and desmosomes join groups of cells 

together into strong structural units by connecting elements of their cytoskeletons; 

desmosomes connect intermediate filaments, whereas adhaerens junctions connect 

bundles of actin filaments. The ubiquitous protein plakoglobin has been shown to be 

associated with the adhaerens junction where it localizes to the plaque region (Cowin 

et al., 1986). Interestingly plakoglobin has been shown to bind to E-cadherin in vitro 

(Hulsken et al., 1994), confirming the presence of cadherins within the adhaerens 

junction.

Hemidesmosomes have a punctate appearance similar to half a desmosome. 

However instead of taking part in intercellular adhesion they are found in stratified and 

transitional epithelium, where they connect the basal face of cells to the basement 

membrane. Like desmosomes they also link to the interfilament network (Legan et al., 

1992). However unlike the desmosomes, the hemidesmosomes do not contain members 

of the cadherin family as their adhesive molecules. Instead they are thought to mediate 

their adhesion via the integrin (Stepp et al., 1990). The integrins are a family of 

transmembrane glycoproteins comprising noncovalent heterodimers with distinct a  and 

P subunits. The first members of this family were discovered over two decades ago. 

More than 20 integrin o/p heterodimers are now known to exist. New a  and p subunits
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have been identified and new combinations of previously known subunits have been 

defined. Integrins act as receptors for ligands and many are involved in physiological 

processes involving adhesive events. Frequently the ligands for integrins are components 

of the extracellular matrix such as collagens, elastins and proteoglycans and they are 

localized to focal adhesions of cultured cells. Hence the integrin family act as substratum 

adhesion molecules. The term 'integrins' was originally coined to reflect the role of these 

receptors in integrating the intercellular cytoskeleton with the extracellular matrix 

(Hynes, 1987). Such integation remains a predominant recognized function of integrins, 

and extracellular proteins constitute the major category of intergrin ligands. The 

tripeptide sequence RGD (single letter code for amino acids) is the consensus binding 

sequence within numerous integrin ligands. The tertiary and quaternary structure of the 

ligand is also important for adhesion (Johnson et a/., 1993 and Dickinson et al., 1994). 

(For an general review of integrin-ligand interaction see Haas and Plow, 1994). Overall 

the hemidesmosome shares few component with the true desmosome, but are thought 

to have the recently discovered IF APS 00 protein and the intermediate filament 

associated protein plectin in common (Skalli et al., 1994 and Green et al., 1991)). The 

bullous pemphigoid antigen 1 (BPAGI), located on chromosome 6 as is the structurally 

related desmoplakin (Amemann et a l, 1991), has been shown to be associated with the 

hemidesmosome plaque (Sawamura et al., 1991). Because it has homology to 

desmoplakin, it may mediate binding of the intermediate filament network (Tanka et al., 

1991). However apart from their similarity in appearance, the desmosome and 

hemidesmosome have a very different protein complement.
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1.8 Aims of this project.

The close linkage of the desmosomal cadherin genes on human chromosome 18 at 

region ql2.1 may have implications for gene expression and regulation, as is the case 

with the P-globin locus. Alternatively it could merely be a consequence of a recent 

evolutionary event as seems to be the case with the keratin genes. Elucidating the order 

of the isoforms relative to one another would provide further evidence that their 

expression and regulation in keratinocyte differentiation, or in the developing embryo 

(Collins et al., 1995), is related to their genomic organisation. Furthermore current 

evidence based on transfection studies and antisense experiments suggests that both 

types of desmosomal cadherin are necessary for strong cell-cell adhesion. Hence the 

arrangement could be such that desmocoUin and desmoglein genes are expressed in pairs 

as would be necessary for heterophillic interaction.

In order to determine the order and distance of the desmosomal cadherin genes 

relative to one another I have isolated YAC clones from two libraries which carry all 

three known desmocoUin genes or all three desmoglein genes and clones which join the 

DSC locus to the DSG locus. The results of long range mapping studies performed on 

these YAC clones and their implications for expression are described in the results 

section.
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CHAPTER TWO - MATERIALS AND METHODS

2.1 Reagents.

2.1.1 Bacterial hosts.

Escherichia coli K-12 Strains.

SURE el4'(mcrA) A(mcrCB-hsdSRM-mrr)171 endAl supE44 thi-1 gyrAP6

relAl lac recB recJshcC umuC::Tn5(karf) uvrC [F'proAB, lacBZAMJS, 

TnlO(tef)]

JM109 el4'(mcrA) recAI endAl gyrA96 thi-I hsdRI7 supE44 relAl

A(lac-proAB) [F' traD36proAB lacP ZAMI5]

XL-1 BLUE recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F'proAB lacP 

ZAM15 TnlOfTef)]

NS3529 recA mcrAA (mcrB, mrr, hsdR, hsdM) Mmm434nin5Xl-cre, ZimmXLPl

2.1.2 Plasmid strains.

pBluescript SK cloning vector (Stratagene)

pBluescript KS cloning vector (Stratagene)
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pYAC4 YAC library vector

pCRII TA cloning vector (Invitrogen)

pM0S5/we TA cloning vector (Amersham)

pAD&fclOIIB PI library vector

2.1.3 Yeast strains.

AB1380 MATi|;+, ura3, trpl, ade2-l, canl-100, lys2-l, his5

2.1.4 Oligonucleotide primers

All oligonucleotides were synthesised by the Institute's central facility using an Applied 

Biosystems 380B DNA synthesiser. Oligonucleotides were supplied in ammonia which 

was removed under vacuum in a Hetovac concentrator and the oligonucleotide 

resuspended in 5(^J of dHjO. The concentration of the oligonucleotide was estimated 

by measuring the absorbance of the solution at 260nm using a Perkin-Elmer Lambda Bio 

UVAnS spectrophotometer.

DesmocoUin /  Desmoslein primers

Name Sequence Tm (V )

JA70 5'-GGTGTACTGCATCCTAAG-3' 54

JA71 5'-GCACGGTACTATACTTTGT-3' 53

JA116 5'-GGGCGGGCTGCCTCCATG-3' 77

JA131 5'-GCCACAAACTGACCCAGAG-3' 55

JA133 5'-CCATAGCTGGTGCTCAGAC-3' 55

JA134 5'-GGTGATCTGTCCCATTTCC-3' 53

JA135 5'-TTAGGAGTGACAACATATTGC-3'

48

53



JA141 5'-CCACAGATGCATAAGTAGG-3' 51

JA142 5-CATCAGGGCTAGTTGTCC-3' 51

RSB37 5-TGTGACATTACATGTTC-3' 48

RSB38 5-TCAGGATCACTTGAATG-3' 56

RSB116 5'-AAATCACAAGCATGCC-3‘ 56

RSB117 5-GTCTCTCTGTAAATGTGC-3' 51

RSB176 5'-AATGAAGACCGCATGCC-3' 64

RSB177 5-GGAGTTTGAGATTTACCAG-3' 55

RSB255 5-ATGGTAAAGCCTGCAAA-3' 62

RSB256 5-TCAGGATCACTTGACCG 59

RSB269 5-TCCGCCTCGCGCTCCTC-3' 74

RSB270 5-CCGCGGCTACACTCGCC-3' 67

RSB271 5'-CCCGTCTTTCATATCAG-3' 54

RSB271 5-AAAGAGCAGTGCTATAC-3' 48

RSB290 5'-CTTGTCAAGCATTTCAG-3' 53

RSB291 5-TTCCTTTCTCCCACTCA-3' 51

RSB294 S-GCTTTAGGAATCGAGGT-3' 55

RSB295 5'-GAGCCGCTGCTTCTATC-3’ 60

IK4 5'-ATTCGCCACCATGTCCG-3' 67

nc8 5-GATGTACGAATTAAATATGTTC-3' 53

IKIOI 5'-TGTCACAGTGCTACAATTAGG-3' 59

DC102 5'-CGGATTCCGTTTACTTCCAAC-3' 65

MDM23 5-AGGCGCTTCAGAGAAGC-3' 62

&\&u
l O N O \ H .

UHW..

49



STS primers for chromosome 18

Name Sequence TmfC)

RSB176 5'-TATTGTTAGGGTGTGCTCCT-3' 55

RSB167 5-GCTTCCTTCTGGAATATCTCC-3' 55

RSB168 5-TTCAGTTTTTCACATGCATAAAA-3' 53

RSB169 5-TCTTCCATTGATCCCAAAATG-3' 53

RSB170 5-CACTCGGGAGACCTAGATC-3' 53

RSB171 5'-GATTCAGGGAGACAGTGGTA-3' 53

RSB172 5-AACATCTGCTAATCACCGTAA-3' 53

RSB173 5'-ACACTGAGGGAGCACTTAGA-3' 53

RSB174 5-GTAACACCAAAGCTAAGTGCC-3' 53

RSB175 5'-CCTTAGAATAGTCCTGTAACC-3' 53

RSB287 5'-ATTATCACTGGTGTTAGTCCTCTG-3' 61

RSB288 5'-CACAGTTGTGTGAGCCAGTC-3' 63

RSB297 5'-GAACATTTTGAACGTTAACAGCC-3' 63

RSB298 5-AGGCAATCAAAATAAATGGCC-3' 65

Vectorette primers

Name Sequence Tm(C)

RSB157 5-ATATAGGCGCCAGCAACCG-3' 68

RSB158 5-ATATAGGCGCCAGCAACCG-3' 72

RSB194 5 -TCGAATGCTAGCGTTGGTTTAAGGCGCAA GA-3' 80

RSB211 5-TCGAATGCTAGCGCAAGTCTGGGAAGTGAAT-3' 78

RSB238 5'-ATATAGGCGCCAGCAACCGCACCTGTGGCG-3' 84

RSB243 5-TAAATACTCTCGGTAGC-3' 48
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RSB254 5’-GCAAGTCTGGGAAGTGA-3' 58

RSB258 5-GCCAGTAGTCATTTCCC-3' 57

RSB267 5-ACTTCTGCTGATTTCGG-3' 57

RSB277 5'-CTGTTGGGTATTAGCTT-3' 51

RSB278 5-TGTATCAATTAGCTGCC-3' 53

RSB281 5-TTCATAGGTTGGAGCAG-3' 56

RSB282 5-GCCCTAGACCAGGACAG-3' 59

RSB283 5-AGATGGAGTCTTGCTCT-3' 53

RSB284 5-GATCTGGTCAGATGCTT-3' 54

Screenins for new iso form primers

Name Sequence Tm(C)

RSB265 5-GAAGAATCCATTAGAGGACAC-3' 58

RSB266 5-TGTCCTAAATTTGGGTTCCA-3' 63

RSB268 5-GTGTCCTCTAATGGATTCTTCCT-3' 62

pYAC4 primers

Name Sequence Tm(C)

RSB237 5-ATCTTGAGATCGGGCGTTCG-3' 70

A lu- repeat primers

Name Sequence Tm(C)

JA206 5-CTGGGATTACAGGCCTGAGC-3' 68

JA207 5-CCACTGCACTCCAGCCTGGG-3' 74
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Fluorescent in situ hybridisation primers

Name Sequence Tm(C)

JA376 5'-CCGACTCGAGNNNNNNATGTGG-3' 68

2.1.5 Bacteriological media.

L-agar : tryptone 15g, yeast extract 5g, NaCl lOg, Difco agar 15g, pH adjusted to 7.2 

with NaOH, made up to 1 litre with (IH2O.

L-broth : tryptone 15g, yeast extract 5g, NaCl 5g pH adjusted to 7.2 with NaOH, made 

up to 1 litre with dH20.

Terrific-broth : tiyptone 12g, yeast extract 24g, glycerol 4ml, KH2PO4 2.3 Ig, K2HPO4 

12.54g, made up to 1 litre with (IH2O

SOB : tryptone 20g, yeast extract 5g, NaCl 0.5g, 10ml IM MgCl2, 10ml IM MgS04, 

made up to 1 litre with dH20.

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

2.1.6 Yeast media.

AHC-broth: 17g yeast nitrogen base without amino acids and (^ ^ 4)2804, 5g (NH4)2S04, 

lOg caesin hydrolysate-acid, 20mg adenine hemi-sulphate, to 1 litre with dH20, pH 5.8.

2.1.7 Molecular biology reagents.

Electrophoresis buffer : 40mM Tris-borate pH8.3, ImM EDTA.

Loading buffer : 2.500g Ficoll-400, 0.042g Xylene Cyanol, l.OOOg Bromophenol blue, 

made up to 10ml with (IH2O to give a lOx solution.

Transformation and storage buffer (TSB) : L-broth pH 6.1 containing 10% PEG (Mw 

3350), 5% DMSO and 20mM Mĝ + (lOmM MgCl, lOmM MgS04).
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Southern Denaturing solution : l.SmMNaCl, O.SmMNaOH.

Southern Hybridisation solution : 5x SSC, 1.5% SDS, 7.5% Dextran sulphate, 0.3mg/ml 

salmon-sperm DNA, 5x Denhardts (2% PVP, 2% Ficoll, 2% BSA).

Ligation buffer : 50mM Tris-HCl pH7.6, lOmM MgClj, ImM DTT.

TE : lOmM Tris pHS.O, 0. ImM EDTA.

SCE : IM Sorbitol, O.IM Sodium citrate pH5.8, lOmMEDTA.

LDS : lOOmMEDTA pH8.0, lOmM Tris-HCl, 1 % Lithium dodecyl sulphate.

GET : 50mM Glucose, lOmM EDTA pH8, 25mM Tris-HCl pH8.

FISH Hybridisation solution : 50% Deionized Formamide, 2x SSC, 10% Dextran 

sulphate, 50mM Phosphate, pH adjusted to 7.0.

FISH Denaturing solution : 70% Deionized Formamide, 2x SSC, pH adjusted to 7.0. 

FISH Blocking solution : 1.5% BSA, 2x SSC, Filter sterilized.

2.2 Generation of recombinant DNA molecules.

2.2.1 Restriction of DNA with endonucleases.

Restriction endonuclease enzymes are enzymes that cut DNA at site specific sequences. 

Generally 1 unit of enzyme is defined as that necessary to cut Img of X DNA to 

completion in 1 hour at 37 °C. Enzymes were diluted at least lOx in the reaction 

volume, to dilute out the glycerol cryoprotectant, and were used with the recommended 

buffer. After incubation at the suggested temperature for 2-4 hours the samples could 

then be used for agarose gel electrophoresis.
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2.2.2 Agarose gel electrophoresis.

This technique is used to separate, visualise and size DNA fragments. A 0.8-3 % w/v 

agarose solution was made by dissolving powdered agarose (Sigma) in electrophoresis 

buflfer. This was poured into a preassembled gel caste with a comb inserted at one end 

to create a series of wells. Once set the gel was transferred to an electrophoresis 

apparatus. Three systems were routinely used (Pharmacia GNA-200, BRL Horizontal

11.4 and 58), depending upon the size of gel required. Electrophoresis buffer was added 

until the gel became immersed. To each DNA sample to be loaded 1/10th volume of IQx 

loading buffer was added and the samples subsequently loaded into the wells created by 

the comb. As DNA has a negative charge it will migrate through the gel towards the 

anode. The gel acts as a molecular sieve, retarding the movement of larger molecules, 

the rate of migration being inversely proportional to the logio of the DNA's size. DNA 

of known size was loaded alongside the sample DNA. After electrophoresis the gel was 

stained in 0.1 mg/mi ethidium bromide for 30 minutes and the fragments visualised on an 

ultraviolet (UV) trans-illuminator with a wavelength of 302nm. Gels could then be 

photographed with a Polaroid Land camera using Kodak technical pan film and 

processed in an AGFA Gevaert developer.

2.2.3 Extraction of DNA from agarose gels.

DNA was purified fi'om cut agarose bands using the QIAEXII Agarose Gel Extraction 

kit. The kit is based on the solubilization of agarose and selective, quantitive adsorption 

of nucleic acids to silica-gel particles in the presence of high salt. 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. Adsorption of 

fragments smaller than lOObp is enhanced by increasing the salt concentration, while
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fragments larger than 4kb are adsorbed at lower salt concentrations. Elution of DNA is 

accomplished with a low salt solution such as Tris buffer or water.

2.2.4 Alkaline phosphatase treatment of vector DNA.

To prevent compatible ends of cut plasmids rejoining during ligation reactions they were 

dephosphoiylated using calf intestinal phosphatase (Boehringer Manheim). One unit of 

enzyme was added for the last hour of endonuclease restriction of plasmid DNA and 

subsequently removed during gel electrophoresis.

2.2.5 Phenol/chloroform extraction and ethanol precipitation of DNA.

In order to purify DNA in solution extraction was carried out with an equal volume of 

TE saturated phenol/chloroform (50/50 w/v). The solution was vortexed, microfuged 

and the upper aqueous layer removed. This was then further extracted with an equal 

volume of chloroform. The DNA was precipitated from the aqueous solution by adding 

0.1 volumes of 3M NaAc and 2.5 volumes of ethanol. After placing at -70° C for 30 

minutes and centrifuging for 15 minutes at 14000 rpm the resulting DNA pellet was 

washed in lOOpl 70% ethanol, dried under vacuum and resuspended in an appropriate 

volume of dH^O.

2.2.6 Ligation of DNA fragments.

DNA fragments and cut plasmid vector DNA, both with compatible sticky ends or blunt 

ends, were mixed and joined to produce a covalently closed circular molecule. One unit 

of T4 DNA ligase (Boehringer Manheim) was used in a 20pl reaction volume with the 

recommended buffer. The DNA fragment and vector were added in a 3:1 ratio and the
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reaction incubated overnight at 16 °C before Ijil of precipitated (taken up in 5 pi dH20) 

or 20pl of diluted (diluted to lOOpl in dHgO) ligation reaction was used to transform 

competent cells.

2.2.7 TA cloning kits.

Two TA Idts were routinely used, the pM0S5/we T-vector kit (Amersham) and the TA 

cloning kit (Invitrogen), providing a quick, one-step strategy for the direct cloning of 

PCR products. Both kits exploit the fact that certain Taq polymerase has a nontemplate- 

dependent activity which adds a single deoxyadenosine (A) to the 3' end of PCR 

products. The linearized vector, supplied with each kit, has a single 3' deoxythymidine 

(T) residue allowing PCR inserts to ligate efficiently with the vector.

2.3 Transformation of competent cells.

2.3.1 Preparation of competent cells. (Chung & Millar, 1983).

A number of techniques exist that increase the ability of Kcoli to take up DNA. This 

method allows a readily available stock of highly competent cells to be made. Bacterial 

cells were grown to early log phase (OD̂ qq = 0.3-0.6) in L- broth, then pelleted by 

centrifugation and resuspended in 1/10th volume of transformation and storage buffer 

(TSB) at 4°C. After incubating on ice for approximately 5 minutes the cells could be 

frozen (in dry ice/ethanol bath) and stored at -70 °C for use at a later date.

2.3.2 Transformation. (Chung & Millar, 1983)
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For transformation, 0.1ml aliquots of the cells were pipetted into ice cold polypropylene 

tubes and mixed with approximately lOOpg of plasmid DNA. The cells were returned to 

ice for 30 minutes after which 0.9ml TSB containing 20mM glucose was added to each 

tube. The cells were then incubated at 37°C with shaking (225rpm) for 1 hour, to allow 

expression of the antibiotic resistance gene. Finally cells were plated on antibiotic- 

containing agar plates for selection of transformants.

2.3.3 Transformation of supercompetent cells.

Commercially available supercompetent Epicurian Kcoli SURE cells (Stratagene) were 

transformed using the heat pulse method. 100ml aliquots of the competent cells, in 15ml 

Falcon tubes, were thawed on ice and gently mixed by hand, p-mercaptoethanol was 

added to a final concentration of 25mM, and the bacteria mixed and incubated on ice for 

10 minutes, swirling gently every 2 minutes. 0. l-50ng of plasmid DNA was added to the 

cells and the tubes incubated on ice for 30 minutes. Tubes were then placed in a 42°C 

water bath for 45 seconds and returned to ice for 2 minutes. Finally cells were incubated 

at 37°C for 1 hour with shaking (225rpm) in 0.9ml of preheated (42°C) SOC medium 

after which they were spread on the appropriate antibiotic containing plates.

2.4 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. Antibiotic plates were spread with 40|il 

X-Gal (20mg/ml, Sigma) and 4|il IPTG (200mg/ml, Sigma) 30 minutes before plating
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transformants. LacZ encodes P-galactosidase which is able to convert the X-Gal 

substrate to an insoluble indigo blue colour. If the lacZ gene, which is inducible by the 

IPTG, is disrupted by cloning a fragment into it, the blue colour no longer develops 

hence clones can be selected for since their colonies will be white.

2.5 Isolation of plasmid DNA.

2.5.1 Small scale - alkaline lysis. (Bimboim and Doly, 1979).

The Hybaid Recovery Plasmid mini prep kit was used for the rapid isolation of double

stranded plasmid DNA from bacterial cultures. This DNA was then suitable for both 

endonuclease restriction and DNA sequencing. The method is based upon the rapid 

alkali dénaturation of both chromosomal and plasmid DNA followed by the selective 

renaturation of plasmid DNA after neutralisation. The 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 denatured 

chromosomal DNA.

2.5.2 Large scale - Qiagen preparation.

A QIAGEN plasmid maxikit was used to purify up to 750mg of plasmid DNA from a 

500ml culture in L-broth. The kit is based upon the alkali lysis method and contains an 

anion-exchange column for purifying the plasmid DNA further by a series of binding and 

washing and then selectively eluting the plasmid DNA with 1.6M NaCl.

2.6 Estimation of DNA concentration.
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Concentrations were estimated using a Perkin-Elmer Lambda Bio uv/vis 

spectrophotometer to measure the absorbance of an aqueous solution at 260nm. An 

absorbance of 1.0 is equivalent to a concentration of 47.6|xg/pl for double stranded 

DNA. Additionally the ratio of the absorbance at 260nm:280nm gives an indication of 

the purity of the sample; DNA should have a ratio of 1.8. Contaminating proteins or 

salts may alter this ratio significantly.

2.7 Southern blotting of large genomic fragments. (Southern e ta l, 1975 ).

This method allows the identification of discrete bands of nucleic acid via hybridisation, 

after transfer from the agarose gel to a nylon membrane. The stained and photographed 

agarose gel was exposed to UV (lOOmJ) in a Spectrolinker (Spectronics Corporation) 

and then soaked for 15 minutes in 25mM HCl. Both treatments result in the nicking of 

the DNA and therefore allow fragments greater than 15kb to be easily transferred from 

the agarose gel. The gel was then immersed in denaturing solution for 30 minutes. 

Three sheets of gel blotting paper (Schleicher and Schuell) were cut so that they were 

the exact width of the gel and long enough to form a wick between the buffer reservoirs 

of the transfer apparatus. After wetting the wick and filling the buffer reservoirs with 

denaturing solution, the gel was inverted and placed in the centre of the wick on top of 

the glass plate above the reservoir. The gel was then surrounded by Saran wrap to 

ensure that buffer was only drawn up through the gel. A piece of nylon membrane 

(Hybond N \ Amersham) the exact size of the gel was carefully placed on top of the gel 

followed by 3 pieces of dry gel blotting paper. A stack of paper towels at least 10cm 

high was placed on top of the blotting paper, a IKg weight was applied and the assembly
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left at least 24 hours. The nylon membrane was finally marked for orientation, washed 

in 2x SSC and then left to air dry. The membrane was now ready for probing; 

alternatively it could be stored at -20 °C until used.

2.8 Probing nylon membranes.

2.8.1 Hybridisation of labelled probes to nylon membranes.

The membranes were soaked in 2xSSC and rolled between nylon nets before being 

placed in hybridisation bottles (Hybaid). 30ml of hybridisation solution was added to 

each bottle and incubated in a rotary hybridisation oven (Hybaid) for 4-12 hours at 

65 °C. Labelled probe was added directly to the hybridisation solution and the bottles 

incubated overnight at 65 °C.

2.8.2 Washing nylon membranes.

Membranes were rinsed with 200ml 2x SSC at room temperature while still in the 

hybridisation bottle. They were then washed in 2 litres o f  0.5x SSC/O.lx SDS at 60°C 

for 15 minutes and then in 2 litres o f 0.5x SSC at 60°C for 15 minutes in 4 litre beakers 

with stirring. Membranes were finally wrapped in Saran wrap and exposed to preflashed 

film (XAR5, Kodak) overnight, or longer, at -70°C between two intensifying screens. 

The film was processed in an AGFA Gevaert developer.

2.8.3 Random primed labelling of DNA.

Random oligomers anneal to random sites on the DNA and then serve as primers for 

DNA synthesis by the Klenow fragment of DNA polymerase I. The "Ready to Go' DNA
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labelling kit (Pharmacia) was used to label DNA fragments with a^^P-dCTP 

(Amersham). This kit utilizes 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 microfiige tube, the user supplying the DNA (dissolved 

in dHjO) and the radioactivity (50|iCi per reaction). Prior to adding the labelled probe 

to the hybridisation solution, it was denatured by boiling for 5 minutes and then snap 

cooled on ice for 10 minutes.

2.8.4 Removal of unincorporated nucleotides.

Unincorporated nucleotides were removed using a Sephadex G-50 Nick Column 

(Pharmacia) according to the manufacturer’s instructions.

2.9 DNA sequencing. (Sanger etal., 1975).

All sequencing reactions were carried out using the Sequenase Version 2.0 kit 

(Amersham International), which utilizes the chain termination with dideoxynucleotides 

method. a^^S-dATP (Amersham, lOOCi/mmol) was used to label the double stranded 

DNA termination products produced. 6% polyacrylamide gels were used made from 

Sequagel reagents (National Diagnostics) and run on BRL Model S2 electrophoresis 

apparatus. Gels were then fixed in 2 litres of 10% acetic acid and dried on a Biorad slab 

gel drier for 1 hour at 80 °C and exposed to Kodak Biomax film overnight without 

intensifying screens. Finally the film was processed on an AGFA Gevaert developer.
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2.9.1 Preparation of plasmid DNA for sequencing.

Plasmid DNA prepared from a Qiagen maxi-prep or Hybaid mini-prep was alkali 

denatured by adding 5 pi of IM NaOH /ImM EDTA to 5pg of DNA in a total reaction 

volume of 20pl (with dHzO) and incubating at room temperature for 5 minutes. lOpl of 

5M NH4AC pH7.5 and 70pl of ice cold absolute ethanol was added and the DNA 

solution incubated for 20 minutes at -70°C. After spinning at 4°C for 10 minutes, 

washing with 70% ethanol and drying under vacuum the DNA was ready for sequencing. 

Alternatively it could be stored dry at -20 ®C until used.

2.10 Polymerase chain reaction (PCR).

PCR was carried out in a Hybaid Thermal Cycler. Reactions were routinely carried out 

in a 50pl volume with 200pM of dATP, dCTP, dGTP and dTTP, IpM of each primer 

and buffer (lOx : lOOmM Tris-HCl pH8.3, 500mM KCl, 15mM MgCl2, 0.1% w/v 

gelatin. Perkin-Elmer Cetus.) with 1.67 units of AmpliTaq Taq Polymerase (Perkin- 

Elmer Cetus). Standard thermal cycling conditions were -1  cycle: 94°C, 3 minutes 50 

seconds; annealing temperature, 2 minutes; 72°C, 2 minutes. 38 cycles: 94 °C, 1 minute 

30 seconds; annealing temperature, 1 minute 30 seconds; 72 °C, 1 minute 45 seconds. 

1 cycle: 94 °C, 1 minute 30 seconds; annealing temperature, 1 minute 30 seconds; 72 °C, 

15 minutes. As a positive control Ipg human genomic DNA (Boehringer Manheim) was 

used and as a negative control the PCR reaction set up with dHjO in place of DNA. 

Routinely, in order to produce enough product, two round of PCR were performed. 

In order to prevent contamination of PCR reactions gloves were changed
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regularly, benches swabbed down with 70% ethanol and all components of the reaction 

(except primers) irradiated with UV (at 6,000 xlOOpJ/cm^) in a Spectrolinker 

(Spectronics Corporation) prior to adding to the mix.

Hot Start PCR (D'Aquilla et al, 1991) - To reduce the likelihood of products being 

synthesised from non-specific sequences at lower temperatures, Taq polymerase was 

allowed to participate in the reaction only after the reaction mixture had reached 94 °C. 

This was done by either using Ampliwax beads (Perkin Elmer) or Taq Start antibody 

(Clontech).

2.11 Human DNA/1/m-PCR karyotyping.

2.11.1 Alu-PCR on somatic cell hybrids.

For the specific amplification of human DNA from monochromosomal somatic cell 

hybrids, the PCR was carried out in a total volume of 100ml using 1 pg of hybrid D*NA 

and O.SpM of each^/w primer (JA206, JA207), Ix buffer (Perkin-Elmer Cetus), 200pM 

of dATP, dCTP, dGTP, dTTP with 2.5 units of Amplitaq Taq Polymerase (Perkin-Elmer 

Cetus). Thermal cycling conditions were - 1 cycle: 95 °C, 5 minutes. 30 cycles: 94®C, 

1 minute 30 seconds; annealing temperature, 1 minute; 72 °C, 1 minute 45 seconds. 1 

cycle: 72°C, 4 minutes. 80pl of each PCR reaction was precipitated and resuspended in 

30pl of TE.

2.11.2 Production of somatic cell hybrid dot blot.
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l|al of precipitated y4/w-PCR product from each of the somatic cell hybrids was spotted 

onto Hybond N .̂ After the blot had dried it was denatured for 10 minutes in 0.4M 

NaOH, neutralized in 0.2M Tris-HCL pH 7.2/2x SSC for 10 minutes and baked for 2 

hours at 80°C.

2.11.3 Alu-FCR on YAC clones.

The amplification of human DNA from YAC clones was carried out as in section 2.11.1. 

The PCR product from the YAC insert was precipitated into 30pl TE and 3p,l was 

labelled with ^̂ P as in section 2.7.3. The labelled probe was used at a concentration of 

10® cpm/ml of hybridisation buffer and was preassociated with 0.25mg/ml human 

placental DNA (Sigma), for 2 hours at 65 °C, prior to adding to the filter. Hybridisation 

washes were as described for Southern Blotting in section 2.7.2. The filters were 

exposed to XAR5 (Kodak) film for approximately 4 hours.

2.12 Vectorette PCR. (Riley et or/., 1990).

One limitation of PCR is that it requires the sequence of two different primers at either 

end of the fragment to be amplified. Vectorette PCR allows 'one-sided' PCR to be 

carried out, where the sequence of only one end is known. This ability to perform 'one

sided' PCR relies on being able to provide a second PCR primer. In Vectorette PCR this 

is achieved by the use of short defined fragments of DNA (Vectorettes) which are 

ligated onto the fragment to be amplified. Primers directed towards these short 

fragments are then used to provide the second PCR primer. The problem with this
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approach is that all the fragments containing the Vectorettes at both ends will anneal one 

of the primers. In Vectorette PCR this problem is avoided by the use of specifically 

designed fragments of DNA called Vectorette units (Figure 2.1) which enable the 

amplification of specific fragments containing the sequence of interest. The Vectorettes 

are designed so that they can only be amplified if they are ligated to a fragment of DNA 

containing the sequence of interest. Because the Vectorette consists of two 

oligonucleotides, a universal bottom strand that serves as an anchor template and a 

partially complementary top strand that serves as a linker (Figure 2.1). The Vectorette 

PCR primer has the same sequence as the bottom strand of the mismatched region. 

Therefore it has no complementary strand to anneal to in the first cycle of PCR. The 

initiating primer (directed towards the sequence of interest) will produce a 

complementary sequence to the bottom strand of the Vectorette in the first cycle of 

PCR. In the second cycle of PCR there is now a template for the Vectorette primer. This 

template contains the initiating primer at the other end to the Vectorette sequence. After 

the first cycle, PCR continues normally, the result being that only those fragments 

containing the sequence of interest and the Vectorette are amplified.

2.12.1 Construction of the Vectorette library.

Half an agarose plug of YAC DNA (see section 2.11) was washed 3 times, each time for 

20 minutes in 0.1 x TE at room temperature after which it was incubated at 37°C for 30 

minutes in lOOp.1 of the appropriate restriction endonuclease buffer. This buffer was 

removed, replaced with lOOpl of fresh buffer and 20 units of restriction enzyme (in this 

case either Rsal, EcoRV or Pvull, Boehringer Manheim) and the plugs incubated 

overnight at 37°C. The plug was cut into 3 equal pieces. One piece was loaded onto a 

1% agarose gel alongside an equivalent fraction of uncut plug to check for digestion.
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Another piece was incubated at 4°C for 1 hour in ligation buffer. lOOp.1 fresh ligation 

buffer was added along with 5|il blunt Vectorette ends (3pmol, Genosys 

Biotechnologies) and the plug melted by heating to 65°C for 15 minutes. After cooling 

to 37°C for 5 minutes ImM rATP and 5 units of T4 DNA ligase (Boehringer Manheim) 

were added and the DNA incubated for a further hour at 37°C. Finally 400pl 0.1 x TE 

was added and the library dispensed into 20|il aliquots which were stored at -20 ®C until 

used.

2.12.2 PCR on the Vectorette libraries.

Vectorette PCR was performed as in section 2.9 except that 5pi Vectorette library was 

used per 50pl reaction along with Ipl Perfect Match (Stratagene). 0.4pl Vectorette 

primer (Genosys Biotechnologies) was used along with either 5pi primer RSB158 

(lOOng/pl) for amplifying the right arm end of the YAC or 5pi primer RSB157 

(lOOng/pl) for amplifying the left arm end of the YAC. The PCR conditions used were - 

1 cycle: 94°C, 5 minutes. 38 cycles: 93 °C, 1 minute; 60 °C, 1 minute; 72°C, 3 minutes. 

1 cycle: 72°C, 5 minutes.

2.13 Yeast artificial chromosome methods.

2.13.1 Propagation of YAC containing yeast strains.

YACs constructed using the pYAC4 vector (which contains an EcoRl site within the 

sup4 gene and carries selectable markers trpl and ura3) and propagated in the 

Saccharomyces cerevisiae host strain AB1380 {trpl-, uraS-, ade2-I) were grown on
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Figure 2.1 Outline of a Vectorette unit.

The Vectorette unit consists of two oligonucleotides, a universal bottom strand that 

serves as an anchor for the Vectorette primer and a partially complementary top strand 

that serves as a linker.
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either AHC-agar plates at 30°C or in AHC-broth with shaking (250rpm) also at 30°C. 

They could also be stored for up to two weeks on ARC plates.

2.13.2 Frozen storage of YAC containing yeast strains.

A single colony was used to inoculate 10ml AHC-broth which was grown overnight 

without shaking at 30°C. The culture was then pelleted at 3500rpm and the supernatant 

discarded after which the cell pellet was resuspended in 1ml AHC broth and 1ml 

glycerol. Finally the suspension was aliquoted into cryotubes and stored at -70°C.

2.13.3 High molecular weight DNA preparation in agarose blocks from yeast.

5 ml 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 microfiige tube. The cells were washed twice with 1.5ml SCE and then resuspended 

in ISOpl SCE with 45pi p-SCE (50pl P-mercaptoethanol per ml of SCE) and 100 units 

of lyticase (2pl of a 50unit/pl 50% glycerol stock. Sigma). After incubating for 1.5 hours 

at 37°C, 200pl of 1.5% Seaplaque GTG agarose (FMC Bioproducts) at 45-48°C was 

added and the yeast spheroplasts mixed gently. This solution was quickly transferred 

to SOpl 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 and incubated 

overnight at 48 °C with gentle rocking. Plugs could be stored indefinitely at room 

temperature in the LDS solution.

2.13.4 Preparation of high molecular weight DNA in solution from yeast.

A single colony of a YAC containing clone was inoculated into 20ml AHC-broth in a
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250ml flask and incubated with shaking (250rpm) for 24 hours at 30°C. 1ml of this 

culture was aliquoted into 100ml AHC in a 1 litre flask and incubated with shaking for 

a fiirther 24 hours at 30®C. The culture was transferred to 50ml plastic centrifiige tubes 

and centrifuged at 2000g for 5 minutes at 4°C. The cell pellet was resuspended in 5ml 

SCE and pooled into a single tube. 1ml P-SCE with 2mg lyticase was added and 

incubated for 2 hours at 37°C on an orbital shaker (lOOrpm). The cells were 

recentrifuged and resuspended in 5ml 50mM Tris- HCl (pH 7.6)/20mM EDTA with 

0.5ml 10% SDS, mixed and incubated at 65®C for 20 minutes. To isolate the DNA 2ml 

of ice cold 5M KAc pH 4.8 was added and the tube incubated on ice for 1 hour. After 

centriftiging for 10 minutes at 2000g the DNA containing supernatant was transferred 

into a new tube together with two volumes of room temperature 95% ethanol and 

recentrifuged. This time the supernatant was discarded and the DNA pellet left to air 

dry. The pellet was then allowed to dissolve overnight in 3ml TE pHS at 37°C. 0.1ml 

of 1 mg/ml DNase -free RNaseA was added and incubated for 1 hour at 37°C after 

which 6 volumes of isopropanol were added and the contents of the tube well mixed. 

The DNA was then spooled using a capillary pipette and dissolved in 0.5ml 5M NaCl 

and 2ml 95% ethanol. When respooled the DNA was stored at 4°C in 0.5ml TE.

2.14 Phage PI methods.

The human genomic library cloned in the PI phage was the Du Pont Merck human 

foreskin fibroblast PI library # 1 (Shepherd et al., 1992). In constructing this library the 

30kb linear vector arms of the Sau3A digested PI cloning vector pADlO&zcBll had 

been ligated onto size fractionated Sau3A partially digested human genomic DNA.
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These molecules were then packaged into a PI phage head and subsequently transfected 

into a cre^ containing E.coli host (NS3529). The linear PI molecule was then formed 

into a circle by the site specific recombinase, Cre. The recombination occurs at the two 

LoxP sites within the vector arms. The result is a 16.5kb circular plasmid containing a 

genomic insert of 75-lOOkb.

2.14.1 Overnight growth of bacteria containing PI.

10ml L-broth containing 25mg/ml kanamycin was inoculated with a loopfial of bacteria 

from the glycerol stock as supplied by Genome Systems, Inc. Afl;er growth at 37°C 

overnight the bacteria could be centrifuged at lOOOOg for 5 minutes, the supernatant 

dissolved and the pellet frozen at -70 °C.

2.14.2 Transfer of the PI clone from NS3529 to NS3516 via transduction

Higher yields from PI plasmid preparations are reported to be achieved upon growth 

of the PI plasmid in a cre host versus a cre^ host. Transfer of the PI plasmid was 

accomplished by production of a PI transducing phage, and transductants selected by 

virtue of the kar^ gene carried by the phage.

Production o f transducing phages - 5 ml of L-broth containing 25|ig/ml kanomycin was 

seeded with lOOpl of overnight culture of the PI clone and shaken (225rpm) for 2 hours 

at 37°C. 1ml of this culture was centrifuged at 7000g for 5 minutes and the supernatant 

discarded. The pellet was resuspended in lOOpl L-broth containing 5mM CaCl and to 

this was added 1 x 10̂  PI Vir phage, which was left to adsorb to the cells for 5 minutes 

at 37°C. The cells were re-centrifuged, the supernatant discarded and the cells re-
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suspended in 1ml L-broth containing 25pg/ml kanamycin with lOmM MgCl. The culture 

was shaken (225rpm) for 2 hours at 37°C. 20pl chloroform was added and the lysate 

vortexed for 30 seconds. After pelleting the cellular debris, chloroform and unlysed cells, 

the supernatant containing the transducing phage was stored at 4°C.

Transduction into NS3516 (are) - 5ml L-broth was seeded with lOOpl of an overnight 

culture ofNS3516 and shaken (225rpm) for 2 hours at 37 °C. After centrifiiging 1ml of 

culture at 7000g for 5 minutes the supernatant was discarded and the pellet resuspended 

in lOOpl L-broth containing 5mM CaCl. 70^1 transducing phage was added to the cells 

which were left to adsorb for 5 minutes at 37®C. The cells were recentrifuged and 

resuspended in 1ml L-broth with lOmM Sodium citrate, pH 7.0 and shaken (ISOrpm) 

for 45 minutes at 37°C. The cells were then recentriftiged and taken up in ISOpl L-broth 

after which 30-100pl was spread on an L-agar plate containing 25pg/ml kanamycin and 

incubated overnight at 37°C.

2.14.3 PI Plasmid preparation.

10ml L-broth containing 25pg/ml kanamycin was seeded with a transductant harbouring 

a PI plasmid and grown overnight to stationary phase. 20ml L-broth containing 25pg/ml 

kanamycin was seeded with 0.66ml of overnight culture and shaken (225rpm) for 1.5 

hours at 37°C. IPTG was added to a final concentration of 0.5mM and the culture 

grown for another 5 hours, after which 10ml of culture was centrifiiged at lOOOOg for 

5 minutes. The bacterial pellet was resuspended in 1ml of GET with 30pl of 50mg/ml 

lysozyme in TE and incubated for 5 minutes at room temperature. 2ml 3M KAc were 

added, the contents were mixed by gentle inversion and placed on ice for 5 minutes.
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After centrifuging the supernatant was transferred to a fresh tube. DNase-free RNaseA 

(Sigma) was added to give a final concentration of 50pg/ml and the tube incubated for 

30 minutes at 37°C. After phenol/chloroform extraction an equal volume of isopropanol 

was added to the upper aqueous phase. The aqueous phase was centrifuged at 10,000g 

for 20 minutes and the DNA pellet washed twice in 70% ethanol. Finally the pellet was 

dried under vacuum, resuspended in 200|il dHjO and stored at 4°C.

2.15 Long range mapping.

2.15.1 Digestion of YAC plug DNA.

Each YAC plug to be digested was washed three times in 10ml of 1 x TE at 50°C, each 

wash lasting 30 minutes. The plugs were then washed three times at room temperature 

in 10ml of Ix TE again each wash took 30 minutes. The plugs were then cut in half and 

each half was placed into a microfuge tube containing lOOpl of 1 x restriction buffer and 

the appropriate amount of restriction endonuclease enzyme (3 x amount according to the 

manufacturer's instructions). After incubating on ice for 30 minutes each tube was 

incubated at the recommended temperature for 4 hours. Finally 1ml of ice cold TE was 

added to stop the reaction and the plugs were washed in 0.5x TBE for 3x 30 minutes 

at room temperature. Plugs were now ready to be loaded onto a pulsed field gel.

2.15.2 Pulsed field gel electrophoresis (PFG£).

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
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magnitude larger than that capable with conventional systems. The underlying principle 

of gel electrophoresis is that DNA molecules are subjected to obtuse or orthogonal 

electric fields so that they reorientate in response to these changing fields within the 

agarose gel. The resolution limit of normal agarose electrophoresis is reached when the 

length of the DNA molecule is of the same order of size as the pores in the agarose 

matrix. By forcing reorientation of the large DNA molecules in the agarose during PFGE 

the resolution limit is increased because small molecules are able to reorientate faster in 

response to the changing electric field than the larger ones.

1 g of LE agarose Geneline (Beckman) or Ig Insert agarose (PMC) was added to 100ml 

of 0.5 X TBE in a 250ml Erlenmeyer flask and the agarose left to hydrate for 15 minutes 

at room temperature. The agarose was heated to dissolve whilst stirring and then placed 

in a 50° C water bath to cool. Digested agarose plugs, along with DNA molecular weight 

markers as plugs (New England Biolabs), were stuck to the comb of the pulsed field gel 

casting apparatus using a small drop of the precooled agarose. After casting the gel and 

allowing it to cool the comb was carefully removed leaving the YAC plugs in the gel. 

The gel was then submerged in the 0.5x TBE in the pulsed field gel apparatus (BioRad 

CHEF-DR n). The gel was run according to the manufacturer's instructions depending 

on the size of the DNA fragments expected.

2.15.2.1 Purification of YAC DNA from PFGs.

In order to purify YAC DNA away fi*om agarose, pulsed field gels were run in 1% 

InCert agarose (PMC). The desired band of agarose was cut out, weighed and the DNA 

extracted using the GELase agarose gel-digesting preparation (Epicentre Technologies) 

according to the manufacturer's instructions. The gel slice was soaked in three volumes
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of Ix GELase buffer (Epicetre Technologies) for 1 hour. After removing excess buffer 

with a pipette the gel slice was completely melted by placing in a 70° C water bath for 

20 minutes. Molten agarose was equilibrated to 45®C and the appropriate amount of 

GELase (Epicentre Technologies) added (1 unit/ 600mg of 1% agarose). The DNA was 

then ethanol precipitated.

2.16 Fluorescence in situ hybridisation.

Fluorescence in situ hybridisation (FISH) using specific DNA probes is an extremely 

powerful tool and provides the most direct way to study the chromosomal localization 

of DNA sequences on metaphase chromosomes. See Lichter and Cramer (1992) for a 

review.

2.16.1 Generation of labelled probe by DOP-PCR. (Telenius e ta l, 1992).

Typical probes for mapping to human chromosomes are cloned genomic DNA such as 

YAC, cosmid and PI DNA. These probes are labelled with either Biotin-14-dATP 

(Gibco) or Digoxigenin-11-dUTP (Boehringer Manheim) using PCR. Degenerate- 

Oligonucleotide-Primed PCR (DOP-PCR) utilizes oligonucleotides of partially 

degenerate sequence (JA376). This together with a low annealing temperature ensures 

priming fi'om multiple evenly dispersed sites within a given region of DNA. Thus for the 

general amplification of target DNA, DOP-PCR has advantages over interspersed 

repetitive sequence PCR (IRS-PCR), which relies on the appropriate positioning of
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repetitive elements. For FISH two rounds of DOP-PCR are employed. The first round 

without and the second with biotin or digoxigenin labelled dNTPs.

First Round DOP-PCR - The PCR was carried out in a Hybaid Thermal Cycler. 

Reactions were carried out on 300ng of PI or YAC DNA in a 50|il volume with 200pM 

dATP, dCTP, dGTP and dTTP, 2pM JA 376, PCR buffer (lOx : lOOmM Tris-HCl pH 

8.4, SOOmM KCl, Pharmacia), 2mM MgCl and 2.5 units Tag polymerase (Pharmacia). 

The following thermal cycling conditions were used - 8 cycles: 93 °C, 4 minutes; 94°C, 

1 minute; 30°C, 1 minute 30 seconds; 40°C, 35 seconds; 50°C, 35 seconds; 60°C, 35 

seconds; 72°C, 3 minutes. 28 cycles: 94°C, 1 minute 7 seconds; 56°C, 1 minute; 72°C, 

3 minutes. 1 cycle: 72°C, 5 minutes.

Second Round DOP-PCR - This PCR was set up and carried out in a similar way to the 

first round of DOP-PCR. However this time either 5 pi Biotin-14-d ATP (Inmol/pl, 

Gibco) or 2pl Digoxigenin-11-dUTP (lOOnmol/pl, Boehringer Mannheim) was added 

per 50pl PCR reaction. The following thermal cycling conditions were used - 1 cycle: 

37°C, 30 seconds. 27 cycles: 94°C, 1 minute; 56°C, 1 minute; 72°C, 3 minutes. 1 cycle: 

72°C, 3 minutes.

2.16.2 Preparation of human metaphase chromosomal spreads.

The following protocol is an adaption of the one by Verma and Babu (1989).

10ml of blood were obtained in a heparinized syringe and allowed to stand for 1 hour 

at room temperature. The top portion of plasma, rich with lymphocytes, was then 

collected. 1ml of this plasma was added to a culture tube along with 9ml Growth 

Medium (100ml RMPI 1640 containing 1.3ml penicillin and streptomycin (10,000
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units/ml and lOmg/ml, respectively), 1.3ml L- glutamine (200mM) and 25ml Fetal 

Bovine Serum), 0.2ml Phytohemagglutinin and 20 drops whole blood (from the same 

patient as above). After 3 days at 37°C 0.3ml Colcemid (lOpg/ml) was added to each 

tube and the culture incubated for an additional 45 minutes at 37®C. Cultures were 

harvested by centrifuging at SOOrpm for 10 minutes and the supernatant discarded. The 

cell pellet was then resuspended in 5ml 75mM KCl and incubated for 10 minutes at 

37°C, after which 5 drops of fixative (3 parts absolute methanol, 1 part glacial acetic 

acid) were added. The solution was mixed gently, centrifiiged and the pellet resuspended 

in 5ml fixative and left to stand for 10 minutes at room temperature. After recentrifuging 

and resuspending in 0.5ml fixative the solution was ready to be spread on to a slide. 3 

to 4 drops of solution were dropped onto a cold wet (dHgO) slide (previously prepared 

by washing in 100% ethanol, placing at 4°C for 30 minutes and then at -20°C for 10 

minutes), blown on by mouth in order to spread the metaphases and then dried on a 

95 °C hot plate for 5 minutes. Metaphases were then examined under a Leica DMRB 

light microscope.

2.16.3 Probe preparation and dénaturation.

The complete second round DOP-PCR product was precipitated with 1/10th volume 3M 

NaAc pH5.2 and 2.5 volumes 100% ethanol. This mixture was chilled at -70°C for 30 

minutes after which it was spun at MOOOrpm for 25 minutes. The ethanol supernatant 

was discarded and the pellet washed in 70% ethanol, dried under vacuum and 

resuspended in 30pl dH20. lOpl sonicated salmon sperm DNA (lOmg/ml) and 80pl Cot- 

1 DNA (1 mg/ml, Gibco) were added and the solution precipitated as before, washed 

with 70% ethanol, dried under vacuum and resuspended in 18pl FISH hybridisation
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solution. For each hybridisation experiment 6p,l of probe in hybridisation solution was 

denatured by heating to 95°C for 5 minutes, placing on ice for 5 minutes and incubating 

at 37°C for at least 30 minutes. The probe was now ready to use for hybridisation to the 

metaphase chromosome spreads.

The Chromosome 1 Biotin-labelled centromeric probe (Oncor: Chrla satellite 

D1Z5) was prepared according to the manufacturer's instructions: after pre-warming at 

37°C for 5 minutes, gently vortexing and centrifuging for 2-3 seconds, a l|il aliquot of 

probe was combined with 20pl Hybrisol VI (65% formamide in 2x SSC). This aliquot 

was denatured for 5 minutes at 37°C and placed on ice until ready to use.

2.16.4 Slide preparation and chromosome dénaturation.

Slides were taken out of the 70% ethanol in which they were stored at -20 °C, and 

allowed to air dry. After washing in 2x SSC, with shaking at room temperature, the 

slides were treated with RNaseA (lOpg/ml in 2x SSC) by pipetting ISOpl on to the 

slide, covering with a cover slip and incubating in a humidifying chamber at 37°C for 1.5 

hours. The slides were prewarmed in a 70° C oven for 5 minutes and transferred to a 

Coplin jar full of Denaturing solution, also prewarmed to 70°C. After 3.5 minutes the 

slides were immediately placed in -20 °C 70% ethanol for 3 minutes, -20 °C 90% ethanol 

for 3 minutes and -20 °C 100% ethanol for 3 minutes. Finally the slides were left to air 

dry.

2.16.5 Hybridisation.

6pl probe in hybridisation solution or 21 pi centrimeric probe in Hybrisol VI solution was

77



added to the denatured metaphase chromosome spreads. This was done by pipetting the 

probe mixtures onto an 18 x 18 mm coverslip, inverting the coverslip and placing it on 

top of the slide. After sealing around the edges of the coverslip with rubber cement 

(Marabou) the slides were placed into a humidifying chamber at 37°C overnight.

2.16.6 Detection.

Slides were taken out of the humidifying chamber, the rubber cement was carefully 

removed using forceps, and they were then placed in a Coplin jar containing 50% 

formamide in 2x SSC pH7.0 prewarmed to 45°C. Slides were washed 3x in this 

solution, each wash lasting 5 minutes and carried out in a new Coplin jar with fresh 

solution. In the same way the slides were washed in 0.1 x SSC, 3x5 minutes at 60°C. 

Slides were now blocked by adding 200pl Blocking solution directly to the slide, 

covering with a coverslip and incubating for 30 minutes at 37°C in a humidifying 

chamber. Finally slides were washed in 4x SSC/0.1% Tween for 3x 5 minutes at 45 °C.

For Biotin Labelled Probes - 50pl Blocking solution containing 0.5|il Avidin-FITC 

(Fluorescine isothiocyanate) (Sigma) was added directly to the slide, covered with a 

coverslip and incubated at 37°C for 1.5 hours in a humidifying chamber. After washing 

in 4x SSC/0.1% Tween, 3x 5 minutes at 45®C, 50pl Blocking solution containing 0.5pl 

Biotinylated Anti-Avidin D (BAAD) (0.5mg/ml, Vector) was added to the slide, sealed 

with a coverslip and incubated for 1 hour at 37°C. Finally, after re-washing as before, 

another 50pl Avidin-FITC was added and this time incubated for 45 minutes at 37°C.

For Digoxigenin Labelled Probes - 50pl of 1:175 dilution of Anti-Digoxigenin mouse
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monoclonal antibody (0.1 mg/ml, Boehringer Manheim) in Blocking solution was added 

to the slide, sealed with a coverslip and incubated for 1.5 hours at 37®C in a humidifying 

chamber. Slides were washed as for Biotin labelled probes and then 50pl of a 1:250 

dilution of CySTM rabbit anti-mouse antibody (l .Smg/ml, Jackson ImmunoResearch 

Laboratories, Inc.) was added and covered with a coverslip. After washing as before, 

50pl of a 1:250 dilution of CyBTM goat anti-rabbit antibody (1.5mg/ml, Jackson 

ImmunoResearch Laboratories, Inc.) was added, sealed and incubated for 45 minutes.

Both Biotin and Digoxigenin slides were now washed as before. Chromosomes were 

counterstained with Ipg/ml 4,6-diamidino-2-phenylindole-dihydrochloride (DAPI) 

(Oncor) or 0.2pg/ml propidium iodide (Oncor), mounted in fluorescence antifade buffer 

(Img P-phenylendiamine in 1ml glycerine buffer, pH8).

2.16.7 Fluorescence microscopy.

Fluorescence in sit hybridisations were viewed using a Leica DMRB microscope. The 

Leica A filter block was used for viewing DAPI stained chromosomes (excitation 340- 

380nm), the Leica B/G/R filter block was used for viewing DAPI, FITC and Cy3 stain 

(excitation 400-420nm). Leica PL Flourtar IQx 10.30 PHI and lOOx 1.3-1.60 oil 

objectives were used. All pictures were taken using Scotch chrome ASA 640 film on a 

Leitz Orthomat system.
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CHAPTER THREE - GENETIC ANALYSIS OF THE DESMOCOLLIN GENE 
LOCUS.

3.1 Screening the YAC library.

The introduction of yeast artificial chromosomes (YACs) as cloning vectors has 

significantly advanced the analysis of complex genomes. The use of YACs has 

accelerated the construction of physical maps and contig building of the human and other 

genomes. The main advantage of YACs over prokaryotic based cloning systems are their 

large insert capacity (100-2000kb), ability to maintain sequences that are unstable or not 

well represented in bacteriophages or cosmid genomic libraries and the fact that the host 

for the YAC cloning system has a well understood recombination system which can be 

used to manipulate cloned sequences. Therefore, YACs complement existing cloning 

vectors (cosmids, bacteriophages) and new vectors (PI-bacteriophage, PI; bacterial 

artificial chromosomes, BACs; PI-derived artificial chromosomes, PACs). (For a review 

see Monaco and Larin, 1994).

In this work, YAC clones were isolated fi'om the ICI library (Anand et a/., 1990) 

available through the Human Genome Mapping Project of the MRC. The library was 

constructed fi'om EcoR\ partially digested human lymphoblastoid (48, XXXX) cell line 

DNA. This DNA was ligated into the YAC cloning vector pYAC4 (Burke et al.  ̂ 1987) 

(Figure 3.1) and the resulting constructs maintained in the Saccharomyces cerevisiae 

strain AB1380 as 35,000 individual clones. The average YAC size is approximately 

350kb representing a >3.5 times coverage of the human genome. In addition the library 

has less than 10% chimaeras.

The library is stored at -70 ®C as gridded filters impregnated with 20% glycerol
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Figure 3.1 The pYAC4 vector used for the construction of the YAC libraries.

When restricted vAihBæriHl and E’coRI, three fragments are produced. The two larger 

fragments form the left and right YAC arms since they have ends which can be 

recognized by S. cerevisiae and converted in vivo into functional telomeres by the 

addition of simple sequences. The third fragment, which contains the his3 gene, is a 

1.8kb "stuffer" fragment which does not participate in the cloning. The 6kb (left) arm 

contains and CEN4 sequences for maintenance of the artificial chromosome as a 

linear molecule in yeast, as well as a marker gene trpl which can be used for positive 

selection. The 3.4kb (right) arm has the uraS gene which can also be used for positive 

selection. Finally the Ec6R\ cloning site is within the sup4 gene. The gene product of 

sup4 is a mutant tRNA which suppresses the ochre (nonsense) mutation in the ade2 

gene. When a DNA fragment is cloned within the sup4 gene, this suppression is 

eliminated. Therefore, in an ade2-ochre host, adenine metabolism is interupted, 

resulting in the accumulation of a red pre-metabolite (phosphoribosyl-aminoimidazole) 

providing most recombinant clones with their diagnostic red colour.
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and as glycerol suspensions of individual clones in microtitre plates (Figure 3.2). It is 

also available as agarose plugs (primary and secondary pools, corresponding to master 

plate and microtitre plate with filter screening), cell suspensions (tertiary pools, 

corresponding to rows and columns) and agarose plugs (quaternary pools, 

corresponding to individual YACs) which could all be screened by PCR analysis.

Pairs of primers derived fi'om the DSC and DSG cDNA clones, which were used 

for screening the ICI library, are shown in Table 3.1. This led to the isolation of 4 

individual YACs. In addition 4 YAC clones fi'om the ICRF library (Larin et a/., 1991) 

were kindly provided by Dr J Amemann (Universitatsklinik, Frankfurt); these had been 

isolated by hybridisation with DSC and DSG cDNA clones (Table 3.1) (Simrak et 

a/., 1995).

3.2 Analysis of the YAC clones.

3.2.1 PCR analysis of the YAC clones.

In addition, to the screenings already mentioned, other genes and STS's (Sequence 

Tagged Sites) were analysed for their presence on the YACs isolated above. The 

following primers were used for this screening: Ttr was screened by PCR with primers 

TTR. PCR4.I and TTR. PCR4.2, D18S36 with primers MSI56-I and MS 156-2, 

D18S49 with primers 898 and 939, D18S520 with primers UF1242 and UF1243 and 

D18S521 with primers UF1244 and UF1245 (Francke etal., 1994 and Genome Data 

Base, John Hopkins University).These genes and STS's were chosen as they had been 

shown to be clustered around DSG2 and DSG3 on a radiation hybrid map of human 

chromosome 18 (Francke et al., 1994). In addition it was noticed that a YAC Y138,
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Figure 3.2 Arrangement of the ICI YAC library.

The clones were primarily arranged as 40 master plates corresponding to a glycerol 

stock in a microtitre plate. The 9 microtitre plate positions on each master grid were 

labelled as to which individual microtitre plate it came from. Microtitre plates were 

numbered as rows A-H and columns 1-12 and therefore once any positive clone was 

identified it could be numbered (e.g. Master 10, Microtitre D, Row F and Column 6 = 

10D-F6).
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Table 3.1 Summary of probes and primer pairs used to screen the YAC Libraries.

All Primers used for PCR are from the 3' end of the desmosomal cadherin genes. PCR 

was carried out as in section 2.10 using 5pl of melted (65 °C for 5 minutes) agarose plug 

(primary and secondary pools), 5 pi cell suspension (tertiary pools) and a single colony 

(made up to 5pi with dHjO) (quaternary pools), all in a total volume of 50pl.
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Gene

EMBL 

sequence no.

ICI

YAC

Library

ICRF YAC 

Library

Primer Pair for PCR Position bp Clone for 

Hybridisation

Position Reference

DSCl X72925 JA14I/JAI42 3' 2548-3455

DSC2 X56807 RSB1I6/II7 3' 2621-2949

DSC3 X83929 RSB176/177 3' 2536-2925

DSGl X56654 JA70/7I 3' 2532-3220 pDGIex Full Length Wheeler (1991a and b)

DSG2 Z26317 JAI3I/I33 3' 1037-I52I pJA77T2 5' Amemaim (1993)

DSG3 M76482 JA134/I35 3' 2975-3271 pJA90T3 3' Amemann (1993)

pJA72T4 5'



isolated by Chang et al, (1994) contained D18S520 and D18S521 and this YAC (a kind 

gift of J. Giacalone, Stanford University, California) was included in the analysis. Results 

of STS screening along with DSC/DSG PCR/hybridisation screening results are shown 

in Table 3.2.

The results of PCR analysis on all 9 YACs showed that there were no clones that 

carried DSGl and DSG2 in the absence of DSG3. On the contrary, clones that carried 

only DSGl and DSG3 or only DSG2 and DSG3 were obtained. The absence of Ttr and 

D18S36 in F1/3, 38A-H2 and Y138, which between them contain a mixture of DSGl, 

DSG2, DSG3 and D18S521, place Ttr and D18S36 distal to the markers present on 

these YACs . The presence of D18S521 in these YACs indicate that this STS is distal 

to Ttr and D18S36. This therefore provides a linear order of (Ttr-DSG2-S36)-DSG3- 

DSG1-S521 where the order of (Ttr- DSG2-S36) relative to each other is unknown. It 

should also be noted that the order of Ttr with respect to DSG3 and D18S521 differs 

from that reported by radiation hybrid mapping (Francke et a l, 1994).YACs Fl/3, F2/8, 

F3/14, 9G-C3, 36B-G3 and 38A-H2 were negative for DSCl, DSC2 and DSC3. The 

presence of DSCl and D18S520 in 14E-B5 and F6, which both lack D18S521, indicate 

that it is correctly positioned distal to D18S521. Unfortunately the gene order of the 

DSC genes relative to each other and relative to D18S521 could not be determined, as 

the YACs isolated either contained just one DSC gene or all three, not two together as 

in the case of the DSG containing YACs. Hence the overall order of genes and STSs is:

(Ttr-DSG2-D18S36)-DSG3-DSGl-D18S521-(D18S520-DSCl-DSC2-DSC3) 

However this order does not take into account that these YACs could be chimaeric. This 

is discussed in section 3.4.
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Table 3.2 Summary of genes and STSs on YAC clones carrying the DSC and DSG 

genes.

PCR on STSs was perfomed (section 2.10) on YAC liquid DNA (section 2.13.4).
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Clone Type Library Ttr
3'

DSG2 S36
3"

DSG3
3'

DSG1 S521
3'

DSC1 520
3'

DSC2
3'

DSC3

0629-2E PI DMPC-HFF#1 — - - — - - - © © -

14E-B5 YAC ICI - - - - - - © © © ©

F6 YAC ICRF - - - - - - © © © ©

Y138 YAC FRANCKE - - - - - © © © - -

38A-H2 YAC ICI - - - © © © - - - -

F2 YAC ICRF © © © © © ©
- - - -

F1 YAC ICRF - - - © © © - - - -

9G-C3 YAC ICI © © © © © - - - - -

36B-G3 YAC ICI © © © © - - - - - -

F3 YAC ICRF © © © © - - - - - -



3.2.2 Size of genomic insert in the YAC clones.

In order to determine the size of the genomic insert cloned into each YAC clone, high 

molecular weight yeast DNA was prepared from each YAC clone (materials and 

methods 2.13). This high molecular weight DNA, which contained both the YAC along 

with whole yeast chromosomes, was separated by electrophoresis on a pulsed field gel 

alongside yeast chromosome markers. The YAC clone was identified as the band present 

in the high molecular weight lane but not present in the yeast chromosome marker lane. 

To confirm that this was in fact the case the PFG was Southern blotted and the resultant 

blot probed with the pYAC4 vector, which had been previously linearized with EcoK\ . 

From Figure 3.3 it can be seen that each DNA preparation contains one extra band in 

addition to the yeast chromosomes. This corresponds to a single YAC clone and 

indicates that only one YAC is present in each clone. In the case of YAC 38A-H2 the 

YAC can not be visualised until the pulsed field gel has been Southern blotted because 

in this case the YAC is the same size as one of the yeast chromosomes.

3.2.3 Confirmation of YAC overlap by y4/ii-PCR.

In order to confirm the overlap between the YACs, ^/w-PCR (section 2.11) was 

performed on each YAC (Nelson et a l, 1989). Alu repeats are the most common 

repeats found in the human genome (accounting for about 5% of human DNA) and get 

their name from the fact that they contain Alu\ restriction endonuclease sites. Hence by 

performing PCR on the genomic insert of each YAC with primers that hybridise to these 

repeats (JA206 / JA207), a series of discrete bands can be seen on an agarose gel when 

the PCR amplification products are separated by electrophoresis. The discrete bands act 

as a 'finger-print' or PCR karyotype being specific for the Alu repeat content of the 

genomic DNA being amplified. Thus by comparing the bands produced one can visualise
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Figure 3.3 Pulsed field gel and Southern blot of YAC clones.

Lane M, Yeast Chromosome markers (New England Biolabs); Lane A, YAC clone 9G- 

C3, 275kb; Lane B, YAC clone 14E-B5, 330kb; Lane C, YAC clone 36B-G3, 330kb; 

Lane D, YAC clone 38A-H2, 375kb; Lane E, YAC clone Y138, 214kb. The gel (1%) 

was made with 0.5X TBE buffer and electrophoresis performed with an initial switching 

time of 6.8 seconds to a final switching time of 44.7 seconds (linear ramping) at 200 

volts for 28 hours. Finally the gel was Southern blotted for 24 hours and then probed 

with Ipg of EcoRI digested pYAC4.
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the overlap between the YAC clones. For example from Figure 3.4 it can be seen that 

lanes B, E and G contain similar sized bands suggesting that these YAC clones may 

overlap.

3.3. Long range mapping.

The ability to place genes on the genetic map obviously has important implications in 

medicine. Traditionally genetic linkage and cytogenetic methods have been used to map 

genes with a resolution in the order of megabases. The linkage maps relate to the 

apparent distance between genes or other markers relative to the frequency of genetic 

events such as recombination. The advent of pulsed field gel electrophoresis has enabled 

large regions of genomic DNA to be physically mapped and analysed. By contrast these 

physical maps represent the actual structure of DNA, its range as well as resolution 

adjustable within wide limits by choosing the appropriate rare cutting restriction sites 

and electrophoretic conditions.

Physical mapping of YACs is achieved by digesting the DNA with restriction 

enzymes, detecting specific fragments with defined probes and then constructing a 

restriction map. Construction of such physical maps relies on an adequate supply of 

markers combined with rare cutter sites spaced conveniently in the region of interest.

High molecular weight yeast DNA was prepared in blocks using the lithium 

dodecyl sulphate method (materials and methods 2.13). Digestion of YAC DNA in 

agarose blocks was carried out using restriction enzymes (New England Biolabs) 

(materials and methods 2.15) before fractionation by pulsed field gel electrophoresis. 

After ethidium bromide staining the gel was Southern blotted under alkali conditions.
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Figure 3.4 y4/ii-PCR of YAC clones.

Lane M, Ikb X ladder (Gibco BRL); Lane A, YAC clone Fl; Lane B, YAC clone F2; 

Lane C, YAC clone F3; Lane D, YAC clone F6; Lane E, YAC clone 9G-C3; Lane F, 

YAC clone 14B-B5; Lane G, YAC clone 36B-G3; Lane H, YAC clone 38A-H2. 

Discrete bands, ranging between approximately Ikb and 50bp, could be seen after 

separation of ̂ /m-PCR products on a 3% Metaphor agarose gel (FMC). The presence 

of bands with the same mobility in different lanes confirms the overlap between 

individual YAC clones.
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Filters were sequentially hybridised with a 1.4kb PvuH-SatV fragment of pBR322 which 

hybridises to the right arm of the YAC cloning vector pYAC4, with a 0.3 5kb C/al- 

BæriHi fragment of pBR322, which hybridises to the left arm, with DSG probes (Table 

3.1) and with DSC probes (Table 3.3).

3.3.1 DSC gene order and direction of transcription.

Great difficulty was had in obtaining Southern blot data on human genomic DNA hence 

our analysis was based solely on YAC 14E-B5. As a result of this it is possible that 

deletions and rearrangements could go undetected. YAC Y138 was therefore obtained 

as the reported end sequences of this YAC, STSs S520 and S521, were present on 14E- 

B5 and 38A-H2 (section 3.1). YAC 14E-B5 was chosen as it is the only YAC that 

contains all 3 DSC genes (Table 3.2) without being chimaeric as demonstrated hy Alu- 

PCR (see Figure 3.11). This YAC was digested with a selection of rare cutting 

restriction enzymes, blotted and probed sequentially with the left and right YAC arms 

and the DSC probes shown in Table 3.3. The results of Southern blotting are shown in 

Figure 3.5. Thus the right YAC arm and the 3' DSCl probe hybridise to a 49kb fragment 

using enzymes Sacil, Eagl, M lu\ BssHR and Ah/I. and Eagl sites have

previously been located close to the site of transcription initiation of DSC2 (M. D. 

Marsden, personal communication), and probably represent the same site as those 

detected by Southern blotting. The clustering of these restriction sites probably indicates 

the presence of a CpG island 5' of the DSC2 gene. The 5' DSCl probe did not hybridise 

to any of the fragments on the Southern blot suggesting that 14E-B5 contains only part 

of the DSCl gene. In contrast the left arm, along with 5' and 3' DSC2 and S' and 3' 

DSC3 probes hybridised to a 248kb .fi^^HII fragment and a 263kb Nrul fragment, thus 

defining the order as RA-DSC1 -(DSC2-DSC3)-LA. A S' Sail genomic probe of DSC2
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Table 3.3 Summary of hybridisation probes used to analyse the DSC locus.
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cDNA EMBL sequence no. cDNA 5' probe bp cDNA 3' probe bp

DSCl X72925 EcoRL-Hindm

pIKl

1-304 Ec6Pl-HindSi 

pJA87T3

1484-3574

DSC2 X56807 Pst\-Xba\

pMDM3

1-948 fjfl-IEcoRI

p5B3

2499-3061

DSC3 X83929 Pst\-Pst\

p K l l l

205-675 ^a/wHJ-Zf/ndin

pIK-Un

2713-3291



Figure 3.5 Southern blots for restriction mapping of YAC 14E-B5.

YAC DNA as agarose plugs (section 2.13.3) was digested with rare cutting restriction 

enzymes (section 2.15.1) and separated on a 1% agarose pulsed field gel. Gel settings 

were: an initial switching time of 0.5 seconds to a final switching time of 30.8 seconds 

(linear ramping) at 200 volts for 20.2 hours at 14°C. Both MidRange PFG Marker II 

and LowRange PFG Marker (New England Biolabs) markers were used. Restriction 

enzymes used are: S, SacH\ N, Nrul\ E, Eagl', Nt, Notl and B, Bfa^HII. Hybridisation 

probes used (from Table3.3) are indicated under each Southern blot.
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previously obtained from a phage X genomic library (M. D. Marsden, personal 

communication), when used as a probe, again gave the same 49kb SacU, Mlul, 555HII 

màNrul fragments as the DSCl probe, whereas a 5' DSC2 cDNA probe recognised a 

32kb M M  fragment and a 3' DSC3 cDNA probe and the left arm probe gave a 273kb 

fragment. Thus the order of transcription must be 5 -DSCl-3-5-DSC2-3', with m M lul 

site internal to the DSC2 gene. Both 5' and 3' DSC3 probes and the left arm probe 

recognised a 200kb SacH fragment, making DSC3 the desmocollin gene closest to the 

left arm. DSC3 5' and 3' probes recognise a 74kb Eagl fragment whereas the left arm 

recognised a 85kb fragment, suggesting that there is another 4 Ikb fragment for which 

we do not at present have probes. YAC Y138 carried the whole of DSCl but none of 

the other DSC genes. YAC 38A-H2 on the other hand carries the DSGl gene and the 

S' end of DSG3. As both Y138 and 38A-H2 are linked by S520 and S521 DSCl must 

be the desmocollin nearest to the DSG genes.

3.3.1.1 Screening and analysis of PI clone to determine the order of DSC2 and 

DSC3.

From the Southern blot data obtained with 14E-B5 we were unable to determine the 

order of transcription of DSC3 with respect to the other desmocollins as both S' and 3' 

probes hybridised to the same fragments. We therefore obtained a PI clone using a 

primer pair to DSC2. The Du Pont Merck human foreskin fibroblast PI library #1, 

constructed using the pADlO^acBII positive selection cloning vector (Figure 3.6), was 

custom screened with the DSC2 primers RSBl 16 and RSBl 17 by Genome Systems Inc. 

to obtain PI clone 0629-2E. DNA was made from this clone (materials and methods 

2.14), separated by electrophoresis on a pulsed field gel. Southern blotted and probed 

with pAD&fclOnB (see figure 3.7). This clone, which was 97kb in size, was shown by
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Figure 3.6 PI positive selection cloning vector pADlO^ocBll.

The bacteriophage PI library had been constructed by ScaVBaniHi digesting the 30kb 

linear arms of the PI cloning vector pADlO^ûrcBII and ligating them onto size 

fractionated Sau3A partially digested human genomic DNA. These molecules were then 

packaged into a PI head and subsequently transfected into a cre^ containing Kcoli host. 

Recombination then takes place at the LoxP sites, present on the vector, courtesy of the 

host Cre recombinase. The resulting circular plasmid of 16.5kb, if it contains a genomic 

insert of between 75-lOOkb, can be transfected into a cre' containing Kcoli host.
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Figure 3.7 Pulsed field gel and Southern blot of 0629-2E.

Lane MM, Mid range molecular weight markers (New England Biolabs); Lane LM, Low 

range molecular weight markers (New England Biolabs); Lane P, PI clone 0629-2E, 

after digestion with restriction enzymes Notl and Sfil. The insert size for 0629-2E was 

calculated from the pulse field gel, as being 97kb. The top band on the pulsed field gel 

corresponds to nicked vector plus insert, the middle band to insert and the bottom band 

to vector only. The gel (1%) was made with 0.5x TBE and electrophoresis performed 

with an initial switching time of 0.5 seconds to a final switching time of 30.8 seconds 

(linear ramping) at 200 volts for 20.2 hours. Finally the gel was Southern blotted for 24 

hours and then probed with the 5-DSC3 probe (Table 3.3).
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PCR to contain the 3' end of DSC2 including intron 2 (primers RSB37/RSB38, bp 142- 

230, EMBL X56807), but was negative with the primers MDM23/ JA116 (bp -57, 

EMBL X56807) which are 5' of intron 1, and contained the 5' end of DSC3 spanning 

intron 2 (primers RSB255/RSB256, bp 104-230, EMBL X 83929), but lacked the 3' end 

at the end of the coding sequence (primers RSB176/RSB177). It therefore contains the 

3' end of DSC2 and the 5’ end of DSC3. Thus the gene order of transcription must be 

5'-DSC2-3'-5'-DSC3-3'.

Combining the results from above the overall order of the DSC genes on YAC 

14E-B5 is RA-5'-DSCl-3'-5'-DSC2-3’~5'-DSC3-3'-LA. Figure 3.8 shows the 

organisation of the DSC genes on 14E-B5 and 0629-2E.

3.3.2 Joining the DSC and DSG gene cluster.

From hybridisation analysis (section 3.1) it was shown that YAC 38A-H2 carries the 5' 

end ofDSG3 and the whole of DSGl. PCR analysis showed that it did not contain the 

3' end of DSCl (section 3.1) but on further analysis with primers RSB277/RSB278 (see 

Vectorette analysis of 14E-B5, section 3.4) it was shown to contain the 5' end of DSCl. 

It therefore has the whole intervening region between the DSC and DSG gene clusters. 

Restriction enzyme analysis demonstrated that whereas the YAC left arm recognised a 

73kb .Si’i'HII fragment, both the right arm and the DSCl 5' probe both recognised a 

266kb fragment, thus orientating the DSCl gene on the same side as the YAC right arm. 

The complete Southern blot analysis is shown in Figure 3.9. In addition the end 

sequences of 38A-H2 were obtained by Vectorette PCR, confirming the relative order 

of the left and right YAC arms compared to the DSC/DSG gene order and the presence 

of DSG3 at the left arm end and DSCl at the right arm end (Figure 3.12) (see section 

3.4). The derived map of 38A-H2 is shown in Figure 3.10.
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Figure 3.8 Physical maps of YAC clone 14E-B5 and PI clone 0629-2E showing the 

order and direction of transcription of the desmocollin genes.

Restriction enzyme sites are: S, Sacl\ E, Eag\\ M, Mlul\ B, BssHH and N, Narl.
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Figure 3.9 Southern blots for restriction mapping of YAC 38A-H2.

YAC DNA as agarose plugs (section 2.13) was digested with rare cutting restriction 

enzymes (section 2.15) and separated on a 1% agarose pulsed field gel. Gel settings 

were: an initial switching time of 0.5 seconds to a final switching time of 30.8 seconds 

(linear ramping) at 200 volts for 20.2 hours at 14“C. Both MidRange PFG Marker II 

and LowRange PFG Marker (New England Biolabs) markers were used. Restriction 

enzymes used are: C, CM; N, Nar\\ Nt, Notl, Sc, Sad, Ne, N ad, Sm, Smel, M, Mlul, 

S, Sfil, E, Eagl, X, Xhol, 81, Sail, and B, .Bâ HII. Hybridisation probes used (from Table

3.1 for DSG probes and Table 3.3 for DSC probes) are indicated at the side of each 

Southern blot.
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Figure 3.10 Physical map of YAC clone 38A-H2.

Restriction enzyme sites are: N, Narl\ X, Xho\\ Sc, Sacl\ S, Sfi\\ B, 555'HII and E, Eagl.
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3.4 Testing the YAC clones for chimaeras.

When dealing with human YAC clones the most common artefact is the presence of 

noncontiguous DNA segments in the same clone. These may have arisen by co-ligation 

events or recombination events between two YACs introduced into the same cell. It is 

estimated that the fraction of chimaeric YAC clones in certain libraries may approach up 

to 40-60%, hence it is extremely important to check whether any isolated YAC clones 

are chimaeric.

3.4.1 Using /4/M-PCR to detect YAC clones chimaeric for more than one 

chromosome.

This method relies on the hybridisation of the i4/w-PCR product from YAC clones to a 

dot blot containing the Alu-VCK products from monochromosomal or highly reduced 

hybrids representing each of 24 different human chromosomes (materials and methods 

2. 11).

The Alu PCR products from the YAC inserts were precipitated, labelled with 

a^^P-dCTP and hybridised to the dot blot.The dot blot was produced with .4/w-PCR 

amplification products from somatic cell hybrids generously given by Dr Nigel Spurr 

(ICRF) and latterly from the HGMP Resource Centre (Table 3.4). Figure 3.11 shows 

the results of hybridisation, after washing the blots and exposing them to Kodak XAR5 

film for approximately 4 hours. The results illustrate that YACs 9G-C3, 14E-B5, 36B- 

G3, Y138 are nonchimaeric as is evident by hybridisation to the hybrid retaining 

chromosome 18 only. YAC F6 on the other hand is chimaeric with a segment from 

chromosome 18 and another segment from chromosome 8.
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Table 3.4 Monochromosomal somatic cell hybrid DNA panel.

For the specific amplification of human DNA from monochromosomal somatic cell 

hybrids, the PCR was carried out using Ipg of hybrid DNA (shown opposite) and 

0.3pM of each of the Alu primers JA206/JA207 (section 2.11). The amplification 

products were then precipitated and individually dotted onto Hybond N^ membrane to 

produce a dot-blot panel of somatic cell hybrids (section 2.11). 4̂/w -PCR amplification 

products, from YAC DNA (section 2.11), were then hybridised to the blot to check 

YAC clones for chromosomal chimaerism.
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GM07299
GM10826B
GM10253
HHW415
GM10114
MCP6BRA
CL0NE21E
C4A
GM10611
762-8a
JICL4
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289
GM10479
HORLI
2806H7
PCTBAl.8
DL18TS
GM10612
GM10478
THYBl.3
PgME2 5NU
H0RL9X
853

UK HGMP RESOURCE CENTRE - MONOCHROMOSOMAL SOMATIC CELL HYBRID DNA PANEL

C H R O M O S O M E

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y REFERENCE
+ _ — — — — — — — — — — — — — — — — — — — — + — NIGMS

NIGMS
NIGMS
Carlock et al, 1986 
NIGMS

- Goodfellow et al, 1982
- Croce and Koprowski, 1974 

Heisterkamp et al, 1982
- NIGMS
+ Fisher et al, 1987
- Kao et al, 1976
- Zhong et al, 1991 

Zhong et al, 1991
— — — — — — — — — — — “ — + — / — — — — — NIGMS

- Heisterkamp et al, 1982 
Mulley and Callen, 1986

- Bai et al, 1982 
Markie et al, 1992 
NIGMS

+ - NIGMS
Goodfellow et al, 1980 
de Klein et al, 1982 
Heisterkamp et al, 1982

+ Spurr et al, 1987

+ indicates presence 
- indicates absence
/ indicates chromosome translocation, extra chromosomes or other modifications

HYBRID

GM07299
MCP6BRA
C4a
762-8a
laA9602+ve
289
GM10479 
HORLI 
GM10478 
GM10612 
PGME2 5NU

1 and X
Xqter-Xql3:6p21-6qter 
8 and fragment of 22 
10 and Y 
12, 21 and X
13 plus fragments of 8, 11 and 12
14 plus part of 16 (probably 16pl3.1-I6q22.1)
15, llq, part of Xp and proximal Xq
20, 4 (part), 8 (part), 22q and X
9p stronger than 9q, only 10% of cells with whole 9 
22, part of Xp



Figure 3.11 Screening of monochromosomal somatic cell hybrid DNA panel with 

Alu-VCR amplification products from YAC clones.

^/w-PCR amplification products fi'om YAC clones were hybridised to a panel of Alu- 

PCR amplification products fi’om somatic cell hybrids that had been dotted onto Hybond 

membrane. The autoradiographs from the somatic cell hybrid panels, after 

hybridisation, are shown. The figures in the comers of each square of the grid, 

superimposed over the autoradiograph, relate to the chromosome content of that 

somatic cell hybrid. A, 9G-C3; B, 14E-B5; C, 36B-G3; D, 38A-H2; E, Y138 and F, F6.
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3.4.2 Vectorette PCR on YAC ends.

Vectorette PCR was used to isolate both ends of a YAC clone. This was done for three 

main reasons: (i) in sequencing these ends one would be able to design pairs of primers 

to these sequences. These primers would then create STSs defining this region of the 

genome; (ii) these STSs could then be checked to see if they hybridised back to any of 

the other isolated YACs. This would indicate overlap between contiguous YACs and 

this in turn would confirm that the ends of the YAC were not chimaeric; (iii) finally the 

polarity of each YAC with respect to the other YACs could be determined. This would 

be useful for YAC breeding experiments. Combining the above one would then be able 

to define a complete contig for all the YACs isolated.

£coRI, Pvull and Rsal Vectorette libraries made from the YACs were prepared 

as described (materials and methods 2.12.1) using Vectorette units (Genosys 

Biotechnologies). Vectorette PCR was performed using a YAC-specific primer, either 

RSB158 for the right arm or RSB157 for the left arm, together with the supplied 

Vectorette primer (Genosys Biotechnologies). After PCR, amplification products were 

digested withEcoRI to confirm the presence of the correctly sized YAC arm fi-agment, 

172bp for the right arm and 287bp for the left arm. Following Qiaex purification of the 

Vectorette PCR product, it was cloned by TA cloning into either pMOSB/z/e 

(Amersham) or pCRQ (Invitrogen). Ends were sequenced with either standard universal 

and reverse primers or YAC arm primers RSB243 (left arm) or RSB254 (right arm).

After cloning and sequencing, primer pairs and probes were derived (see Table 

3.5). The primer pair of the right arm of 14B-B5, RSB277/RSB278, were shown to 

amplify the correctly sized fragment with DNA from YACs Y138 and 38A-H2, thus 

making it highly unlikely that 14E-B5 was chimaeric. These results also proved that 

38A-H2 linked the desmocoUin and desmoglein gene clusters. Originally it was thought
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Table 3.5 Primer pairs (STSs) derived from the sequences of the Vectorette PCR 

products from YAC ends.

The primer pairs at the top are nearest the DSC gene cluster and are ordered down the 

table in linear order. Likewise the primer pairs are given with primer 1 being on the left 

hand side. Primer pairs were not designed for the ends of 38A-H2 as these ends were 

present in cDNA of desmosomal cadherin genes (see Figure 3.12)

105



YAC YAC End Vectorette

Library

STS Primer 1 Sequence Primer 2 Sequence Product

(bp)

14E-B5 Left Rsal LAV14 RSB258 GCCAGTAGTCATTTCCC RSB267 ACTTCTGCTGATTTCGG 117

Y138 Left Pvull LAV138 RSB281 TTCATAGGTTGGAGCAG RSB282 GCCCTAGACCAGGACAG 285

38A-H2 Right Rsa\ RAV38

14E-B5 Right Rsal RAVI 4 RSB278 TGTATCAATTAGCTGCC RSB277 CTGTTGGGTATTAGCTT 264

Y138 Right EcoRV RAV138 RSB283 AGATGGAGTCTTGCTCT RSB284 GATCTGGTCAGATGCTT -595

38A-H2 Left Pvull LAV38 RSB319 ACAATCTATCAAGGGAG RSB318 GTATCATCACCAGTGAG 296



that 38A-H2 and Y138 together spanned the clusters as 38A-H2 gave a positive result 

when screened with DSGl primers but a negative result when screened with DSCl 

primers (section 3.1). However these primers are at the 3' end of DSCl and 38A-H2 

obviously contains a more 5' region of DSCl (section 3.2). YAC 38A-H2 therefore joins 

the desmocoUin gene cluster to the previously described desmoglein cluster, with Y138 

overlapping both 38A-H2 and 14E-B5. Similarly, a primer pair from the left arm 

Vectorette product of 14E-B5, RSB258/ RSB267, were derived. These primers could 

not be used on the other YACs, as the right arm primers were, as the left end of 14E- 

B5 is at the extreme end of one end of the overall YAC contig and hence does not 

overlap with any of the other isolated YACs. Therefore in this case we used 

RSB258/RSB267 for PCR with YACs in the Centre d' Etude du Polymorphisme 

Humaine (CEPH) YAC library (see section 3.5). CEPH YACs 766-F9, 746-A9 and 760- 

F6 were positive with the primers from the left arm of 14E-B5 confirming that this YAC 

is not chimaeric, ie. DNA is amplified from CEPH YACs in the 18ql2.1 region.

Similar Vec^rette end products were obtained for the ends of Y138. The STS 

S520, the end sequencé on the left arm of Y138, which was present on 14E-B5, was not 

present on the PI clone 0629-2E, and thus S520 must lie between DSCl and DSC2 or 

within the 5' end of DSC2.

The end sequences of 38A-H2 were also obtained by Vectorette PCR, 

confirming the relative order of the left and right YAC arms compared to the DSC/DSG 

genes. DNA sequence from the left arm were present in the cDNA sequence of DSG3 

and started at position 658bp (Figure 3.12). This confirms the non-chimaeric nature of 

this YAC end and the position of DSG3 at the left end of 38A-H2 as previously deduced 

from hybridisation analysis (section 3.1). Primers derived from the left end were shown 

to amplify the correctly sized fragments with DNA from YAC 9G-C3 and primers from
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Figure 3.12 DNA sequences at the right and left arms of YAC 38A-H2 obtained 

using Vectorette PCR.

A, The right arm of 38A-H2. The translated sequence is from exon 15 of DSCl and the 

underlined sequence is from intron 15 to the E’coRI site cloned into the pYAC4 vector. 

The basepair numbers refer to the positions in the published cDNA sequence of human 

DSCl (EMBL:X72925).

B, The left arm of 38A-H2.The translated sequence is from the cDNA sequence of 

DSG3 and the underlined sequence is from an intron. The EcoRI site cloned into the 

pYAC4 vector is in the cDNA sequence. The bp numbers over the sequence refer to the 

positions in the published cDNA sequence of human DSG3 (EMBL: M6482).

107



2 7 0 9  . . . 2 7 4 9
V e c t o r e t t e  e n d  l  ACACGGACTGGCAGAGTTTCACCCAACCTCGGCTTGGCGAAGTAAGTTCCACTGTCTTTG
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6 1  AGGTCATATTACATGGAAATTAAATGCTAGTTATAAATCAGAATTTCCCAAAAGTTTTAC

1 2 1  TCCTCATATACCTGGAATTC pYAC4 e n d



B
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6 0 1  .
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. 6 5 8
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the right arm end, which started within intron 15 of DSCl and included the end of exon 

15 (Figure 3.12), amplified DNA from 14E-B5 and Y138 thus confirming that 38A-H2 

does indeed link the DSC and DSG gene clusters. The end sequences of 14E-B5 and 

Y138 were not in any of the DSC/DSG exons. Table 3.5 shows all the primer pairs 

derived from the end sequences of the YACs by Vectorette PCR.

Combining the results fi’om Vectorette PCR with those fi’om restriction mapping, 

of the desmocoUin (section 3.2) and desmoglein isoforms (Simrak et a l, 1995), one is 

able to construct an overall contiguous arrangement for the 9 YAC clones and one PI 

clone. This YAC contig joins the DSC locus to the DSG locus, with the whole 

DSC/DSG gene complex occupying no more than 650kb. The genes are arranged in the 

order 3 -DSG2-DSG3-DSG1-5'—5-DSC1-DSC2-DSC3-3' so that the two gene clusters 

are transcribed outwards fi’om the interlocus region (see figure 3.13).

3.4.3 Fluorescence i/i situ hybridisation to check for chimaerism.

Fluorescence in situ hybridisation can be used to detect chimaeric YAC clones by using 

the YAC directly as a probe for hybridisation. Typically probes are produced from YAC 

DNA by performing PCR on the YAC with primers to repetitive sequences found within 

the YAC insert. In this case DOP-PCR (materials and methods 2.16) was performed on 

YAC DNA which had been purified on a pulsed field gel (materials and methods 2.15). 

In the second round of DOP-PCR Biotin-14-dUTP was incorporated into the 

amplification products and these products were then used as probes on previously 

prepared human metaphase chromosome spreads. 30 metaphases, stained with 

propidium iodide, were examined for fluorescence. In each case signals were clearly 

visible as symmetrical dots on both chromatids of chromosome 18 (see Figure 3.14). 

As no other chromosome had any fluorescent signal it suggests that YAC 14E-B5 is not
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Figure 3.13 YAC contig for the DSC and DSG clusters.

The desmocoUin and desmoglein isoforms are clustered separately from each other at 

two distinct gene loci. The desmocollins are present on YAC 14E-B5 while the 

desmogleins are present on YAC 9G-C3 with the genes being arranged on these two 

YACs so that they are transcribed outwards from the interlocus region covered by 38A- 

H2.
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Figure 3.14 FISH with YAC 14E-B5.

Fluorescent signals were clearly visible as symmetrical spots on mitotic chromatids of 

the two chromosome 18. No such signals were detected on any other chromosome 

region.
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chimaeric with any large portions from other chromosomes. However if 14E-B5 is 

chimaeric with a small portion from another chromosome (smaller than the size limit of 

a clone required for FISH) this portion may not be sufficiently large enough to give a 

fluorescent signal by the method of FISH.

3.5 Placing the DSC and DSG genes on the CEPH YACs.

Palmo-plantar keratodoma (PPK) is an inherited disorder of keratinization in man 

characterized by differently shaped thickening of the epidermis on the surface of palms 

and soles. Various distinct phenotypes can be diagnosed. Recently mutations in the 

keratin genes have been identified in PPK; mutations in the keratin 9 gene causing the 

epidermolytic form, and mutations in the keratin 1 gene in a non-epidermolytic form. 

However the striated form of PPK shows no linkage to either the type I keratin gene 

cluster on chromosome 17 or to the type II keratin gene cluster on chromosome 12q. 

A locus has now been mapped for striated PPK to chromosome 18ql2.1 (Hennies et al., 

1995); the same region occupied by the desmosomal cadherins (King et a l, 1993; Geurts 

van Kessel e/a/., 1994; Wang a/., 1994; Simrak a/., 1995.). Since other similar 

skin diseases have been shown to have mutations on chromosomes 12 and 17 in the 

keratin intermediate filaments which link to the desmosomes, this close linkage renders 

the desmosomal cadherins as possible candidate genes for this disease. Hennies et al. 

(1995) reported that the closest linkage to the disease was obtained with the STS 

D18S536 (Z^=3.3 at 0=0.00) which showed complete cosegregation. Likewise 

microsatellites at D18S36 (Z^=2.7 at 9=0.00) and at D18S47 (Z^^= 0.9 at 0=0.00),
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which are located in the same interval, also showed no recombination but were less 

informative. D18S36 has been shown to be present on YACs 9G-C3, 36B-G3, F2 and 

F3 (section 3.1). Therefore these YACs, along with the other YACs isolated earlier in 

this thesis (section 3.1), were screened by PCR for the presence of D18S536 (primer 

pair RSB287/RSB288). If any of the YACs were positive for D18S536 this would 

increase the possibility that the DSC/DSG genes may be candidate genes for PPK; 

however all 9 YACs were shown to be negative for D18S536. They were also negative 

for D18S47 (primer pair RSB297/RSB298).

Ilya et a/.(1995) have described a first generation physical map of the entire 

human genome using a combination of gel fingerprinting of YAC clones by hybridisation 

with human repeat sequences and screening of the Centre dBtude du Polymorphisme 

Humain (CEPH) YAC library with 2000 Genethon STSs (Dib et ah, 1996) enabling the 

genetic and physical maps of the entire human genome to be merged. I have scored some 

of the CEPH YACs (Figure 3.15) for DSC3, DSG2, D18S36 and the left arm end of 

14E-B5 (section 3.4). In addition D18S536 has recently been used to screen the CEPH 

library (Hudson et ah, 1995). The results of both these screening are shovm in Table 3.6. 

As can be seen from table 3.6 none of the CEPH YACs containing D18S536 were 

positive for the DSC/DSG markers. Hence we were unsuccessful in obtaining a YAC 

that physically links the DSC/DSG genes to D18S536. Due to the large size of the 

CEPH YACs (500kb-l,000kb) this implies that the distance between the DSC/DSG 

genes and D18S536 at 18ql2 is quite large. This does not prove that the desmosomal 

cadherins are not the genes implicated in striated PPK however. Detection of mutations 

in any of these genes will be necessary.

From Table 3.6 it can also be noted that primer pairs from the DSC end of our 

YAC contig were positive on YACs from the centromeric end of the CEPH YAC contig
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Figure 3.15 CEPH YAC chromosome 18 contig map.

This figure is taken from Ilya et al. (1995).CEPH YACs from this area of the human 

genome map were chosen for screening analysis as D18S36 has been shown to have 

linkage to D18S56 (Genome Data Base), one of the STSs positive for the YAC contig 

shown in this figure. Each locus is indicated by a white rectangle that indicates its 

chromosome and position (from pter to qter, 0.56 to 0.6 in this case). STSs located at 

this bin are displayed above the rectangles. These STSs are numbered within the bin and 

are displayed in a beige rectangle. The clone stacks displayed under each bin represent 

the anchored YACs (i.e. the YACs that contain at least one STS of the bin). Each YAC 

is represented by a yellow box with a horizontal bar in the middle. The YAC name and 

its size are represented from left to right above the bar. The overlap relationship 

between adjacent YACs is based on ̂ /m-PCR hybridisation and fingerprint data. YACs 

highlighted in red were screened by PCR with primers to STSs and DSC/DSG locus 

markers (see table 3.6).
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Table 3.6 Screening of CEPH YACs with D18S536 and DSC/DSG locus markers.

CEPH YACs were screened, by PCR, with the following primers: Left end of 14E-B5, 

RSB258/RSB267; 3'-DSC3, RSB176/RSB177; 3'-DSG2, JA131/133; D18S36, 

RSB168/RSB169 and D18S536, RSB287/RSB288.The CEPH YACs are listed in the 

table going fi'om one end of the contig to the other (Hudson et al.,\ 995). D 18856 is also 

shown in this table.
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CEPH YAC D18S56 LEFT END 
O F14E-B5 3'-DSC3 D18S36 3'-DSG2 D18S536

766-F9 + + +

746-A9 + + +

760-F6 + + + +

898-C4 + +

773-F1 + +

738-F6 + +

934-B12 + +

820-A9

928-G1

915-A12

937-D10

930-A9 +

952-F11 +

930-C8 +

948-G4 +

745-F3 +

849-C5 +

792-D5 +



(Figure 3.14). In the same way primers used to screen the CEPH library from the DSG 

end of our YAC contig are positive for YACs at the telomeric end of the CEPH contig. 

In addition we also know, from linkage analysis, that the order of these STSs is 

centromere-S56-S36-S536. Thus by combining the results of STS screening on our 

YACs with the results from CEPH YAC screening with DSC/DSG primers we can 

orientate our DSC/DSG YAC contig. Hence the DSC locus is closest to the centromere.
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CHAPTER FOUR - LOOKING FOR NEW DESMOCOLLIN ISOFORMS.

Of the six known desmosomal cadherin isoforms (DSCl *3 and DSGl-3) all of them are 

expressed in epidermis. DSGl, DSG3 and DSC3 are also expressed in certain stratified 

epithelial cells whilst DSC2 and DSG2 are present in all desmosome bearing tissues 

including the heart, brain and kidneys. On the other hand the keratins, as well as being 

present in epidermis (Kl, K2, K5, KIO, K14), non keratinizing epithelia (K4, K13, K15) 

and simple epithelia (K8, K18), also have isoforms expressed in the cornea (K3, K12) 

and in palmar and plantar tissue (K9). In addition hair and nails express eight of their 

own 'hard' keratins. Hence it is feasible that additional desmosomal cadherin isoforms 

may exist especially in the eye and in the palms and soles of the feet. Furthermore a 

desmosomal cadherin, specific for palms and soles, could be the candidate gene for the 

disease striated palmo-plantar keratodoma (PPK) which is characterized by differently 

shaped thickening of the epidermis on the surface of these tissues (see section 3.5).

To determine if any additional desmocoUin isoforms exist, PCR was performed 

(materials and methods 2.10) on human genomic DNA (Boehringer Manheim) using 

primers RSB265 and RSB266. These primers were designed to a region of close 

homology shared by the three DSC isoforms. This region spans the alternatively spliced 

intron of the DSC gene with RSB265 being present within this intron (bp 2546 in human 

DSC2, EMBL X56807) and RSB266 being external to this intron (bp 2765 in EMBL 

X56807). All amplification products were cloned using the pMOSMwg TA cloning kit 

(Amersham) and 15 clones from 10 independent PCRs were sequenced and compared 

to the three known desmocoUin isoforms.

AU 15 sequences belonged to one of the previously known isoforms: 6 sequences 

corresponded to DSCl, 7 to DSC2 and 3 to DSC3. Hence no additional desmocoUin
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isoforms were found. However this does not conclusively prove that no other DSC 

genes exist as any new isoforms may not contain the region to which our primers were 

designed, indeed they may not even be alternatively spliced.
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CHAPTER FIVE - CHROMOSOMAL ASSIGNMENT OF HUMAN 

PLAKOPHILLIN.

Recently a desmosomal component, originally known as 'band 6 protein' (B6P) has been 

cloned, sequenced and shown to contribute to plaque formation. In addition this 

positively charged, non-glycosylated protein binds to purified keratin filaments in vitro. 

Thus B6P may play a role in ordering the intermediate filament networks of adjacent 

epithelial cells. Sequence characteristics define B6P as a novel member of the armadillo 

multigene family (Hatzfeld et a l, 1994 and Heid et al.., 1994). This family is named after 

armadillo, the segment polarity gene product of Drosophila, and is characterized by 

unique repeats of some 45 residues. In Drosophila, armadillo is part of a multiprotein 

complex resembling the vertebrate adherens junction and acts in the wingless signalling 

pathway. Other members of this family are p-catenin, a protein restricted to adhaerens 

junctions, the murine pl20 protein, the human stimulatory GDP/GTP exchange protein 

smgGDS and the yeast nuclear protein Srplp. In addition plakophilin 1 (PKPl), as it is 

now called, as well as having a desmosomal location, has also been shown to occur as 

the predominant state in a soluble form in certain cell types . Other plakophilin proteins 

have also been identified (W. W. Franke, personal communication and M. Hatzfeld 

personal communication).

The human P-catenin gene has been localized to chromosome 3p21-22 (Kraus 

et a i, 1994) and the plakoglobin gene, which was originally shown to map to 

chromosome 7 (Amemann et a l, 1991), has been recently mapped to chromosome 

17q21 (Aberle et a l, 1995). In order to see if plakophilin is linked to plakoglobin the 

chromosomal localization of plakophillin, using PCR analysis of monochromosomal 

somatic cell hybrids and FISH, was determined.
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To map the genes coding for PKPl, DNA primers were designed to amplify 

201bp of the 5' region (RSB186/RSB187 from cDNA sequence EMBL:79293) and used 

to analyse a panel of monochromosomal somatic cell hybrids (Table 3. 4). Figure 5.1 

shows the results of this screening. A strong signal signal was observed with hybrid 

GM07299 containing human chromosomes 1 and X, although hybrid H0R9X 

containing only human chromosome X was negative.

To confirm the location of PKPl on chromosome 1 a genomic clone was 

obtained to perform fluoresence in situ hybridisation (FISH) analysis (Figure 5.2). The 

primers RSB187/RSB187 were used to custom screen the Du Pont Merck human 

fibroblast PI library #1 (Genome Systems, Inc.) and three clones DMPC-HFF#1-0004- 

F9, 1477-D2 and 0137-Al 1 were identified. Clone 1477-D2 was used to perform FISH 

on human metaphase chromosomes. 30 metaphases were examined; all demonstrated 

hybridization to chromosome Iq. Fluorescent signals were clearly visible as symmetrical 

spots on both mitotic chromatids of chromosome 1. No such signals were deteted on any 

other chromosomal region. DAPI staining was used to identify the main heterochromatic 

region of chromosome 1 which starts at the centromere and 'points' down the q arm due 

to its cone-like appearance. Based on these two methods therefore, the gene coding for 

plakophillin 1 resides on chromosome Iq.
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Figure 5.1 Location of the human PK Pl gene by PCR.

PCR was performed (section 2.10) using l(ig of monochromosomal somatic cell hybrid 

DNA (Table 3.4). Lane M, Ikb X ladder marker.
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Figure 5.2. FISH analysis of the human plakophilin 1 (PK Pl) gene.

(a) DAPI staining; (b) the same metaphase after FISH. PKPl-specific signal is indicated 

by the white arrowheads. Human metaphase chromosomes were prepared from whole 

human blood using standard techniques (Vermon and Babu, 1989). The PI clone 1477- 

D2 was labelled by DOP-PCR (Telenius et a/., 1992) with digoxigenin-11-dUTP 

(Boehringer Manheim). Hybridisation and detection were performed as described by 

Lichter and Cramer, (1992). Hybridisation signals were detected using a 1:175 dilution 

of anti-digoxigenin mouse monoclonal antibody (0.1 mg/ml, Boehringer Manheim), a 

1:250 dilution of CySTM rabbit anti-mouse antibody (1.5mg/ml, Jackson 

ImmunoResearch Laboratories, Inc.) and a 1:250 dilution of CySTM goat anti-rabbit 

antibody (1.5mg/ml, Jackson ImmunoResearch Laboratories). DAPI was used for 

counterstaining in an antifade solution (Oncor). (c) A metaphase probed with PI clone 

1447-D2 (as before, white arrows) and a biotin labelled centromeric probe (Oncor: 

Chrla satallite D1Z5) (black arrows) which had been previously prepaired according 

to the manufacturer's instructions. This FISH confirms the presence of human PKPl on 

chromosome 1.
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CHAPTER SIX - DISCUSSION.

6.1 Genetic analysis of the human desmosomal cadherin gene locus.

The desmocollins (DSC) and desmogleins (DSG) code for the adhesive proteins of the 

desmosome type of cell junction, characteristic of epithelial cells but also found in 

cardiac muscle, brain meninges and follicular dendritic cells. On their cytoplasmic side 

desmosomes link to the intermediate filaments, which in kératinocytes are the keratin 

filaments, to form a three-dimensional lattice throughout the cell. The desmocollins and 

desmogleins are members of the cadherin superfamily and are found exclusively in 

desmosomes. They occur as a number of different isoforms (Dscl-3 and Dsgl-3) which 

are expressed with differing spatial and temporal patterns. The stratification-related 

expression of the desmosomal cadherins in skin is reminiscent of the differential 

expression of the keratin genes as differentiation of the epidermis occurs.

All of the desmosomal cadherin genes have been previously positioned on human 

chromosome 18 at region 18ql2.1. I wanted to map the position of the desmosomal 

cadherins, relative to each other, at this region. In order to isolate this locus a YAC 

library was screened for the presence of all six isoforms. I was then able to arrange these 

YACs in a contiguous sequence so that they spanned the complete desmosomal cadherin 

locus. The position of the desmosomal cadherin genes on the YAC clones was then 

mapped to see if the close linkage and order has any implications for expression.

6.1.1 YACs in physical mapping.

Yeast artificial chromosomes have now become a major research tool in both the 

analysis and in the functional characterization of genes. The main advantage of YACs67
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over other cloning systems are their large insert capacity and their ability to maintain 

sequences that are unstable or not well represented in other cloning systems such as 

bacteriophage and cosmid genomic libraries. Furthermore, the host for the YAC cloning 

system is Saccharomyces cerevisiae, a eukaryote with a well understood recombination 

system which can be used to manipulate cloned sequences.

Yeast artificial chromosomes have led the way in mapping complex genomes, 

and large YAC contigs now cover the majority of the human genome (Ilya et al., 1995). 

Their use became widespread, not only because they could accommodate large inserts 

of DNA, so that fewer clones were required to cover a particular genome, but also 

because YAC libraries gave better coverage of the genome than had previously been 

observed with cosmid vectors. YACs have also proved to be an important tool for 

isolating large regions of DNA around the positions of inherited diseases (Collins et al.,

1992).

There are several major problems that need to be taken into consideration when 

working with YAC clones. Many YAC libraries contain a high percentage (40-60%) of 

chimaeiic clones. This may be due to co-ligation of DNA inserts in vitro prior to yeast 

transformation, or to recombination in vivo between two DNA molecules introduced 

into the same yeast cell. A second problem with YACs is that some clones are unstable 

and tend to delete internal regions from their inserts. Both these problems can be 

decreased to some extent, by transferring YAC clones to, or constructing YAC libraries 

in, recombination deficient strains. The third major problem with YAC clones is that the 

15Mb yeast host chromosome background cannot be easily separated fi'om the YACs. 

In contrast with bacterial-based cloning vectors, where it is relatively easy to purify the 

plasmid vector and insert DNA from the bacterial host DNA, YACs have a very similar 

structure to the natural yeast chromosomes.
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In the past few years, several alternative cloning systems based on bacterial host 

systems have been developed (Table 6.1). These systems have several advantages over 

YACs, including a lower frequency of chimaerism, a higher transformation efficiency in 

generating libraries and ease of purifying insert DNA away from the host genome. 

However, the size of insert that can be cloned is smaller compared with YACs. 

Furthermore, they have not been as thoroughly characterised as yet.

A major intermediate goal of the Human Genome Project is to construct a 

complete clone contig map of the DNA of the 24 different types of human chromosome. 

This means relating different DNA clones to define a series of partially overlapping DNA 

molecules covering the entire length of a chromosome. Because of their large inserts, 

YAC clones have been particularly useful in generating such contigs. Overlap between 

YAC clones has been identified using three methods: repetitive DNA fingerprinting, STS 

content mapping and^l/w-PCR probe hybridisation (Cohen et al., 1995). After this, high 

resolution or sequence ready maps could be achieved by cutting and subcloning YAC 

inserts into cosmid vectors. Next a minimally overlapping path of cosmid clones is 

chosen and the DNA from each clone is randomly fragmented into small pieces and 

subcloned into plasmid vectors. Recently however Venter et a/. (1996) have suggested 

an alternative approach using bacterial artificial chromosomes (BAC). In this case it is 

proposed that the BAC clones could be used for the initial contig and then directly 

sequenced.

6.1.2 Order of the genes.

The YAC clones described in this thesis join the three known desmocollin (DSC) genes 

to the previously mapped genes at 18ql2.1, within a region not larger than about 650kb. 

From mapping experiments performed on these YACs the order of all six desmosomal
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Table 6.1 Alternatives to the YAC cloning system.
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Vector Host Structure Insert size

Cosmids E. colt Circular plasmid 35-45 kb

PI clones E. call Circular plasmid 70-100 kb

BACs E. coli Circular plasmid up to 300 kb

FACs E. coli Circular plasmid 100-300 kb

YACs S. cerevisiae Linear chromosome 100-2000 kb

MAGs Mammalian cells Linear chromosome ?> 1000 kb



cadherinisoformsis: centromere-3'-DSC3-DSC2-DSCl-5'—5-DSG1-DSG3-DSG2-3'- 

telomere, so that the two gene clusters are transcribed outwards from the interlocus 

region (see Figure 3.13). These results are based solely on the analysis of YAC clones 

as it was extremely difficult to get any Southern blot data from genomic blots. However 

we are confident that this represents the actual situation in the human genome since, of 

the YACs used for determining the gene order, none was chimaeric. The YACs were 

from two independent libraries and independent confirmation of the DSC2/DSC3 order 

was obtained from a PI clone. Moreover PAC and cosmid clones have also now been 

identified which confirm this order (D. M. Hunt and V. K. Sahota, unpublished data). 

Furthermore it has also been shown that YAC 14E-B5, on which the order of the 

desmocollin genes was based, has all of the exons of DSC2 expected from the cDNA 

sequence (M. D. Greenwood and M. D. Marsden, unpublished data).

The clustering of the desmosomal cadherins is reminiscent of the type II keratin 

genes. These genes are present on human chromosome 12qll-13 where the more closely 

related genes, with respect to their open reading frames, are closer 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 a selective pressure keeping the desmosmal cadherin genes in 

close proximity. This pressure could take the form of a common regulatory element. 

Thus if the desmosomal cadherins were to form obligatory partners, like the keratins, a 

common regulatory element would offer a point where pairwise expression could be 

regulated. Interestingly current evidence based on transfection and anti-sense 

experiments suggests that both types of desmosomal cadherin are necessary for strong 

cell-cell adhesion. Hence the discovery of a common regulatory element would provide 

an insight into how complementary pairs of desmosomal cadherins could be regulated.
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6.1.3 Implications for expression - a common regulatory element.

If regulatory elements have been responsible for keeping the desmosomal cadherin gene 

cluster tightly together, a case similar to that for the p-globin gene cluster on 

chromosome 11 and the four HOX gene clusters on chromosomes 2 ,7 , 12 and 17 

(Manak and Scott, 1994) could exist. The human p-globin locus comprises five linked, 

functional p-like globin genes spanning roughly 50kb. They are arranged in the order in 

which they are expressed during development: expression switches from embryonic (e) 

in the yolk sac to fetal (y) during intra-uterine life, and to adult (5 and p) after birth. A 

region of chromosome 11 upstream of the e-globin gene, which has come to be known 

as the p-globin locus control gene (LCR), has been suggested to play a key part in 

regulating the transcription, replication timing and chromatin structure of the entire P- 

globin gene domain (Figure 6.1) (Orkin et al., 1990; Epner et a l, 1991 and Hanscombe 

et a l, 1991).

It is thought that the LCR is a novel regulatory region with properties distinct 

from classical enhancers, which allows it to have a profound influence on the entire P- 

globin gene domain. Although the LCR does contain a classical enhancer element, in that 

it does confer high level expression to a linked gene, it differs in a number of ways. 

Firstly the high level expression conferred by the LCR appears to be independent of 

chromosomal position and secondly it is able to act in a tissue specific manner. Hence 

an LCR is resistant to the position effects observed for several classical enhancers 

(Grosveld et al., 1987). The LCR is thought to mediate its effects through its ability to 

provide an open chromatin domain wherever it integrates into the genome. Presumably 

this allows access for interactions with transcription factors. It is also believed that 

activation of the globin genes involves contact between the LCR and the promoters, or
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Figure 6.1 Organisation of the P-globin locus.

The organisation of the p-globin cluster and its major regulatory region, the locus 

control region (LCR). The p-globin LCR spans about 20kb and is marked by four 

DNase I hypersensitive sites (HSl to HS4), which mark the core region of separate 

elements.
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between the proteins bound to each, with looping out of the intervening chromatin 

(Wood et al., 1996).

The P-globin LCR spans about 20kb and is marked by four DNase hypersensitive 

sites (HSl to HS4), 5' of the locus, which mark the core regions of separate elements 

(Figure 6.1). Each core element contains binding sites for ubiquitous transcription 

factors as well as the erythroid-restricted factors such as GATAI and NF-E2 (Grosveld 

et al., 1993). Recently Wijgerde et al. (1995) have shown that in the case of y and P 

globin gene switching both genes are expressed within the same cell, but analysis of the 

nascent transcripts strongly suggests that only one gene at a time can be transcribed from 

each chromosome. These results suggest that the LCR acts as a holocomplex, rather 

than individual sites, acting on the y and P promoters at the same time but does not 

exclude the possibility that different HS elements preferentially interact with different 

promoters resulting in the LCR complex adopting alternative conformations.

As already mentioned the gene order for the desmosomal cadherins may simply 

be a consequence of the way in which the genes have evolved by duplication, but it does 

raise the intriguing possibility that the organization of the gene cluster is required for 

properly regulated gene expression. Furthermore this implies that there might be a 

superimposed regulatory region for all of the genes in the cluster, as in the case of the 

P-globin locus. The gene order does not reflects the spatial pattern of expression in 

epidermis indicating that the gene order may not be important. Recently however, I. 

King (personal communication) has in situ hybridisation results which suggest that the 

temporal expression of the desmosomal cadherins may infact be connected with the gene 

order. In the case of tongue and tooth germ tissue from 16% day old mouse embryos 

preliminary results suggest DSG2 expression mirrors DSC3 expression and DSG3
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expression mirrors DSC2 expression. Obviously further experiments need to be done but 

these results do suggest that a common regulatory element could be present controlling 

the temporal expression of these 'pairs' of isoforms. This is because each of the 

desmocollin and desmoglein isoforms that make up each pair has a similar position, 

relative to the interlocus region, with regard to its order in each of the desmocollin and 

desmoglein clusters (see figure 3.13). This is similar to the way in which the expression 

of the P-globin locus is regulated.

M. Adams (personal communication) has cloned 4.5kb of sequence immediately 

upstream of DSGl next to the lacZ reporter construct which shows tissue-specific 

expression of P-galactosidase in transgenic mice (R. Ali and M. Reichel, personal 

communication), although other transgenic animals with the reporter gene did not 

express P-galactosidase implying a 'position' effect presumably due to lack of an LCR 

in the construct. In addition M. Marsden (personal communication) has cloned the 

human DSC2 promoter and shown that it does impart some tissue-specificity, since 

reporter constructs containing promoter sequences beyond -332 were expressed at 

higher levels within MDCK cells. However these reporter constructs were also active 

at a lower level in NIH 3T3 cells which are known not to express any of the desmosomal 

cadherins. Several reasons may account for the activity of the DSC2 promoter in cell 

lines which do not express the endogenous DSC2 gene. Regulatory elements particularly 

those that inhibit inappropriate DSC2 activity may be missing from the reporter 

constructs; these could be further upstream and could even constitute a common 

regulatory element for the isoforms such as an LCR as is the case for the b-globin genes. 

Alternatively these regulatory regions could be within the first intron, as is the case for 

some of the classical cadherins, or even 3' of the gene, as in the case of some of the
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keratin genes. A common regulatory region could then impart the tissue specificity 

lacking in the NIH 3T3 cells as well as providing high level expression. It could also 

function in addition to local regulatory regions immediately 5‘ of the individual genes.

6.1.4 Further work.

Further work is obviously needed to elucidate the regulatory elements involved in the 

expression of the desmosomal cadherin gene cluster. Local regulatory elements in the 

intervening regions between the desmocollins and desmogleins could be investigated by 

a physical or functional approach. To do this it will be necessary to clone the promoters 

for each isoform and then use them in conjunction with reporter constructs in transient 

transfection experiments and/or the production of transgenic animals. However there are 

limitations to this strategy as transient transfection experiments may be redundant if 

regulatory elements require integration into chromosomal DNA in order to function. In 

the case of transgenic animals, reporter constructs can be affected by surrounding 

chromosomal sequences depending upon the site of integration. However this would not 

be the result in the case of an LCR which is capable of providing position independent 

expression. Hence this provides a viable method for testing for the presence of an LCR. 

An adaption of this method could be used to see if each individual desmosomal cadherin 

has its own LCR. However transgenic animals are normally produced by pronuclear 

injection of constructs made in plasmids, cosmids or X phages. The cloning capacity of 

these vectors thus places a limitation on the size of constructs, which precludes the 

transfer of genomic fi*agments greater than ~40kb. If the LCR is local to the gene there 

is no problem. However if this is not the case, or if the LCR is responsible for controlling 

a whole cluster of genes at a particular locus, as could be the case with the desmosomal 

cadherins, it could be at some distance away. Hence this size constraint would impair
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any experiments. This is particularly acute in the case of gene clusters, where regulation

might be critically dependent upon the organisation of the genes. This problem could be

overcome using YACs. YACs have been used for functional gene studies after transfer

from yeast to mammalian cells (Huxley et a l, 1991). Recently, YACs have been used •

by several groups to generate transgenic mice to complement mouse mutations (Forget

et a l, 1993) and investigate expression of the P-globin gene locus (Peterson et al.,

1993). YACs can also be transfered to mammalian cell linesBefore transferring a YAC

to mammalian cells, a suitable selectable marker, such as the gene for neomycin

resistance, must be introduced into the YAC in order to be able to manipulate the it prior

to transgenesis. This 'retro-fitting' is done using recombination in yeast after

transformation with both integration and replacement vectors that have homology to the

YAC vector or to internal repeat sequences such as Alu repeats (Parvan et a l, 1992 and

Riley et a l, 1992). Recombination in yeast can also be used to delete sequences from

either end of a YAC using 'fragmentation vectors', or to reconstruct two smaller

overlapping YACs into a larger one this is sometimes known as YAC breeding' (Figure

6.2). Once a YAC of interest has been 'retrofitted' with an appropriate mammalian

selectable marker, there are several choices for transferring the vector to mammalian 
! •

cell. One method involves producing yeast spheroplasts and fusing these with 

mammalian cells. Another involves transferring purified YAC clones to mammalian cells 

via microinjection or lipofection.

Using a combination of the above techniques YAC 38A-H2, which is the likely 

candidate to contain an LCR that would be responsible for controlling the complete 

locus, could be modified so that it could be used to produce transgenic animals. 

Reporter constructs linked to this YAC could then be assayed for their correct tissue 

specific expression in these animals. By making deletion derivatives of this construct the
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Figure 6.2 YAC homologous recombination vectors.

Diagram showing some of the ways that mammalian DNA can be altered following 

cloning in a YAC. Two YACs are shown with the positions of the yeast selectable 

markers (TRPl, URA3), centromere (CEN), telomeres (TEL) and the human genes 

under investigation. Homologous recombination is indicated by X. (A) Introduction of 

a subtle mutation; a selectable marker (■) is inserted and then replaced by the desired 

mutation (x), (B) Replacement of the human gene with a reporter gene (□) and yeast 

selectable marker (■). (C) Removal of the righthand end of the YAC. (D) Joining of the 

two YACs to give one larger YAC containing the entire human gene.
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core elements in the LCR could then be defined. In a similar way the presence of LCRs 

for the individual isoforms could be detected. Prior to these experiments YACs 38A-H2 

and 14E-B5 could be used in YAC breeding experiments to produce a large YAC 

containing the putative LCR linked to the desmocollin cluster. After transfection of this 

YAC into MDCK cells the presence of DSC2 in these cells could be checked by RNase 

protection experiments. As these cells have been shown to express endogenous canine 

DSC2 the presence of the human mRNA and protein in all transgenic constructs would 

demonstrate that all the regulatory elements necessary for expression of this isoform are 

present on 38A-H2.

6.2 Looking for new desmocollin isoforms.

The cause of striated palmo-planter keratodoma could be a mutation in a desmocollin 

or desmoglein which is specifically expressed on palms and soles. A PCR-based 

approach was implemented to test whether there are any further desmocollin isoforms. 

However no evidence was found to suggest that any further desmocollin genes exist. 

This search was performed with PCR primers to the archetypical desmocollin structure. 

If any undiscovered isoforms deviate fi'om this 'blueprint' they would go undetected 

using this method. Hence to our knowledge the genes mapped in this thesis represent all 

of the known human desmocollin genes. Future work, in order to look for further 

desmocollin and desmoglein isoforms, could include performing exon trapping and 

cDNA selection using the YAC isolated in this thesis. It is interesting to note that the 

keratin genes are much closer together than the desmosomal cadherins (Milisavljevic et 

al, 1996) and may indicate space available between the DSC/DSG genes for new
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iso form s.

6.3 Chromosomal assignment of human plakophilin.

Plakophilin was originally found in enriched preparations of desmosomes isolated from 

bovine tissues. It has since been found to be a member of the armadillo gene family 

along with plakoglobin and p-catenin. Unlike plakoglobin, in vitro evidence indicates 

that this molecule may bind directly to intermediate filament polypeptides (Hatzfeld et 

al, 1994). However plakophilin could be a signalling molecule like its armadillo family 

relatives. Hence while the conserved repeat regions may play a common role in signal 

transduction, the variable end domains might confer specificity on the individual 

proteins.

From PCR analysis on a panel of somatic cell hybrids and fluorescence in situ 

hybridisation on human metaphase chromosomes, plakophilin was found to reside on the 

q arm of chromosome 1. Based on these two methods, the gene coding for plakophilin 

is not linked to plakoglobin on chromosome 17 or to p-catenin on chromosome 3 and 

is not a candidate for either Darier's or Hailey-Hailey diseases . Hence there is no 

selective pressure keeping members of this family in close proximity. Recently, other 

plakophilin proteins have been identified and it will be particularly interesting to see if 

any of these are linked on chromosome 1.
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