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Abstract

Abstract

The aim of this thesis was to isolate transcribed sequences from the 

Nevoid Basal Cell Carcinoma Syndrome (NBCCS) candidate region on 

human chromosome 9q22.

We have used the technique of cDNA selection to isolate transcribed 

sequences from a minimal set of cosmid and PAC clones, covering 

approximately 1.5 megabases of DMA from 9q22. Twenty seven putative 

transcripts were identified, and five further characterised.

A new member of the forkhead gene family was isolated, FKHL15. A 

repeat of 19 alanine residues was found in FKHL15, encoded in part by a 

trinucleotide repeat. Polyalanine stretches have been shown to be 

associated with transcriptional repression. A human and mouse gene 

that showed high amino acid identity to the rat ninjurin protein, were 

cloned and mapped. Rat ninjurin has been shown to be involved in 

homotypic fusion and the repair of damaged sensory neurones. A novel 

PHD finger containing gene was isolated, GRC-5. The PHD finger is a 

member of the Zn-finger family of motifs, and may be involved in protein- 

protein or protein-DNA interactions. A human gene showing high amino 

acid homology to the lymphoid cell activation antigen CD39 was cloned 

and mapped to 9q34(CD39L1). Database searches with the CD39L1 

protein sequence revealed that it is likely to be a member of the 

ectoATPase gene family, and that several other human homologues 

exist. A small gene {GRC-7 ), was isolated and appears to encode a 

novel protein with no homology to entries in any database.

The underlying genetic defect in patients with NBCCS was recently 

shown to be due to mutations in the human homologue of the drosophila 

segment polarity gene patched.

Two other human diseases show linkage to genetic markers on human 

chromosome 9q22; Hereditary Sensory Neuropathy Type I (HSN-I) and 

Multiple Self Healing Squamous Epitheliomata (ESS1). The etiology of 

HSN-I and ESS1 are unknown, and the above genes are candidates.
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Chapter 1: Introduction

Chapter 1: Introduction

1.1 Human Chromosome 9

1.1.1 Introduction to human chromosome 9

Human chromosome 9 has been the focus of much attention over the last 

ten years due to the high number of genetic disorders found to reside 

along its predicted 179 centi-Morgan length (Genethon). Since 1992 

there have been five chromosome 9 workshops, at which representatives 

for research groups with an interest in human chromosome 9 have 

pooled information concerning various aspects of the chromosome 

(Povey et al., 1992; Kwiatkowski et al., 1993; Povey et al., 1994; Pericak- 

Vance et al., 1995; Povey et al., 1997). Table 1 lists some of the genetic 

disorders that have been mapped to human chromosome 9.

The best characterised areas of human chromosome 9 centre on regions 

where genetic disorders have been mapped, this includes the four 

highlighted areas shown on figure 1 for the long arm of chromosome 9. 

Less effort has been focused upon the areas between the chromosomal 

bands, but this is changing continuously with contributions from the 

ongoing human genome project, and as disease genes are mapped to 

the intervals. For example in the search for the autosomal recessive 

nonsyndromic hearing loss genes DFNB7 and DFNB11, linkage analysis 

located both loci to 9q13-21 (Jain et al., 1995; Scott et al., 1996). A 

positional cloning strategy was adopted, and has led to the recent 

publication of a detailed physical map of the region (Greinwald et al., 

1997).
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Table 1. List of genetic disorders mapped to human chromosome 9 

indicating the disease symbol, and the map location.

Disease Symbol Location Reference
Venous malformations, multiple 

cutaneous and mucosal
VMc m 9p21-22 Boon et al., 1994

Cartilage hair hypoplasia CHH 9p13 Sullsalo et al., 1995

Arthrogryposis multiplex 

congenital, distal type 1
AMCD1 9p13-q13 Bamshad et al., 1994

Friedreich Ataxia FRDA 9q13 Monterminl et al., 1995

Nevoid basal cell carcinoma 

syndrome
NBCCS 9q22 Farndon et al., 1992: 

Reis et al., 1992

Multiple self healing squamous 

epitheliomata
ÉSsi 9q22.3-

q31
Goudie et al., 1993

FanconI anaemia 

complementation group C
FACC 9q22.3 Strathdee et al., 1992a

Xeroderma pigmentosum 

complementation group A
XPA 9q22.3 Farndon et al., 1994

Hereditary sensory neuropathy 

type 1

MSN! 9q22.1-
22.3

Nicholson et al., 1996

Dysautonomla, familial DYS 9q31-33 Blumenfeld et al., 1993

Fukuyama type congenital 
muscular dystrophy

FCMD 9q31-33 Toda et al., 1995

Nall patella syndrome NPS1 9q34.1 Campeau et al., 1995

Dystonia 1 DYT1 9q32-34 Ozellus et al., 1989

Tuberous sclerosis 1 TSC1 9q34 Sampson et al., 1989

Information collected from the Genome Database (GDB), Online 

Mendelian Inheritance in Man (OMIM) and the chromosome 9 home 

page (http://www.gene.ucl.ac.uk/chr9/).
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Chapter 1: Introduction

1.1.2. Nevoid Basal Cell Carcinoma Syndrome

At the outset of this project, the aim was to identify candidate genes for 

the Nevoid Basal Cell Carcinoma Syndrome (NBCCS). NBCCS is an 

autosomal dominant disorder characterised by a predisposition to 

multiple basal cell carcinoma of the skin (BCC), recurrent jaw cysts and 

non-progressive skeletal anomalies (Gorlin and Goltz., 1960). The 

disorder also presents a number of less frequent symptoms outlined 

below, and is often referred to as Gorlin syndrome after the contributions 

of Professor Robert Gorlin. The list below summarises the major 

manifestations of NBCCS.

Clinical synopsis of NBCCS:

Skin:

Facies

Eyes:

Mouth:

Bone:

Basal cell nevi

Pits of the palms and soles

Broad facies

Frontal and biparietal bossing 

Odontogenic keratocysts of jaws 

Strabismus 

Hypertelorism 

Glaucoma 
Cleft lip/palate 

Bifid ribs

Short 4th metacarpal

Tumours: Medulloblastoma

Ovarian fibromata/carcinomata 

Cardiac fibroma 

Other: Calcification of the falx cerebri

Radiation sensitivity

19



Not all clinical features manifest in a patient, and range of symptoms can 

vary from one generation to the next in the same family.

The incidence of NBCCS in the general population is believed to be 

around 1:57,000 (Farndon 1992). Three groups used linkage analysis to 

localise NBCCS to chromosome 9q22.3-q31 (Gailani et al., 1992; 

Farndon et al., 1992: Reis et al., 1992), and this was further refined to a 

2.6cM interval flanked by the genetic markers D9S180 and D9S196, with 

a possible recombinant further refining the interval to centromeric of 

D9S287 (Farndon et al., 1994).

Several groups set out to clone the gene responsible for NBCCS, ours 

included, by undertaking a positional cloning strategy. A physical map 

was made of the genetic interval D9S196-D9S180 using yeast artificial 

chromosomes (YACs), and suggested that the physical distance between 

the genetic markers was approximately 1.5 mega-bases (Mb) (Morris and 

Reis, 1994). Our laboratory set out to span the interval using cosmids and 

PI-artificial chromosomes (FACs). Overlapping clones anchored to 

genetic markers and mapped genes from chromosome 9q22 were used 

for cDNA selection in an attempt to isolate genes from the region and to 

assess these as possible candidates for NBCCS. The following chapters 

describe in detail the technique and the results that came from this.

An interesting correlation was found between the genetic predisposition 

to BCCs (NBCCS), and with sporadic BCCs. The region of human 

chromosome 9q22 where NBCCS was mapped, is also found to be 

frequently lost in sporadic BCCs (Chenevix-Trench et al., 1993). Loss of 

heterozygosity of chromosome 9q22 in sporadic BCCs and in patients 

with NBCCS suggested that the NBCCS gene could be acting as a 

tumour suppressor gene (Gailani et al., 1992).

In 1996, two independent groups identified mutations within the human 

homologue of the | drosophila patched gene (PTCH) in patients with 

NBCCS (Johnson et al., 1996: Hahn et al., 1996). It was shown that in 

sporadic BCCs where LOH of 9q22 is demonstrated, inactivating 

mutations of the remaining PTCH allele were found (Hahn et al., 1996). 

Where one PTCH allele had been lost in odontogenic keratocysts, the

20



Chapter 1: Introduction

remaining allele had been inactivated, suggesting the requirement for 

homozygous inactivation of PTCH in the initiation and progression of 

odontogenic keratocysts (Lench et al., 1996a; Levanat et al., 1996).

We continued to isolate and characterise transcripts from the 9q22 region 

and to assess the genes as candidates for the other genetic disorders 

that map to the 9q22 interval, hereditary sensory neuropathy type I and 

multiple self-healing squamous epitheliomata.

1.1.3. Hereditary Sensory Neuropathy type I

Hereditary sensory neuropathy type I (HSNI), is an autosomal dominant 

disorder and is the most common of a group of degenerative disorders of 

sensory neurons (Denny-Brown, 1951). The disorder is characterised by 

the progressive degeneration of dorsal root ganglia and motor neurons 

that leads to muscle wasting, neural deafness and loss of sensation to 

both heat and pain. Skin damage in patients with HSNI can lead to 

chronic skin ulceration that often necessitates amputation. Nicholson and 

colleagues (1997) set out to map the gene for HSNI by undertaking a 

genome wide screen in four Australian families by linkage analysis. It 

was shown that the gene lies within an 8cM region of 9q22.1-22.3 

flanked by the genetic markers D9S318 and D9S176. Multipoint linkage 

analysis suggested a likely location of the gene at D9S287. Taking a 

candidate gene approach, members of the neurotrophin gene family and 

the receptor molecules are good candidates since they are required in 

the development, survival and differentiation of neurons.

1.1.4. Multiple self healing squamous epitheliomata.

Multiple self-healing squamous epitheliomata (ESS1), or Ferguson- 

Smith syndrome (as it is frequently referred to), is an autosomal dominant 

disorder characterised primarily by the appearance of skin lesions that 

clinically and histologically are considered as squamous cell cancer, but 

spontaneously undergo self resolution (Ferguson Smith, 1934).
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To localise the gene for ESS1, 13 affected families were used for linkage 

analysis. The location of the gene was found to be at 9q22-q31, and 

haplotype analysis suggested that all affected individuals were of 

common ancestry, and therefore the disease was a result of a single 

mutation in the ESS1 gene (Goudie et al., 1993). Therefore it should be 

possible to identify the gene by analysing genes from only one patient, 

as all ESS1 individuals should contain the same mutation.

1.1.5. Loss of Heterozygosity of chromosome 9q22.

Loss of Heterozygosity (LOH) resulting in the occurrence of a 

hemizygous or homozygous state for regions of chromosomes, is a 

frequent event in tumour progression. As already mentioned above, 

human chromosome 9q22 frequently displays LOH in sporadic and 

familial BCCs, at an incidence of greater than 50% (Gailani et al., 1992; 

Van der Reit et al., 1994; Quinn et al., 1994). LOH on 9q22 has also 

been shown to be a common occurrence in the progression of sporadic 

forms of squamous cell carcinoma (SCO). An overall LOH frequency of 

50% was observed for the genetic marker D9S180 in 28 cases of SCO 

and premalignancies (Holmberg et al., 1996).

The occurrence of LOH on 9q is frequently observed in a number of other 

sporadic cancers including lung carcinomas (Merlo et al., 1994), ovary 

(Osbourne and Leech, 1994; Schultz et al., 1995), oesophagus (Miura et 

al., 1995), kidney (Cairns et al., 1995), and bladder cancer (Habuchi et 

al., 1995). This suggests the possibility of numerous tumour supressors 

along the length of human chromosome 9q.

1.1.6. Chromosome 9 synteny with mouse chromosomes.

Within the last decade, large amounts of information have become 

available upon the position of genes in many organisms through physical 

and genetic maps. By comparing the location of these genes between 

different organisms, it is apparent that in some cases the order of the
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Chapter 1: Introduction

genes shows differing levels of conservation. The degree of conservation 

of gene order provides a means to studying evolution; as a general rule, 

the more closely related one organism to another and the more recently 

diverged, the more conserved the gene order (Andersson et al., 1996). 

The laboratory mouse shows a higher degree of variety in gene 

arrangements than the more closely related primates, with many 

breakpoints and internal rearrangements, but reasonable synteny is 

observed between regions of human chromosome 9 and the mouse 

genome (Pilz et al., 1995). Fig 1 shows a representation of human 

chromosome 9, displaying the defined regions of synteny with different 

mouse chromosomes. Human chromosome 9q22 shows synteny to 

mouse chromosome MMU13 and MMU4. The pooling of information at 

the 1996 “International Workshop on Chromosome 9” has led to the 

extension of syntenic regions on human chromosome 9, with the addition 

of more genes (Povey et al., 1997).

23



9p

HSA9
24

23

22

21

13

Chapter 1: Introduction

MMU19T
MMU4

9q

12

22.3

3 >

32

33

34.1

FRDA MMU19 T
MMU13

NBCCS, FACC, XPA, 
HSNI, ESS1, HSD17B3

FCMD, DYS
MMU4

MMU2

TSC1 1
Fig 1. Schematic representation of human chromosome 9. 
The four main regions on the long arm are shown, as are 
the syntenic regions of human chromosome 9 to mouse 
chromosomes 2, 4,13 and 19 (Povey et ai., 1997).



Chapter 1: Introduction

1.2 Positional cloning

1.2.1. From disease to physical map.

At the beginning of the 1980’s, few people would have thought it possible 

to clone a gene responsible for a disease based solely upon it s location 

in the human genome. The first successful outcomes of such an 

approach were reported in 1986 when the genes responsible for the X- 

linked disorder chronic granulomatosis and Duchenne muscular 

dystrophy were identified (Royer-Pokora et al., 1986; Monaco et al., 

1986). Since that time, considerable improvements have been made to 

each of the stages of the positional cloning strategy, reducing some of 

the rate limiting steps. Since 1986, positional cloning has led to the 

identification of over 50 genes that are mutated in monogenic human 

genetic disease. The initial stages of any mapping project, where no 

visibly detectable cytogenetic rearrangements can be observed, is to 

identify chromosomal regions that follow (or are linked to) the inheritance 

of the disease. This takes advantage of the homologous recombination 

event, or crossing over, which occurs in Prophase I of the first meiotic 

division. Crossing over involves the physical exchange of DNA from one 

homologous chromosome to another, probably through a process 

involving a double strand break (Szostak et al., 1983). This exchange 

mechanism is one of the underlying factors in the process of evolution, 

leading to substantial chromosome variation within several generations 

of a single family. The closer two loci are upon a chromosome, the more 

likely it is that they will display linkage. This is because the chance of a 

crossing over event occurring between the two loci is lower, and they will 

therefore not show independent assortment into gametes during meiosis. 

This a principal exploited in the process of “Linkage analysis”.

Figure 2 shows a diagrammatic representation of the positional cloning 

process, from disease to gene. As a first stage in the approach, a
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disease with a genetic component is identified; the genetic component 

being the inheritance of a disease within a family as the gene is passed 

from one generation to the next. Genomic DNA from family members is 

then used to follow the co-inheritance of polymorphic markers with the 

disease trait, or linkage analysis. The efficiency of linkage analysis was 

significantly improved with the recognition of restriction fragment length 

polymorphisms (Kan et al., 1978; Gusella et al., 1983). The statistical 

analysis of such data provides information as to the chromosomal 

location of the gene, and is greatly assisted with the use of many new 

informative polymorphic markers and good genetic maps(For example 

the genetic map determined for the CEPH families)(Botstein et al., 1980). 

Wherever possible, the genetic interval is narrowed by fine genetic 

mapping, but this is limited by the number of informative meioses 

available within a given pedigree. In the case of a single historical 

mutation leading to the disease in all affected individuals with the 

disease, it is often possible to narrow the region through the analysis of 

haplotypes. Haplotyping is a powerful technique equivalent to looking at 

historical recombination events in families since the founder mutation 

many generations previous. By examining the particular combination of 

shared alleles in affected individuals within a defined interval of a 

chromosome, it is possible to further narrow a candidate region. This is 

because the number of possible recombination events is much higher 

over many generations than from the parents to the offspring, which is 

often what is available for linkage analysis. A prime example in which 

such an approach was used, is with the identification of the Huntington 

disease gene (MacDonald et al., 1992; The Huntingtons disease 

collaborative research group, 1993;5«joitieri et al., 1994). In large families 

it is also possible to follow a particular haplotype with the disease 

phenotype to reduce the candidate region. If it is not possible to reduce 

the interval further, then the next stage is to construct a physical map of 

the region, between the two flanking disease markers.

Over the past 10 years several new vectors have been constructed to 

facilitate the cloning of genomic DNA, and the production of genomic
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libraries. Table 2 lists a few of the commonly used vectors in the 

construction of physical maps.

Table 2. List of the commonly employed vectors used in the construction 

of physical maps of the human genome.

Vector Approximate insert 

size in kilobases (Kb)

Reference

Lambda phage 10-20Kb Frischauf et al., 1983

Cosmids 38-42Kb Collins and Holm,

1979; Meyerowitz et 

al., 1980

P1 vectors 60-80Kb Pierce et al., 1992

PI Artificial 

chromosomes (PACs)

130-150Kb loannou et al., 1994

Bacterial artificial 

chromosomes (BACs)

-300Kb Shizuya et al., 1992

Yeast artificial 

chromosomes

400Kb - 1500Kb Burke et al., 1987

The different vectors carry with them certain advantages and 

disadvantages. For example YACs provide a means to span the desired 

genetic interval using often few representative clones for the minimal set 

of overlapping clones, but YACs are subject to two common and 

recurring probIems(Burke et al., 1990):

i. Chimerism: A phenomenon where genomic DNA from more than 

one genomic region is introduced into the vector cassette simultaneously 

resulting in a clone containing DNA from an undesired chromosomal 

location.

ii. Deletions: YACs, often those with large inserts, can be quite 

unstable leading to the removal of parts of the insert resulting in clones 

with regions of genomic DNA missing.
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These problems in combination with the technical difficulty of isolating 

YAC DNA and obtaining high DNA yields without large yeast DNA 

contamination, often lead to the employment of other vectors when the 

genetic interval is small. Cosmids are probably among the easiest clones 

to work with. It is generally easy to obtain large DNA yields and they are 

relatively stable, but many more clones are required to cover a genetic 

interval than the P1, PAG, BAG and YAG vectors that can carry a larger 

insert. It is often the case that physical maps are constructed using a 

combination of clone types.

For some regions of the human genome, a high level of instability is 

observed when attempts are made to propagate the DNA using bacteria 

based vectors, frequently leading to gaps within the physical map that 

have to be bridged by other means.

Once a physical map of a genetic interval has been constructed, the 

following stage is to identify transcripts from the region. This can often be 

the rate limiting step of a positional cloning approach, and no one 

method will identify all of the genes within a region. The next section 

describes the approaches commonly used to identify transcribed 

sequences from genomic DNA.

1.2.2. Identification of Transcribed Sequences.

The construction of transcriptional maps of the human genome has been 

greatly assisted over the past 5 years by the development of new 

efficient techniques for the identification of transcribed sequences. 

Different approaches have been applied to estimate the number of genes 

within the human genome since the estimate of a maximum of 20,000 

genes based on deleterious mutations at the middle of the century 

(Muller 1950). Estimates range from 20,000 to 100,000 human genes 

(Ohta and Kimura, 1971; Bodmer, 1981; Antequera and Bird, 1993), 

leaving the final decision up to the individual at the present time! The 

distribution of genes along chromosomes is not uniform (Mouchiroud et
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al., 1991), varying dramatically in different isochores. This can be 

observed using chromosome 9 as an example, where the positions of 

mapped genetic disorders tend to cluster in regions of high gene density. 

In general, Giemsa-positive bands (dark of G-bands) are relatively AT 

rich, low in gene content and contain a higher density of long 

interspersed repeat (LINEs) transposable elements, while Giemsa- 

negatively staining bands, or lighter bands tend to be GC rich, gene rich 

and enriched for short interspersed repeats (SINEs) (Bickmore and 

Summer 1989). Telomeric bands, or T-bands are found to be very GC 

rich and have the highest density of genes (Bernardi, 1993; Zoubak et al., 

1996; Saccone et al., 1996). With this in mind, knowing when a transcript 

map is saturated with all the genes from a region is next to impossible. 

The identification of transcribed sequences in early positional cloning 

projects before the 1990’s, relied upon the following methods for the 

identification of transcribed sequences:

i. Cross hybridisation of DNA sequences in other species

ii. Identification of CpG islands

iii. Identification of open reading frames (ORF)

iv. Direct hybridisation of genomic DNA to cDNA libraries

V. Northern hybridisation with single copy genomic DNA fragments

A combination of these methods was successfully applied in the 

identification of the cystic fibrosis gene (Rommens et al., 1989). Each 

method has at least one disadvantage, for example cross hybridisation in 

other species relies upon a high degree of sequence conservation 

between species (An approach instrumental in the identification of the 

Dystrophin gene; Monaco et al., 1986), while identification of genes 

based upon CpG islands relies on the presence of CpG islands at the 5’ 

end of all genes (Antequera and Bird, 1993), but has shown 

considerable reward in the isolation of several genes (Kenwrick et al., 

1992; Yen et al., 1992; Hanson et al., 1991). It is therefore necessary to

30



Chapter 1: Introduction

use a combination of techniques to improve the chances of picking up as 

many genes as possible.

In the early 1990’s, two techniques were described to facilitate the 

identification of transcribed sequences from genomic DNA:

i. cDNA selection

ii. Exon trapping

Confirmation of mapping isolated transcripts to the chromosomal region 

of interest can be achieved by a variety of methods including:

. Somatic cell hybrid mapping panels

i. Somatic cell hybrid PGR

ii. Radiation hybrid mapping

iv. fluorescence insitu hybridisation (FISH)

In this case, isolated transcripts were confirmed to localise to the 9q22 

region by using somatic cell hybrid mapping panels. Figure 3 shows a 

representation of the chromosome 9 content of two somatic cell hybrids 

used in the mapping panels. Both somatic cell hybrids contain the full 

9q22 region, and therefore for transcripts to localise to this interval, a 

hybridising signal is required in both cell lines.
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1.2.3. cDNA Selection.

The cDNA selection method was described by two groups 

independently; one group applying the technique to immobilised YAC 

DNA on filters (Lovett et al., 1991) and the other group applying the 

technique to biotinylated cosmids and streptavidin coated magnetic 

beads (Korn et al., 1992). A schematic representation of the cDNA 

selection technique is shown in figure 4.

In both cases the principle is to hybridise amplified cDNA library inserts 

to competed, immobilised genomic clones with a series of washing, 

eluting and PGR stages before cloning and constructing an enriched 

cDNA library for a genomic region. A schematic representation of the 

technique described by Korn and colleagues is shown in fig 4. Basically 

genomic clones (cosmids. P i’s, PAC’s, BAG’S or YAG’s) are nick 

translated (Kelly et al., 1970) in the presence of biotin-16 dUTP. The nick 

translation process also ensures that the size of the resulting DNA 

fragments is around 700bp in length, a size suitable for hybridisation. 

The genomic DNA is hybridised with human Got-1 DNA(Britten and 

Davidson, 1968), a source of DNA enriched for repetitive elements from 

the human genome (Britten et al., 1976), to remove the influence of 

repetitive elements in the selection. cDNA inserts are amplified from a 

library using the polymerase chain reaction (PGR) (Saiki et al., 1985). 

This can be achieved by two approaches. One involves the amplification 

of inserts from a cloned cDNA library source using vector specific 

primers, while the second involves the ligation of adapters to both ends 

of reverse transcribed mRNA and amplifying by PGR using adapter 

specific primers. This is then hybridised to the pre-competed genomic 

DNA. The genomic DNA can then be immobilised on magnetic beads 

coated in streptavidin using the incorporated biotin label. While the 

genomic DNA is immobilised, it is possible to wash the hybridisation 

products with increasing stringency to remove non specific hybridisation 

events. The hybridising cDNA can then be eluted and amplified by PGR
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before hybridising to a fresh aliquot of biotinylated genomic DNA. After 

this second round of enrichment the cDNA is amplified once more before 

cloning. The resulting library should be enriched for transcripts from the 

genomic clones.

In the method described by Lovett and colleagues, YAC DNA was 

immobilised onto nitro-cellulose filters rather than using magnetic beads 

by a biotin-streptavidin interaction.

The advantages and disadvantages of the cDNA selection technique are 

described in section 1.2.5.

1.2.4. Exon Trapping.

The method of exon trapping, or exon amplification as it is sometimes 

referred to, was described by three groups early this decade (Duyk et al., 

1990; Buckler et al., 1991; Hamaguchi et al., 1992). The principal of exon 

trapping is based upon the cloning of genomic fragments into a vector 

containing some of the signals necessary for splicing. Any exons within 

the genomic interval will be spliced into the mature mRNA after 

expression in cultured mammalian cells.

Figure 5 shows a diagrammatic representation of the exon trapping 

method. The method involves the cloning of genomic DNA into an intron 

within the mammalian expression vector, pSPLI (Buckler et al., 1991). 

This is then transfected into mammalian cells where the construct is 

expressed, and undergoes splicing. Any exons cloned into the restriction 

sites within the vectors intron, will be spliced into the mature mRNA 

produced from the vector. The presence of an exon in the mRNA can be 

detected by PCR amplification of reverse transcribed mRNA from the 

cells using primers specific to regions of the mature mRNA flanking the 

intron. This technique has played a fundamental role in the isolation of 

the Huntingtons disease gene (The Huntingtons disease collaborative 

research group, 1993), Menkes disease (Vuipe et al., 1993), 

Neurofibromatosis type 2 (Trofatter et al., 1993) and also in the isolation 

of the NBCOS gene (Hahn et al., 1996).
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The original pSPL1 vector (Buckler et al., 1991) has since been modified 

to increase specificity, efficiency and a cryptic splice site within the vector 

itself has been removed (Church et al., 1994).

The advantages and disadvantages of exon trapping are outlined below.

1.2.5. cDNA selection versus Exon trapping

Advantages of cDNA selection:

One of the main advantages of the cDNA selection technique is the 

ability to reduce the complexity of the cDNA by using either a tissue, 

temporal or spatial specific cDNA source. This has an obvious advantage 

in searches for genes in disorders that affect only one organ type, or a 

certain stage of development. A second advantage, over exon trapping, 

is the possibility of picking up intronless genes, or genes that do not 

conform to the typically observed splicing process. Another advantage 

over the exon trapping technique is avoiding cryptic splice sites and 

therefore false positives.

Advantages of Exon trapping:

Exon trapping permits the isolation of all genes, regardless of tissue 

specificity, spatial and temporal expression. The process can easily 

identify genes with small exons, that would be less sensitive to 

hybridisation in cDNA selection. One of the associated problems with 

cDNA selection is the isolation of members of gene families on the basis 

of high sequence conservation, exon trapping isolates the member from 

the genomic source provided. Another associated problem with cDNA 

selection that is avoided by exon trapping is processed pseudogenes. A 

processed pseudogene will not be spliced into the pSPLI vector, but will 

hybridise with a related gene leading to confusing results that can only 

be sorted through by looking at the genomic level. A final obvious 

advantage of the exon trapping technique is the early characterisation of 

the genomic organisation of isolated genes.
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It is apparent from the above paragraphs that the two techniques 

complement one another. A sensible approach to any positional cloning 

strategy would be the application of both techniques in attempts to 

isolate transcribed sequences from genomic intervals.

1.2.6. Screening for mutations.

During the process of constructing a transcript map for the candidate 

region of a genetic disease, the task of identifying mutations in patients 

for the transcripts begins. This stage of a positional cloning approach can 

be as rate limiting, if not more so than the transcript identification stage. 

The following methods are often applied in the search of mutations:

: Genomic Southerns

i: Single stand conformation polymorphisms (SSCP)

ii: Direct sequencing

V: Northern analysis

V: Reverse transcription PCR (RT-PGR)

vi: Promoter and genomic analysis

Genomic DNA from patients can be analysed for large scale 

rearrangements by pulsed field gel electrophoresis (PFGE). This has 

helped in the pinpointing of genes such as in the search for the NBCOS 

gene (Hahn et al., 1996). Another method involves making Southern 

blots of patient genomic DNA using a variety of restriction 

endonucleases, and hybridising with cDNA probes. The identification of 

genomic rearrangements by Southern hybridisation (for example in an 

attempt to identify small deletions, duplications, or point mutations 

leading to changes in restriction enzyme recognition sites), is one of the 

quickest methods of mutation analysis. However, the majority of 

mutations do not present themselves in such a way that this method 

would detect them. One such example of the successful application of
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this method is in the search for the Blooms syndrome gene (Ellis et al.,

1995).

The method of SSCP is a commonly practised technique in many 

positional cloning strategies and has led to the identification of numerous 

mutated genes. The first stage of the method involves the PCR 

amplification of exons or RT-PCR products of small segments (-200- 

350bp) of genes from patients. These are then denatured, and rapidly 

cooled to form secondary structures. Differences in the DNA sequence 

can lead to differences in the structural conformation (polymorphisms), 

which can be detected as altered mobilities on acrylamide gels. The DNA 

segment is sequenced to look for the difference in the DNA sequence 

that has led to the gel shift. This technique can be very labour intensive 

for large genes. On some occasions, sequence changes will lead to no 

observable shift, and some conformation polymorphisms can only be 

detected under one of many gel running conditions.

Direct sequencing of DNA from patients is an attractive method for small 

genes, where it is possible to sequence an RT-PCR product, or a small 

number of exons amplified from genomic DNA. The direct sequencing of 

an RT-PCR product will not be able to detect the deletion, duplication or 

transcriptional silencing of one allele. The same is true for the direct 

sequencing of PCR amplified exons.

Patient northern and RT-PCR analysis allows the detection of splicing 

failure, transcriptional silencing and internal rearrangements (deletions 

and duplications). A mutation within a gene that doesn't result in a stop 

codon, and does not change the encoded amino acid can be enough for 

splicing to fail. A classical example of such a case is highlighted in the 

fibrillin gene in a patient with Marfan’s syndrome (Liu et al., 1997). In 

some cases it is not possible to gain access to patient RNA making this 

approach impossible.

As a last resort, if no changes are detected by the above methods, 

another method involves the analysis of promoter regions and intronic 

regions. This involves a lot of work, and can be difficult to prove 

polymorphisms in promoters and introns as responsible for a genetic
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disease. Without knowledge of the functional elements in introns and 

promoters, large numbers of unaffected individuals need to be screened 

to show the co-inheritance of a change with the disease phenotype. This 

is also a problem when a polymorphism within a gene leads to only an 

amino-acid exchange, and not a stop codon. An argument can be made 

when the residue is known to be part of a well characterised functional 

motif, but in novel genes a good argument needs to be put forward to 

explain the situation. A prime example is the alanine threonine exchange 

in the a-synuclein gene in patients with Parkinson's disease 

(Polymeropoulos et al., 1997), made more difficult to explain as the 

mouse and rat homologues of the gene preferentially carry the rare 

human polymorphism!

1.2.7. Cloning by the functional and candidate approach.

The pure approach of positional cloning ultimately relies only upon 

chromosomal localisation for the identification of the gene. In some 

instances, a clue as to the possible function of the gene may exist and 

therefore result in prioritising candidate genes. One such example is the 

cloning of two related copper transport channels in Menkes disease and 

Wilson disease(Vulpe et al., 1993; Chelly et al., 1993; Mercer et al., 1993; 

Tanzi et al., 1993; Bull et al., 1993; Yamaguchi et al., 1993), both 

disorders are known to have defects in copper homeostasis. The 

positional candidate approach relies upon the mapping of a disease to a 

chromosomal region, and then to assess genes mapped there as 

candidates. A good successful example of such a strategy was the 

identification of mutations in the fibrillin gene on human chromosome 

15q in patients with Marfans syndrome (Dietz et al., 1991). In some 

extreme cases no map position is required to identify the gene 

responsible. One such case is the identification of germline mutations in 

the p53 gene in patients with Li Fraumeni disease, purely based upon 

the function of p53 fitting the disorder (Malkin et al., 1990).
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Functional cloning takes advantage of understanding the underlying 

biochemical defect or cellular phenotype in a disorder to identify the 

gene responsible, such as the cellular phenotype complementation 

cloning of the Fanconi’s anaemia complementation group C cloning 

(Strathdee et al., 1992b).

Another approach to identify mutated genes makes use of syntenic 

regions of chromosomes between man and mouse. The mapping of a 

mouse gene within a region of synteny to a human disease candidate 

region when a possible function has been assigned for the predicted 

mouse protein, or the expression profile determined, can sometimes 

suggest that the human homologue could be responsible for the disease 

when mutated. An example of a successful approach was the 

identification of germline mutations in the S0X9 gene in patients with 

campomelic dysplasia (Wagner et al., 1994). S0X9 was implicated by 

the expression pattern and map location of the mouse gene.

1.2.8. The human genome project.

The ultimate aim of the human genome project is to determine and 

interpret the full nucleotide sequence of the three thousand million 

human base pairs, along with a number of model organisms (The US 

human genome project 1990). The strategy involves a number of 

intermediate stages listed below:

: Genome linkage maps

i: Whole genome radiation hybrid maps

ii: Physical maps

V: Transcript/EST maps

V: Full DNA sequence

The first two goals for the human genome have already been met with 

the release of the Genethon linkage maps (Dib et al., 1996), and the 

whole genome radiation hybrid maps (Hudson et al., 1996; Gyapay et al..
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1996). Many regions of the human genome have been covered by 

physical maps. Some areas have very detailed physical and 

transcriptional maps, often as a result of a positional cloning effort. 

Progress towards a transcriptional map of the human genome has mainly 

come about through the use of expressed sequence tag (EST) mapping 

(Schuler et al., 1996). Most EST mapping involves the identification of 

sequence tagged sites (STSs) from the 3' untranslated region of genes, 

which not only provides another marker for the genome map, but also an 

anchor for the gene (Boguski and Schuler 1995). With the 

commencement of the final stage of the mapping project, more genes will 

be identified from genomic DNA sequence by using computer 

programmes to search for open reading frames, and by observing high 

sequence homology between organisms. Only a few of the human 

chromosomes are at a stage where large scale sequencing is in 

progress i.e. X, 22, 19 and 21, while a majority of the human 

chromosomes are not in a “sequence-ready” state, with less than 10% of 

the chromosome in sequence ready contigs. For example the last report 

on human chromosome 9 indicated that only 3Mb of the chromosome 

was in sequence ready contigs (Povey et al., 1997).

In the case of the model organisms, several now have complete genome 

sequences including some 141 viruses, 51 organelles, two eubacteria, 

one archeon and the eukaryote Saccharomyces cerevisiae (Schuler et 

al., 1996).

One major advantage the human genome project will give to the 

identification of genes responsible for genetic disease, will be the speed 

at which the genes are identified. One such example at an early stage 

was the identification of mutations in the fibroblast growth factor receptor 

3 (FGFR3) gene in patients with achondroplasia (Shiang et al., 1994). 

FGFR3 had previously been mapped to the short arm of chromosome 4 

during the search for the Huntingtons disease gene. The mapping of 

achondroplasia (a stunted growth disorder) to the short arm of 

chromosome 4 pointed at FGFR3 being a candidate for the disease. 

More and more genes are being placed upon the map, with an
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increasing level of information regarding gene function, all of which will 

contribute to the rapid identification of disease genes.

1.2.9. Polygenic disorders.

The identification of disease genes in monogenic disorders by testing 

marker loci for cosegregation with disease traits in families has led to the 

identification of many disease genes by what has become the traditional 

technique of positional cloning. Attention is now being placed upon the 

identification of multifactorial diseases, where multiple genes interact to 

lead to disease susceptibility (Weeks and Lathrop 1995; Collins 1995). 

Prime examples of such disorders include asthma, schizophrenia, 

diabetes and hypertension. The fundamental principle for complex traits 

again comes down to the finding of chromosomal regions that are shared 

in affected individuals of a family, but not with unaffected members. Two 

approaches that will provide invaluable information for the identification 

of complex trait genes will be the complete DNA sequence of the human 

genome, and syntenic animal models. Like positional cloning 15 years 

ago, dissecting complex genetic traits is at an early stage. Technological 

advances such as the use of microchip-DNA technology (Pease et al., 

1994), novel statistical, computational and practical approaches will 

undoubtedly lead to rapid progress in this field over the coming 

decade(Lander and Kruglyak, 1995).

1.2.10 Aims and objectives.

The aims and objectives of this thesis were to identify transcripts, using 

the cDNA selection technique, from human chromosome 9q22, and 

assess these as candidates for the genetic disorders NBCCS, HSNI and 

ESS1.
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Chapter 2; Materials and Methods

2.1 Materials

2.1.1 Chemicals and Reagents

All Laboratory chemicals were supplied by Merck Ltd (BDH Laboratory 

Supplies) apart from the following:

RNA markers, DNA molecular weight markers (1Kb ladder and X Hindlll) 

markers, Cot-1 DNA, ATP, ddATP, DTI, low melting point agarose, agarose, 

Isopropylthio-p-D-galactoside (IPTG) and 5-bromo-4-chloro-3-indoyl-p-D- 

galactoside (X-gal) were from Gibco BRL (Life Technologies Ltd).

Ampicillin, Kanamycin, A/-hydroxyethylpiperazine-A/’-2-ethanesulphonic acid 

(HEPES), Trizma base (Tris), Trizma Hydrochloride, tetracycline, 

polyethylene glycol M.Wt. 8000 (PEG), MOPS, triton X-100, bromophenol 

blue, xylene cyanol, mineral oil (PCR), polyvinylpyrrolidone, salmon sperm 

DNA, Total human DNA, formamide and formaldehyde were from Sigma 
Chemical Company Ltd.l(Ampicillin Na salt: working concentration SOmg/ml).

Dextran sulphate, random hexamers, dNTP's and G-50 Sephadex were 

from Pharmacia LKB Biotechnology.

NuSieve agarose was from Flowgen.

[a-^"P]dATP/dCTP (3,000Ci/mmol), [a^^S]dATP (lOmCi/ml) and [y-^"P]dATP 

(3,000Ci/mmol) were obtained from Amersham International pic, and 

DuPont (NEN).

PRISM Ready Dyedeoxy Terminator Premix and Ready Dyeprimer Premix 

were from Applied Biosystems Inc.

2.1.2 Bacterial and Tissue Culture Media

All bacterial culture media were obtained from Difco Laboratories Ltd.

For Tissue culture foetal calf serum, trypsin and versin were obtained from 

GibcoBRL.
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2.1.3 Enzymes

All restriction enzymes, T4 DNA ligase, E.Coli DNA ligase, T4 RNA ligase, 

RNase H, Superscript II, T4 polynucleotide kinase, T4 DNA polymerase, 

terminal deoxynucleotide transferase, E.Coli DNA polymerase, and UDP- 

glycosylase were from Gibco BRL (Life Technologies Ltd.).

DNase I powder, Klenow fragment and AMV-reverse transcriptase were 

supplied by Pharmacia LKB Biotechnology, calf intestinal phosphatase (CIP) 

by promega, RNase A by Sigma, proteinase K and pronase by Merck Ltd 

(BDH), and agarase by USB (Amersham).

2.1.4 Kits

Plasmid Mini, Midi, Maxi, PCR cleaning and spin kits were supplied by 

Qiagen.

Sequenase 2.0 di-deoxy sequencing kit was supplied by USB (Amersham). 

GeneClean was supplied by Anachem Ltd.

The pAMP-10 cloning kit was supplied by Gibco BRL (Life Technologies 

Ltd.).

Plasmid Mini wizard kits were obtained from Promega.

2.1.5 Nylon Membranes and Paper

Hybond N+ 132mm and 82mm circular filters, 22.2cm x 22.2cm square filters 

and 30cm wide filter rolls were from Amersham International pic.

Whatmann supplied 3MM paper.

2.1.6 Photography and Autoradiography

Black and white Polaroid film type 667 and Kodak X-omat film were obtained 

from Sigma. Fuji film came from the Fuji film Co. Ltd. Developer was 

obtained from Photosol.
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2.1.7 Sequencing

Automated sequencing was performed on the ABI 373 sequencer.

2.1.8 Oligonucleotides

Oligonucleotides were synthesised by Dr. I. Goldsmith, Imperial Cancer 

Research Fund, Clare Hall Laboratories.

2.1.9 Solutions and Media

Where appropriate media and solutions were sterilised either by autoclaving 

at 121°C for 15 minutes or by filtration through a 0 .2pm pore sterile 

Acrodisc^-DLL (syringe filters) from Gelman Science.

Solutions for RNA work were left overnight in 0.1% DEPC and then 

autoclaved. Solutions containing primary amines were made up in DEPC 

treated water as primary amines inactivate DEPC.

2.1.9.1 Solutions

TE buffer:

lOmM Tris (pH 8.0), ImM EDTA (pH 8.0).

50 X TAE:

2M Tris-acetate, 50mM EDTA (pH 8.0). 

lOxTBE:

0.9M Tris-borate, 20mM EDTA (pH 8.0).

5 X Formaldehyde gel-running buffer:

0.1 M MOPS (pH7.0), 40mM sodium acetate, 5mM EDTA (pH 8.0). Filter 

sterilised and stored protected from light.
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6  X Loading dye:

0.25% (w/v) bromophenol blue, (w/v) 0.25% xylene cyanol FF, 40% (v/v) 

glycerol.

RNA Formaldehyde gel loading buffer:

50% (v/v) glycerol, 1mM EDTA (pH 8.0), 0.25% (w/v) bromophenol blue, 

0.25% (w/v) xylene cyanol FF.

20 X SSPE:

12.82g Na2HP04.2H20, 4.37g NaH2P04.H20, 105.2g NaCI, 20ml 0.5M EDTA 

(pH 8.0) and water up to 1000ml.

20 X SSC:

175.3g NaCI, 88.2g Na3CgH507.2H20 and water up to 1000ml.

Denaturing solution:

1.5M NaCI, 0.5M NaOH.

Neutralising solution:

1.5M NaCI, 0.5M Tris (pH 6.5).

FA Buffer (hybridisation):

50% (v/v) formamide, 750mM NaCI, 50mM NaPi (pH 7.2), 5x Denhardt’s 

solution, 0.05% (w/v) SDS, 5mM EDTA (pH 8.0). Stored at -20°C in the 

absence of formamide.

10 X Nick Translation Buffer (NTB):

0.5M Tris (pH 7.5), 50mM IVIgClg, 0.5mg/ml BSA.

10 X Nick Translation Buffer Bio (NTB-Bio):

0.5mM dCTP, 0.5mM dATP, 0.5mM dGTP, 0.38mM dTTP, 0.02mM Bio- 

dUTP.
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Oligo Labelling Buffer (LS):

50ml OL, 175ml TM. 175ml 1M HEPES (pH 6 .6).

0L= 90 OD units/ml H^O hexamers

TM= 250mM Tris (pH 8.0), 25mM IVIgClg, 50|liM p-Mecaptoethanol.

CTG:

ImM dCTP, ImM dTTP, ImM dGTP.

Nuclear Lysis Buffer (NLB-Genomic DNA preparation): 

lOmM Tris (pH 8.2), 400mM NaCI, 2mM EDTA (pH 8.2).

Proteinase K solution (Genomic DNA preparation):

2mg/ml Proteinase-K in NLB.

20 X MOPS:

0.35M MOPS salt (pH 7.0), 0.16M NaOAc, 5mM EDTA 

Soln. A (Drosophila Genomic DNA preparation):

0.5ml 1M Tris (pH 9.0), 1ml 0.5M EDTA (pH 8.0), 0.5ml 10% SDS, 5ml 

water. Add 25pl of DEPC at the last moment before use.

100 X Denhardt’s solution:

2% Ficoll, 2% polyvinylpyrrolidone, 2% BSA.

SSSRC:

4x SSC, 7% sarcosyl.

Church solution:

7% (w/v) SDS, 0.5M NaHPO^ (pH 7.2), ImM EDTA.

Northern hybridisation Solution:

I) 42°C Hybridisation: 5 x SSPE, 50% formamide, 2 x Denhardt’s, 0.1% SDS
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ii) 60°C Hybridisation: 5g BSA, 100ml 1M NaPi (pH 7.2), 1ml 0.5M EDTA, 

35g SDS, 75ml Formamide, 2ml 5mg/ml salmon sperm DNA. Up to 500ml 

with water.

iii) Washes for 60°C: Wash One; 80mM NaPi, ImM EDTA, 1% SDS. Wash 

Two; 40mM NaPi, ImM EDTA, 1% SDS.

Alkaline lysis solutions:

ALS1: 50mM glucose, 25mM Tris (pH 8.0), lOmM EDTA.

ALS2: 0.2M NaOH, 1% SDS (make fresh).

ALS3: 60ml KaOAc, 11.5ml glacial acetic acid, 28.5ml water. (3M K, 5M Ac 

(pH 5.3)).

Tris-Sodium buffer:

132.2g Tris-HCI, 19.4g Tris base, 87.66g NaCI up to 1000ml.

Prot-K Buffer:

5.84g NaCI, 33.3ml 30% sarcosyl, 44.2g Tris-HCI, 87.2g Tris base, 100ml 

0.5M EDTA up to 1000ml with water.

10 X PCR buffer (1.5mM MgClg):

25ml 1m KCI, 5ml Tris (pH 9.0), 0.5ml triton-XlOO, 0.75ml 1M MgClg in 50ml 

total.

100 X NTPs:

lOmM dATP, lOmM dGTP, lOmM TTP, lOmM dCTP.

RNA Lysis buffer:

5 .2ml 5M NaCI, 26ml 1M Tris (pH 7.5), 14.5)il MgCI ,̂ 13ml 20% SDS, 

85.8ml DEPC water. Resuspend cell pellet without the SDS. Add the SDS 

and 40mg proteinase-K.

Elution buffer:

0.01 M Tris (pH 7.5).
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Binding buffer:

0.5M NaCI, 0.01 M Tris (pH 7.5).

DNase I:

90.91 pi 5M NaCI, 1.37ml glycerol, 1.27ml sterile water, 2.73g DNase I 

powder.

TLC buffer:

0.75M KH2PO4 (pH 3.5).

RNase A:

lOOmg in 10ml lOmM Tris (pH 7.5), 15mM NaCI. Boil 15 min, cool to room 

temperature, store -20°C.

Sequencing Stop solution:

95% Formamide, 20mM EDTA, 0.05% bromophenol blue, 0.05% Xylene 

cyanol FF.

2.1.9.2 Media and Antibiotics

Luria-Bertani (LB) medium:

lOg Bactotryptone, 5g bacto yeast extract, lOg NaCI and water up to 

1000ml. LB agar contains 15g agar/litre.

2YT broth:

16g bactotryptone, lOg bacto yeast extract, 5g NaCI and water up to 1000ml. 

LBSOC Media:

50ml LB, 0.5ml 1M MgSO^, 0.1ml 20% glucose.

Terrific broth:
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12g bactotryptone, 24g bacto yeast extract, 4ml glycerol to 900ml with 

water. Autoclave, add K-solution (K-solution; 2.31 g KH^PO^ + 12.5g KgHPO  ̂

in 100ml water).

lambda diluent solution:

lOmM Tris (pH 7.5), lOmM IVIgSO .̂THgO.

10 X Hogness modified freezing medium (HMFM):

6.3g K2HPO4, 0.45g NaCitrate, 0.09g IVIgSO .̂THgO, 0.9g (NHJ^SO^, 1.8g 

KH2PO4, 44g glycerol to 100ml.

BBL Top:

3g Trypticase, 1.5g NaCI, 1.95g Agarose in 200ml water.

Ampicillin:

Stock soln. SOmg/ml in water. Working concentration 50|Lig/ml.

Kanamycin:

Stock soln. lOmg/ml in water. Working concentration 50|xg/ml.

X-gal:

20mg/ml in di-methyl formamide, stored -20°C protected from light.

IPTG:

200mg/ml in water.

2.1.10 Bacterial Host Strains and Genotypes

XL1B recAl, endAI, gyrA96, thi, hsdR17 (rk-,mk+), supE44,

re lA I,!-, A(lac), {P, proAB, lacF, ZAM15, TnlO(tet^)) 

JM101 supE, thi-l, A(lac-proAB), {F’traD36, proAB, lacF, ZAM15}

DH5a F-(])80dlacZAM15A(lacZYA-argF), U169 deoR, recAl,
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endAI, hsdR17, (r„-, mk+), phoA supE44, X-, thi-l, gyrA96, 

relA1.

XL1BMRF’ A(mcrA)183, A(mcrCB-hsdsMR-mrr)173, endAI, supE44,

thi-l, recA1, gyrA96, relA1, lac, {P proAB, lacF ZAM15, 

Tn10(tet"))

SOLR e14-(mcrA), A(mcrCB-hsdSMR-mrr)171, sbcC, recB, recJ,

umuC::Tn5(Kan^), uvrC, lac, gyrA96, relA1, thi-l, endAI, 

(P proAB, lacF, ZAM15}, su- (nonsuppressing).

DH10B F-mcrA, A(mrr-hsdRHS-mcrBC), (|)80dlac, ZAM15,

AlacX74, deoR, recA1, araD139, A(ara, leu), 7697, galU, 

galK X- rpsL, nupG

XL1B-MRF’Kan A(mcrA)183, A(mcrCB-hsdSMR-mrr)173, endAI, supE44,

thi-l, recA1, gyrA96, relA1, lac{F’ proAB lacF ZAM15,

TnS(Kan^)}

2.1.11 Libraries

Adult mouse lung, testis, PCC4, spleen cDNA libraries: (Stratagene) (vector: 

XZAPII)

Mouse day 17.5 embryonic cDNA library: (Clontech) (Vector:pGAD10;host 

strain; DH5a)

Jurkat: Jurkat cell line cDNA library in pBluescript

ZR75: adult human breast epithelial cDNA library constructed using 

Stratagene XZAP vector, (constructed by Rodger White and Malcolm Parker, 

ICRF).

Keratinocyte Stem library: Human keratinocyte stem cell cDNA library in 

pSPORTI. (constructed by Phil Jones and Fiona Watt, ICRF).

Mouse cosmid library: Total mouse genomic cosmid library (constructed by 

Anna-Marie Frischauf, ICRF).
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2.1.12 Vectors

pBluescript SK+/- was obtained from Stratagene.

pSport-1 was obtained from Gibco BRL (Life Technologies Ltd.).

2.1.13 Storage of Clones

Stocks of PAC, PI, cosmid and plasmid clones were prepared by mixing 

900pl of overnight culture with lOOpl of 10 X HMFM and stored at -70°C. 

Bacteriophage stocks were prepared by picking a single plaque into lambda 

diluent with 2 drops of chloroform and stored at 4°C.

2.1.14 Cell Lines

All cell lines were from American Type Culture Collection except were 

indicated:

GM1416B Human lymphoblastoid.

A23 Hamster fibroblast

BW5147 Mouse lymphoblastoid

MDBK Bovine

Chick 2Y Chicken

CV-1 Monkey

MDMDB Canine

CL184 Pig

2.1.15 Somatic Cell Hybrids, Monochromosomal Hybrids and 

Radiation Hybrids

Radiation hybrids come from the Genebridge-4 panel obtained from the UK 

HGMP resource centre.
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CV340/BW: Mouse BW5147 lymphoblastoid cell line containing human 

chromosome fragments 9pter-q22.3, 6pter-p23 and a fragment of X on a 

mouse background. (Mike Dixon, Manchester, Uk)

64063a12: Hamster A23 fibroblast cell line containing the long arm of

human chromosome 9.

2.2 Methods

2.2.1 Preparation of Genomic DNA

i) From Cell Pellets:

Frozen cell pellets were collected from -70°C, and directly resuspended in 

40ml of Nuclear Lysis Buffer (NLB) by vortexing. When completely 

resuspended add 2 .6ml of 10% SDS before inverting the tube several 

times for complete lysis. Add 7mls of proteinase-K solution, and seal the 

tube with parafilm before incubating at 50°C for 2.5hrs on a gently rocking 

platform. The solution is split into two tubes before adding 6.5ml of a 

saturated salt solution. The mixture is shaken vigorously for 15-20sec before 

; CenL‘ at|- joù x g 15min. The supernatant is carefully decanted into a 

fresh tube avoiding the transfer of the unstable protein pellet. Propan-2-ol is 

added to fill the tube and then the tube is inverted several times and allowed 

to settle. The genomic DNA should appear as a white stringy clump in the 

solution. This is fished out on the end of a flame bent Pasteur pipette and 

submerged in 70% ethanol several times before transferring to a suitable 

volume of TE in an eppendorf tube and left to resuspend overnight at 4°C. 

When fully dissolved, an equal volume of phenol is added and the tube

inverted gently several times before cent , * at 1 ô.ÛOO x g for Smin. The 

aqueous phase is removed avoiding transfer of the interface. Several 

phenol extraction s can be applied before the DNA is precipitated with 1/10 

volume of 3M NaOAc and 2 .2x volumes of 100% ethanol at -20°C overnight.

The DNA is recovered by pent : at 10,000 x g o'' 15min, removing the
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supernatant and air drying the pellet before resuspending in a suitable 

volume of TE.

ii) From Tissue

Fresh tissue samples are snap-frozen in liquid nitrogen and stored at -70°C. 

The tissue sample is homogenised with pestle and mortar under liquid 

nitrogen until a fine powder is produced. The powder is sprinkled into a tube 

containing NLB before continuing with the protocol above (I).

iii) From Drosophila

25 frozen flies in a 1.5ml eppendorf are gently homogenised in 0.5ml of 

solution-A using a glass rod. The mix is incubated at 68-70°C for 30min 

before adding 70|il of 8M KOAc and leaving on ice for 30min. The tube is 

cbnt alj 10,000 for 15min and the supernatant transferred to a fresh tube. 

1/2 volume of propan-2-ol is added, gently mixed and|cent . for 5min at 

10,000 X g The pellet is washed with 70% ethanol before air drying and 

resuspending in 50pl of TE.

2.2.2 Preparation of Plasmid DNA

i) Alkaline Lysis

Preparation of plasmid DNA by alkaline lysis is based upon the methods of 

Birnboim and Doly (1979), and Ish-Horowicz and Burke (1981). A plasmid 

maxi-prep consists of the inoculation of 800ml of LB and appropriate 

antibiotic in a 2 litre flask and growing at 37°C at ~200rpm overnight. 

Bacteria are pelleted byj cent, at 700x ^  for 15min at 4°C. The pellet is 

completely resuspended in lOmIs of ALSI. 30ml of fresh ALSII is added 

and the solution gently mixed for thorough lysis before incubation at RTF for 

5min. 22.5ml of cold ALSIII are added and gently mixed by inversion 

several times and incubated on ice for lOmin. Cell debris is pelleted by

|ceht. a t jj 0^000 x g 15min at 4°C. The supernatant is carefully 

transferred to a clean tube before addition of 0.7x volumes of propan-2-ol, 

inversion andfcént atnOrOOO x g  for 15min at 4°C. The pellet is washed
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with 70% ethanol and resuspended in TE. The DNA can be incubated at 

RTF with RNase A for 10min and extracted several times with phenol. 

Midi-preps and mini-preps follow the same format with lOOml(midi) and 

2ml(mini) of culture and smaller volumes of solutions at each stage.

ii) Qiagen

Mini, midi, maxi and spin preparations using Qiagen tip-20 , tip-100, tip-500 

and spin columns were carried out according to the manufacturers 

recommendations. Recommended culture volumes were used. 200ml of 

culture were used for cosmid preparations with tip-100 columns. Volumes of 

PI, P2 and P3 were increased to Smis each for cosmid preparations. To 

improve the flow through the column, after solution P3 addition and 

incubation on ice for lOmin, the solution was passed through a home made 

column before addition to the tip-100. The base of a 20ml syringe was 

plugged with sterile filter wool, and the solution added to the syringe barrel 

before filtering into the equilibrated tip-100.

iii) Wizard

Mini-preparations using the wizard mini-prep kit were performed as 

recommended by the manufacturers instructions. DNA was resuspended in 

milli-Q water using half the recommended volume.

2.2.3 Preparation of Po!y-A+ RNA

Poly-A+ RNA was isolated using the “fast-track” method. 10® cells were 

resuspended in 15ml of lysis buffer by vortexing. Genomic DNA was 

sheared by passage several times through a 1.1mm and 0 .6mm needle 

several times avoiding frothing. The solution is incubated at 50°C for 2 hours 

with gentle rocking. 20mg of oligo-dT is hydrated for 1 hour with gentle 

shaking at RTF in 10ml of binding buffer. The oligo-dT is pelleted by 

700 x ĝ  for 5min, washed in 15ml of fresh binding buffercent : •  ̂ at

before pelleting again. 0.9ml of 5M NaCI is added to the lysate before mixing 

with the pelleted oligo-dT and gently rocked at RTF for 60min. The oligo-dT
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is pelleted at 10,000  5min and the supernatant removed. The pellet is 

washed four times with 15ml of binding buffer, pelleting between each  

resuspension. For the final pelleting, 0.5ml of binding buffer is left with the 

pellet, and used to resuspend the matrix and transfer to a millipore spin 

column with a cut off P I 000 tip. The column is cent for 15sec at 10,000 x g , 

and the matrix is washed four times with 0.4ml of binding buffer. After the last 

spin, the column is transferred to a fresh tube, and 0.2ml of elution buffer is 

added to the matrix. Leave at RTF for 1min before eluting and precipitating 

overnight with 1/10 volume of 3M NaOAc and 2.2 volumes of 100%  ethanol 

at -20°C. The poly-A+ RNA is resuspended in 50pl of TE/sterile DERC water 

and stored at -70°C.

2.2.4 Measurement of DNA, RNA or Oligonucleotide 

Concentration

Samples were diluted in 0.5ml of water. A spectrophotometer was base  

corrected with a water blank before sample analysis. Optical Density (CD) 

was measured at 230nm, 260nm and 280nm . DNA, RNA and

oligonucleotide concentrations were determined using the following 

calculation:

concentration DNA (mg/ml) = ODgg^^  ̂ x C x fold dilution

For DNA: C =50  

RNA: 0 = 4 0  

oligos: 0 = 2 0

2.2.5 Restriction Endonuclease Digests of Genomic DNA

1 -5pg of DNA was incubated with 10-20 units of restriction endonuclease in 

1x reaction buffer at the relevant temperature for ~2hrs according to the 

manufacturers recommendations.
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|2.2.6 Restriction Endonuciease Digests of Plasmid DNA
1p,g of DNA was incubated with 5-10 units of restriction endonuclease in 1x 

reaction buffer at the relevant temperature for ~1hr according to the 

manufacturers recommendations.

2.2.7 Agarose Gel Electrophoresis

Q.8-2.0% (w/v) agarose, 0.4-1.5% Low Melting Point (LMP) agarose and 2.5- 

3.4% NuSieve agarose gels were prepared in 1x TAB with 2pl/100ml of 

ethidium bromide solution (lOmg/ml). Molten gel mix was poured into a 

tape-sealed gel tray with a comb and left to set at RTP. Gels werejelec in 1x 

TAB with molecular weight markers at 15-90 volts for 30min-16hrs before 

visualising on a UV transilluminator.

2.2.8 Gel Electrophoresis of RNA for Northern Blotting

The gel was prepared by melting 1.5g of agarose in 95mls of DBPC treated 

water, and allowed to cool to 60°C, and then add 30mls of 5x gel-running 

buffer and 35mls of 12.3M formaldehyde (Can add 17.5mls of formaldehyde 

and 17.5mls of water for a less brittle gel). The gel is cast in a fume hood. A 

gel tank is prepared by treatment with DBPC, proteinase-K or peroxide, and 

thoroughly rinsed out with DBPC treated water.

Samples are prepared by mixing 5pl of RNA (1-5pg) with 2jil of 5x 

formaldehyde gel running buffer, 3.5pl of formaldehyde and 5pl of 

formamide. The samples are heated to 65°C for 15min and quenched on ice 

before adding 2|il of gel loading buffer. The gel is pre-run at 5V/cm for 5min, 

before loading samples with RNA marker.

2.2.9 Purification of DNA from Normal or LMP Agarose

i) Spin-X

DNA samples smaller than 1.5kb arej^^T^c. <̂ n a 0.7%-1.4% agarose gel 

for the desired length of time for good separation. The band is excised with a
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scalpel using a hand held UV illuminator of low power to avoid DNA 

shearing. The gel block is trimmed to avoid excess volume and placed in the 

catch tube and cent 10,000 x g for lOmin. The column is discarded and the 

DNA stored at -20°C.

ii) GeneClean

DNA samples are ran on a 0.7-1.4% agarose gel for the desired length of 

time for good separation. The band is removed as for Spin-X above. 0.3ml 

of Nal solution is used for dissolving the agarose at 65°C for 5-10min. 10- 

20pls of glass milk is added and mixed in and the mix incubated on ice for 

lOmin. The tube is cent for 1 min at| 10,000 x g and the supernatant 

removed. The pellet is washed three times with 0.2ml of ice cold New Wash 

solution. After the final wash, the glass milk is pelleted, excess liquid 

removed, and spun again to remove all New Wash. The pellet is 

resuspended in 10-20pl of water/TE and incubated at 50°C for 5-10min. The 

tube is spun down for 2min and the DNA solution removed and stored at - 

20°C.

iii) Low Melt excision of cosmid insert for probes.

1-10|ig of cosmid DNA is digested with appropriate vector specific restriction 

endonucleases, and the DNA samples areelec on a 0.7-1.0% agarose gel 

for the desired length of time for good separation. The gel is viewed briefly 

and a small well is cut from the gel in front of the desired band. The well is 

filled with LMP agarose and left to set. The gel is Aloe for a short period of 

time to run the desired band into the LMP. The LMP is removed and diluted 

1:1 with TE and heated to 65°C. 11 pi of the mix is used for a probe.

2.2.10 Southern Blotting onto Hybond N+

Gels containing genomic DNA digests were soaked in 0.25M HOI for lOmin 

before soaking in denaturing solution for 30min. Other gels were soaked in 

denaturing solution for 10-30min and assembled into a capillary blot 

(Sambrook et al., 1989), using denaturing solution as the transfer solution.
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After 16hrs, the filter is marked for orientation and well position with a pencil. 

The filter is baked at 80°C for 30min-2hrs before UV-crosslinking.

2.2.11 Northern Blotting

Formaldehyde gels were soaked in 0.05M NaOH/1.5M NaCI for 15-45min. 

The gel is then soaked with 20x SSC and soaking for 30-45min, swapping 

the solution once. The marker lane is removed and photographed on a UV 

transilluminator. RNA transfer is achieved by a capillary blot to Hybond N+ 

as described for Southern blotting above using 20x SSC for transfer. After 

16hrs the filter is briefly soaked in 2x SSC and baked for 1-2hrs at 80°C and 

UV crosslinked.

2.2.12 Preparation of Radiolabelled Probe

i) Oligolabelling

According to Feinberg and Vogelstein, 1983. 10-50ng of DNA was 

suspended in 11 pi of water and boiled for lOmin before quenching on ice. 

The tube is spun briefly and placed back on ice. The following was added: 

19pl of LS, 3pl of CTG, Ipl of Klenow and 4pl of [a^^P]dATP (lOpCi/pl). The 

reaction mix is incubated at 37°C for 3-4hrs or overnight at RTP. The probe is 

cleaned by passage through a sephadex G-50 column (Pharmacia) 

according to the manufacturers instructions.

ii) End Labelling

A single reaction was set up as follows: 7pl of DNA (20pM), Ip l of 

[y^^P]dATP (lOpCi/pl), Ip l of lOx T4 polynucleotide kinase buffer (PNK) and 

Ip l of T4 PNK (8 units). Incubate at 37°C for 30min. Incorporation of label 

was monitored by running 0.5pl before and after labelling on a PEI thin layer 

chromatography plate. The plate was run using 0.75M KHgPO  ̂ (pH 3.5) until 

the front was 2cm from the upper end of the plate. Incorporated nucleotide 

will remain at the base of the plate while unincorporated nucleotide will 

move up the plate.
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iii) Probe counting

^\l\ of 100^1 of probe was counted on a scintillation counter using a 

programme to estimate the activity of a probe.

2.2.13 Southern Hybridisation

i) DNA Probes

Hybridisation s were carried out at 60-65°C in hybridisation tubes in a 

rotating oven (Hybaid). Hybridisation s were achieved in Church solution. 

Filters were pre-hybridised for 1-2hrs. Probes were heated at 95°C for 10min 

before quenching on ice for 2-5min. Probes were added directly to pre

hybridisation solution and incubated rotating for 16hrs. Filters were washed 

with 2x SSC, 0.1% SDS to 0.1 x SSC, 0.1% SDS according to the nature of 

the hybridisation.

ii) Oligonucleotide Probes

Hybridisation was achieved at RTP for 16hrs in a plastic tub with lOmIs of 

SSSRC solution. Filters were washed in fresh SSSRC at 35°C for 15min 

followed by 47°C for lOmin.

iii) Probe Competition

Repetitive DNA probes were competed by adding the following to lOOjil of 

probe: 20|xl of human/mouse Cot-1 DNA (20|xg), 20p,l of Total Human DNA 

(200jLig), 4 0 |li I of 20x SSC, IO jliI of sheared vector and lOjil of water. The 

mix is heated to 95°C for lOmin before placing at 65°C. The probe is added 

directly to the hybridisation after 2hrs.

iv) Stripping filters

Probe is removed from the filter by incubating the filter in a plastic container 

at 80°C for 1 hr with boiling strip solution. (4ml 0.5M EDTA, lOmIs 10% SDS 

in 1000ml water).
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2.2.14 Northern Hybridisation

Method 1: Northern filter Is pre-wet with 6x SSC, rolled and placed in a 

hybridisation tube. The filter is prehybridised in solution 1 (from above), at 

42°C for 1-2hrs. Filters were hybridised as for Southern hybridisations at 

42°C. Filters were washed in a plastic container at RTP for 15-30min with 2x 

SSC, 0.1% SDS to 0.2x SSC, 0.1% SDS.

Method 2: Filters were prehybridised in solution 2 (from above), at 60°C for 

1-2hrs. Hybridisation was as above at 60°C. Filters were washed with 80mM 

NaPi (pH 7.2), 1.0% SDS for 15min at 60°C, followed by 60mM and 40mM 

wash solutions.

2.2.15 Bacteriophage Library Screening

Library filters were rolled in 2x SSC and placed in large hybridisation tubes, 

4 filters per tube. Filters were prehybridised in Church solution at 65°C for 1 

hour before addition of probe as for Southern hybridisation-DNA probes 

above with 1x10® cpm per ml of hybridisation solution. Hybridisation s were 

for 16hrs. Library filters were washed at a suitable stringency and exposed 

at -70°C for 16hrs before developing. Potential hybridising signals were 

checked by overlaying duplicate filters. Hybridising plaques were isolated by 

removing a plug from the library plates and placing in 0.4ml of Lambda 

Diluent (LD) solution. Plugs were left for 30min at RTP or overnight at 4°C. 

Long term storage of the plug is aided by the addition of 8pl of chloroform. A 

fresh culture of XL1B is prepared in 50ml of LB-Mg (lOmM) at 37oC. The 

culture is pelleted at/VoOxgr for 15min and resuspended in 25ml of lOmM 

MgSO^ and form the plating cells.

The plug mix is diluted 1:100 with LD. Ipl, 5|xl and lOpI aliquots of the 

bacteriophage are mixed with 150pl of plating cells and incubated for 15min 

at 37°C for attachment. Add 10ml of 50°C BBL-Top, gently swirled and 

poured onto a fresh, prewarmed L-agar 132mm petridish. After lOmin to set
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the plate is incubated at 37°C for 6-7 hours until plaques become noticeable 

and approximately 1 mm in diameter.

Filter lifts of the plates were made by chilling the plate at 4°C to prevent 

removal of the BBL-Top by the filter. A Hybond N+ filter is overlaid on the 

plate and left for 2-3min. Orientation marks are made by needles, before the 

filter is removed and placed on denaturing damp 3MM whatmann for 4min, 

then onto neutralising damp 3MM whatmann for 4min. The filter is briefly 

washed in 2x SSC and then baked at 80°C for 1 hour and UV crosslinked. 

Primary, secondary and tertiary screens are performed as described above. 

The final picking of an isolated plaque is done using the this end of a 

Pasteur pipette.

2.2.161//I viVo Excisions

In vivo excision of pBluescript cDNA clones from the bacteriophage is 

achieved using SOLR cells, XL1B-MRF’ and the ExAssist helper phage 

according to the manufacturers recommendations (Stratagene).

2.2.17 Screening Piasmid/Cosmid/P1/PAC libraries

Plasmid, cosmid, P1 and PAC libraries were hybridised as described for the 

bacteriophage library filters above. Hybridising clones were confirmed by 

duplicate filter overlaying. Clones were picked according to filter co

ordinates for high density spotted library filters. For plated libraries, clones 

were picked by marking the position of the hybridising signal on a plastic 

grid, and cutting a 5mm^ section from the original frozen library filter using 

the guide grid. The filter section is placed in 0.5ml of LB and vortexed after 

5min at RTP. A glycerol stock is made of the section and stored at -20°C. The 

mix is diluted 1:1000 with LB, and dilutions are plated onto relevant 

antibiotic plates onto hybond N+ filters, and left to grow for 16hrs at 37°C. 

Filter lifts are made. The master filter is lifted onto a piece of 3MM whatman 

paper on top of a glass plate. A fresh filter is placed over the master filter, 

followed by a fresh piece of 3MM whatman and a glass plate. Pressure is
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applied to the press. The top plate is removed and a needle is used to 

orientate the filters with respect with one another. The filters are separated 

and the master filter replaced onto its' plate, and the duplicate onto a new 

plate. The plates are placed at 37°C for 3-6hrs to regrow. The duplicate filter 

is processed as described below for library plating, without placing in 

Proteinase-K solution. Primary, secondary and tertiary screens are 

performed as described above. An isolated hybridising colony is picked into 

LB+antibiotic and grown overnight at 37°C and used for minipreps and 

glycerol stocks.

2.2.18 Library Plating

Bacteriophage Libraries: The titre of the library is established by plating out 

several dilution s of the bacteriophage stock. Two to four 22x22cm Nunc 

plates were prepared for the library plating by pouring with L-agar. The 

calculated titre is used to work out the dilution required for a large plate, and 

mixed with plating cells and incubated at 37°C for 15 minutes. Molten top 

agar is added and the mixture poured over the prewarmed library plates. 

The top agar is evenly distributed and left to set for 15min before incubating 

at 37°C for 5-8 hours. When suitable sized plaques form, the plates are 

placed at 4°C. Filter lifts are made in duplicate as described for the 

rescreening of the library above. The second lift is left for two more minutes 

after the first lift. The master plates are stored at 4oC. The lifetime of the 

library can be increased by sticking a 22x22cm piece of 3MM whatman in 

the lid of the plate with several drops of chloroform.

Plasmid/cosmid libraries: The library titre is established by plating various 

dilution’s of the master stock of the library. 100,000 to 200,000 colonies are 

aimed to be plated per 22x22cm filter on L-agar+antibiotic. Dilution s are 

made, and the library is spread evenly across a filter on top of a plate and 

placed at 37°C overnight. Screening filters are made as described below. 

The master filter is placed onto a perspex square on dry ice overlaid with a 

grid. Orientation marls for the library filter are transferred to the grid, and a
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second identical copy of the grid is made. A second piece of perspex is laid 

over the master filter and grid. The edges are clamped, and the library stored 

at -70°C.

2.2.19 Filter Lifts and Processing

Duplicate filters of the master library are made as follows: A piece of 3MM 

whatman of the same size as the filter is damped with LB, and placed onto 

a glass plate. The master filter is lifted and placed onto the whatman . A 

fresh filter is damped with LB and carefully overlaid on the master filter. A 

second piece of 3MM is overlaid and another glass plate. Pressure is 

applied directly downwards so the filters do not slip. Orientation marks are 

made with a needle, and the filters are carefully separated. Both filters are 

placed on L-agar+antibiotic plates and placed at 37°C. When the colony size 

has recovered for the master filter, a second lift is made, following the same 

orientation marks. When the master filter has recovered, it is stored as 

described above. The filter lifts are allowed to recover, but not to over grow. 

The filters are processed by placing colony side up onto a piece of 3MM 

Whatman; damped with denaturing solution for 4min. The filter and 

Whatman paper are then transferred to a glass plate ledge inside a boiling 

water bath and steamed for 4min. The filter is then transferred to a plastic 

container containing tris-sodium solution, and allowed to float on the surface 

for 4min. The filter is then incubated in a plastic container containing 

proteinase-K solution at 37°C for 30min. The filter is blotted on 3MM 

Whatman , and baked at 80°C for 1-2hrs before UV crosslinking.

2.2.20 Calf Intestinal Phosphatase Treatment (GIF)

1mg of digested DNA is GIF treated in lOOpI of 1x GIF buffer, and 2pl of 

GIF enzyme at 37°G for 1 hour. The reaction is stopped by the addition of 

10pl of 50mM EDTA, and heat inactivated at 75°G for 10min.
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2.2.21 Ligations

In a 0.5ml eppendorf, 100ng of digested vector and an equimolar amount of 

insert DNA in 8ml volume. Add 1|xl of 10x T4 DNA ligase buffer, and place at 

50°C for 5min and then on ice. Add 1 \l\ of T4 DNA ligase, and leave at RTP 

for 1 hour.

2.2.22 Preparation of Competent Cells

Electroporation competent cells: A 10ml LB overnight culture of XL1B is 

used to inoculate 800ml of LB and shake at 37°C for 3hrs. The ODgoo is 

measured after 3hrs. An ODggo of 0.5-0.7 indicates mid-log phase, at which 

point the flask is immersed in ice cold water and chilled shaking for 15- 

30min. The culture is pelleted in precooled centrifugation pots at 4°C, 

700 X g for 15min. The supernatant is decanted and the pellet 

resuspended in 10ml of ice cold water then made up to 500ml. This is 

mixed and cent' 4°C, I 700 X g for 15min. The supernatant is removed and 

the pellet resuspended in 50ml ice cold water. The solution is pelleted at 

4°C, 700 X g for 15min. The pellet is resuspended in 10ml 4°C 10%

glycerol^! cent i4°C, jqqàç  for 15min. The pellet is resuspended in 

0.75ml of 10% 4°C glycerol, aliquoted and snap freeze under liquid 

nitrogen before storage at -70°C.

Heat shock competent cells: 100ml of an LB overnight culture of JM101 are 

used to inoculate 50ml of LB and grown to OD̂ ô of 0.7. The cells are

cooled for 20min on ice before cent ! at 4°C, TQQjx gL for lOmin. The

supernatant is removed and the cells resuspended in 1ml of cold CaClg, 

before making up to 25ml . This is left for 10-20min on ice, before cent ! 

at 4°C, 1 70ÛLX g for lOmin. The supernatant is removed, and the pellet is 

resuspended in 1.5ml of ice cold CaClg and stored at 4°C overnight before 

use.
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2.2.23 Transformation

i) Electroporation: 0.2cm electroporation vials are precooled on ice, and 

SOC media prewarmed at 37°C. Competent cells are thawed on ice for 

10min. On ice SOpI of competent cells are mixed with 1|il of DNA and 

incubated for 1min. This is transferred to an electroporation vial and 

electroporated at 2.5Kv. 1ml of 37°C SOC media is added to the vial and 

then transferred to a tube and gently shaken for 30-60min at 37°C for 

recovery before plating.

ii) Heat Shock: Competent cells are thawed on ice for 10min. 50pl of 

competent cells are added to a prechilled falcon 2059 tube on ice. Add 

0.85|Lil of p-mecaptoethanol and left on ice for 10min. Add 1|il of ligation mix, 

and incubate on ice for 30min. Heat shock at 42°C for 45sec and then on ice 

for 2min. O.QmIs of prewarmed SOC media is added and incubated gently 

shaking at 37°C, 200rpm for 60min before plating.

2.2.24 DNA Sequencing

i) Manual Sequencing: DNA fragments in pSPORT-1, pAMP-10 and 

pBluescript were sequenced using the Sequenase version 2.0 sequencing 

kit from USB. For each sample, 1|xg of DNA, 2|il of 10N NaOH, 10|xl of 1mM 

EDTA in 50|xl were placed at 37°C for 10min. The mix is precipitated with Spl 

of 3M NaOAc and 110pl of 100% ethanol on dry ice for Smin before & n t 

for ISmin at ;io;000 x gf. 'The pellet is air dried and resuspended in 7|il of 

water, 1jil of universal primer (lOng/pl), 2|xl of 5x reaction buffer and 

incubated at 37°C for ISmin and then on ice. To the annealed template- 

primer, the following was added; Ip l of DTT, 2pl of diluted labelling mix, 

O.SpI of [a^^S]-dATP (lOpCi/pl), and 20 units of Sequenase enzyme. The 

reaction was incubated at S-IOmin at RTP. 2.S|il of each ddNTP is pipetted 

into a microtitre dish, and 3.S|xl of the labelling reaction was added to each 

well, and incubated at 37°C for Smin. The reaction is stopped by the addition
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of 4\l\ of sequencing stop solution. The plate is incubated at 95°C for 1min 

before samples were loaded onto a sequencing gel.

ii) Cycle Sequencing: 400ng of DNA template is mixed with 2pl (3.2pmol) of 

primer, 8pl of PRISM Ready DyeDeoxy terminator premix and made up to 

20|llI. Samples were placed in a Perkin Elmer PTC-100 PGR machine with 

heated lid on the cycle sequencing programme (see appendix). The mix is 

transferred to a 1.5ml eppendorf with 3pl of 3M NaOAc and 55pl of 95%

ethanol, vortexed and cent immediately at 10,000 x g for 15min. The 

supernatant is removed and the pellet dried. The sample is resuspended in 

4|il of ABI loading buffer and heated to 95°C for 2min before loading on a 

373 ABI sequencing gel and running for 12hrs.

2.2.25 Sequence Analysis

Sequence data was edited using the DNA sequence analysis package 

(ABI prism), and assembled into contigs using the seqed application from 

the GOG package (Wisconsin Package Version 9.0, Genetics Computer 
Group (GCG), Madison, Wise).

2.2.26 Computer Analysis

Database searches of Genbank, EMBL and SWISS-PROT were performed 

at the National Centre for Biotechnology Information using the BLAST 

network service and FASTA|(NCBI and GCG) package, accessed on the 

UK Human Genome Mapping Project on-line computing service.

Topology predictions for proteins were made using the TopPred II 

programme.

Motifs in proteins were predicted using PROMÛT: a FORTRAN program to 

scan protein sequences against a library of known motifs (Sternberg, 1991).
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2.2.27 Reverse Transcription

S j L i l  of DEPC treated water is mixed with 2|xl (0.1-1|xg) of poly-An- RNA, and 

heated at 68°C for 2min then placed on ice. On ice the following are added: 

2pl of 5x AMV reaction buffer, 1 pi of 10Ox dNTPs, 1 pi of random hexamers, 

O.SpI of 0.1M DTT, 0.5pl of AMV-reverse transcriptase and incubated at 

37°C for 60min. The RT is inactivated at 95°C for 10min, and diluted to a final 

volume of lOOpl. 5pl is used for each PCR reaction.

2.2.28 Poiymerase Chain Reaction

PCR was carried out in volumes of 50pl, 25pl and 20pl. Reaction buffer was 

used with a final concentration of I.OmM, 1.5mM and 2.0mM IVIgClg. PCR 

cycles and reaction details can be found in the appendix.

2.2.29 PCR Cleaning for Direct Sequencing

PCR reactions for direct sequencing were cleaned with the Qia-quick kit by 

QIAGEN following the manufacturers recommended conditions. Elution used 

20-40pl of milli-Q water.

2.2.30 Single Stranded Conformation Polymorphism Analysis

DNA samples were PCR amplified in the presence of 1 mCi of [a^^P]dATP 

(10mCi/ml). 1-2pl of sample is mixed with 8-9pl of sequencing stop solution, 

and heated to 95°C for 2mins and placed on ice for 2mins before loading on 

gel. SSCP products were resolved on a MDE™ gel (J.T.Baker Inc.) (gel 

concentration made up as for the manufacturer’s instructions). Gels are elec 

in 0.6X TBE at 8 watts for 14 hours. Different running conditions are used in 

attempts to detect polymorphisms: 0%, 5%, 10% glycerol, at 4°C, RTP and 

fan cooled.
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2.2.31 Trypsinisation of Cells

Storage of monolayer cell lines was achieved by the lifting of the cells from 

the culture vessel by trypsin. The culture media was removed from the flask, 

and replaced with 4ml of 37°C prewarmed trypsin/versin. The liquid is 

distributed evenly across the cells and incubated for 5-10min, gently tapping 

the side of the vessel occasionally. The cells are monitored under a light 

microscope for detachment progress. When lifted the cells are transferred to 

a 50ml falcon tube containing 35ml of the culture media and 5mls of FOB.

The cells are pelleted at [ 700 x ^  for 4mins, and the supernatant removed. 

The cell pellet is resuspended in 25ml of PBS before pelleting again at 

[700 X g 4mins. The supernatant is removed and the tube containing the 

cell pellet frozen in liquid nitrogen before storage at -70°C.

2.2.32 5' RACE

The RACE method used was a modified version of that described by Zhi 

Chen (1996). The blocking of concatamer3 of primer PI was achieved 

by tailing the 3' end of the primer with ddATP. Ipg of primer is incubated 

with the following at 37°C for Ihour: 4 jliI 5 x  tailing buffer, 4p\ ddATP, Ip l 

terminal transferase in 20pl total. The enzyme is heat inactivated at 75°C for 

lOmin and the DNA precipitated and resuspended in 7|il of DEPC treated 

water.

Primer annealing is achieved by mixing Ipg of poly-A+ RNA with 50-75ng of 

a gene specific primer (GSP1) and heating at 68°C for 10min and quenching 

on ice. Add 2pl of lOx 1st strand buffer, 2pl of 0.1 M DTT, 1|il of lOmM 

dNTPs, Ip l of RNasin and equilibrating at 42°C for 2min. Add Ip l of 

superscript reverse transcriptase and incubated at 42°C for BOmins. Add 1 pi 

of RNase H and incubate at 51 °C for 15min.

DNA was purified using GlassMax kit (GibcoBRL). 95pl of binding solution is 

mixed with the DNA sample, and transferred to a spin column and pulse spin 

for 20sec. The column is washed with 400pl of cold (4°C) wash solution and 

spun for 20sec. The wash solution is removed from the catch tube and 400pl
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of 70% ethanol is applied to the column, j cent for 20sec, remove the flow 

through ancjcent again a t | f0,000x.g for 1min. The column is transferred to 

a fresh tube, and 50|il of heated (65°C) water is added for elution and spun 

for 20sec.

Primer R1 was ligated to the end of the cDNA using 14 RNA ligase: 1pl of 

P1, 2jLil of 10x 14 RNA ligase buffer, 16)liI of cDNA elute, 1pl of 74  RNA 

ligase incubated overnight at RTP.

The ligation product is PCR amplified (1-1 OpI of ligation product) with the 

reverse complement of primer PI: P2 and a gene specific primer 2 (GSP2).

2.2.33 cDNA Selection

I) Adapter Generation

Adapters were made by annealing complementary primers Sal-Bottom and 

Sal-Top. Sal-B needs phosphorylation for the ligation step. 2nMoles of Sal- 

B (22pl) is mixed with the following: 7pl of lOx T4 Kinase buffer, 7pl of 

lOmM ATP, 6pl of T4 Polynucleotide Kinase to 60pl, and incubated at 37°C 

for 30min. The Kinase is inactivated at 72°C for lOmin or 95°C for Smin. 

2nMoles of Sal-T (20pl) is mixed with the phosphorylation mixture and made 

up to lOOpl. The mix is placed in a boiling beaker of water, and boiled for 

Smin. The beaker is removed from the heat and allowed to cool to RTP 

before storage at -20°C.

ii) DNase I Titration

The activity of the DNase I enzyme is titrated by making a dilution series 

aiming to reduce genomic clone DNA to an average size of 7S0bp during 

the nick translation reaction. 1 pg of genomic clone DNA is mixed with the 

following and incubated at 16°C for 2 hours: Spl of lOx NTB, Spl of 0.1 M 

DTT, Ip l of diluted DNase I in SOpl. The reaction is inactivated by the 

addition of O.SpI of O.SM EDTA before running out on a gel to determine the 

best dilution of DNase I to use.
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iii) Nick Translation

Genomic clones are reduced in size to an average of 750bp and Biotin 

labelled. On ice the following is set up: 1|ig of genomic clones, 5|xl 10x NTB, 

5|liI 10x NTB-Bio, Spl 0.1 M DTT, Ip l titrated DNase I, 2|liI Ecoli DNA Pol I 

made up to 50pl with water. The reaction is incubated at 16°C for 2hrs and 

stopped with 5pl of 0.5M EDTA. 7.5|liI is checked on a 1% agarose gel. The 

remaining mix is precipitated with Spl of 0.3M NaOAc (pH 4.8) and 130|liI of 

ice cold 100% ethanol,| cent  ̂ 15min[ 10,000 x g . The DNA pellet is air

dried and resuspended in 20\i\ of water.

iv) 1st Strand Synthesis

In an RNase free eppendorf set up 1-5|xg of RNA, and make up to 7.5pl with 

DEPC treated water. Add 2pl of random hexamers, and heat at 70°C for 10 

min. Place immediately on ice for a few minutes, then spin down briefly. Add 

sequentially: 4pl 5x first strand buffer, 2|xl 0.1 M DTT and 1\i\ dNTPs ( lOmM 

each ). Vortex to mix briefly and spin down. To measure the efficiency of first

strand synthesis, add O.SpI of [a32p]dCTP to the reaction. Place at 37°C for 

2 min to equilibrate the temperature. Add 2.5|il of Superscript RT, and 

incubate at 37°C for 1 hour. Stop the reaction on ice. If radiolabelled dOTP 

is being used; remove 2|il and add to Spl of 30mM EDTA for gel analysis. 

Proceed to second strand synthesis.

v) 2nd Strand Synthesis

To the first strand reaction add: 93|il dH20, Spl 5x second strand buffer, 3pl

dNTPs, Ip l Ecoli Ligase, 4pl Ecoli DNA Pol I, Ip l Ecoli RNase H. If second

strand synthesis is to be monitored add O.SpI of [a^^pjdCTP (10pCi/pl). 

Vortex to mix, spin down, and incubate at 16°C for 2 hours. Add 2pl of T4 

DNA Polymerase and incubate for a further 5 min at 16°C. Place the tube on 

ice (remove lOpI for gel analysis of labelled second strand, and add to O.SpI 

of 0.5M EDTA). Add lOpI of 0.5M EDTA to tube and mix in. Add ISOpI 

phenol:chloroform:isoamyl alcohol, vortex and spin |Tp,p00 for 5 min. 

Remove 140pl of the aqueous phase, and add 7.5pl of 7 .5M(NH)4 0 Ac and
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SOOfil of cold (-20°C) ethanol. Vortex and| cent_at room temperature for 20

min^l0,000 . Wash with 800|il of cold 70% ethanol (-20°C), and[c^t at

j t6,0(30 for 2 min. Pipette off solution, and dry for 10 min at 37°C. Store 

dry at -20°C.

vi) Adapter Ligation

Resuspend the dried down cDNA in 40pl of adapter solution ( 20pmol/ml ). 

Add on ice: 12pl 5xT4 DNA Ligase buffer equilibrated to RTP, 3|il dH20, 5pl

T4 DNA Ligase. Mix and incubate at 16°C for 16 hours. Add 60pl of 

phenol;chloroform;isoamyl alcohol, vortex and cent at RTp[l^,0OOx p for 5 

min. Take 45pl of aqueous phase, and add 25pl of 7.5M (NH)4 0 Ac and

150|il of cold 100% ethanol. Vortex andjcent at RTP|lO,OOOx g for 20 min. 

Remove the ethanol and add 200|il of cold 70% ethanol. Remove carefully, 

and dry at 37°C for 10 min. Resuspend in 20|il.

vii) cDNA Preparation for Selection.

A PCR reaction is set up using O.SpI of the adapter ligation product with 

250ng of primer LSK. The products of the PCR are ran on a 1.0% agarose 

gel to estimate the size and cDNA concentration. The PCR reaction is 

precipitated, washed with 70% ethanol and resuspended in 10-20pl of FA 

hybridisation buffer.

viii) Template Preparation for Selection.

Use 1-2ng of DNA for every kb of physical coverage. Add a 125x weight 

excess of human Cot-1 DNA. Ethanol precipitate and resuspend in a 

suitable volume of FA buffer. (20-40pl). Heat mix to 80°C for lOmin, and then 

place immediately at 42°C for 2 hours to block repeats. Denature the cDNA 

mix at 80°C for lOmin and add to the competition solution and hybridise 

16hrs at 42°C.

ix) 1 St Round of Selection

Pipette lOOpI of streptavidin coated magnetic beads (Dynal) into a 1.5ml 

eppendorf. Mix with 400pl of Ix  binding and washing buffer (Dynal). Mix well
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and place on magnetic stand MPC-E (Dynal) for 3sec. Remove the aqueous 

solution, and resuspend the beads in 0.5ml of 1x binding and washing 

buffer. Remove buffer again on MPC-E and resuspend again. Repeat once 

more. Resuspend the beads in 100p,l of Ix  binding and washing buffer and 

add to the overnight hybridisation mix. Add a further 280jLil of 1x binding and 

washing buffer. Mix in well and leave at RTP for 30mins resuspending every 

Smins. Place on MPC-E and remove the buffer. Resuspend the beads in 

0.5ml of 2x SSC wash solution pre-heated to 65°C. Place the tube at 65°C 

for lOmins. Resuspend beads and place on MPC-E. Allow at least 30 

seconds for separation. Remove the wash solution. Repeat the washing for 

1x, 0.5x, 0.2x and 0.1x SSC as above. Resuspend the beads in 50|il of 

water and place at >85°C for lOmins. Place on MPC-E and remove the first 

round selected cDNA elute. Exclude cDNA smaller than 400bp by passage 

through a chromaspin-400 column. Invert the tube several times to 

resuspend the matrix. Remove the caps from both ends and keep. Carefully 

twist the end of the column into a 1.5ml screw capped eppendorf. Place 

inside a 15ml falcon tube and! cent at 700 x gbr Smins. Remove the column

and replace the bottom cap. Fill the column with 1ml of water and replace 

the top cap before fully resuspend the matrix. Spin the column again. 

Remove flow through and spin again. Transfer the column into a fresh 

eppendorf and add the DNA solution to the top of the column. Spin for 

5mins. Collect eppendorf containing size selected DNA solution.

Several PCR reactions of 25 cycles are set up using 4|il of the size selected 

cDNA as described in section (vii) above.

x) 2nd Round of Selection

The second round of selection is set up with fresh genomic clone DNA as 

described in section (viii) and hybridised with the enriched cDNA from (ix). 

Products from the second round of selection are size selected and PCR 

amplified with 12-18 cycles, replacing the LSK primer with 500ng of LSK-U 

primer. The PCR products are then size selected once more before cloning 

to avoid the preferential cloning of small fragments.
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xi) Cloning and Transformation

Cloning utilises the pAMPIO cloning system (Gibco BRL). On ice 50ng of 

pAMPIO vector is mixed with 100-200ng of PCR product and the following: 

[̂ \̂ of 10x annealing buffer, \̂L\ of §lycosylase in 10pl total. The mixture is 

incubated at 37°C for 45mins. Transformation is carried out preferentially 

using heat shock competent cells (electroporation can cause problems due 

to an annealing reaction dependent upon salt, prior to cloning and not 

ligation which can be disrupted by electric pulses).

xii) Library Construction

Typically for a selected library, 1-2 clones should be picked for every Kb 

covered by the selection, (i.e. 1,500 clones for 750Kb). Prepare 2YT 

containing freezing medium and double antibiotic working concentration. 

Pipette ~ 1 0 0 |L il into each well in a 96 well microtitre plate using a 

multidispenser (Clean the dispenser thoroughly with IMS and water before 

use). Hand pick or robot pick clones into the wells. Wrap plates in saran 

wrap and place at 37°C for 16hrs. Duplicate the library into 3 copies using a 

96 pin replicator. Grow each copy as before. Fill several 384 well plates with 

25|il per well of medium as for the 96 well plates. Duplicate library into 384 

plates using 96 well replicators. Four 96 well plates per 384 plate. Incubate 

for 16hrs at 37°C. Plates are stored at -70°C.

xiii) Robot Spotting of Library onto Hybond N+

384 well microtitre plates are warmed at 37°C and gently shaken before use. 

The spotting robot is carefully cleaned with IMS before use and 

programmed with the desired spotting program (courtesy of H. Lehrach). 

22.2x 22.2 cm Hybond N+ filters are placed onto a piece of LB-damp 3MM 

Whatman paper on a spotting block. 12 filters are used in one run, 6 copies 

of the library can be spotted on a single filter resulting in 72 copies of the 

library per run. Plates are added to the robot as required, and spotted in a 

3x3 high density array with an ink guide dot as the final spotting. Colonies 

are allowed to grow at 37°C by placing colony side up on a large LB-agar
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Nunc plate containing double working concentration of antibiotic. When 

colonies are a suitable size, the filters are processed as described above 

(2.2.19).
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Chapter 3: cDNA selection, preparation of resources

3.1 Introduction

This chapter describes optimisation of conditions for the cDNA selection 

technique, and the construction of the human foreskin fibroblast selected 

library (HFF) and the keratinocyte/fetal sternum selected cDNA library 

(KFS).

Section 3.6 describes a modification to the cDNA selection technique, 

altering the way genomic DNA template is prepared.

3.2 Optimisation of conditions for selection

The optimal conditions for the cDNA selection were determined by using 

three cosmids known to contain the gene for xeroderma pigmentosum 

complementation group A (XPA ). The presence of XPA in the cosmids 

was confirmed by hybridisation and PCR (data not shown). The three 

XPA cosmids are listed below.

LLNLC115H11243

LLNLC115A09186

LLNLC115H02125

A biotinylated 40ng pool of the three cosmids was used to enrich for the 

XPA transcript from a human foreskin fibroblast (HFF) poly-A RNA 

source, which was shown to express the XPA transcript by RT-PCR and 

northern analysis (data not shown). cDNA was made from the poly-A 

RNA, and adapters were ligated onto both ends of the cDNA. The cDNA 

was amplified through 25 cycles of PCR using adapter specific primers. 

This was then hybridised overnight with biotinylated cosmid DNA, which 

had been prehybridised for 2 hours with human Cot-1 DNA to block

77



Chapter 3: cDNA selection

repetitive elements. Three separate hybridisation mixtures were 

prepared, and subjected to 1 to 3 rounds of enrichment respectively. 

Southern blots of cDNA after 1,2 and 3 rounds of enrichment were 

hybridised with an XPA cDNA probe. This revealed that the efficiency of 

enrichment of XPA was highest after two rounds of selection, and 

dropped slightly after three rounds(data not shown). Therefore 

enrichment was carried out employing two rounds of selection. Vfe Id was 

further optimised by testing the number of PCR cycles before cloning. We 

tested 12, 14, 16 and 18 PCR cycles. Southern blots of the cDNA were 

hybridised with an XPA cDNA probe which indicated that 16 cycles of 

PCR led to the highest yield of XPA (data not shown).

From this data, a trial selection was performed using the following:

•  A 40ng pool of cosmids LLNLcI 15H11243, LLNLcI 15A09186 and 

LLNLC115H02125.

•  Two rounds of selection.

•  HFFcDNA

• Amplification scheme of 25x, 25x and 16x.

To test the level of enrichment for XPA cDNA, a Southern blot was made 

using cDNA from before selection, after one round of selection and after 

two rounds of selection. This was hybridised with an XPA probe and 

revealed high levels of enrichment for XPA cDNA after two rounds of 

selection(data not shown). The cDNA was cloned using the pAMPIO 

cloning system(Gibco BRL). This system requires inserts for cloning to 

have been PCR amplified using a primer that contains a sequence of 

(CUA)4 at the 5’ end of the oligonucleotide. After incubation of the 

amplified cDNA with the Uracil DNA Glycosylase enzyme (UDG), the 

uracil is destroyed, leaving a 12 nucleotide single stranded end. The 

pAMPIO vector has a 12 nucleotide overhang of (CTA)^ and therefore the 

cDNA can be annealed into the pAMPIO vector.
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The annealed reaction mixture was transformed into competent cells, 

and plated. Duplicate filters were made. One duplicate was hybridised 

with an XPA probe, the other with a probe made from total human DNA. 

Hybridising colonies were counted.

XPA hybridising clones 52%

Repetitive clones 7%

Restriction digest Southern blots of the three cosmids used in the 

selection and a duplicate library filter were hybridised with the insert of a 

random clone that was not accounted for by the XPA and total human 

DNA hybridisation. This resulted in an additional 30% of clones being 

accounted for. The clone was sequenced, and showed no homology to 

any entries in GenEMBL. The clone only hybridised to cosmid 

LLNLc115H11243 (data not shown).

With the conditions optimised for the XPA gene, the technique was ready 

to be applied to other cosmids from human chromosome 9q22. As a 

positive control and a means to monitor the enrichment process, the XPA 

containing cosmids were included in further selections.

3.3 Minimum spanning contig coverage

Each contig contained several fold coverage of the genomic regions 

while only a minimal spanning contig is required for the cDNA selection. 

Preparations of cosmid DNA for all clones from each contig were made, 

and digested with Hindlll and EcoRI before making Southern blots. To 

identify overlaps and eliminate redundant clones, the inserts from 

selected cosmids were excised with the restriction enzyme Sfi-I and used 

as probes to hybridise onto the Southern blots of the other cosmids. The 

minimum number of cosmids for each contig was determined, one such 

hybridisation is shown in Fig 6.
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^ 1 2 3 4 5 6  ^ 1 2 3 4 5 6

Fig 6. Elucidation of minimal spanning cosmid contigs. 
(A) Hindlll digests of cosmids from the D9S180 cosmid 
contig. (B) Southern blot of cosmid digests hybridised 
with the insert from cosmid 4.
(1=LLNLc115D12153 2=LLNLc115A07243 
3=LLNLc115D0635 4=LLNLc115C04183 
5=LLNLc115D0232 6=LLNLc115E0812)
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3.4 Construction of the HFF selected cDNA library

Cosmid clones from seven contigs were to be used for the HFF selected 

cDNA library. Two of the contigs were shown by PCR to contain the 

genetic markers D9S196 and D9S180 from 9q22 (data not shown). Two 

other contigs were anchored to 9q22 by the presence of the XPA and 

FACC genes indicated by PCR and hybridisation (data not shown). The 

three remaining cosmid contigs had been placed at chromosome band 

9q22 by metaphase chromosome FISH analysis (Obermayr et al., 

unpublished data). Table 3 lists the cosmids used for the selection; 36 

clones covering approximately 750Kb.

Two rounds of selection were employed, and the level of enrichment 

monitored as before using the XPA gene as a positive control(Fig 7). The 

cDNA was cloned into pAMPIO and 1440 clones picked by hand into 96 

well microtitre plates. The library was transferred to 384 well microtitre 

plates and robot spotted onto hybond-N+ filters. 72 copies of the library 

were made, each containing DNA from the 1440 clones in 11cm by 7cm.

3.5 Construction of the KFS selected cDNA library

The KFS selected cDNA library was made after the HFF library, and used 

some of the cosmids that did not result in the isolation of any transcripts 

in the HFF library, in addition to several new contigs that had been made 

since the HFF library. As before minimal coverage contigs were 

determined before selection. A total of 57 cosmids was used, with the 

new cosmid clones covering approximately an additional 750Kb. Table 4 

lists the cosmids used in the construction of the KFS library. Cosmid 

clones used in the construction of both the HFF and KFS library are 

shown in italics. Two rounds of selection were used and the levels of 

XPA enrichment monitored as before (Fig 8). The cDNA was cloned into 

pAMPIO and 1536 clones picked by hand into 16 96 well microtitre 

plates. The library was transferred to 384 well plates and robot spotted 

onto hybond-N+ filters.
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1. 2. 3. 4. 5. 6.

Fig 7. Preparation for the HFF selected cDNA library. 
Southern blot of: (1) XPA cosmid digest (2) XPA 
RT-PCR +ve control (3) -ve control cosmid (4) Non 
selected cDNA ~10ug (5) 1st round selected cDNA 
~200ng (6) 2nd round selected cDNA '^20ng. 
Hybridised with an XPA RT-PCR probe.

Fig 8. Preparation for KFS selected cDNA library.
(1) water control (2-5) cDNA from Keratlnocyte mRNA, 
K-562 mRNA, HFF mRNA and Fetal sternum mRNA, 
after no selection (A), 1 round of selection (B) and 
2 rounds of selection (C). Hybridisation with XPA 
probe, (loadings A ug^ane B~1 ug/lane C~1 OOng/lane)
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Contig 1: 
XPA exon4

Contig 2: 
FACC exon4

Contig 3: 
D9S180

Contig 4: 
D9S196

LLNLcI15H11243 

LLNLC115H02125

LLNLcI 15B1011 

LLNLcI 15A0317 

LLNLC115G10242 

LLNLcI 15A11128 

LLNLcI 15D12173 

LLNLc115007115 

LLNLcI 15E01101 

LLNLcI15F023

LLNLcI 15A07243 

LLNLcI 15D0635 

LLNLc115004183 

LLNLcI 15D0232 

LLNLcI 15E01205

LLNLcI15F10233 

LLNLcI15E1235 

LLNLcI15F0295 

LLNLcI15D1138 

LLNLcI 15G04151 

LLNLcI 15H06116 

LLNLcI 15A10222 

LLNLcI15F07193

Contig 5: 
LLNLC115D07148 FISH

Contig 6: 
LLNLcI 15A0177 FISH

Contig 7: 
LLNLC115A1119 FISH

LLNLc11501060 

LLNLcI 15G11191

LLNLcI 15A01149 

LLNLcI 15H05215 

LLNLcI 15D09204 

LLNLcI 15D0777 

LLNLcI 15G0996 

LLNLcI 15B10238

LLNLcI15F09148 

LLNLcI 15A04118 

LLNLcI15B0543 

LLNLcI 15H0983 

LLNLcI15F07271

Table 3: List of cosmid clones from contig 1-7 used in the construction of 

the HFF selected cDNA library.
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Contig 1: 
Not confirmed by 

FISH

Contig 2: 
LLNC115A0177 FISH

Contig 3: 
LLNC115D07148 

FISH

Contig 4: 
ZnFn contig

LLNC115H11140

LLNc115A07209

LLNc115D05217

LLNC115G12230

LLNc115E01187

LLNC115F0940

LLNC115D1175

LLNC115H05215

LLNC115D09204

LLNC115G0996

LLNC115B10238

LLNC115C1060 

LLNd 15011269 

LLNC115G11191 

LLNC115A08295 

LLNC115A1110 

LLNC115F07271 

LLNC115B0543 

LLNC115F09148

LLNC115G04212 

LLNcl 15012112 

LLNC115G09107

Contig 5: Contig 6: Contig 7: Contig 8:
FBP D9S196 FACC XPA

LLNcl15B0920 LLNcl 15006259 LLNC115B1011 LLNcl15A09186

LLNcl15D11179 LLNcl 15H11174 LLNC115A0317 LLNcl15A0362

LLNC115F0295 LLNC115G10242 LLNcl15D02139

LLNC115E1235 LLNcl 15G02140 LLN cl1500243

LLNcl 15005112 LLNC115C07115 LLNcl15B12225

LLNcl 15011150 LLNcl 15D01188 LLNcl15G11296

LLNcl 15G10250 LLNC115E01101
LLNC115D1138 LLNcl 15D07271

LLNC115G04151 LLNcl 15006235 

LLNcl15F08232 

LLNcl 15001183 

LLNcl 15H01117 

LLNcl 15D032 

LLNcl15F07122 

LLNcl15A0544
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Contig 9: 
D9S1809

Contig 10: 
D9S180

Contig 11: 
098287

Contig 12: 
098780

LLNcl15F02268 LLNcl 15D05151 LLNcl 15D0239 LLNcl 15G098

Table 4: List of cosmid clones from contigs 1-12 used in the construction 

of the KFS library. Cosmid clones used in both the HFF and KFS library 

are indicated in italics.
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3.6 Template preparation by inter-Alu PCR

The technique of cDNA selection described by Korn et al., 1992, uses 

Nick translation to introduce biotin labelled dUTP into genomic DNA and 

DNase-1 to reduce the size of the template DNA. This method has 

several disadvantages:

• Each template sample requires the titration of DNase I activity to 

generate template that averages 1 Kb in length

• Template often contains many copies of repetitive elements

• 20% of the cosmid DNA is vector

• Large quantities of template DNA are needed for titration and 

biotinylation

• Use of several expensive enzymes

To overcome some of these disadvantages, I attempted to use inter

repeat PCR in the presence of biotin-dUTP to generate the genomic 

hybridisation template. One of the most common repetitive elements in 

the human genome are Alu repeats with approximately 1x10® repeats per 

genome. PCR primers designed to the common regions of Alu elements 

facing out of the repeat, can be used to amplify genomic DNA from 

between the Alu repeats. Inter-Alu PCR on cosmid or PAC clones often 

yields a smear of products around 700bp in size (data not shown). Inter- 

Alu PCR on genomic template in the presence of dUTP-Biotin would not 

only incorporate the biotin label, but would also reduce the size of the 

template for hybridisation removing the need for DNasel titration.

The advantages of inter-Alu PCR in template generation include:

• Low concentrations of genomic DNA required, more useful for large 

low copy number clones where obtaining a large yield can be a 

problem (i.e. YACs)

• Single PCR, only use Taq Polymerase enzyme
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• Reduced Alu representation and vector levels in the selection 

template

• Can be performed on single uncloned genomic bands

• Reduces the background level of vector host genomic DNA (i.e. 

Yeast DNA for YACs).

To technique was tested on a single PAC clone containing a known 

gene. The 100Kb PAC clone A20233 from the D9S180 cosmid and PAC 

contig (Fig 10) was used, with the FKHL15 transcript acting as a positive 

control to monitor enrichment. PCR was done using a dNTP mix 

containing biotinylated dUTP for the amplification. In parallel, A20233 

was used for cDNA selection using the conventional method with nick 

translation. cDNA selection was carried out as described before with the 

only difference being the method of template preparation. After two 

rounds of selection with a keratinocyte cDNA source and an amplification 

profile of 25x, 25x and 16x, the cDNA was cloned into pAMPIO and 96 

clones for the inter-Alu selection and 96 clones for the conventional 

method were picked into microtitre plates. The clones were manually 

spotted onto hybond-N+ before processing.

A probe was prepared from the insert of HFF12G12 (a FKHL15 cDNA 

clone)(Chapter 5), and hybridised to the library filters. For the 

conventional method, 15 clones hybridised with HFF12G12, while for the 

inter-Alu method, 14 clones hybridised with HFF12G12. This indicates 

that the selection had worked for the FKHL15 gene.

Although the modification still showed enrichment of cDNA for a genomic 

source, a number of disadvantages have to be considered with the use of 

inter-Alu PCR as a method of template preparation. These include:

• Areas where Alu elements are more distantly spaced, or under 

represented will lead to the reduced coverage or complete absence 

of some genomic intervals
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• Genomic DNA at the ends of clones will be flanked by an Alu element 

and vector DNA, and as a result will not be amplified, and therefore 

absent from the selection template.

Used in conjunction with other techniques (i.e. Exon-trapping) this 

modification to the method is applicable, and could remove some of the 

problems outlined above.
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Chapter 4: Library characterisation.

4.1 Introduction

As a first step in the characterisation of the HFF and KFS libraries, probes 

for the known genes from the region (XPA, FACC and FBP ) and a Cot-1 

repetitive probe were used to hybridise to the library filters and identify 

these clones, eliminating them from further characterisation. To begin 

identifying other genes in the libraries, random clones were picked, and 

the insert amplified by PCR with the LSK primer. In general the insert size 

of the clones in both libraries ranged from 400bp to 1200bp in length. 

The amplified insert is purified from an agarose gel, and used to make a 

probe. The probe is split and hybridised to the following:

• A Library filter (5% of probe).

• A Southern blot of cosmid DNA. All cosmid members of a minimal 

coverage contig are pooled, digested and electrophoresed together 

in a lane. For example, Ail I cosmids from contig 1 are in lane 1. All 

cosmids from contig 2 are in lane 2, etc.. (5% of probe).

• A genomic Southern mapping panel (85% of probe).

Co-ordinates of hybridising clones for a single probe on a selected 

library filter are recorded (including the well from where the probe 

originated). Hybridisation to the pooled cosmid panel indicates which 

cosmid contig was responsible for the isolation of the cDNA. The 

remaining 5% of the probe is then used to hybridise to a digest Southern 

blot of the relevant contigs cosmids (one cosmid per lane), to identify the 

exact cosmid(s) and the fragment from the cosmid(s) that was 

responsible for the cDNA isolation. The genomic Southern mapping 

panels are used to confirm the probe is located on the long arm of 

chromosome 9, as described in section 1.2.2. Figure 9 shows the result 

of a random clone during characterisation.
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Fig 9. Example of the characterisation of a selected cDNA 
clone HFF10B3. (A) mapping panel indicates location on 
human chromosome 9q. (B) Separate panel for cosmids 
from contig 1(XPA) hybridised with HFF10B3. (C) pool 
cosmid panel indicating that contig 1 was responsible for 
HFF10B3 isolation. (D) high density robot spotted filter 
in duplicate hybridised with HFF10B3 identifying other 
members of the group.
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After the library filter hybridisation, the hybridising clone co-ordinates are 

inserted into the probeorder program (Mott et al., 1993). Probeorder 

constructs a graphical output of the data with probe names on the X-axis, 

and the names of hybridising clones along the Y-axis. With this program 

it was possible to visualise probes that shared hybridising clones, and 

therefore were likely to be members of the same transcript. The 

programme could also be used to identify clones that had not hybridised 

to any probes used, and would therefore be used for the next 

hybridisation. The graphical output file of the probeorder programme can 

be found in Appendix-4 for both the HFF library and the KFS library. 

Sequencing of representative cDNA clones from each hybridising group, 

followed by database searches identified several known genes. The next 

section describes the characterisation of the known genes identified in 

the selected cDNA libraries.

4.2 Isolation of known genes

4.2.1 Characterisation of the HFF selected cDNA library

In total, over 150 hybridisations were made to the spotted HFF high 

density library filters. The first hybridisations included a probe for the 

XPA gene, a probe for the FACC gene, and a human Cot-1 repetitive 

probe. This accounted for 5.5% of the library ib clones. Random clones 

were then picked and used as described in section 4.1 above. After 125 

hybridisations the quantity of new information decreased and became 

less significant with each hybridisation. Many probes hybridised only to 

the well from where they were derived, other probes did not hybridise to 

any of the cosmids used in the selection while some probes were shown 

to come from regions other than human chromosome 9qcen-q22. The 

result of 97 hybridisation events, shown in Appendix-4.1, identified 858 

clones indicating 60% of clones in the library had been accounted for. A 

later output with the result of 122 hybridisations, identifed 991 clones in
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the library indicating 70% of clones in the library had been accounted for 

(data not shown). Probes that showed overlapping clone hybridisations 

with other probes, were likely to be members of the same transcript and 

were classified together into groups with the prefix GRC (for Gorlin 

syndrome Region Candidate gene). Several clones from each group 

were sequenced from both ends and the sequence used to search 

against entries in GenBank using BLAST and FASTA. Four cDNA groups 

identified known genes:

I. Human nuclear cap binding protein (NCBP )

II. Human keratin-18 (K /?n5)

III. Human ADP-ribosylation factor-4 (ARF4 )

IV. Human collagen-V (ColV)

Human NCBP accounted for 32 clones from the HFF library (Table 5). 

The further analysis of NCBP is described below (Section 4.3).

Human KRT18 accounted for 82 clones from the HFF library (Table 5). 

The further analysis of KRT18 is described below (Section 4.5). 

Sequence analysis of a large group of cDNA clones in the HFF library 

(6.3% of the library), revealed sequence identity to the human ADP- 

ribosylation factor-4 (Acc. No. M36341)(Table 5). ARF4 is a member of a 

family of functionally conserved GTP-binding proteins (Kahn et al., 1991). 

ARF4 had not been mapped to the human genome. A probe generated 

from a representative cDNA clone for ARF4 (HFF6A12) was used in the 

hybridisation to the cosmid mapping panels. This revealed that the 

cosmid clone LLNLcI 15222A10 was responsible for the isolation of 

ARF4. However HFF6A12 also displayed >85% sequence identity to a 

second sequence entry for an ADP-ribosylation factor-4 pseudogene 

(Acc.No. M31889). The high level of sequence identity to both entries 

would be adequate for cDNAs of both transcripts to hybridise to cosmid 

LLNLcI 15222A10 at high stringency (65°C, O.IxSSC). The database 

entry for the ARF-4 pseudogene indicated that it was also unmapped. A
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Group

Name

Sequence

Identity

Cosmid Location Level of 

representation in 

library

GRC-1 None LLNLcI 15H02125 

LLNLcI15H11243

2.6% (37)

GRC-2 XPA LLNLcI 15H02125 

LLNLcI 15H11243

4.1% (59)

GRC-3 FKHL15 LLNLcI15D0635 

LLNLcI 15C04183

4.8% (69)

GRC-4 None LLNLcI 15D0635 

LLNLcI 15C04183

2.7% (39)

GRC-5 PHD finger 

gene

LLNLcI 15D1138 

LLNLcI 15G04151

8.5% (122)

GRC-6 None LLNLcI 15A10222 2.1% (30)

GRC-7 None LLNLcI 15C07115 

LLNLcI 15D12173

8.5% (120)

GRC-8 None Contig-4 0.5% (8)

GRC-9 FACC LLNLcI 15D12173 

LLNLcI 15C07115 

LLNLcI15E01101

1.0%(14)

GRC-10 NCBP LLNLcI15H11243 2.2% (32)

GRC-11 KRT18 LLNLcI15H02125 

LLNLcI15H11243

5.7% (82)

GRC-12 ARF4 LLNLcI 15222A10 6.3% (91)

GRC-13 ColV LLNLcI15H06116 5.8% (83)

GRC-14 None LLNLcI15F10233 

LLNLcI 15D1138 

LLNLcI 15G04151

2.1% (30)

Table 5. Summary of the transcript groups from the HFF selected cDNA 

library. Number of hybridising clones given in brackets behind the level of 

representation.
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database search with the cDNA sequence for the ARF4 gene identified 

an identical sequence of over 184bp for a Not-I linking clone(Acc.No. 

Z22301)(data not shown). The Not-I linking clone came from human 

chromosome 3 (Allikmets et al., 1994). Alignment of the Not-I linking 

clone sequence against the entry for the ARF4 pseudogene showed 

87.5% sequence identity. It is therefore likely that human ARF4 maps to 

human chromosome 3, while the hybridising sequence contained in 

cosmid LLNLcI 15222A10 is from the ARF4 pseudogene. Genomic 

Southerns hybridised with HFF6A12 confirmed two chromosome-9q 

hybridising bands, and two non chromosome-9q hybridising bands (data 

not shown).

A second large group of overlapping cDNA clones in the HFF library 

(5.8% of the library) showed 100% sequence identity to the human 

collagen-V gene (Acc. No. D90279). The ColV gene had previously 

been mapped to human chromosome band 9q34.2-q34.3 (Greenspan et 

al., 1991). The cosmid clone LLNLcI 15H06116 was identified as 

responsible for the isolation of the ColV gene. FISH analysis was carried 

out with the cosmid clone, and resulted in a clear signal at chromosome 

band 9q34 (data not shown). Further analysis of the D9S196 cosmid 

contig (Contig-4) identified several discrepancies in the overlap data for 

the contig. The following three cosmid clones were excluded from the 

D9S196 cosmid contig:

LLNLcI15H06116

LLNLcI 15A10222

LLNLcI 15F07193

The results of the HFF selected cDNA library characterisation are 

summarised in table 5.
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4.2.2 Characterisation of the KFS seiected cDNA iibrary

Over 100 hybridisations were made to the spotted KFS high density 

library filters. Once again the initial hybridisations included probes for 

the XPA ,FACC, and FBP genes, as well as a Cot-1 repetitive probe. This 

accounted for 5.48% of the KFS library clones. The next | stage of 

characterisation involved the hybridisation of representative clones from 

overlapping cDNA groups from the HFF library (e.g. HFF1H10 for 

GRC5 ). This was followed by a series of random clone hybridisations to 

identify new overlapping cDNA groups as described for the HFF library 

above. Sequencing of representative members for each new group 

identified three more known genes:

I. Human Tropomodulin {TMOD)

II. Human ATP-binding cassette transporter-2 (ABC2)

III. Human Ninjurin gene.

The human TMOD gene accounted for 14 clones from the KFS library. 

TMOD is a tropomyosin binding protein that regulates the elongation 

and depolymerisation of tropomyosin coated actin filaments (Weber et 

al., 1994). The human TMOD gene had previously been mapped to 

human 9q22.2-q22.3 by insitu hybridisation (Sung et al., 1991), and the 

mouse homologue (Tmod), was mapped to a region that shows synteny 

to human 9q22 on mouse chromosome 4 (Pilz et al., 1995). The cosmid 

clone LLNLc11510177 was responsible for the isolation of TMOD. This 

cosmid comes from the cosmid contig shown in Figure 10, and therefore 

places the TMOD gene between the markers D9S780 (A2) and D9S180, 

close to the NCBP, KRT18L3 and XPA genes.

The human ABC2 gene is a novel member of the family of ATP-binding 

cassette transporters. The ABC2 gene is closely related to the ABC1 

gene, displaying 55% DNA sequence identity(data not shown). ABC1 

and ABC2 have both been mapped by insitu hybridisation to human 

chromosome 9q (Luciani et al., 1994). ABC1 was shown to map to 9q22-
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D9S780 XPA
A

B 177C10 125H2 225B12.
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TMOD NCBP XPA KRT18L3 FKHL15

Rg 10. A comprehensive physical and transcriptional map of the D9S780-D9S180 region. { A ) Relative positions of the markers D9S780, 
XPA and D9S180 in relation to the FKHL15 locus according to the YAC map of Morris and Reis (1994). Map of the cosmid ( B ) and 
PAC ( 0  ) clone map was derived by hybridisation of whole cosmids and PACs and verified by restriction digests. ( D ) Schematic 
representation of the location of the genes (not to scale).
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q31, while ABC2 was mapped to 9q34. In the KFS library, cosmid clone 

LLNLd 15C06235 was responsible for the isolation of ABC2. This clone 

was used for FISH, and gave a clear signal at human chromosome band 

9q34 (data not shown). This identified similar problems with Contig-7 

from the KFS library as to those described for the Contig-4 from the HFF 

library. Due to the high level of DNA sequence identity between ABC1 

and ABC2, it is likely that the cosmid containing the sequence of the 

ABC1 gene could hybridise to the cosmid clone containing the DNA 

sequence for the ABC2 gene. If the ABC1 containing cosmid was part 

of the FACC cosmid contig on 9q22, chromosome walking might have 

led to the bridging of the FACC contig to 9q34.

The isolation and characterisation of the human Ninjurin gene is 

described in detail in chapter-6.

Sequencing of members from several of the overlapping cDNA groups 

showed sequence identity to the cosmid vector Lawrist-4. This indicated 

that the KFS cDNA library was contaminated with cosmid vector DNA, 

probably at the stage of cDNA synthesis. Unfortunately the lawrist vector 

accounted for -25% of clones in the KFS library. A summary of the KFS 

library characterisation is given in table 6.

4.3 Mapping of NCBP in man and mouse

The nuclear cap binding protein (NCBP) is an 80-KDa protein that plays 

an important role in the pre-mRNA splicing and the transport of RNA from 

the nucleus to the cytoplasm (Ohno et al., 1990). The majority of NCBP is 

encoded by a 3.1Kb message with a minor message of 5.4Kb (Kataoka 

et al., 1994). NCBP has been shown to interact with a 20Kda cap binding 

protein that has been implicated in playing a role in the splicing and 

transport from the nucleus of mRNA (Kataoka et al., 1995).

One group of overlapping cDNA clones from the HFF selected cDNA 

library hybridised to common restriction fragments of the cosmid clones
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Group

Name

Sequence

Identity

Cosmid Location Level of 

representation in 

library

GRC-16 EST

WI11414

LLNLcI 15C10177 5.3% (81)

GRC-2 XPA LLNLcI 15H02125 

LLNLcI15H11243

1.7% (26)

GRC-17 CD39L1 LLNLcI15F07232 1.0% (14)

GRC-18 ABC2 LLNLcI 15C06235 1.4% (21)

GRC-5 PHD finger 

gene

LLNLcI 15D1138 

LLNLcI 15G04151

5.9% (90)

GRC-19 ninjurin LLNLcI 15C11269 0.25% (4)

GRC-7 None LLNLcI 15C07115 

LLNLcI 15D12173

2.8% (42)

GRC-20 FBP LLNLcI 15D11179 0.25% (4)

GRC-9 FACC LLNLcI 15D12173 

LLNLcI 15C07115 

LLNLcI 15E01101

2.5%(37)

GRC-21 None LLNLcI 15C01183 0.125% (2)

GRC-22 None Contig-2 KFS 0.8% (11)

GRC-23 None LLNLcI 15H11140 

LLNLcI 15A07209 

LLNLcI 15D05217

0.8% (11)

GRC-24 TMOD LLNLcI 15C10177 0.2% (3)

GRC-25 None LLNLcI 15C07115 

LLNLcI 15D01188

0.7% (10)

GRC-26 None LLNLcI15C11269 0.7% (10)

GRC-27 None LLNLcI 15D01188 0.25% (4)

Table 6. Summary of the transcript groups from the KFS selected cDNA 

library. Number of hybridising clones given in brackets behind the level of 

representation. (N.B. >25% of the library contains cosmid vector).
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LLNLd 15H1115 and LLNLc115H02125 which were used in the 

selection.

Sequencing of a random selection of cDNA clones from the group and 

searching entries in GenBank using FASTA revealed sequence identity 

to the human NCBP (data not shown). The selected cDNA clone 

HFF13H12 was used for the further characterisation of NCBP.

The mapping of NCBP to the long arm of human chromosome 9q was 

confirmed by hybridising to genomic DNA from the somatic cell hybrid 

640-63a12. This revealed a 3.4Kb hybridising band in total human DNA 

and the hybrid, showing NCBP to be single copy and located on 9q. Fine 

mapping to 9q22 is confirmed by the close proximity of the XPA gene on 

the same cosmid clone (Fig 11).

XPA is one of the many genes located on human chromosome 9q that 

have a homologue on mouse chromosome 4 (Pilz et al., 1995). To show 

that NCBP is another member of this conserved synteny group 

HFF13H12 was used to isolate the PI clone ICRFP703G06236 from the 

ICRF mouse PI library. Both HFF13H12 and an XPA cDNA probe 

hybridised to Southern blots of digests of the PI clone (Fig 11), indicating 

that the small physical distance between the loci is conserved in mouse. 

Ncbp is therefore a member of the same syntenic group as XPA.
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Fig 11 .Genomic DNA digested wth Hindlil and hybridised 
wth the hunan NCBP cDNA clone HFF13H12. (Lane 1) 
Flixnan Lymphoblastoid cell line GM1416B (ATCC).
(Lane 2) Somatic cell hybrid 640-63a12 containing the 
long arm of hunan chromosome 9 on a hamster 
background. (Jones and Kao 1984), (Lane 3) The 
hamster cell line A 23. (A ) Himan cosmid clone 
LLNLcll 5FIÜ2125 digested wth Hindlil and hybridised 
wth the himan XRA probe (Lane 1) and with the himan 
NCBP cDNA clone HFF13H12 (Lane 2).( B ) Mouse PI 
clone ICRFP7G3GG6236 digested wfth Hindlil and 
hybridised wth the himan XR\ probe (Lane 1) and vdth 
the human NCBP cDNA clone HFF13H12 (Lane 2) ( C ).
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4.4 Mutation analysis of NCBP by SSCP

The map position of NCBP adjacent to XPA placed NCBP within the 

defined candidate region of NBCOS (Shanley et a!., 1995). At the time of 

the fine mapping of NCBP, mutations in the human homologue of the 

drosophila patched gene in NBCOS patients had not been identified. 

The NCBP transcript was screened by single strand conformation 

polymorphism (SSCP) analysis in patients with NBCCS. The genomic 

organisation of NCBP is not known, so SSCP analysis had to be applied 

to the NCBP message. Isolated mRNA from 8 NBCCS patient 

lymphoblastoid cell lines was reverse transcribed and used for PCR. A 

restriction map of the NCBP cDNA sequence (Acc No. X80030) showed 

several well spaced common restriction enzyme recognition sites (Fig 

12). Primers were designed to the NCBP cDNA sequence to give 

overlapping RT-PCR products of approximately 600bp each. RT-PCR 

products 1,2,3 and 5 all contained restriction enzyme recognition sites 

that could be used to cut the RT-PCR product to give two unevenly sized 

products that could be resolved separately on an accrylamide gel. 

Region 4 contained no common restriction enzyme recognition sites. 

Therefore primers for three smaller RT-PCR reactions were designed to 

give products 4a, 4b and 4c. PCR reactions were carried out on 1st 

strand cDNA in the presence of [a^^PjdATP. The relevant restriction 

enzyme was added directly to the PCR reaction mix after amplification, 

before analysis on a non-denaturing SSCP gel.

No shifts were detected for the NCBP transcript in patients with NBCCS, 

the results of some of the analysis by SSCP can be seen if Figure 13.
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Fig 12. Primer positions for the RT-PCR of the human NCBP gene for 
SSCP anaiysis. Restriction enzyme sites used for cutting PCR products 
are shown.
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Fig 13. Single strand conformation polymorphism analysis 
of the human NCBP. SSCP shown for 7 NBCCS patient 
RT-PCRs of region RT-1 (Fig 11).



4.5 Identification of a KRT18 pseudogene

A group of cDNA clones that hybridised to common restriction fragments 

of the cosmid clone LLNLc115H11243 made up 7.0% of the HFF 

selected cDNA library. Sequencing 20 of the clones revealed 100% 

sequence identity to human KRT18 (data not shown). The human 

KRT18 gene has previously been mapped to human chromosome 

12q13 (Yoon et al., 1994). There are, however, three sequences 

hybridising to KRT18 on chromosomes X, 9 and 11 (Romano et al.,

1988). It is very likely that Keratin 18-like 3 (KRT18L3 ) which maps to 

chromosome 9 was responsible for the isolation of KRT18 transcripts in 

the cDNA selection procedure. Database searching with the KRT18 

sequence identified an 88% homology to a 1.5kb sequence entry for the 

characterisation of the upstream region of XPA (Acc. No. hsu16815) 

(Satokata et al., 1993). This defines the exact position of KRT18L3 with 

respect to XPA. When the KRT18L3 sequence was aligned with KRT18, 

it was found that the AUG start codon at base position 194 has been lost 

and it is therefore likely that KRT18L3 is a pseudogene (Fig 14). 

KRT18L3 is not present on mouse chromosome 4 (data not shown), 

which would suggest that the KRT18L3 pseudo gene adjacent to XPA 

is of relatively recent evolutionary origin.

A schematic map showing the relative position of KRT18L3 in relation to 

the XPA gene, is shown in Figure 15.
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\GCTTCACCACTCGCTCCACCTTCTCCACCAACTACCGGTCCCTGGG
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Fig 14. (A) Genomic Southern showing the presence of a 
hybridising KRT18 Hindi!! band on human chromosome 
9q. (B) Hybridisation of cosmid EcoR! (1-2) and Hind!!! 
(3-4) digests of clones LLNLc115H02125 (1+3) and 
LLNLC115H11243 (2+4) with KRT18 probe.
(C) Comparison of sequence for KRT18 (a) and KRT18L3 
(b). The first box shows the loss of the AUG start codon 
for KRT18L3 and the second box shows the presence of 
a premature stop codon.



Fig 15. Location of KRT18L3 In relation to XPA.
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4.6 Discussion

One of the first stages in the characterisation of the selected libraries was 

the hybridisation of the library filters with probes for any genes known to 

come from the region. These clones were then avoided, and not included 

in the further characterisation of the libraries. Hybridisation with a full 

length cDNA probe for a gene is the ideal situation, as some apparently 

independent overlapping cDNA groups can turn out to be from the 

extreme 5' or 3’ end of a gene, and not hybridise with a smaller probe. 

The initial random clone hybridisations to the library filters results in the 

most information. The amount of information gained per hybridisation 

progressively becomes less rewarding when over 40-50% of the clones 

in the library have been already accounted for. The hybridisation 

information was recorded with the use of the probe order program 

(Received from Richard Mott and Hans Lehrach). The full output for the 

characterisation of the HFF and KFS libraries can be found in appendix 

A4.1 and A4.2 respectively.

One of the major problems of the cDNA selection technique is outlined in 

this chapter: pseudogenes.

The presence of a pseudogene within a genomic clone, whether in the 

form of a processed pseudogene (fully spliced inactive/non functional 

copy of a gene reinserted into the genome), or as an inactivated silent 

pseudogene with an active locus elsewhere in the genome, can result in 

confusing results and much time wasting. Two such examples are 

outlined in this chapter, with the isolation of genes, which are known to 

localise elsewhere in the genome. The reason for the identification of 

KRT18 in the selected library was only fully understood after the analysis 

of the genomic DMA containing KRT18L3. It is unlikely that this 

pseudogene would have been detected with the exon trapping approach 

as the loci appears to be a fully processed silent psuedogene. The high 

levels of representation of the KRTYg transcript in the selected library 

were probably the result of the processed pseudogene providing an 

uninterrupted DMA sequence, with which the KRT18 cDNA could
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hybridise. One important point to consider is that this was only detected 

because this was a well known, characterised gene that had already 

been mapped to another location in the genome. If this had been a novel 

gene, it is possible to imagine that characterisation of the gene could be 

quite confusing! This is also highlighted with the characterisation of the 

ARF4 gene.

A second important consideration, indicating another weakness in the 

cDNA selection technique is the occurrence of gene families. Members of 

a gene family that share a high degree of DNA sequence identity are 

likely to hybridise to one another. This can be a problem if a related 

cDNA from another locus in the genome is expressed in the mRNA 

source used for the selection, while the gene contained within the 

genomic clone is not. The use of exon trapping would automatically 

provide information indicating which gene is located within a genomic 

clone, independent of cDNA source and other family members. The 

genomic Southern hybridisation result could point to the possibility of a 

gene family member by the presence of both 9q and non-9q signals. To 

confirm that the cDNA clone identified is from 9q22, the subcloning and 

sequencing of part of the genomic clone would be required.
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Chapter 5: The cloning and mapping of a new human 
member of the forkhead gene family: FKHL15

5.1 Introduction

This chapter describes the cloning and mapping of a new human 

member of the forkhead gene family, FKHL15 (forkhead-like-15) close to 

the genetic marker D9S180 on chromosome 9q22.

The forkhead domain was first identified as a region of homology 

between the rat hepatocyte nuclear factor 3 (HNF3) and the Drosophila 

homeotic gene forkhead (Lai et al., 1991). The forkhead gene (fkh) 

obtained its name through the incapability to form the normal terminal 

structures of the anterior and posterior gut, instead forming two spiked 

structures (Weigel et al., 1989). The HNF-3b gene is required for 

notochord development in mouse (Ang et al., 1994; Weinstein et al., 

1994). The two proteins show 90% identity at the amino-acid level over a 

100 amino-acid stretch since called the "forkhead domain". This forkhead 

domain is a variant of the DNA binding Helix-Turn-Helix (HTH) motif, 

binding DNA as a monomer with two loops, or wings, on the C-terminal 

side of the HTH, and is often referred to as the "winged-helix" motif 

(Brennen, 1993; Clark et al., 1993; Lai et al., 1993). Many other members 

of this eukaryotic transcription factor family have been identified through 

association with pattern formation during embryogenesis including the 

Drosophila segmental genes sloppy paired 1 and 2, sipl and slp2 

(Grossniklaus et al., 1992; Hacker et al., 1992), the Caenorhabditis 

elegans vulval development gene lin-31 (Miller et al., 1993), the Axial 

gene in zebrafish, ax1 (Strahle et al., 1993), the axis formation gene 

XFKH1 in Xenopus (Dirksen et al., 1992), and the head patterning gene 

crocodile in Drosophila (Hacker et al., 1995). In mouse disruptions in the 

forkhead containing gene whn give rise to the nude mutation (Nehls et 

al., 1994; Segre et al., 1995). Other members of the group have been 

identified by degenerate PCR and low stringency hybridisation of the 

forkhead domain (Bork et al., 1992; Clevidence et al., 1993; Hacker et al..
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1992; Kaestner et al., 1993; Larsson et al., 1995; Murphy et al., 1994; 

Pierrou et al., 1994).

Some members of the gene family have been shown to be involved 

directly in the process of tumorigenesis such as the retroviral oncogene 

qin (Li and Vogt, 1993) and the PAX3 gene through the translocation 

and fusion of the PAX3 activation domain from 2q35 to the forkhead 

domain of a novel gene FKHR on 13q14 (Galili et al., 1993; Sha piro et 

al., 1993).

The forkhead gene family has been divided into five classes (class l-V) 

where members of each class have greater than 75% homology at the 

amino acid level over the forkhead domain, whereas homology between 

groups is less than 70% (Murphy et al., 1994; Sasaki and Hogan, 1993). 

Variation in the amino acids in the DNA binding domain alter the binding 

specificity of the proteins (Lai et al., 1991 ; Overdier et al., 1994).

Fourteen human members of the forkhead gene family have been 

identified: the forkhead related activators, FREAC 1-8 (Larsson et al., 

1994; Pierrou et al., 1994) the Human Brain factor I, HBF-1 (Murphy et 

al., 1994) the Interleukin binding factor, /LF (Li et al., 1991), the Human T- 

cell leukaemia virus factor, HTLF (Li et al., 1992) and the FKHR gene 

(Galili et al., 1993; Sharpiro et al., 1993).

5.2. Isolation of FKH L I 5

FKHL15 was isolated from the HFF cDNA library enriched for transcripts 

from 9q22. The overlapping group of cDNA clones (GRC-3: see chapter 

4), hybridised to a 5.5kb Hindlil fragment of the cosmid clones 

LLNLcI 15D0635 and LLNLcI 15D04183 from the Lawrence Livermore 

chromosome 9 cosmid library (data not shown) that were used in the 

selection. These two cosmids contain the genetic marker D9S180 as 

assayed by PCR (data not shown). The cDNA clone HFF12G12, a 

representative member of the group, was used for the further 

characterisation of GRC-3.
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5.3. Chromosomal location of FKHL15

To confirm the location of FKHL15 on chromosome 9q22, HFF12G12 

was hybridised to a somatic cell mapping panel (Fig 16). A hybridising 

S.Skb Hindlil fragment was observed for both somatic cell hybrids and 

was shown to be single copy and human specific, confirming that 

HFF12G12 is located on 9q.

5.4. Isolation and sequencing of cDNA clones for FKHL15

HFF12G12 was used to screen a human keratinocyte stem cell cDNA 

library. Six identical clones of S.Skb were isolated. The FKHL15 cDNA 

clones were sequenced and used to search against entries in GenBank. 

A potential open reading frame was observed for nt 689 to 1816 with the 

ATG at 689 having a moderate match to the initiation start site for 

vertebrates (GGGGCOAUGA for FKHL15 versus GCGGGGAUGG)(Kozak,

1989). The full DNA sequence for FKHL15 is given injapp. A1.1 with the 

amino acid sequence shown below. Three putative polyadenylation 

signals of AATAAA are found at positions 2249-2254, 3411-3416 and 

3480-3485.

The region 830-1150 showed greater than 80% nucleic acid homology to 

members of the forkhead gene family. The forkhead domain spans 

amino acid residues 53 through to 153. Alignment of the forkhead region 

of FKHL15 against other members of the forkhead family in Fig 17 

shows strong similarity to members of three of the five classes of forkhead 

domains according to Murphy et al. (1994), but does not satisfy the 

greater than 75% amino acid homology and may be part of a new sixth 

class. FKHL15 shares homology over the forkhead domain with the other 

fourteen human members identified. A recent addition to the human 

forkhead gene family is the HNF3/fork head like 4 (HFKH4) gene (Acc. 

No. X94553). Figure 18 shows an alignment of the FKHL15 protein with 

the protein product of the HFKH4 gene. Areas of high homology can be
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Fig16.Genomic DNA digested with Hindlil. (Lane 1) 
Human Lymphoblastoid cell line GM1416B (ATCC). 
(Lane 2) Somatic cell hybrid 640-63a12 (Jones and 
Kao, 1984), containing the long arm of human 
chromosome 9 on a hamster background. (Lane 3) 
Hamster cell line A23. (Lane 4) Somatic cell hybrid 
CV340/BW containing human chromosome fragments 
9pter-q22.3, 6pter-p23 and a fragment of X on a mouse 
background. (Mike Dixon, Manchester,UkXLane 5) 
Mouse lymphoblastoid cell line BW5147. Panels were 
hybridised with theFKHLIS cDNA clone HFF12G12.
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Fig18. Alignment of the C-termlnal region of FKHL15 to human HFKF4 protein sequence
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found outside of the forkheaad domain, including the poly-alanine tract 

and extensive regions of the novel C-terminal domain of FKLHL15. No 

other {entries in GenBank show any homology to the C-terminal domain 

of FKHL15 and HFKH4. It is likely that both genes play a similar fuctional 

role.

A putative nuclear localisation signal of five basic amino acid residues 

upstream of the forkhead domain is observed at residues 43-47 and a 

second one at the end of the forkhead domain at amino acid residues 

157-161 (Robbins et al., 1991). A poly-alanine tract of 19 alanine 

residues is found at position 64-82 downstream of the forkhead domain. 

A similar length poly-alanine tract is also observed in the HFKH4 gene 

(see above) and the mouse homeobox gene engrailed-1 (Han and 

Manley, 1993). Domains rich in alanine residues have also been found in 

other developmental DNA binding proteins including the Drosophila 

kruppel gene (Licht et al., 1994), the TBP-binding protein Dr1 (Yeung et 

al., 1994), the human homeobox gene EVX1 (Briata et al., 1995), the 

murine homeodomain gene Msx-1 (Catron et al., 1995) and the human 

core binding factor alpha-1 subunit, CBFA1 (Acc. No. L40992). These 

alanine-rich domains are believed to be responsible for the 

transcriptional repression activity associated with the above genes. The 

alanine-rich domain in FKHL15, may serve a similar function. Table 7 

lists some transcription factors that contain a poly-alanine tract in 

addition to a DNA binding domain. The last 9 alanine residues are 

encoded by a GCC trinucleotide repeat, while a mixture of alanine 

codons is used for the first 10 residues (see appendix A1.1). Fig 19 

shows a schematic representation of the positions of the different 

domains in the FKHL15 protein. Attempts were made to isolate the 

mouse homologue for the FKHL15 gene using a probe derived from the 

C-terminal region of the coding sequence. No signals were observed on 

mouse northern blots, cDNA libraries and genomic Southern blots, 

suggesting the mouse DNA sequence for the non-forkhead region of 

FKHL15 is unlikely to be highly conserved (data not shown).
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Gene Alanine repeat Role

Drosophila Kruppel gene 

(Acc. No. U49856)

A4VA5 Transcriptional

repressor

Human core binding 

factor alpha subunit 

(CBFA1)

(Acc. No. L40992)

Mouse Engrailed 

(Acc. No. P09065)

A14VA7 Transcriptional

repressor

Human Engrailed 

(Acc. No. Q05925)

AioVAg Transcriptional

repressor

Mouse GSH2 

(Acc. No. P31316)
Ai.

Mouse evenskipped 

homologue 2 

(Acc. No. P49749)

Ag + Â 2 +

Drosophila shaven baby 

protein OVO 

(Acc. No. P51521)

A2I + Ag + Â 2

Human Forkhead gene 4 

(Acc. No. X94553)
Ai2

Human FKHL15 Ai9 -

Table 7. List of genes containing long alanine stretches.
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5.5. Expression of FKHL15

Human multiple tissue northerns were hybridised with HFF12G12 (Fig 

20). A single 4.5kb message was detected in adult brain, placenta, lung, 

liver, skeletal muscle, kidney and pancreas. An additional 1.5kb message 

was also detected in adult heart, and a 1.8kb message in pancreas. Adult 

colon, small intestine and prostate showed the presence of only the 1.5kb 

message, while adult testis showed a 2.8kb message and adult thymus 

gave 5.0Kb, 4.5kb and 3.2kb messages. Expression was strongest in 

heart and pancreas. The presence of FKHL15 was not detected in adult 

spleen, ovary and peripheral blood leukocyte.

The variation in message size could be due to a combination of 

alternative spliced products for FKHL15 and the potential use of different 

polyadenylation sites.
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Fig20.Multiple tissue northern hybridisations. 
Hybridisation with the FKHL15 cDNA clone 
HFF12G12 and beta actin.
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5.6. Discussion

The presence of a forkhead domain within the FKHL15 gene suggests 

that one of the functions of FKHL15 may be to bind DNA, with an 

important role in development. The alanine-rich domain located close to 

the C-terminal side of the forkhead region is similar to those that have 

been observed in other DNA binding proteins associated with 

transcriptional repression. It is therefore possible that FKHL15 also 

possesses transcriptional repression activity.

The map position for FKHL15 around D9S180 places it within the 

candidate regions for the genetic disorders hereditary sensory 

neuropathy type I (HSN-l)(Nicholson et al., 1996), and multiple self 

healing squamous epitheliomata (ESS1)(Goudie et al., 1993). More 

recently the presence of a tumour suppressor locus around D9S180 has 

been implicated through allele loss studies for chromosome 9q, showing 

a 50% loss of the D9S180 marker in squamous cell cancer (Holmberg et 

al., 1996). Recently several developmental genes have been shown 

when mutated to cause certain cancers, such as the human tumour 

suppressor gene PTOH and down stream targets, WNT1 and GLI 

(Pennisi, 1996). FKHL15 is also likely to be involved in development, 

with a potential role as a transcriptional repressor. By virtue of the map 

position of FKHL15 within the region frequently lost in SCO, this makes it 

a good candidate for the tumour suppressor gene.

Recently it has been shown that mutations in the CBFA1 gene are 

responsible for the cleidocranial dysplasia (Mundlos et al., 1997). Two of 

the mutations found involved in one case the duplication, and another the 

deletion of parts of the polyalanine stretch of the gene. The poly-alanine 

stretch of F/CHL 75 could be PCR amplified in the general population to 

attempt to observe any polymorphisms affecting the size of the repeat. 

The repeat could also be amplified in patients with disorders mapping to 

the region as a rapid means of identifying rearrangements, expansions or 

deletions.
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5.7. Summary

FKHL15 was isolated from a cDNA library enriched for transcripts from 

9q22. Isolation and sequencing of a 3.5kb cDNA clone identified a 

putative 376 aminoacid protein with greater than 80% similarity over a 

100 amino acid stretch to the forkhead DNA binding domain. The 

FKHL15 gene contains a region rich in alanine residues frequently 

associated with transcriptional repression. The forkhead genes are 

believed to play important roles in development and differentiation in 

many different organisms, and have also been implicated in the 

development of some tumours. The map position of FKHL15 on 9q22 

places the gene within the candidate regions for the cancer 

predisposition syndrome multiple self-healing squamous epitheliomata 

and the degenerative neurological disorder hereditary sensory 

neuropathy type I. This is a region frequently lost in squamous cell 

cancer.
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Chapter 6: Cloning and Mapping of the human and mouse 
homoiogues of the rat ninjurin gene. 

6.1 Introduction

Linkage analysis in four families with HSN-I has shown that the HSN1 gene 

maps to an 8 centiMorgan region of chromosome 9q22(Nicholson et al., 

1996). The two highest pairwise lod scores were observed for the genetic 

markers D9S287 and D9S197. HSN-I is a degenerative disorder of sensory 

neurons, that can cause loss of sensation to pain and temperature as well as 

a number of skin disorders including chronic ulceration, that sometimes 

necessitates amputation (Denny-Brown, 1951). The human ninjurin gene 

mapped to 9q22 between the genetic markers D9S197 and D9S196, within 

the defined candidate region of the human autosomal dominant disorder 

hereditary sensory neuropathy type-1 (HSN-I)(see chapter 1). This chapter 

discusses the assessment of ninjurin as a candidate for HSN-I and 

describes the attempts made at mutation analysis.

The rat ninjurin gene was identified by differential hybridisation techniques 

as a key factor in the regeneration of damaged axons in the peripheral 

nervous system (Araki and Milbrandt, 1996). Rat ninjurin expression has 

been shown to be up regulated after sciatic nerve damage. The ninjurin 

protein (a cell surface molecule), is transported down the length of the axon 

to the site of injury, and mediates adhesion, an important aspect of 

peripheral nerve repair (Martini, 1994). Unlike the central nervous system 

(CNS), the peripheral nervous system (PNS) can repair and reconnect 

damaged axons after injury (RamonyCajyl, 1991). After nerve damage, a 

number of neurotrophic factors, cell surface receptors and adhesion 

molecules show increased expression in Schwann cells close to the 

damaged section (Taniuchi et al., 1988: Verge et al., 1996).

The map position of human ninjurin also places the gene within the 

candidate region for the skin cancer predisposition disorder multiple self- 

healing squamous epitheliomata, ESS1 (Goudie et al., 1993). ESS1 is a 

autosomal dominant disorder characterised by a predisposition to multiple
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squamous cell cancers of the skin that resolve spontaneously (see chapter 

1). The expression of human ninjurin in skin with a potential role in 

adhesion also implicates ninjurin as a candidate for ESS1.

6.2 Isolation and sequencing of cDNA clones for human ninjurin.

One group of cDNA clones from the KFS-selected library hybridised to a 

10kb Hindlil fragment of the cosmid clone LLNLd 15C11269(data not 

shown). The cDNA clone KFS12A1, a representative member of the group, 

was used for the groups further characterisation. KFS12A1 was used to 

screen a human keratinocyte stem cell cDNA library. Four identical clones 

of 950bp were isolated and sequenced. Alignment to the mouse homologue 

cDNA sequence (see below) showed that the human cDNAs were missing 

the initiation methionine codon AUG and therefore did not extend to the 5' 

end of the gene. Hybridisation of the mouse cDNA clone to a blot of a PstI 

digest of LLNLd 15011269 identified a 1.3Kb PstI fragment (data not 

shown). Sequencing of the clone revealed the a region of high sequence 

homology to the 5’ end of the mouse gene, which overlapped with the 

existing human sequence. The human ninjurin sequence is given in 

appendix Al.Sa. A potential open reading frame was observed for 

nucleotides 21 to 477 with the ATG at 21 having a moderate match to the 

initiation start site for vertebrates (CGCACCAUGG for ninjurin versus 

GCCGCCAUGGïïKozak. 1989). A polyadenylation signal exists at position 

1194 (data not shown). Hydrophobicity plots using Topred-ll 1.1 (Claros and 

Von Heijne, 1994) predict two potential transmembrane segments at amino 

acids 72 to 100 and 106 to 139 (Fig 21). A potential N-glycosylation site can 

be found at amino acid position 60.
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The complete human and mouse cDNA and protein sequences were used to 

search against entries in GenBank using BLAST. This revealed a high 

nucleic acid and amino acid identity to the recently identified rat ninjurin 

gene.

6.3 Genomic characterisation of human ninjurin.

The genomic structure of ninjurin was determined by sequencing cosmid 

subclones. Ninjurin is composed of 4 exons covering less than 10Kb of 

genomic DNA (Fig 22). Intron sequences obtained showed that all exons 

had donor and acceptor sites that conformed with the 5' gt .. 3' ag rule 

(Breathnach and Chambon, 1981). Intron sequences at the exon boundaries 

and exon sizes are given in Table 8. The full coding sequence for ninjurin is 

contained within exons 1-3. Primers were designed to intronic sequence 

flanking exons 1-3, and used to amplify the exons from total human genomic 

DNA by PCR.

6.4 Mapping of human ninjurin to chromosome 9q22.

To confirm the location of ninjurin on chromosome 9q22, KFS12A1 was 

hybridised to a somatic cell mapping panel (Fig 23). A hybridising lOkb 

Hindi 11 fragment was observed for both somatic cell hybrids and was shown 

to be single copy human specific, and that KFS12A1 is located on 9q. The 

cosmid clone responsible for the isolation of human ninjurin is part of a 

larger cosmid and PAC contig anchored to the genetic marker D9S196 by 

PCR and hybridisation (Obermayr, unpublished).
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Table 8. Intron sequences at the human ninjurin acceptor and donor sites. Intronic sequence is given in 

lower case, with the conforming 5’ gt and 3' ag sequences highlighted. Exon sequence is shown in 

upper case.

Exon Acceptor Donor Exon size

1 TCGgtaagaccttccccccaccgct 95

2 ctgaccattcccctccctgcagCCG TTGgtaggtccccaggtgggggcag 229

3 tccactcctctctcgcccacagTCA CAGgtgagctgggagatggggcgcg 164

4 tctccttctgtctcctttccagGAC 733



Fig 22. Representation of the genomic structure of the human ninjurin gene
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10 Kb

Fig 23. Mapping of the human ninjurin gene to chromosome 9q.
Genomic DNA digested with Hindili. (Lane 1)
Human Lymphobiastoid ceii line GM1416B (ATCC).
(Lane 2) Somatic ceii hybrid 640-63a12 (Jones and 
Kao, 1984), containing the long arm of human 
chromosome 9 on a hamster background. (Lane 3) 
Hamster ceii line A23. (Lane 4) Somatic ceii hybrid 
CV340/BW containing human chromosome fragments 
9pter-q22.3, 6pter-p23 and a fragment of X on a mouse 
background. (Mike Dixon, Manchester, Uk)( La ne 5)
Mouse lymphobiastoid ceii line BW5147. Panels were 
hybridised with the ninjurin cDNA clone KFS12A1.
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6.5 Expression of human ninjurin.

Human multiple tissue northerns were hybridised with the ninjurin oDNA 

clone KFS12A1. Expression of ninjurin was detected in all tissues studied 

(Fig 24) and also detected in kératinocytes by RT-PCR (data not shown). 

The expression of ninjurin appears uniform for all tissues and at a high level 

(detectable after 6 hours). No obvious alternatively spliced forms of the 

ninjurin transcript can be observed in the adult tissues.

6.6 Isolation, sequencing and mapping of the mouse ninjurin 

gene.

The human ninjurin cDNA clone KFS12A1 was used to isolate a 

homologous cDNA clone from a mouse embryonic day-17 cDNA library. 

Sequencing of the mouse cDNA clone showed high sequence identity to the 

human ninjurin gene. The mouse ninjurin sequence is given in appendix 

A1.5 An open reading frame coding for a putative 152 amino acid protein 

was detected. Fig 27 shows an alignment of the predicted human and 

mouse proteins against the published rat protein. 90% amino acid identity is 

observed between the human and mouse proteins, while 98% identity is 

seen between the two rodent proteins.

A cosmid clone was isolated for the mouse ninjurin gene and used for 

mapping by fluorescent in situ hybridisation (FISH) on mouse metaphase 

chromosomes. This localised the mouse gene to MMU13 (Fig 25), a region 

of synteny to human 9q22 (Povey et al., 1997).
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Fig 24. Multiple tissue northern hybridisations. 
Hybridisation with the ninjurin cDNA clone 
KFS12A1 and beta actin.
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Fig 25. Map postion by FISH of the mouse ninjirin gene 
using a hybridising cosmid clone for the mouse gene.
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6.7 Mutation analysis of ninjurin from patients with HSN-i

Attempts were made to screen the human ninjurin gene from patients ; 

with HSNI to identify possible mutations. Genomic DNA was obtained for  ̂

15 patients diagnosed as having hereditary sensory neuropathy from the : 

Institute of Neurology (courtesy of Nick Wood). Linkage of the disease in 

patients to human chromosome 9q was not shown, and there was some

doubt over the diagnosis and HSN-type for the patients. Two additional 

samples, one affected and one unaffected, were obtained from a family well 

characterised as HSNI and linked to 9q (Courtesy of Garth Nicholson). The 

DNA concentration obtained was insufficient to make Southern blots of 

genomic DNA digests to screen for rearrangements and small deletions, and 

therefore a strategy based upon PCR was adopted. As described above (6.3 

Genomic characterisation of human ninjurin ) the intron-exon structure for 

human ninjurin was determined as consisting of four exons covering less 

than 10Kb (Fig 26), with the coding sequence for ninjurin contained within 

the first three exons. Attention was directed at screening only the coding 

sequence. Oligonucleotide primers were designed to intronic sequence 

flanking each exon and PCR conditions titrated to amplify successfully the 

exons from genomic DNA. Problems were encountered for exon-1 due to the 

high GC% content for the promoter region upstream of exon-1. To overcome 

the specificity problem, the 5' primer contains the ATG initiation methionine 

codon. Similar problems were encountered with exon-2. The intronic 

sequence flanking both sides of exon-2 contained repetitive elements 

increasing the chances of nonspecific amplification. Two approaches were 

taken for exon-2; the first was amplification with a high stringency 

magnesium concentration and 35 cycles of amplification. The second used 

an external pair of primers for amplification followed by dilution and 

amplification with internal primers. PCR products were cleaned and 

sequenced directly using the same primers for sequencing.
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The approximate product sizes after PCR were as follows:

Exon-1 150bp

Exon-2 350bp

Exon-3 400bp

Each patient was analysed for exons 1-3 by comparison to the cDNA and 

genomic sequence previously determined. The results of the screening are 

given in table 9.

A single polymorphism was identified in exon-3. The change of an 

adenosine for a cytosine at nucleotide position 349 caused the replacement 

of an aspartic acid residue for an alanine residue; a non-conservative 

exchange (GAG for GOG). This was shown to be a polymorphism and not a 

mutation by finding both possibilities in non-HSNI individuals. The rat and 

mouse gene show alanine in the position (data not shown).
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Patient Diagnosis Linkage Exon-1 Exon-2 Exon-3

6796 HSN - 100% 100% C/C 349

6797 HSN - 100% 100% C/C 349

6798 HSN - 100% 100% 100%

1033 HSN - 100% 100% 100%

6789 HSN - 100% 100% A/C 349

11409 HSN - 100% 100% A/C 349

11408 HSN - 100% 100% A/C 349

11928 HSN - 100% 100% 100%

2287 HSN - 100% 100% 100%

8595 HSN - 100% 100% 100%

11927 HSN - 100% 100% 100%

11926 HSN - 100% 100% 100%

2286 HSN - 100% 100% 100%

11244 HSN - 100% 100% A/C 349

2288 HSN - 100% 100% 100%

H64 HSN-I 9q22 100% 100% 100%

H76 HSN-I 9q22 100% 100% 100%

Table 9. Table showing the results of the screen of HSN patients for 

mutations in ninjurin. Patient code numbers are given, as are the diagnosis 

and linkage if done. The presence of the A-C polymorphism at nucleotide 

position 349 is given for exon-3.

1100% represents identity to cDNA sequence for human ninjurin.
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6.8 Mutation analysis of ninjurin in patients with NBCCS

Before the identification of mutations in the human homologue of the 

drosophila patched gene in patients with NBCCS (Hahn et al., 1997: 

Johnson et al., 1997), all genes within the defined candidate region of 

D9S196 - D9S180 on human chromosome 9q22 (Farndon et al., 1992), 

were considered as potential candidate genes. At this time, the rat ninjurin 

gene had not been described, and the cDNAs for the human ninjurin gene 

were short of the 5' initiation methionine (see above). Searches with the 

human GRC-19 cDNA sequence showed no significant homology to 

enteries in GenBank (data not shown). An open reading frame could be 

found for nucleotides 571 to 1041 with the ATG at 571 having a good match 

to the initiation start site for vertebrates (CCTGCACUGG for GRC-19 versus 

GCCGCCAUGG)(Kozak. 1989). Without the mouse gene to verify this as the 

correct reading frame, it was temporarily accepted as being so. No homology 

to other known proteins was found with the predicted protein of 157 amino 

acids. Two representative clones from the KFS-selected cDNA library, 

KFS12A1 and KFS7A4 had been charcterised by RT-PCR (KFS12A1 

covering nucleotides 449 to 658, and KFS7A4 covering nucleotides 719 to 

988). The conditions for the RT-PCR for both these clones were used to 

analyse 20 NBCCS patient first strand cDNAs by SSCP (fig 26). No obvious 

deletions or conformation polymorphisms were observed for any of the 

samples (The small shift in patient 1575 for KFS12A1 was excluded by 

several repetitions as a PCR artifact). More work was needed for the gaps 

not covered in the reading frame by the RT-PCR. As a result of the initial 

SSCP analysis, GRC-19 was excluded as a candidate for NBCCS.
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Fig 26. Single strand conformation polymorphism analysis 
of the human ninjurin gene in 20 NBCCS patients 
using two RT-PCR products (A) KFS7A4 (B) KFS12A1.
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6.9 Discussion

The high degree of amino acid identity between the human and rodent 

ninjurin proteins (>90%) suggests that these are the human and mouse 

homologues of the rat gene. Topology predictions for the human and mouse 

proteins strongly implicate both proteins as a type 3b classification: a two 

pass transmembrane protein with an extracellular amino-terminus (Singer 

1990), which includes ligand gated ion channel receptors. This is the same 

as for the rat protein, which has been localised to the cell surface. The 

amino-terminal extracellular domain contains a single N-glycosylation 

consensus site at residue 60 which is conserved in the human and rodent 

proteins (Fig 27), suggesting that the ninjurin protein is glycosylated.

The human gene is expressed at a high level in a wide range of adult tissues 

which was also observed for the rat gene.

The human ninjurin gene was mapped to a cosmid and PAC contig on 

9q22, between the markers D9S197 and D9S196. The genetic markers are 

separated by a physical interval of 450Kb (Morris and Reis, 1994). D9S196 

and D9S197 are both within the currently defined candidate region for the 

autosomal dominant disorder HSN-I (Nicholson et al., 1996). A pairwise lod 

score of 6.02 was observed in a large family with HSN-I for D9S197. Two of 

the major features of HSN-I are the progressive degeneration of sensory 

neurons and chronic ulceration of the skin. The rat ninjurin gene has been 

shown to be capable of mediating hemophilic adhesion, and play an 

important role in nerve regeneration (Araki and Milbrandt, 1996). On the 

basis of the high level of amino acid identity between the human, mouse and 

rat proteins, it is likely that the function of the protein is conserved . One 

potential role for the human ninjurin protein would therefore be in sensory 

nerve regeneration. This would make ninjurin a good candidate for HSN-I 

since a major feature of HSN-I is the degeneration of sensory neurons. 

Sensory neuron repair is likely to be a consequence of cell adhesion. A 

potential property for the human ninjurin protein according to functional 

assays with the rat protein is a role in mediating cell adhesion processes. 

The calcium dependent cell adhesion molecule E-Cadherin, plays an
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important role at the site of peripheral nerve repair, probably by stabilisation 

of the peripheral nerve glia (Hasegawa et al., 1996). Mutations in several 

adhesion molecules have been found in patients suffering from the 

autosomal recessive inherited blistering skin condition junctional 

epidermolysis bullosa, JEB, (Borradori and Sonnenberg, 1996). Other skin 

disorders have also been shown to be a result of mutations in adhesion 

molecules (Epstein, 1996). Human ninjurin cDNA was isolated from a 

keratinocyte stem cell library, and also in mature kératinocytes by RT-PCR 

(data not shown), indicating the presence of ninjurin in skin. The chronic 

ulceration of the skin observed in patients with HSN-I may be due to 

mutations affecting the adhesive properties of the ninjurin protein.

The map position of the human gene also places ninjurin within the 

candidate region for the autosomal dominant squamous cell cancer (SCO) 

predisposition syndrome ESS1 (Goudie et al., 1993). An interesting feature 

of the disorder is the spontaneous resolution of the squamous cell cancer, 

usually after a few months, leaving a pitted scar (Ferguson-Smith, 1934). It is 

known that adhesion molecules, such as cadherins and intergrins, play an 

important role in the progression of various cancers (Varner and Cheresh, 

1996: Takeichi, 1993). Differences in the level of expression, and distribution 

of various adhesion molecules have been observed in SCO (Furukawa et 

al., 1994: Ruggeri et al., 1992). The expression of human ninjurin in the 

skin, and its role in adhesion would also implicate ninjurin as a candidate 

for ESS1.

Genomic characterisation of the human gene made it possible to amplify the 

coding exons from total human DNA. In the case of ninjurin with three 

coding exons and only a 456bp open reading frame, the quickest route to 

search for mutations in HSN-I and ESS1 patients was by direct sequencing 

of the exon PGR products amplified from genomic DNA. A second method of 

mutation analysis (dependent upon availability) would be to sequence 

directly the product of RT-PCR of the full coding sequence from patients with 

HSN-I using the conditions determined on control RNA sources.

138



f
•o
s!
I
<o

i

Fig 27. Alignment of the human ninjurin to the rodent ninjurin protein sequences.
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6.10 Summary

The human ninjurin gene was isolated from a cDNA library enriched for 

transcripts from 9q22. A 1.2Kb message was detected for ninjurin in all 

human tissues studied. The full length sequence codes for a putative 152 

amino acid protein with 89% identity to the rat ninjurin protein. The mouse 

homologue was isolated, and showed 98% amino acid identity to the rat 

protein. Mapping by FISH, localised the mouse ninjurin to mouse 

chromosome 13, a region that shows synteny with human chromosome 

9q22. Genomic characterisation of the human gene revealed 4 exons 

covering less than 10Kb. The map position of the human gene is between 

the genetic markers D9S196 and D9S197 on human chromosome 9q22. 

This places the gene within the candidate regions for the degenerative 

neurological disorder hereditary sensory neuropathy type I, and the cancer 

predisposition syndrome multiple self-healing squamous epitheliomata.
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Chapter 7: The cloning and mapping of a human and 
mouse gene with homoiogy to ectoATPases.

7.1 introduction

This chapter describes the cloning, mapping and characterisation of 

human and mouse genes that show high homology at the protein level to 

an expanding family of enzymes known as ecto-ATPases.

Ecto-ATPases are transmembrane glycoproteins that hydrolyse 

extracellular nucleoside tri- and/or diphosphates. Ecto-ATPases are 

divalent, cation-dependent and insensitive to inhibitors of P-type, F-type, 

and V-type ATPases (Lin 1989a; Lin 1989b; Dombrowski et al. 1993; 

Stout and Kirley 1994). Several functions of ecto-ATPases have been 

proposed including the termination of purinergic signalling, cellular 

adhesion, vesicular transport and purine recycling (Plesner 1995; 

Strobel and Rosenberg 1993; Kittel and Bacsy 1994).

One of the transcripts isolated by cDNA selection in the KFS-selected 

library showed strong amino acid homology to the recently identified 

chicken muscle ecto-ATPase (Kirley 1997) and the human lymphoid cell 

activation antigen CD39 (Rowe et al. 1982; Maliszewski et al. 1994). 

Biochemical studies indicate that the human CD39 gene is an ecto- 

apyrase (Wang and Guidotti 1996). Ecto-apyrases show high levels of 

amino acid sequence homology to ecto-ATPases (Asai et al. 1995; 

Bermudes et al. 1994), but display differences in substratespecificity, 

reaction kinetics, and inactivation susceptibility. CD39 is expressed 

primarily on activated lymphoid cells (Kansas et al. 1991; Ikewaki et al. 

1992; Deunsing et al. 1994), and has been used to define distinct 

subsets of activated lymphocytes (Gouttefangeas et al. 1992). The role 

of the ecto-apyrase function of CD39 may be to protect activated immune 

cells from the lytic effect of extracellular ATP released by target cells 

(Fillipini et al. 1990; Di Virgilio 1995). CD39 is also known to be involved 

in homotypic adhesion of activated B lymphocytes (Kansas et al. 1991). A 

role in adhesion for ecto-ATPases has also been proposed in cultured

141



chapter 7: CD39L1 cloning and mapping

cells of human pituitary (Kittel et al. 1995) and during the demyelination 

and remyelination of axons in the central nervous system (Felts and 

Smith 1996).

7.2 Isolation and sequence characterisation of CD39L1

One group of cDNA clones from the KFS-selected library hybridised to 

common restriction fragments of the cosmid clone LLNLc115F7232 that 

had been used in the cDNA selection procedure (data not shown).One 

member of this cDNA group, KFS12G4, was used for further 

characterisation of the corresponding transcript. Hybridisation of 

KFS12G4 to a human keratinocyte stem cell cDNA library resulted in the 

isolation of four identical clones of 1.8Kb. The sequence of the clones 

was compared to search entries in GenEmblBank using BLAST. An 

open reading frame was identified with greater than 41% amino acid 

identity (60% similarity) to the human lymphoid cell activation antigen 

CD39, a known ecto-apyrase (Wang and Guidotti 1996). The novel 

transcript was called CD39-like-gene-1, CD39L1. The available cDNA 

clones did not contain the initiation methionine codon and therefore did 

not extend to the 5’ end. Attempts to isolate the 5' end of CD39L1 by 5’ 

RACE failed. To identify the 5’ end, restriction digests of the cosmid clone 

LLNLcI 15F7232 were blotted and hybridised with KFS12G4 and the 5’ 

end of a cDNA clone of the apparent mouse homologue of CD39L1 

(see below). The hybridising 5.0Kb Hindi 11 fragment was subcloned and 

partially sequenced. A segment overlapping with the sequence of the 

CD39L1 cDNA clones showed high sequence homology to the 5’ end of 

the human CD39 gene. An open reading frame extended to nucleotide 

1437, with an ATG codon at nucleotide position 13 which showed a 

moderately good match to the initiation start site for vertebrates 

(CCGCCCAUGG for CD39L1 versus GCCGCCAUGG)(Kozak 1989). The 

cDNA sequence for CD39L1 is given in appendix A1.8a. The deduced 

amino acid sequence of CD39L1 is shown in Fig 28. Two potential
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magkvrs[llpplllaaaglagllllc^ t r dv r e p p alkygivldagssh 50

TSMFIYKWPADKE§DTGIVGQHSSCDVPGGGISSYADNPSGASQSLVGCL 100

EQALQDVPKERHAGTPL^LGATAGMRLLfLTNPEASTSVLMAVTHTLTQY 150

PFDFRGARILSGQEEGVFGWVTANYLLENFIKYGWVGRWFRPRKGTLGAM 200
cAMP/cGMP

DLGGASTQITFETTSPAEDRASEVQLHLYGQHYRVYTHSFLCYGRDQVLQ 250

RLLASALQTHGFHPCWPRGFSTQVLLGDVYQSPCTMAQRPQNF§SSARVS 300
C

LSGSSDPHLCRDLVSGLFSFSSCPFSRCSFNGVFQPPVAGNFVAFSAFFY 350

TVDFLRTSMGLPVATLQQLEAAAVNVCiQTWAQQLLSRGYGFDERAFGGV 400 

IFQKKAADTAVGWALGYML§LTNLIPADPPGLRKGTDFSSJWVLLLLFAS 450
c 4 ----------------

____________ Î  cAMP/cGMP
ALLAALVLLiIrQVHSAKLPSTI 472

Fig 28. Complete amino acid sequence for CD39L1. 
Transmembrane regions are boxed. TWo potential 
cAMP/cGMP phosphorylation sites are shown. A 
potential tyrosine kinase site is indicated by an arrow. 
The potential extracellular and intracellular protein 
kinase C phosphorylation sites are indicated by the 
letter C. Five putative N-giycosyiation sites are 
represented by highlighted N residues.
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cAMP/cGMP phosphorylation sites, a tyrosine kinase phosphorylation 

site and potential extracellular and intracellular protein kinase C 

phosphorylation sites are indicated. Five potential N-glycosylation sites 

are also indicated. Hydrophobicity plots using Topred-ll 1.1 (Claros and 

Von Heijne 1994) predict two potential transmembrane segments at the 

extremes of the protein suggesting that CD39L1 has the topology of a 

type la membrane protein with a short N-terminal and C-terminal 

cytoplasmic domain, and a large extracellular domain (Fig 29). 

Hybridisation of KFS12G4 to a zoo blot (Fig 30) shows that the DNA 

sequence for CD39L1 is well conserved between vertebrates.

7.3. Chromosomal location of CD39L1

To confirm the location of CD39L1 on chromosome 9q, KFS12G4 was 

hybridised to a somatic cell mapping panel (Fig 31). The hybridising 

5.0kb Hindlll fragment was present in 640-63a12 which contains 9q as 

the only human component, but absent in CV340 which contains 9pter- 

9q22. This was against expectation as the cosmids used for the cDNA 

selection were expected to originate from regions of human chromosome 

9q22, and would therefore give a hybridising signal on the genomic 

southern for somatic cell hybrid CV340. FISH analysis with the cosmid 

clone LLNLcI 15F7232 shows a hybridising signal at human 

chromosome band 9q34 (Fig 32). The fine localisation of CD39L1 on 

9q34 is based on the result that the cosmid clone containing CD39L1, 

LLNLcI 15F7232 overlaps with the clone LLNLc11523506 (data not 

shown). LLNLc11523506 was responsible for the isolation of ABC2 by 

cDNA selection (Section 4.2.2; data not shown). The ABC2 gene has 

been mapped by FISH to 9q34 (Luciani et al. 1994). A second ABO 

transporter gene, ABC1, also maps to human chromosome 9q. ABC1 

was shown by FISH to localise to 9q22 (Luciani et al. 1994). Many of the 

anchoring cosmids used in the selection were confirmed by FOR and 

hybridisation (Obermayr et al., unpublished), but many of the overlapping

144



I
I
I

Fig 29. Hydrophobicity prediction for the CD39L1 protein using TopPred li. 
(Putative setting = 1.0 ; Certain setting = 1.2)

I

I
<H>
(GES)

4

3

2 Certain
Putative1

0

1

2

3

4

5 100 200 300 400
Amino Acid Position



Chapter 7: CD39L1 cloning and mapping

c
(0
E
3
z

Î
Iz

0 c
1
m I  g

12.0Kb

5.0Kb

3.0Kb

1.6Kb

Pig 30. Zoo blot with total DNA from human, monkey, 
mouse, hamster, bovine, dog and pig. For each lane 
lOug of DNA was Hindlll digested. Standard lengths 
are given.
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Fig 31 .Genomic DNA digested with Hindlll. (Lane 1) 
Human Lymphobiastoid cell line GM1416B (ATCC). 
(Lane 2) Somatic ceii hybrid 640-63a12 (Jones and 
Kao 1984), containing the long arm of human 
chromosome 9 on a hamster background. (Lane 3) 
Hamster ceil line A23. (Lane 4) Somatic cell hybrid 
CV340/BW containing human chromosome fragments 
9pter-q22.3,6pter-p23 and a fragment of X on a mouse 
background. (Mike Dixon, Manchester,Uk)(Lane 5) 
Mouse iymphoblastold cell line BW5147. Panels were 
hybridised with the CD39L1 cDNA cione KFS12G4. 
The hybridising 5’ 5.0Kb Hindlll fragment is indicated, 
as are hybridising fragments in mouse and hamster.



ChapÊef 7 / CD39L1 c/oomgÆodmappmg

Fig 32.0onfimatk>n mapping of hwnan CD39L1 to hunan 
chromosome band 9q34 by FISH. Probe used Is the 
hixnan CD39L1 containing cosmid LLNLc115F7232.
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cosmids were assigned on the basis of hybridisation only. It is possible 

that the strong nucleic acid homology over a significant portion of the 

ABC1 and ABC2 genes was responsible for the mistaken inclusion of 

cosmids from 9q34 in the contig used for the selection. This outlines a 

major disadvantage with contig formation by hybridisation only.

7.4. Expression of CD39L1

Human multiple tissue northerns were hybridised with CD39L1 (Fig 33). 

A strong 2.0kb signal, and weaker signals at about 3.5kb and 5.0Kb were 

observed in adult brain, placenta, skeletal muscle, kidney, pancreas, 

heart, ovary, testis, colon, small intestine, prostate and pancreas. No 

signal was observed for adult thymus, spleen, lung, liver and peripheral 

blood leukocytes.

7.5 isolation and mapping of mouse cdSQH.

A mouse cDNA clone was isolated from an embryonic day-17 cDNA 

library by hybridisation with KFS12G4. The mouse cDNA clone showed 

78% DNA sequence identity to the human CD39L1 cDNA (data not 

shown). The mouse cd39l1 sequence is given in appendix A1.10 

Alignment of the human and mouse cDNA sequences show that the 

mouse cDNA clone is probably alternatively spliced, since human exon 4 

is absent from the mouse cDNA. This causes a shift in the mouse reading 

frame and a stop codon at the beginning of (human) exon 5. It predicts a 

truncated protein with a single transmembrane domain. Embryonic 

cDNA libraries frequently contain otherwise rare alternatively spliced 

transcripts and it is likely that other spliced forms of the mouse gene exist 

that conform to the human gene. During the screening for mouse cd39L1 

clones, two further mouse cDNA clones were isolated that showed 

significant amino acid sequence homology to members of the ecto-
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Fig 33. Multiple tissue northern hybridisations.
(A) Hybridisation with the CD39L1 cDNA clone KFS12G4.
(B) Hybridisation with b-Actin probe.
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ATPase family (see below). This would suggest that these genes belong 

to a gene family.

A cosmid clone containing the mouse cd39L1 gene was isolated and 

mapped by FISH to mouse chromosome 2 (Fig 34). MMU2 has been 

shown to contain a region of conserved synteny to human chromosome 

9q34 (Povey et al. 1997). This is additional evidence that the mouse 

transcript described above is the homologue of human CD39L1.

7.6 Genomic characterisation of CD39L1.

The genomic structure of CD39L1 was determined from a 5.0Kb and a 

2.1Kb Hindlll subclone of cosmid LLNLcI 15F7232 by sequencing 

across intron exon boundaries with exon specific primers. CD39L1 is 

composed of 9 exons covering less than 7Kb of genomic DNA. All splice 

donor and acceptor sites conform with the 5' g t .. 3’ ag rule (Breathnach 

and Chambon 1981). Intron sequences at the exon boundaries and exon 

sizes are given in Table 10, while a representation of the exon-intron 

structure is shown in Fig 35.

7.7 Isolation of other mouse paralogues.

Low stringency attempts to identify the mouse homologue for CD39L1 

resulted in the isolation of several related genes. One such gene was 

isolated from an adult mouse testis library (0.5x SSC 65°C) using 

KFS12G4. A cDNA clone of 2147bp was sequenced (Appendix A1.12) 

and used to search against entries in GenEmblBank using BLAST. An 

open reading frame was identified with greater than 50% amino acid 

identity with regions of a pea nucleoside-triphosphatase, a yeast 

guanosine diphosphatase and the human lymphoid cell activation 

antigen CD39(data not shown). The mouse gene was named mNTPase. 

An ORF exists from nucleotides 205 to 1599, with the ATG at nucleotide
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b  O x

Fig 34. Mapping of the mouse cd39l1 gene by FISH. 
The mouse cd39l1 cosmid shows a signal in the A3 
band of mouse chromosome 2, a region sy ntenic 
to hixnan chromosome 9q34.
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Exon Acceptor Donor Exon size Intron size

1
■

AAGgtgcgcgcccgggcacccag 138bp ~2300bp

2 tccctccccctcccccccagTAT CAGgtgaggcccagcccagccca 118bp 570bp

3 tctctcggccctccctctagGTG CAAgtgagtgtgcctgtgccctg 151 bp 86bp

4 gagttctgtgtgttttgcagCCT AAGgtgggcccagcagccagcca ISObp 78bp

5 ccacactcccctctccacagTAC CAGgtgcccctccaccgtggctc 228bp ~350bp

6 cacgctggtgattcccccagACC GTGgtgagtaggggcaggcgggt 255bp 78bp

7 tgtgactgcgccccctacagGCC CAGgtgagccccgctcccactcc 120bp ~845bp

8 ccggggccatgttcgtgcagCAG AAGgtgggctggggcggggcggg 66bp 78bp

9 ggccacgcccttccccgcagGCC >500bp

Table 10 . intron sequences at the CD39L1 acceptor and donor sites. Intronic sequence 

is given in lower case, with the conforming 5’ gt and 3' ag sequences highligted. Exon 

sequence is given in large case. Approximate total coverage 6.2Kb.
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Fig 35. Genomic structure of CD39L1. Exons are represented by a closed box, and numbered accordingly. Intron sizes are shown 
according to sequence data for the Hindlll subclones. Positions of the start codon ATG and Stop codon are indicated.
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205 having a moderate match to the initiation start site for vertebrates 

(AAGAAUAUGG for mATPase versus GCCGCCAUGG)(Kozak, 1989). No 

apparent polyadenylation signal exists, although the cDNA clone 

contains a poly-A tail(data not shown). Hydrophobicity plots using 

Topred-ll 1.1 (Glares and Von Heijne, 1994) predict a single potential 

transmembrane segment, with an extracellular carboxy terminus(Fig 36). 

This is very similar to the hydropathy profile for the peaNTPase 

protein(Fig 37), which is the closest relative to the mNTPase protein (Fig 

38). Two potential N-glycosylation sites can be found at amino acid 

positions 41 (NVSA) and at 231 (NSTF). Five potential protein kinase-C 

sites exist at positions 84(SVK), 219(TPR), 233(TFK), 266(TFR) and 

457(SGK).

Figure 39 shows an alignment of the mATPase protein sequence with the 

pea NTPase protein, hCD39L1, CD39 and the chick ATPase gene. High 

homology can be seen between these different members of the NTPase 

family.

A cosmid clone for the mNTPase gene was isolated by hybridisation from 

a mouse cosmid library (Frischauf, unpublished). The cosmid clone was 

used for FISH analysis on mouse metaphase chromosomes, and 

showed a clear signal at band E of MMU12 (Fig 40). To confirm the map 

position of mNTPase on MMU12, linkage analysis was employed upon 

the European Collaborative Interspecific Backcross (EUCIB). Primers 

were designed to the 3’ UTR of the mNTPase cDNA sequence, and used 

for PGR on mouse genomic DNA (Fig 41a). Products of the expected size 

were observed, indicating that the region selected for PGR was not 

interrupted by any introns. PGR in the presence of [a^^P]dATP was 

carried out upon genomic DNA from the two parental mouse strains used 

in the backcross (G57BL/6 and Mus Spretus). The PGR products were 

used for SSGP analysis, and displayed clear mobility shifts between the 

two strains for all primer combinations (Fig 41b).

SSGP was then applied to genomic DNA of 50 random backcrossed 

mice (25= FI x G57BL/6 ; 25= FI x MS). The results were scored for the 

presence of G57BL/6 bands only, MS bands only, or both MS and
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Fig36.Hydropathy predictions for the mouse NTPase protein
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Fig 37.Hydropathy predictions for the garden pea NTPase protein
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Fig 38. Alignment of the mouse and pea NTPase proteins with hCD39L1.
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Fig 39. Alignments of ectoATPase family members. (1st line=hCD39L1 ; 
2nd= chickATPase; 3rd= CD39; 4th= mNTPase; 5th= peaNTPase)
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Fig 40 Mapping of the mNTPase gene to mouse chromosome 
12 by FISH. Arrows Indicate the signal at ̂ MU12 band E.



Fig 41. Linkage mapping of the mNTPase gene using a mouse backcross.
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showing the relative positions of the primers In 
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B. Autoradiograph showing the results of SSCP analysis with different 
combinations of the 3'UTR primers on the parental mouse strain 
genomic DNA.

C. Example showing the SSCP analysis for the parental 
M.spretus mouse (1.) and parental C57BU6 (2.) 
using primers FI + R2 and the typing of a C57BU6 
X FI generation backcross.
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C57BLV6 bands (an example of a few mice is shown in Fig41c). The data 

was analysed at HGMP (Courtesy of Lee-Stuart Evans), and indicated 

the mapping to MMU12 with a LOD score of 6.5. A specific panel of 

mouse genomic DNAsthat are informative for MMU12 were used for 

another round of SSCP. Linkage with a LOD score of 8.14 was obtained 

with the genetic marker D12Mit4, flanked by D12Mit149 and D12Mit238, 

between 31.7cM and 36.1cM from the top of the mouse chromosome 12 

linkage group for the MIT F2 Intercross. This region of mouse 

chromosome 12 has previously been shown to share synteny with 

human chromosome 14q (DeBry and Seldin, 1996). It is possible that a 

human homologue of mNTPase may exist in this region.
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7.8 Discussion.

The human CD39L1 and mouse cd39l1 genes show high amino acid 

homology to the lymphoid cell activation antigen ecto-apyrase (CD39 

and cd39) from man and mouse. The CD39L1 protein shows high 

homology to other members of the ecto-ATPase family, in particular the 

recently identified chicken muscle ecto-ATPase (Kirley 1997). Alignment 

of chicken enzyme and the CD39 enzyme with CD39L1 in Fig 42 show a 

23 amino acid deletion in CD39L1 compared to the chicken ectoATPase 

and CD39. The putative mouse homologue cd39l1 and the other 

sequences are homologous in this region and it is not clear whether the 

difference in CD39L1 is due to alternative splicing. The genomic 

structure of CD39L1 shown in Fig 35 indicates from the intron size that an 

extra exon may exist in the genomic interval.

The region of highest homology between all members of the NTPase 

family is at the amino terminus of the protein and is the most conserved in 

alignments with related genes from yeast (spIP40009 + splP32621), 

garden pea (splp52914), rat (g ill754710), and potato (g ill381633), 

consistent with the observation made for the chicken muscle ecto

ATPase (Kirley 1997) and the suggestion that the enzymatic activity of 

the proteins is located within this region. Figure 43 shows an alignment 

of the N-terminal region of several members of the NTPase family. Handa 

and Guidotti (1996) highlighted four regions of NTPases known as 

putative apyrase conserved regions (ACRs). Figure 43 shows an 

alignment of ACRs l-IV. The high level of conservation of the ACRs would 

indicate that these regions are essential for the functioning of the protein, 

while changes in the regions surrounding these domains can be 

tolerated. It may be evolutionary change in the flanking residues that is 

responsible for the variation in substrate and kinetics of the different 

proteins. The differences between the proteins over this region may be 

what determines their substrate specificity and kinetics. When more 

members of each enzyme class are found, it may be easier to show
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Fig 43. Apyrase conserved regions of members of the the NTPase family.
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positions of specific residues for each of the different enzyme types. The 

predicted membrane topology of the CD39L1 protein is the same as that 

predicted for the chicken muscle ecto-ATPase (Kirley 1997) and other 

members of the family, with the majority of the protein on the exterior of 

the plasma membrane. At the C-terminus, the CD39L1 protein has a 

short C-terminal putative cytoplasmic tail of 12 aminoacids (Fig 28) that 

contain a possible target site for protein kinase-C phosphorylation. This 

may be involved in signalling across the plasma membrane. The 

CD39L1 protein also has five extracellular sites that conform to N- 

glycosylation consensus sequences, suggesting that like other ecto- 

ATPases, CD39L1 is heavily glycosylated (Plesner 1995).

CD39L1 is located on human chromosome 9q34 in a region of 

chromosome 9q that is frequently lost in renal cancer, but is telomeric to 

the recently narrowed TSOI candidate region (Povey et al. 1997). 

CD39L1 is a compact gene covering less than 7Kb (Table 10). This 

agrees well with the relatively high gene density observed for the region 

(Povey et al. 1997).

There is a distinct lack of expression of CD39L1 in adult spleen, thymus 

and blood, tissues associated with the immune system (Fig 33). PGR of 

reverse transcribed mRNA isolated from the human chronic 

myelogenous leukaemia cell line K-562 and the activated B-cell line 

Bristol-8, showed the presence of the CD39L1 message (Data not 

shown). The CD39 transcript is also absent from lymphocytes, but can 

be detected in activated cells of the immune system (Kansas et al. 

1991). CD39 was also shown by monoclonal antibody staining to be 

strongly expressed in endothelial cell lines and skin. The presence of 

CD39L1 in many tissues also known to express CD39 raises an 

interesting question. Immunocross-reactivity was observed by Western 

blotting between monoclonal and polyclonal antibodies raised against 

the chicken ecto-ATPase and two commercially available monoclonal 

antibodies against the human CD39 protein (Kirley 1997). The degree of 

protein homology between CD39L1 and CD39 is higher than the 

homology of the chicken muscle ecto-ATPase and CD39. It is therefore
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possible that the CD39L1 protein may cross react to commercial 

monoclonal antibodies raised against CD39.

On the basis of the high amino acid and structural homology, it is likely 

that CD39L1 is a new member of the ecto-ATPase family. Since the 

ectoapyrase gene CD39 is involved in homotypic adhesion in activated 

B lymphocytes (Kansas et al. 1991), CD39L1 may have a similar role. If 

CD39L1 is the true homologue of the chicken muscle ecto-ATPase gene, 

then this would be the first human ecto-ATPase gene to be identified.

The presence of all four ACRs in the mNTPase protein suggests that 

mNTPase is also a new member of the NTPase family. This would be the 

third member of the mouse NTPase family alongside the lymphoid cell 

activation antigen, cd39, and the cd39-like-1 gene, cd39l1. BLAST 

searches using the DNA sequence of mNTPase revealed two 

overlapping human EST clones with 57% DNA sequence identity to 

mNTPase (Acc. No. H08436 and AA378537). An ORF can be found for 

the human ESTs that shows homology to NTPases. The putative NTPase 

protein sequence, named GD39L2, is shown in Figure 43 alongside the 

other NTPase genes. The presence of the ACRs in the partial human 

CD39L2 protein shows that another human NTPase gene exists, which 

could be the human homologue of mNTPase. The human and mouse 

CD39 proteins share greater than 90% amino acid identity, while the 

CD39L1 protein from man and mouse share greater than 87% amino 

acid identity. An alignment of the mNTPase amino acid sequence against 

the partial CD39L2 amino acid sequence shows only 60% amino acid 

identity, but certain residues absent from the CD39L1 and CD39 proteins 

are present in both CD39L2 and mNTPase proteins. If CD39L2 is not the 

human homologue of the mNTPase protein, then this would indicate that 

a minimum of four NTPase genes possibly exist in humans: CD39, 

CD39L1, CD39L2 and the human homologue of mNTPase.
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7.9 Summary

The human CD39-Like-1 gene (CD39L1 ) was isolated from a selected 

cDNA library enriched for transcripts from regions of human chromosome 

9q. Database searches with sequences of one group of clones from the 

selected cDNA library showed strong amino acid homology to the 

lymphoid cell activation antigen CD39, an ecto-apyrase gene from man 

and mouse. The full length sequence for CD39L1 identified a putative 

472 amino acid protein with greater than 60% identity with the chicken 

muscle ecto-ATPase protein, as well as homology to a number of other 

known ecto-ATPases and ecto-apyrases from rat, garden pea, yeast 

and Toxoplasma gondii. A high level of amino acid identity suggests that 

CD39L1 is closely related to the chicken muscle ecto-ATPase.

The presence of the human ABC2 gene on an overlapping cosmid and 

hybridisations to somatic cell mapping panels suggest that CD39L1 

maps to human chromosome 9q34. A mouse homologue was isolated 

(showing greater than 78% nucleotide sequence identity), and mapped 

by FISH to mouse chromosome 2, the syntenic region of human 9q34. 

The genomic structure of CD39L1 reveals 9 exons covering less than 

7Kb.
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Chapter 8: Isolation and characterisation of novel 
genes from 9q22.

8.1 Introduction

This chapter describes two novel genes: GRC-5 and GRC-7. Emphasis 

is placed on some of the problems associated with the characterisation of 

novel genes.

8.2 Isolation, mapping and characterisation of GRC~7

One group of overlapping cDNA clones from the HFF selected cDNA 

library hybridised to common restriction fragments of the cosmid clone 

LLNLc115E01101 that was used in the selection. This cosmid originates 

from the FACC anchored contig (Table 3). The cDNA clone HFF10E12, 

a representative member of the group, was used for the further 

characterisation of the transcript. The group of overlapping clones was 

termed GRC-7.

HFF10E12 was used to screen a human keratinocyte stem cell cDNA 

library, which resulted in the isolation of six clones (four clones of 1.2Kb 

and two clones of 3.9Kb). The clones were sequenced and compared to 

search entries in GenEmblBank using BLAST.

The full sequence of the short cDNA clones was determined (GRC-7 

short), a length of 1208bp (See appendix A1.15). The largest potential 

open reading frame was observed for nucleotides 689 to 970 with the 

ATG at 689 having a moderately poor match to the initiation start site for 

vertebrates (UAAUCAAUGU for GRC-7 versus GCCGCCAUGG)(Kozak, 

1989). A putative polyadenylation signal of AATAAA can be found at 

nucleotides 1163-1168. Database searches with the predicted protein of 

94 amino-acids showed no homology to any entries in the Swissprot 

database. A potential protein kinase-C site is located at residue 65 

(THK).
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Hydropathy predictions using Topred-ll 1.1 (Clares and Von Heijne, 

1994) indicate a potential transmembrane segment at the amino 

terminus of the protein (Fig 44). The DNA sequence for the large 

transcript was determined(G/?C-7 large)(See appendix A1.17). 

Alignment of the GRC-7 large cDNA sequence to the GRC-7 small cDNA 

sequence showed that the short cDNA clone was identical to the 3’ end 

of the large cDNA. The large cDNA sequence extends a further 2742bp 

5‘ of the short message. The same ORF is found at nucleotides 3422- 

3703 with a single polyadenylation signal at nucleotides 3896-3901. 

With the potential ORF for the large cDNA clone towards the 3' end of the 

clone would indicate a large 5’ UTR. Analysis of the 5’ sequence of the 

GRC-7 large transcript indicates a sequence with a high representation 

of the nucleotides 0  and A for a stretch of SOObp (See appendix A1.17). 

The sequence showed high sequence homology to a number of repeat 

entries in GenEmblBank. No obvious ORFs are found in the additional 

sequence of GRC-7 large.

To help confirm the predicted open reading frame for human GRC-7, 

attempts were made to isolate the mouse homologue. The insert of the 

GRC-7 short cDNA clone was hybridised to several mouse cDNA 

libraries (adult spleen; adult testis; adult lung; PCC4 tetracarcinoma ; 

embryonic day-17). A single weak hybridising signal was detected at low 

stringency in the embryonic day-17 cDNA library. The probe did not 

hybridise to any clones in the other libraries, and the signal from the 

embryonic day-17 cDNA library was lost at high stringency. The cDNA 

clone was isolated and sequenced. Alignment of the cDNA sequence for 

the mouse clone to the cDNA sequence of the GRC-7 short clone 

showed weak DNA homology and was omitted from further 

characterisation. A BLAST search of the EST database with the 

sequence of the large GRC-7 cDNA clone, identified 35 identical 

sequence entries. All the EST sequences were of human origin, and 

showed no divergence to the DNA sequence of GRC-7. No ESTs of 

mouse origin were identified.
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16.0Kb

8.0Kb

4.0Kb

Fig 45. Mapping of the human GRC-7 gene to chromosome 9q.
Genomic DNA digested with Hindlll. (Lane 1)
Human Lymphoblastold cell line GM1416B (ATCC).
(Lane 2) Somatic cell hybrid 640-63a12 (Jones and Kao 
1984), containing the long arm of human chromosome 9 
on a hamster background. (Lane 3) Hamster cell line 
A23. (Lane 4) Somatic cell hybrid CV340/BW containing 
human chromosome fragments 9pter-q22.3, 6pter-p23 
and a fragment of X on a mouse background. (Mike 
Dixon, Manchester,Uk)(Lane 5) Mouse lymphoblastold 
cell line BW5147. Panels were hybridised with the GRC7 
cDNA clone HFF10E12. A weak hybridising hamster band 
can be seen at «̂ lOKb.



To confirm the location of GRC-7 on human chromosome 9q22, 

HFF10E12 was hybridised to a somatic cell mapping panel (Fig 45). 

Hybridising 16Kb, 8Kb and 4Kb Hindlll fragments were observed for 

both somatic cell hybrids and for total human genomic DNA, suggesting 

that GRC-7 is a single copy human transcript. The cosmid clone 

responsible for the isolation of human GRC-7 overlaps with the cosmid 

clone LLNLc115G02140, which is known to contain the DNA sequence 

for the 3' end of the human FACC gene (shown by PCR and 

hybridisation, data not shown)(Obermayr et al., unpublished).

Before the identification of mutations in the human homologue of the 

drosophila patched gene in patients with NBCCS (Johnson et al., 1996: 

Hahn et al., 1996), all genes within the defined D9S196 - D9S180 

candidate region (Farndon et al, 1994) were considered candidate 

genes for NBCCS. Mutation analysis was carried out to exclude GRC-7 

as a candidate for NBCCS. Primers were designed to the cDNA 

sequence for GRC-7 covering the ORF, and used for RT-PCR, and 

analysed by SSCP. Figure 46 shows the SSCP analysis of two different 

RT-PCR products of GRC-7 in 14 NBCCS patients. No altered mobilities 

were detected in any of the 14 patients.

8.3 Expression of GRC-7

Human multiple tissue northerns were hybridised with HFF10E12 (Fig 

47). A weak signal of 3.2Kb was detected in adult placenta, lung, liver, 

skeletal muscle, kidney and pancreas and weakly in brain. A strong 

signal was detected at around 1.1-1.3Kb in all tissues examined.

The difference in message size from approximately 1.2Kb to 3.2Kb could 

be due to different transcription start sites or alternative splicing. The 

apparent variation in the signal observed around 1.1-1.3Kb could be due 

to alternative splicing of GRC-7.
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Fig 46. Single strand conformation polymorphism analysis 
for GRC-7 from 14 NBCCS patients. (A) Analysis of a 
316bp RT-PCR product. (B) Analysis of a 278bp RT-PCR 
product.
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8.4 Isolation, mapping and characterisation of GRC-5

GRC-5 consisted of a large group of cDNA clones in the HFF and KFS 

selected cDNA libraries (8.5% and 5.9% respectively). A representative 

cDNA clone HFF1H10 was used for the further characterisation of the 

group. To confirm the location of GRC-5 on human chromosome 9q22, a 

HFF1H10 probe was hybridised to a somatic cell hybrid mapping panel 

(Fig 48). Two hybridising signals at 11Kb and 5Kb were observed in both 

somatic cell hybrids, confirming the location of GRC-5 on human 

chromosome 9q22. An additional hybridising band of 8Kb was observed 

in the lane containing total human genomic DNA(GM1416B). The signal 

was maintained under conditions of high stringency (O.lx SSC at 65°G). 

This indicates that two DNA sequences hybridise with HFF1H10, one on 

human chromosome 9, and a second elsewhere in the genome. Several 

explanations can be given for this:

I. GRC-5 is a member of a gene family

II. HFF1H10 contains a DNA sequence for a conserved domain, and is

cross hybridising

III. One of the two hybridising DNA sequences could be a GRC-5 

pseudo gene

The DNA sequence for HFF1H10 is well conserved in hamster as a clear 

hybridising band can be seen in the hamster genomic DNA lane at high 

stringency(Fig 48).

The cDNA clone HFF1H10 hybridised to the cosmid clones 

LLNLc115D1138 and LLNLc115G04151. Cosmid LLNLc115D1138 

contains the genetic marker D9S196 as indicated by PGR (data not

shown). This shows that GRC-5 maps close to D9S196.

A human gridded keratinocyte cDNA library( constructed by B.Lin, 

unpublished), was hybridised with HFF1H10 and a single clone of 3.5Kb 

was identified (Ker57B18). The clone was isolated, and the full DNA 

sequence for the cDNA clone determined (Hasenpusch-Theil et al.,

175



Chapter 8: Novel genes.
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Fig 48. Mapping and expression of the human GRC-5 gene.

(A) Genomic DNA digested with HIndlll from the 
human cell line GM1416B, the somatic cell line 64063a12 
and the hamster cell line A23. Southern blot hybridised 
with the GRC5 cDNA probe HFF1H10.
(B) Multiple tissue northern hybridised with the GROS 
cDNA clone HFF1H10.
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unpublished). A large open reading frame was identified running 

throughout the full length of the cDNA sequence. First indications were 

that Ker57B18 was missing the 5' end of the transcript and the 

methionine initiation codon. Analysis of the DNA sequence at the most 5’ 

end of GRC-5 revealed that the region had a very high GC content (> 

85%)(Hasenpusch-Theil et al., unpublished). Attempts to extend the 

sequence by 5' RACE failed, probably because of the GC rich sequence 

forming secondary structures. It was observed that no AATAAA poly- 

adenylation signal could be found upstream of the poly-A sequence in 

the Ker57B18 cDNA clone. The open reading frame also ran into this 

sequence, with no stop codon. It was possible that the mRNA contains an 

Adenosine rich sequence that is mistaken for a poly-A tail during the 

cDNA synthesis stage, and that the DNA sequence for GRC-5 extends 

over this sequence. Sequence comparisons to the DNA sequence for a 

mouse homologue cDNA clone showed dramatic sequence divergence 

at the 5' end of the human and mouse cDNA clones. The DNA sequence 

prior to the divergence contained a sequence with an ATG and a good 

surrounding match to the initiation start site for vertebrates 

(GGCAACAUGG for GRC-5 versus GCCGCCAUGG)(Kozak, 1989). It is 

likely that this ATG sequence marks the beginning of the open reading 

frame for GRC-5.

Database searches using the predicted protein sequence for GRC-5 

identify two regions of high amino acid homology to entries in the protein 

database(Hasenpusch-Theil et al., unpublished). Amino-acid residues 

124 to 175 share high amino acid identity with the PHD finger domain 

(Fig 49), while residues 246 to 437 show high amino acid homology to 

hypothetical C.elegans, S.cerevisae and D.melanogaster proteins (Fig 

50).

The PHD finger obtained its name from observable homologies between 

two plant homeodomain proteins HAT3.1 and H0Z1A (Schindler et al., 

1993). PHD fingers are members of the zinc finger protein family (Cys^- 

His-CySg). The functional role of the finger in proteins with the motif is 

unknown, but could have RNA, DNA or protein binding capabilities. Two
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Fig 49. Amino acid alignment of the PHD finger domain of 

GRC-5 with other members of the PHD gene family.
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Fig 50. Amino acid aiigment of the novel domain from GRC-5 with hypothetical
C.elegans and S.cerevisae proteins.
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809379= S.cerevisae cosmid (Acc. No. U18796).



main proposals have been made for the function of PHD finger 

containing proteins (reviewed by Aasland et al., 1995):

i: Holding large protein complexes together 

ii: Regulation of chromatin mediated transcription

The second region of GRC-5 shared with C.elegans, S.cerevisae and

D.melanogaster proteins, could be a new functional domain because of 

the highly conserved nature of the amino acid sequence from man to less 

complex organisms. No function is assigned to the domain.

8.5 Expression of GRC-5

An adult human multiple tissue northern was hybridised with the cDNA 

clone HFF1H10 (Fig 48). A uniformly strong hybridisation signal was 

observed at 5-6Kb in all tissues (8 hour exposure). Two weaker 

hybridising signals can be seen in adult lung of 3Kb and 4Kb.
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8.6 Discussion

This chapter highlights some of the inherent problems in the 

characterisation of novel genes. In the case of GRC-7, no homology was 

found to entries in any of the DNA or protein databases, although many 

ESI DNA sequence entries are identical to the cDNA sequence for GRC- 

7. The DNA sequence predicts only one significant reading frame which 

does not contain any known protein motifs. One approach to ascertain 

the real reading frame within a gene is to identify the homologous gene 

from another species. Attempts to isolate the mouse homologue for GRC- 

7 failed. Hybridisation of a human GRC-7 probe to the genomic mapping 

panels (Fig 45), gave no hybridising signals for the lane containing 

mouse genomic DNA. This suggests that the DNA sequence for GRC-7 

between mouse and man is not well conserved. It is possible to see a 

weak signal in the lane containing hamster genomic DNA, but a hamster 

cDNA library was not readily available for hybridisation. Several theories 

might explain the incapability to isolate the mouse homologue of GRC-7:

I. With the short predicted open reading frame for the GRC-7 gene. It is 

possible that even if the protein were well conserved between man 

and mouse, the stretch of DNA sequence shared between the two 

organisms would also be short and show a reduced hybridisation 

efficiency.

II. If the function of the predicted GRC-7 protein product can tolerate 

variations in the amino acid sequence, then the protein could have 

diverged significantly from the mouse protein.

III. GRC-7 could be a pseudogene only found in man.

IV. GRC-7 may be an untranslated mRNA, and may display a function at 

the RNA level.

V. The predicted reading frame for GRC-7 could be the wrong one.
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Without a GRC-7 homologue from another species, and with no shared 

homology to other known genes, it is very difficult to prove that GRC-7 is 

a gene, or to determine the reading frame.

Northern analysis for GRC-7 indicates a relatively high level expression 

of the transcript in all tissues studied. The identification of a large number 

of ESI entries from a variety of tissues and stages in development 

showing sequence identity to GRC-7, agrees with the high expression 

level observed.

The second example of a novel gene is demonstrated in the 

characterisation of the GRC-5 gene. Database searches using the 

sequence of a cDNA clone for GRC-5 identified strong identity to the 

PHD finger domain, and a region of high homology to a hypothetical 

protein from C.elegans, S.cerevisae and D.melanogaster. Both regions 

of homology were in the same large open reading frame in the GRC-5 

cDNA sequence. The identification of a highly similar mouse cDNA clone 

with a high degree of amino acid identity to the predicted human protein, 

as well as conserved domains and strong northern hybridisation signals, 

strongly suggest that GRC-5 is a real gene, and the predicted reading 

frame is the right one.

From the mapping data for human GRC-5, a second hybridising signal 

was observed from a chromosome other than human chromosome 9. 

The identification of a cDNA clone for GRC-5 was achieved by 

hybridisation. There is a possibility that the cDNA clone isolated 

originated from a mRNA expressed from the second hybridising loci in 

the genome. A number of exon trapping products from the cosmid clones 

LLNLc115D1138 and LLNLd 15G04151 showed sequence identity to 

the cDNA sequence of Ker57B18 (A.Reis. unpublished), indicating that 

the Ker57B18 cDNA clone originated at the 9q22 locus.
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8.9 Summary

Several novel genes were identified from both the HFF and KFS selected 

cDNA libraries. Some of the major problems with the characterisation of 

novel genes are:

I. The identification of the correct open reading frame

II. Providing evidence to support the notion that it is a functional gene

Several approaches can be employed to help support the case of a 

novel gene as a real gene, including:

I. Expression profiles by Northern analysis

II. Identification of sequence homology/domains

III. Identification of a mouse homologue

The amount of data being entered into the nucleic acid and protein 

databases is increasing daily, and should provide an invaluable 

resource to satisfy parts ii and iii. This is also becoming apparent through 

the ease by which homologues of a gene can be identified by EST 

database searches, rather than the time consuming and expensive 

hybridisation of cDNA libraries.
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Chapter 9; General Discussion 

The strategy

After the mapping of the gene for Gorlin syndrome to human 

chromosome 9q22 (Gailani et a!., 1992; Farndon et a!., 1992: Reis et a!., 

1992), several groups set out to identify the gene by positional cloning. At 

the time that I began in the laboratory, a physical map spanning the 

candidate region withYAC clones was published (Morris and Reis, 1994). 

The physical map included the genes XPA and FACC, both of which 

were known to map between the two genetic markers D9S196 and 

D9S180 that flank the candidate region. From the YAC map, it was 

estimated that the physical distance between D9S196 and D9S180 was 

approximately 1.5Mb. Many of the YACs used in constructing the contig 

were found to contain deletions. Three additional YAC maps have been 

published, and suggest the region is not less than 2Mb, with one map 

suggesting as much as 5.5Mb (Hahn et al., 1996; Johnson et al., 1996; 

Lench et al., 1996b). Our laboratory had begun to cover the region with a 

contiguous set of cosmid clones from the Lawrence Livermore 

chromosome 9 flow sorted cosmid library. Several genes and ESTs were 

mapped to 9q22, but were not fine mapped within the candidate region. 

Cosmid contigs had been built around D9S196, D9S180, XPA and the 

FACC loci (Obermayr et al., unpublished). Minimal cosmid coverage for 

each contig resulted in seven cosmid contigs that could be used to begin 

to search for genes (See Chapter 3). In general, two main techniques 

are frequently applied to identify transcribed sequences from cloned 

genomic intervals:

1. cDNA selection (section 1.2.3)

2. Exon trapping (section 1.2.4)

We employed cDNA selection to isolate transcribed sequences from 

chromosome band 9q22.
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Optimal conditions were determined using a cosmid clone containing the 

XPA gene, and monitoring the levels of XPA cDNA enrichment from an 

mRNA source known to express the XPA transcript (section 3.2). Two 

selected cDNA libraries were constructed (HFF and KFS), from the cDNA 

selection of cosmid contigs covering approximately 1.5Mb of the defined 

Gorlin syndrome candidate region (section 3.4 and 3.5).

The characterisation of the libraries resulted in the identification of 27 

groups of overlapping cDNA clones. Each group of cDNA clones was 

expected to correspond to a transcript from human chromosome band 

9q22. For large mRNAs, several groups could be derived from different 

regions of the same gene.

Each group of overlapping cDNAs was characterised by using several 

representative cDNA clones from each group (chapter 4). After the initial 

stages of characterisation, cDNAs could be divided into one of the 

following categories:

1. Known genes

2. Genes with a known homologue in other organisms

3. New members of a gene family/ genes containing a known domain

4. Novel genes with no homology to entries in the databases

5. Known pseudogenes

Isolation of known genes.

Known genes were identified after the sequence of cDNA clones were 

used to search entries in the DNA and protein databases(section 4.2). 

The known genes could be further subdivided into:

1. Genes previously mapped to human chromosome 9q

2. Unmapped genes

TMOD is an example of a gene that was mapped to the long arm of 

chromosome 9. The cDNA selection result fine mapped the gene to the
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interval of D9S780-D9S180, placing the gene within the Gorlin syndrome 

candidate region.

NCBP is an example of a gene that had not been assigned a map 

position. The result of the cDNA selection provided evidence for the 

NCBP loci on 9q22, close to D9S180.

In both cases, the fine mapping of the genes is in agreement with what 

other groups have found (Povey et al., 1997).

The mapping of genes with a known function to the candidate region of a 

human genetic disease means they can be assessed as candidates for 

the disorder, and rapidly analysed for mutations. In the case of Gorlin 

syndrome, the underlying defect of the disease was unknown, although 

the clinical phenotype includes a number of developmental abnormalities 

and predisposition to several different types of cancer (section 1.1.2). An 

argument could be made for many genes to fit the range of defects in 

Gorlin syndrome, and therefore no genes were excluded as candidates 

until analysed in patients.

Novel genes.

Searching databases with the partial cDNA sequences of representative 

clones from a group of overlapping cDNAs, often showed no homology to 

any entries. More sequence information was needed to identify open 

reading frames and search for domains. Rather than the normal strategy 

of hybridising cDNA libraries to isolate longer cDNA clones and to obtain 

more sequence information for a transcript, an alternative was to 

characterise other cDNA members from within a group. PCR 

amplification of inserts for other members of an overlapping group of 

cDNA clones indicated that the original cDNA was of high message 

complexity, as many different insert sizes were observed within a group; 

not all the clones were identical. Alignment of the sequence of one or 

more of each different sized cDNA clone resulted in a DNA sequence 

contig. Using the consensus sequence, alignments could be made to 

look for overlaps with the consensus sequences of adjacent groups of
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cDNA clones, and in further database searches. A major problem with 

this strategy was identified when cDNA clones from the selected NCBP 

cDNA group in the library were sequenced. Many PCR artefacts were 

observed for the clones, including base changes, base deletions, and for 

one in seven clones an internal inversion of part of the cDNA insert. This 

is probably a consequence of the many cycles of PCR the cDNA inserts 

were subjected to (25x,25x,16x). These problems would probably not be 

identified in novel genes until a much later stage in the characterisation, 

and lead to some very confusing results. Therefore cDNA clones were 

preferentially isolated from conventional cDNA libraries. Northern 

analysis indicated the expected size of a full length transcript, and more 

clones were isolated if the cDNA insert appeared significantly shorter 

than estimated from the northern.

Isolation of genes with a known homoiogue in other 

organisms

Prior to the publication of the rat ninjurin gene, no homology was seen 

with the sequences of clones from the group. Northern analysis indicated 

that the message was approximately 1Kb in length(Fig 24), but little 

confidence could be placed in the accuracy of the result due to the short 

distance migrated on the gel used for the blot, and resulting low level of 

separation. A cDNA clone of approximately 1Kb was isolated and 

sequenced (section 6.2). An open reading frame was found coding for 

157 amino acids, with the initiation methionine showing a good match to 

the translation initiation start site in vertebrates (CCGCACAUGG vs 

GGCGCCAUGG)(Kozak, 1989). Database searches with the predicted 

protein did not identify any known domains or motifs. As this was a novel 

gene it did not raise concern, and the ORF mentioned above was 

believed to be the correct reading frame for the gene.

To support the predicted reading frame, the mouse gene was isolated. 

Alignment of the DNA sequence for the mouse cDNA with the human
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cDNA sequence showed limited homology across the predicted reading 

frame, but revealed high sequence identity further upstream. A conserved 

reading frame was identified in both the human and mouse cDNA clones, 

but the reading frame continued further than the extent of the very 5’ 

sequence of the human and mouse cDNA clones. Database searches at 

a later date showed high amino acid identity to a rat protein that had just 

been published called ninjurin (Araki and Milbrandt, 1997). The rat gene 

assisted with the isolation of both the full length human and mouse 

genes(section 6.2 and 6.6), which show a very high level of amino acid 

identity across the predicted 152 residue proteins (fig 27).

This shows that identification of the open reading frame for a novel gene 

based upon information from a cDNA from a single organism can be 

misleading and result in the wrong conclusions being drawn. In instances 

where more than one reading frame can be identified for a cDNA clone, 

and attempts to identify homologues from other organisms fail, more 

evidence is required to confirm the correct reading frame. One method 

that could be applied is the use of f/n wVo translation”, observing the size 

of the protein product predicted for a potential reading frame. This is only 

useful if the predicted reading frames should give significantly different 

sized protein products that can be resolved on a gel.

Novel genes: New members of a gene family orgenes
containing a known domain

The DNA sequence of some cDNA clones showed several potential open 

reading frames with an ATG sequences that had a reasonable match to 

the translation initiation site for vertebrates as described by Kozak (1989). 

For the FKHL15 cDNA clone, the correct open reading frame was 

identified because of the high homology to the forkhead DNA binding 

domain in many other members of the family (Chapter 5). A single 

methionine residue could be found upstream of the forkhead motif, with 

several stop codons in the same frame further upstream. A high level of
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confidence could be placed in the reading frame and the predicted 

protein for the FKHL15 gene.

A second example is the characterisation of the GRC-5 gene (Chapter 

8). Database searches with the sequence of cDNA clones from the 

selected library did not show homology to any entries. A large cDNA 

clone for GRC-5 was identified and sequenced (Hasenpusch-Theil et al., 

in preparation). Several open reading frames were identified for the DNA 

sequence, but database searches identified one reading frame that 

contained high homology to the PHD finger motif, suggesting that this is 

the correct reading frame (Section 8.4). Isolation of a mouse homologue 

showed very high conservation of the same frame (>90% homology), 

supporting the observations in the human.

Novel genes with no homology to entries in the databases

An example of a gene that shows no homology to known genes in any 

database is GRC-7 (described in chapter 8). cDNA clones 

corresponding to the predicted transcript length according to northern 

analysis were isolated (sections 8.2 and 8.3). Database searches 

identified a large number of identical human EST entries, but no motifs or 

domains. A small open reading frame was identified for the cDNA 

sequence, but the ATG did not show a very convincing match to the 

initiation of translation start site for vertebrates. To support the authenticity 

of the predicted human protein, attempts were made to isolate a mouse 

homologue. No hybridising cDNA clones from several different mouse 

cDNA libraries were found. The reading frame for the human gene codes 

for a putative 94 amino acid protein. The DNA sequence covering the 

reading frame is therefore also very short. It is feasible to imagine that the 

function of the protein can tolerate changes within the polypeptide chain. 

Therefore divergence of the protein between organisms would be 

expected, and even more pronounced at the level of the DNA.
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Several lines of evidence support the idea that GRC-7 is a gene 

including:

1. Clear signals are observed on a northern blot

2. Many human EST entries are identical to the GRC-7 cDNA sequence

3. GRC-7 can be isolated by RT-PCR

Three explanations could be given for GRC-7 :

1. Protein product shows a high level of interspecies sequence 

divergence

2. GRC-7 is not translated, but acts as a functional RNA molecule

3. GRC-7 is a transcribed human pseudogene

GRC-7 highlights some of the problems with the characterisation of novel 

genes.

Known pseudogenes

Pseudogenes can be considered as non functional genes. Two 

pseudogenes were identified in the 9q22 region after characterising the 

selected cDNA library; ARF4-pseudogene and KRT16L3 (Chapter 4). In 

the case of KRT16L3, the DNA sequence from the cosmids in the 9q22 

region appeared not to be transcribed (silent), with an active copy of the 

gene elsewhere in the genome. In the case of ARF4, a known transcribed 

pseudogene for ARF4 was cloned. The DNA sequence homology in the 

cosmid containing the inactive gene was sufficient for hybridisation with 

the cDNA for the active gene, and led to the appearance of the cDNA in 

the selected libraries.

Both were identified as pseudogenes without considerable effort. 

However, in the case of a novel gene, this would not be so easy. 

Attention was quickly drawn to KRT18L3 as a pseudogene, as KRT18 

had already been mapped. In the case of ARF4, an ARF4-pseudogene
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had been identified. One line of evidence to suggest that a novel gene 

could have a closely related pseudogene would be the presence of non

chromosome 9 hybridising bands from the somatic cell mapping panels. 

This could also be explained by gene families. Some of the problems 

with identifying pseudogenes can be resolved by analysis of genomic 

DNA.

cDNA selection and exon trapping

cDNA selection is a hybridisation based approach, while exon trapping is 

a genomic DNA cloning based approach. While both techniques can 

produce a number of confusing artefacts, the two techniques should be 

used together as they are clearly complementary, and assist in removing 

the problems associated with each technique (outlined in section 1.2.5). 

For example, the human 17beta-hydroxysteroid dehydrogenase type 3 

loci is close to the TMOD and NCBP loci around D9S780(data not 

shown). The technique of cDNA selection would not pick up this gene, 

even though cosmids containing the gene were used in the HFF library, 

because the gene is only expressed in the testes(Geissler et al., 1994). It 

is very likely that the gene would be detected by exon trapping, which is 

independent of temporal or spatial expression.

Another important consideration with cDNA selection as a method of 

identifying transcribed sequences in a positional cloning project, is the 

assumption that the gene responsible for the disease is expressed in a 

tissue. For example, in the search for the Gorlin syndrome gene, it was 

assumed that the gene would be expressed in kératinocytes due to the 

incidence of BCCs. Hypothetically, what if the phenotype observed for the 

skin was due to switching on of expression for the gene, while in normal 

unaffected tissue the gene is not normally expressed? This would 

severely compromise the use of cDNA selection under these 

circumstances.
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Identification of transcribed sequences: The end of an era, 
and rise of a new age!

The isolation of transcribed sequences is often the rate limiting step in a 

positional cloning project. The need to increase the efficiency of gene 

isolation led to the development of the cDNA selection and exon trapping 

techniques (Section 1.2.2.). This showed a significant improvement in 

gene isolation and both have been very successful in many positional 

cloning projects. While considering a strategy for the isolation of 

transcribed sequences from the Gorlin syndrome candidate region, these 

two techniques were clearly the most favoured approaches. Several 

events have taken place since this time, and would probably lead to quite 

a different strategy if the project was initiated now.

Probably the most significant change has been the number of EST 

clones available, and the construction of whole genome radiation hybrid 

maps. Over the last three years the number of EST clones has increased 

immensely, partially due to the amount of financial input into the random 

sequencing of the 5' and 3' ends of cDNA clones to generate ESTs. Most 

genes have no introns disrupting the 3’UTR. PCR primers designed to 

this region of a gene therefore allow the amplification of part of the 3'UTR 

from genomic DNA. This has been used by a number of groups to map 

ESTs to the human genome using radiation hybrid maps (Hayes et al., 

1996; Hudson et al., 1996: McCarthy et al., 1997; Schuler et al., 1996; 

Stewart et al., 1997). The mapping data can be accessed through the 

World Wide Web(WWW)(http://www-genome.wi.mit.edu/cgi-

bin/contig/phys_map). The random sequencing of cDNA clones for 

ESTs, will of course lead to a great deal of identical sequences. In 

general, highly expressed genes will be represented at a much higher 

level, for example there are 423 EST entries for the human 40S 

ribosomal protein S20 gene, while some genes can be expressed in a 

spatial/temporal pattern, or at a low level may not be represented at all 

in the EST database. To manage the information from the EST 

projects, several WWW sites contain information regarding the
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redundancy of ESTs. Two examples include UnlGene and TIGR, 

(http://www.ncbi.nlm.nlh.gov/UnlGene/index.html)(http://www.tigr.org/). 

TIGR can be used to visualise contigs of identical EST entries, and 

presents data upon both ends of a cDNA clone. UniGene provides 

mapping data for EST sequences and groups identical sequences 

together. 545,024 EST entries are organised into 41,120 independent 

overlapping groups (data taken from build number 17, Aug 15, 1997). Not 

all of the ESTs are assigned to chromosomes, but for those that are, the 

EST distribution can be observed one chromosome at a time. A total of 

584 EST clones have been assigned to human chromosome 9. A search 

for ESTs and genes mapped between selected markers can be done at 

the Science human genome map web site 

(http://www.ncbi.nlm.nih.gov/cgi-bin/SCIENCE96/chr79). A search for 

entries between the genetic markers D9S196 and D9S180 identified 93 

cDNA clones mapping to this interval. The clones from which the ESTs 

were made can be ordered, and used to hybridise onto Southern blots of 

a minimum tiling physical map for fine mapping. Using TIGR or UniGene, 

it is possible to generate a large amount of sequence data for a gene 

without having to do any sequencing. Computer database searching is 

beginning to replace the need for cDNA library hybridisations. Another 

prime example of this is searching for the homologue for a gene in other 

organisms. By searching the full EST database with ESTs from a wide 

range of organisms, it is sometimes possible to identify a rodent gene 

homologue on the basis of DNA sequence homology.

However, not all genes will be represented by an EST. Used together 

with exon trapping and cDNA selection, the EST databases provide a 

very powerful tool in any positional cloning project. As the state of the 

Human Genome Project moves towards a full transcription map of the 

human genome, the need to use any of the described gene isolation 

techniques will be even less relevant. When the proposed full DNA 

sequence of the human genome is available, gene searching will 

probably be achieved by sophisticated computer programmes, and the
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isolation of transcribed sequences by exon trapping and cDNA selection 

will only be found alongside positional cloning in history lectures!
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Appendix 1: DNA and Protein Sequences 

A1.1 Human FKHL15 cDNA sequence.

Length: 3518 June 29, 1996 10:32 Type: N Check: 9439

1 AGCGGCCGCT CGCGATCTAT AACTAGTCCT CGCCAGCGGT CCGCGGGGCT

51 GGAGACCCAC GCCGTGGAGA GGACCAGCCT CAGGTCGCCC CGCcTGGGCC

101 CGCGCCCcGA CCTCGCTGCC CCCGCCTCGC cTcTCTGCCC GTGGCGCTTA

151 CCGCCACCTT GGCCTCGGGG GCAGGGCATG GGCGGCCCCC GCCAGATCGC

201 CCAGCGCCAG TACTAACTGC CCTCGCTcTG GCCTTCGAGC CCGAAgCCTC

251 TTCTGCGCGC ACAACCTAGG CAGTAATCCT AAACTAGCGG GCACCACAGA

3 01 CCAGCTGCAG CCACCCCAAC CCAGGGATCA CTTCCGGACC CCTCGACCGC

351 CCGGCACCAG CGCGCAAGGG AcCCTTCAGC CGGAGACCAG AGTCCAGTCC

401 CGGTCGCGAG GCCACCGCCG CTGCCCGCCT CGAGAAGCAC AACGCGGGCT

451 GAGCCGTCGG CTAGCGGGTC ACTCCCGAGC CTCTGTCTGC ACCGCGCCAG

501 CCCCAGACCA CGGACGCTGA GCCTCCAGCG CGCGCCAGCC TGGGCCGCTG

551 GGCTCTCCGG GCCAGCCCGC GACGATCCCC TGAGCTCTCC GCAGAAGGGC

601 CGAGCGTCCG TTCCGGGGAC GCCAGGCCCG CCCCCGCCCC CCGACAGCCG

651 CGGGGATCCA GAGCCCGGGG GTGCGGGACG CCCGCGCCAT GACTGCCGAG

701 AGCGGGCCGC CGCCGCCGCA GCCGGAGGTG CTGGCTACCG TGAAGGAAGA

751 GCGCGGCGAG ACGGCAGCAG GGGCCgGGGT CCCAGGGGAG GCCACGGGCC

801 GCGGGGCGGG CGGGCGGCGC CGCAAGCGCC CCCTGCAGCG CGGGAAGCCG

851 CCCTACAGCT ACATCGCGCT CATCGCCATG GCCATCGCGC ACGCGCCCGA

901 GCGCCGCCTC ACGCTGGGCG GCATCTACAA GTTCATCACC GAGCGCTTcC

951 CCTTCTACCG CGACAACCCC AAAAAGTGGC AGAACAGCAT CCGCCACAAC

1001 CTCACACTCA ACGACTGCTT CCTCAAGATC CCGCGCGAGG CCGGCCGCCC

1051 GGGTAAGGGC AACTACTGGG CGCTCGACCC CAACGCGGAG GACATGTTCG

1101 AGAGCGGCAG CTTCCTGCGC CGCCGCAAGC GCTTCAAGCG CTCGGACCTC

1151 TCCACCTACC CGGCTTACAT GCACGACGCG GCGGCTGCCG CAGCCGCCGC

1201 TGCCGCAGCC GCCGCCGCCG CCGCCGCCGC CGCCATCTTC CCAGGCGCGG
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12 51 TGCCCGCCGC GCGCCCCCCC TACCCGGGCG CCGTCTATGC AGGCTACGCG

13 01 CCGCCGTCGC TGGCCGCGCC GCCTCCAGTC TACTACCCCG CGGCGTCGCC

13 51 CGGCCCTTGC CGCGTCTTCG GCCTGGTTCC TGAGCGGCCG CTCAGCCCAG

1401 AGCTGGGGCC CGCACCGTCG GGGCCCGGCG GCTCTTGCGC CTTTGCCTCC

1451 GCCGGCGCCC CCGCTACCAC CACCGGCTAC CAGCCCGCAg GCTGCACCGG

1501 GGCCCGGCCG GCCAACCCCT CTGCCTATGC GGCTGCCTAC GCGGGCCCCG

1551 ACGGCGCGTA CCCGCAGGGC GCCGGCAGTG CGATCTTTGC CGCTGCTGGC

1601 CGCCTGGCGG GACCCGCTTC GCCCCCAGCG GGCGGCAGCA GTGGCGGCGT

1651 GGAGACCACG GTGGACTTCT ACGGGCGCAC GTCGCCCGGC CAGTTCGGAG

17 01 CGCTGGGAGC CTGCTACAAC CCTGGCGGGC AGCTCGGAGG GGCCAGTGCA

1751 GGCGCCTACC ATGCTCGCCA TGCTGCCGCT TATCCCGGTG GGATAGATCG

1801 GTTCGTGTCC GCCATGTGAG CCAGCGTAGG GACGAAAACT CATAGACACA

1851 TCGGCTGTTC ACACGTTCCC CGCAACCTGA GAACGAACAG GAATGGAGAG

1901 AGGACTCAAC TGGGACCCAC GTGGAAAAGA CCGAGCAGGC CACAGAGGCT

1951 CGGTCTCCCC GCGCACAGCG TAGGCACCCT GTGTACTCTG TAAACGGGAG

2 001 GAGGTGGGGC GAGGCAGCCA GAGCCCTTGG ACTGGCACAG GGACCCTCGA

2051 TGGAGCGAAG CCCTCAAACG GGATGCTTTC TGGCATTCTA TCGGGGAGGG

2101 TCCTTGGCGG TAACCAGAGG GCAGCGTAGT GTCAACACCA GAGACCAGGA

2151 TCCAAATTGT GGGGAATCAG TTTCAGCCTT CCATGTGCTG CCGGAACTCG

2201 GGCCTTTTTA CGCGGTTCGT CCTCTAGTGC CTTTAACTGC GTTACTACAA

22 51 TAAAAGGCTG CGGCAGCGCC TTTCTTCTTA AAGTGAGGAG GACAAATTTG

23 01 CAAAAGAAAT AGGCTTTTCT TCTTTTTTAA ATTGGAGAAA TCTCTGCTCT

23 51 GGTTGACCTG GGCTGGTTTT CCCTGTCTCT GAGAACTTGA GACCTAGCTC

2401 CGAGTTGAAC TGTGCGTCAG CACTCCAGTC CCATCACCTG AACCTTCAGT

2451 CTCCCCCATC TGTTACACTA GAGGGCTGCA GGACTCTATC CACCGCCCCC

2501 GGGTTATCAT TCAGGGCCCC ATCATCTTGG ATGCTGCCCT GCGTATTTGG

2551 CAGCAATGGT GGGCCACCCA GGGCCTCTGA GTAGCCACCC AAAGCCTAGC

2 601 CGCTGTTCTA GGGAACGGAA AAGAGTTCAT GGCCAAGCGT CTAACCTAAA

2651 GTCCCAGGAT TGGCTCCAGG CAGCAATTAT ATCATAACTT ATTGAACTTT
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2701 TGAGCAGGAC GTGCTGGTAA TTTCATGGCT GTTACTGCCC AGTCATAAAT

2751 CTGCTTTTCC ATTATAAGGC AGAGAGAAGT ACATTCGTTC ATTTGTCCAC

2801 TGTTTCTTGT CATCACGCAG CCCTGGACCC AAAGGGTGAA CTAAAGTTTA

2851 AGGAGATGAG AGGATTCAAG GAGCCCGTTG GTGACGCCTT TCAGTAGCTG

2901 GGGAGGGCTC TTCCATCCCC AGCACCCCCT GCTACACCTC AGCAGCCTCC

2951 CCCATGCAAA AAGGAAAGAG AAAAATTAAG TTAGGGCAGT CAGTAAAGTG

3 001 AGCTTTAGAA AGAAACTGGA ATTTTAACTT CATTTTGTAT CTTGCTTAAG

3 051 TAGCAGGCTC ACTAAAATTA GAGAAAGTCC AATAACTCTC CCCCTTTCCC

3101 TTGAGAAATC TTTAAGTTTC GATTCTGGAG CAAAAACTTT CAGCATTAAA

3151 TATTTCAGAG GCTCCATTCA CAGCTTTCAG ATAAACTGGA GTGTTCAGAT

32 01 GGACTGTTTT AATAAAAATC TTTGAGCAAG TGAGTTATGG CAAGAGAAAC

3251 TCAGCcTCTT TCTGTATAAA CTTAACAGGG AAGGGCTGGG GTGTGAAAAA

33 01 GAAGATTGTA TGAAAACCAT TGGTAATTTT TATTTTTTAT TTTTGGGACT

33 51 GCACTATCCT GTTCACGAAg ACATGTGAAC TTGGTTCAGT CCAAATGGGG

3401 ATTTGTATAA ACCAGTGCTC TCCATTAGAA ATATGGTGCA AGCCACATAT

3451 GTAATTTTAA ATATTCTAGT AGCCACATTA ATAAAGTnAA AAGAAACAAA

3501 AAAAAAAAAA AAAAAAAA

A1.2 Human FKHL15 protein sequence.

GRC3.pep Length: 37 6 September 2, 1996 13:54 Type: P Check: 905

1 MTAESGPPPP QPEVLATVKE ERGETAAGAG VPGEATGRGA GGRRRKRPLQ

51 RGKPPYSYIA LIAMAIAHAP ERRLTLGGIY KFITERFPFY RDNPKKWQNS

101 IRHNLTLNDC FLKIPREAGR PGKGNYWALD PNAEDMFESG SFLRRRKRFK

151 RSDLSTYPAY MHDAAAAAAA AAAAAAAAAA AAIFPGAVPA ARPPYPGAVY

2 01 AGYAPPSLAA PPPVYYPAAS PGPCRVFGLV PERPLSPELG PAPSGPGGSC

251 AFASAGAPAT TTGYQPAGCT GARPANPSAY AAAYAGPDGA YPQGAGSAIF

3 01 AAAGRLAGPA SPPAGGSSGG VETTVDFYGR TSPGQFGALG ACYNPGGQLG

3 51 GASAGAYHAR HAAAYPGGID RFVSAM
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Appendix 1: DNA and protein sequences

A1.3a Human ninjurin DNA sequence. oDNA

HNinjurin.seq Length: 1221 November 21, 1996 17:19 Type: N Check: 
7951 ..

1 gcggcctggg cggccgcacc atggactcgg gaaccgagga gtacgagctc

51 aacggcggcc tgcctccggg cacacccggc tccccggacg cctcgccggc

101 ccgctggggc tggaggcacg ggcccatcaa cgtgaaccat tacgccagca

151 agaagagcgc agccgagagc atgctggaca tcgcgctgct gatggccaac

201 gcgtcccagc tgaaggccgt cgtggaacag ggccccagct tcgccttcta

251 tgtgcccctg gtggtcctca tctccatctc ccttgtgctg cagatcggcg

301 tgggggtgct gctcatcttc cttgtcaagt acgaccttaa caacccggac

351 aagcacgcca agctggactt cctcaacaac ctggccacgg gcctggtgtt

401 catcatcgtg gtagtcaaca tcttcatcac ggccttcggg gtccagaagc

451 ccttgatgga catggcaccc cagcagtagg acacccagga ccctggatgc

501 tgcctgccct gcaactcagc tgcccgaccc caggagtcgc catacctgtg

551 aggtgtccac ctccctgcac atggcactac ccagactgcc agagcccagg

601 ctggcctcat ctgcaccatg tccccggacc agcccttgct ctgactgcgg

651 ccaagcacca cgcaggaggc cactcttgtc tctcascagc tgttcccagg

701 aggcagctcc ctcctggcac atgggggctg gcacaatagc ccagagggtc

751 agaactggac agctgcagag acctgtgccc agagaagggt ctcgacccac

801 tcaaggacac acagcaggtc cgtggatggg ctggatgagt gaccagggcc

851 agcctctgtc tcaggacatt ccagaaggac aaggagatgt ctctccctct

901 cccaaagcac cagcgtccct gcctcccgtg ggccctgtcc gggttgcccc

951 tggtgacccc agcctctgtc cacttcctaa cccagggacc ctgcacagcc

1001 agaactgcct ttggccctac ggatggccac tggctctggt ctaaagtgcc

1051 tgggcttggt ggccatcaag agggagccag tcaggcctgt gagggccgta

1101 gaccttgtat ataccctgca ccagcagtga ccgggcagag cccaaccccc

1151

1201

tccacggggg

cccacgctct

tcccagcacc

ttgtcaggca

cacttttcta

a

atcatgaatg aacaataaag
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A1.3b Human ninjurin DNA sequence. Promoter

Ninpromoter.rev Length: 200 May 14, 1997 15:12 Type: N Check: 
9673

1 AGCCCGAGGG GTTGGGtTcG CCCCAAAcTG CGCGcTcTCA GcgtACAGCc

51 TcCAGGCCCC GGGCCCGGCG CGGGTGGAGG CGGAGTCTGG GGCAGCAGCT

101 CGCCGCcggg cgggccgGGG GCGGGGCGGG GGCGGGCCGG GGGCGGCcGc

151 CAGCTGGAGC CTGCGGCTGA GGCTCGGGCG CGCTCAGGCC CGGATCCTGG

A1.4 Human ninjurin protein sequence.

HNinjurin.pep Length: 152 December 18, 1996 15:07 Type: P Check: 
8147 ..

1 MDSGTEEYEL NGGLPPGTPG SPDASPARWG WRHGPINVNH YASKKSAAES

51 MLDIALLMAN ASQLKAWEQ GPSFAFYVPL WLISISLVL QIGVGVLLIF

101 LVKYDLNNPD KHAKLDFLNN LATGLVFIIV WNIFITAFG VQKPLMDMAP

151 QQ

A1.5 Mouse ninjurin DNA sequence.

mNinjurin.seq Length: 1157 May 6, 1997 18:23 Type: N Check: 4360

1 GGAATTCCCC GGGCGGCCGC ACCATGGAGT CGGGCACTGA GGAGTATGAG

51 CTCAACGGCG ACCTGCGCCC GGGCTCCCCC GGTTCCCCCG ACGCCTTGCC

101 ACCCCGCTGG GGTTTGCGGA ACCGGCCCAT CAATGTAAAC CATTATGCCA

151 ACAAGAAGAG CGCTGCGGAG AGCATGCTGG ACATCGCGCT GCTCATGGcC

201 CAACGCGTCG CAGCTGAAGG CCGTGGTGGA GCAGGGCaak GAwTTCGCCT

251 TCTTCGTGCC CCTTGTGGTC CTCATCTCTA TCTCCCTCGT GCTGCAGATA

301 GGAGTGGGCG TGCTGCTCAT CTTCCTGGTC AAGTATGACC TCAACAACCC

351 GGCCAAGCAC GCCAAGCTGG ACTTTCTTAA CAACCTGGCC ACGGGACTGG

401 TTTTCATCAT CGTCGTGGTC AACATCTTCA TTACGGCCTT CGGGGTCCAG
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451 AAGCCTGTAA TGGACGTGGC GCCCCGGCAG TAGAACGCCC AGAGACTTTA

501 AGGGTACCGG ACCTGCAGCC CAGCTGACCA GACCCCTGCA ACTGCTGTAC

551 CCCCAAGGTA TCCCTCTCCT GTGTGCAGAG CCCAAGGTGG CCACCGCTGG

601 ACCATGGTCA GGGACGGACT TCCGTCCAAC TGTGACCGCT GTGTGGGCGG

651 CCACCTGAGA CATGTGGGAA CCGGATGCAG GGCCATGAAG ATCAGAACTG

701 GACAGCTCCA TAGAAACCCA AGTCCAGAGA ATGGTCACTG CCCACCCAAG

751 GACATGCAGC AAATCCATGA TTGGACTTGA CGAGGGGCCA GCACTGGCTT

801 CTGTCTCAGG ACATTCCAGA AGGACCAGGA TATGCCCCTC CCTTTGCTGA

851 TACACCAGTG ACCCTATTTC TCATGGAGCC TGCCCAGGTC ACCCTGGAGA

901 CTGCTGCCTT TGTTGTTTCT TGACCCAGGG ACCTTGGACA GCCATCAGTA

951 TCTGCTGGCT CCAGCCTCAG TGCCTGGGCT TGGCAGCCAT CAAGAGGCAG

1001 CCATGCCCGT GGGGGCTGCA GGTCATGGTG GTACTTCCTG CCAGTGGTGA

1051 CCTGGGTAGA GCCCCAGCCC TCAACTCAGG GGTTCAGGCC CCACTTTTCT

1101 AATCAGGAAC GACAATAAAG CTTATGTGCT TCCCTGCTGG AAAAAAAAAA

1151 AAAAAAA

A1.6 Mouse ninjurin protein sequence.

mNinjurin.pep Length; 152 December 18, 1996 15:05 Type: P Check; 
8212 . .

1 MESGTEEYEL NGDLRPGSPG SPDALPPRWG LRNRPINVNH YANKKSAAES

51 MLDIALLMAN ASQLKAWEQ GNDFAFFVPL WLISISLVL QIGVGVLLIF

101 LVKYDLNNPA KHAKLDFLNN LATGLVFIIV WNIFITAFG VQKPVMDVAP

151 RQ

A1.7 Human ninjurin intron-exon sequences.

Intron 1 donor..

Ninintronldon.seq Length: 68 May 15, 1997 15:21 Type: N Check: 
982 ..

1 gggGAGCCGC GgcgCCCCGA AAGGACAGGG CCTGGCAAGA TCATGCAGCG
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51 GTGGGGGGAA GGTCTTAC

Intron 1 acceptor..

Ninintronlacc.seq Length: 465 May 15, 1997 15:23 Type: N Check; 
9068

1 CTGCAGGGAG GGGAATGGTC AGCAAGGCGG GTGGGGGAGG GGGGCAACGG

51 CTGTGCCTGA GTCgGGCTCT GGGGGTCACC GGGGGCTGCA gGTGAGGGCT

101 TCCCTTGCCC CCACCGCTGG TAAGTGCTCA GACAGAAGTG CTTATTACCC

151 TAAGGAGAGG CTGCGAGCAT GTGCTCAGCC TTTATAAAAC CTCCCCTAgG

201 AATACGGTCC TGgAGAGAAA GGAAACGACA TAgCAACCTT AgCACACGCA

251 CTCTGATTTT CCACTGGAAA GCATTGCCCG ATCCTCCCCC TCCTGCCATA

301 gGCGGGGCTG CTCCTCCCTG CCTGCCCCTA CCGGTCTGTG CCCCCGGCCT

351 CCTCTCCCCC TCcCCTCAgA gTCTGAGCTC CTgATGCCAG GAAAgGAAgt

401 gACgTgTGGG CGGACAGATc TgTgCAcACC GGCcCAgGCa AgAAgCAAgT

451 CcTCCTGCGC CgGAC

Intron 2 donor..

Ninintron2don.seq Length: 493 May 15, 1997 15:26 Type: N Check; 
8470

1
i

GTAGGTCCCC AGGTGGGGGC AGCCAGGCCA CCTGCTCACC TTGCTGGCAT

! 51
I

CTGCTCGCAT CGCCTGGGAC AGGTGCCCAC CACCTTGCAC ACTTGGCTCT

! 101 CAAGGAGCTG CCGAGTTCCT GGCCCTCATC ACCCAGACAT GCAGTCCAgG

1 151 AAGTGGCACC CCCCCTCCCC CCACCCTGCA CTTTGGTTTT TGTTTTGTTT

‘ 201 TGTTTTGTTT TTTGAAACAA GGTCCCCCTC TGTCACCCAG GCTGGAATGC

251 AGTGGCGCAG TCTCGGCTCA CTGCAAGCTG CATCTCCTGG GCTCAAGCGA

301 TCCTCCCACC TCAGCCCCCA AAGTAACTGG GATTACAGGC GCTCATCACC

351 ATGCCCGGCT AATTTTTGTA TNTTTTGTAG AGATGAgGTT ACGCCATGTT

401 GCCCAgTCgA ATTTTTGAGC TCAAGTGATc CAACAGCCTC AgTCTtCCCA

451 AAAATACTGG GATTACAGGC aTGAgTCAcC ACgCTCAGCC TTG

230



Appendixh DNA and protein sequences

Intron 3 donor..

NinintronSdon.seq Length: 619 May 15, 1997 15:34 Type: N Check: 
7478 . .

1 gTGAgCTGGG AGAtggGGCG CGAGGCCTGC AGTCCTGGGG TTGCTCGCTG

51 TTGGAGGCTC TTGCAGTGTG GTGAGTCCCT GGCCGGCCAG CCTTGGACAC

101 CTTCCTAGGC CATGGGCATC CTCGTCCACA CCTACAAGGC CAATGCCTGG

151 CCACTGCCTT GAGGCCAGCC CTGCCACTGG TGCTGGCCAC CTGGGGTCCT

201 GTGGTCACAG TGTTTAgATG GAATGTGTGT AGGAGCCACC ATTTGAACAT

251 CCTGgAGAAC TCACTTAAAC GTAAGATTTC TATACATTCA gAATGTCTGT

301 CCGATAAAAA AAAAAAAGAT TTCTGGGTCA GGCGCGGTGG CTCATGCCGG

351 TAATCCCAGC ACTTTGGGAG GCTGAGGCGG GCAGATCACT TGAGGTCAGG

401 AGTTCGAgAC CAGCCTCGCC AACAGGGTGA AACCCCGTCT CTACTAAAAA

451 TACAAAAAGT GGCCAgGCAT GGTGGCACAT CCCTGTAgTC CCAGCTACTC

501 CAGGAgGCTG AgGCAGGAgA AATCGCTTGA ACCCAgGAgC AgAgGTTGCA

551 GTGAgCTAAg ATCGTaNTAC TGCACTCCAg CCCTGAGCgA CgAgTGAgAC

601 TCtgTctCnA AAACaCCCa

Intron 3 acceptor..

NinintronBacc.rev Length: 156 May 15, 1997 15:35 Type: N Check: 
9681

1 GGTTCAGACC TcTcTcTCCT TCCTTTCAGG cTcAGACCTT cTCcTTcTCC

51 CTTCCTTTCA GGcTCAGACC TTcTCcTTcT CCTTCCTTTC AGGcTCAGAG

101 CcTcTCcTTc TCCcTCCTTT CCAGGcTCAG AGCcTcTCCT TcTGTcTCCT

151 TTCCAG

A1.8a Human CD39L1 DNA sequence. cDNA

hCD39Ll.rev Length: 1621 January 14, 1997 10:42 Type: N Check: 
4451 . .
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1 TCCCGCCCTC AAGTATGGCA TCGTCCTGGA TGCTGGTTCT TCACACACGT

51 CCATGTTTAT CTACAAGTGG CCGGCAGACA AGGAGAACGA CACAgGCATT

101 GTGGGGGAGG AGAGGTGGTG TGATGTTGGA GGTGGGGGGA TGTGGAGcTA

151 TGGAgAGAAG GGTTGTGGGG GGAGGGAgAG TGTTGTTGGA TGGGTGgAAG

201 AGGGGGTTGA gGATGTGGGG AAAGAGAGAG AGGGGGGGAG AGGGGTGTAG

251 GTGGGAGGGA GAGGGGGTAT gGGGGTGGTG AAGGTGAGGA ATGGAGAgGG

3 01 GTGgAGGAGT GTGGTGATGG GAGTGAGTGA GAGAGTGAGG GAgTAGGGcT

3 51 TTGAGTTGGG GGGTGGAGGG aTGGTGTGgG GGGAaGAAGA aGGGGTGTTT

401 GGGTGGGTGA GTGGGAAGTA GGTGGTGGAG AAGTTGATGA AGTAGGGGTG

451 GGTGGGGGGG TGGTTGGGGG GAGGGAAGGG GAGAGTGGGG GGGATGGAGc

501 TGGGGGGTGG GTGTAGGGAG ATGAGTTTTG AGAGAAGGAG TGGAGGTGAG

5 51 GAGAGAGGGA GGGAGGTGGA GGTGGATcTG TAGGGGGAGG AGTAGGGAGT

601 GTAGAGGGAG AGGTTGGTGT GGTATGGGGG TGAGGAGGTG GTGGAGAGGG

651 TGcTGGGGAG GGGGGTGGAG AGGcAGGGGT TGGAGGGGTG GTGGGGGAGG

7 01 GGGTTTTGGA GGGAAGTGGT GGTGGGGGAT GTGTAGGAGT GAGGATGGAG

7 51 GATGGGGGAG GGGGGGGAGA AGTTGAAGAG GAGTGGGAGG GTGAGGGTGT

801 GAGGGAGGAG TGAGGGGGAG GTGTGGGGAG ATGTGGTTTG TGGGGTGTTG

851 AGGTTGTGGT GGTGGGGGTT GTGGGGATGG TGTTTGAATG GGGTGTTGGA

9 01 GGGGGGAGTG GGTGGGAAGT TTGTGGGGTT GTGTGGGTTG TTGTAGAGTG

951 TGGAGTTTTT GGGGAGTTGG ATGGGGGTGG GGGTGGGcAG GcTGGAgGAG

1001 GTGGAGGGAG GGGGAGTGAA TGTGTGGAAG GAGAGGTGGG GTGAGGAGGT

1051 GGTGAGTGgG GGGTAGGGGT TGGATGAGGG GGGGTTGGGG GGGGTGATGT

1101 TGGAGAAgaA gGGGGGGGAG AGTGGAGTGG GGTGGGGGGT GGGcTAGATG

1151 GTGAAGGTGA GGAAGGTGAT GGGGGGGGAG GGGGGGGGGG TGGGGAAGGG

1201 GAGAGAGTTG AGGTGcTGGG TGGTGGTGGT GGTGGTGTTG GGGTGGGGGG

1251 TGGTGGGTGG GGTTGTGGTG GTGGTGGGTG AGGTGGAGTG GGGGAAGGTG

13 01 GGAAGGAGGA TTTAGGGGGG GAGgGGGGGA GGTGGGGGAT cGGTcGGGGA

13 51 AGGGGTGTAT cGGGAGGGGG TAGTGGGAGG GGTGcGAGAA GGGGTGTAcG

1401 TGGGAGGGGT GTATGGGGAG GGGTGGAGGG AGGGGTGTGG GAAGGTGTGT
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1451 CCCCGCCCCT GTATCCTGCa TTCCTCCACC CA.cCCTCTA TCCCCCAcCG

1501 CtTCCACCCC ACCACaTGTC gTtCTCCATC CyyCCACc.t aCCGCTCAGC

1551 GTCTCTGCGC CTAAGGCAGC CCAGGAAATA GGAACTGAGA CTCTGGTTnT

1601 nnnnnnnnGA GCCTGGGTGG G

A1.8b Human CD39L1 DNA sequence, promoter

CD39Llpromoter,seq Length: 116 May 14, 1997 16:40 Type: N Check: 
2275 . .

1 GGCGGGCCGG CCGGTCTCcC GCCCCTCGTC CCgCCCCGGG GCCCCTACCC

51 CGCGGTCCCG CGGCCCCGCC CGCCTCCGCC TCCGGCTCCC CGCACTCTCC

101 GGGTCCACGC ATCGTC

A1.9 Human CD39L1 protein sequence.

CD39Ll.pep Length: 473 January 23, 1997 17:23 Type: P Check: 9962

1 MAGKVRSLLP PLLLAAAGLA GLLLLCVPTR DVREPPALKY GIVLDAGSSH

51 TSMFIYKWPA DKENDTGIVG QHSSCDVPGG GISSYADNPS GASQSLVGCL

101 EQALQDVPKE RHAGTPLYLG ATAGMRLLNL TNPEASTSVL MAVTHTLTQY

151 PFDFRGARIL SGQEEGVFGW VTANYLLENF IKYGWVGRWF RPRKGTLGAM

201 DLGGASTQIT FETTSPAEDR ASEVQLHLYG QHYRVYTHSF LCYGRDQVLQ

251 RLLASALQTH GFHPCWPRGF STQVLLGDVY QSPCTMAQRP QNFNSSARVS

301 LSGSSDPHLC RDLVSGLFSF SSCPFSRCSF NGVFQPPVAG NFVAFSAFFY

351 TVDFLRTSMG LPVATLQQLE AAAVNVCNQT WAQQLLSRGY GFDERAFGGV

401 IFQKKAADTA VGWALGYMLN LTNLIPADPP GLRKGTDFSS WWLLLLFAS

451 ALLAALVLLL RQVHSAKLPS TI*
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A1.10 Mouse cd39l1 cDNA sequence.

mCD39Ll.con Length: 1790 January 25, 1997 12:11 Type: N Check;
8297 . .

1 GCGTtCGACC CGGGCCTCCC GCTGCCTGCT GTCCGGGGTC CCTGCTGTGT

51 TCTCCCGCGT GCTCCCATGG CTGGAAAGTT GGTGTCACTG GTGCCACCCC

101 TGCTGCTGGC TGCCGTGGGC CTCGCCGGCC TCCTGCTACT GTGCGTCCCT

151 ACCCAAGACG TCcGGgagCc gCCcgCCctc AagtatGgca tcgTtctGga

201 tgctGgctcT tcacacacat CCAtGTtTGT CTACAAGTGG cCAGCGGACA

251 AGGAAAAtGA CACAGGTaTc GTGGGGGAGG ACAGCTCTtG CGATGTTCGA

3 01 GGTGGTGGCA TGTGGAGCTA GGGAAATGAG GGTTGTAGGG GAGGGGAGAG

3 51 TGTGGTTGAA TGTGTTGAAG AGGGAGTTGG GGATGTGGGG AAAGAGAGAT

401 ATGGGAGGAG TGGAGTGTAG GTGGGAGGTA GAGGAGGGAT GGGGGTAGTG

451 AATATGGGTG GGTAGGGGGG TGGATAGGGG GAAGGAAGGG AAGTGTGGGG

501 GGGATGGAGC TTGGGGGTGG GTGAAGAGAG ATGaGGTTTG AGAGAAGGAG

551 TGGATGTGAA GATGGAGATA ATGAGGTGGA TTTGGGGGTG TATGGGGAGG

601 ATTAGGGTGT GTAGAGGGAT AGGTTGGTGT GGTATGGGGG GGAGGAgGTT

651 GTGGAGAGGG TTGTGGGGAG TGGGGTGGAg aTGGATGGGT TGGAGGGGTG

701 GTGGGGAAAG GGGTAGTGGA GGGAaGTGGT GGTGGGGGAA GTGTAGGAgT

7 51 GTGGATGGAG TATGGGTGAG GGTGGGGAGA GGTTGAAGAG GAGTGGGAGT

801 GTGAGGGTGT GAGGGAGGAG GAAGGGTGGG GTGTGTGGTG AGGTGGTGTG

851 TGGGGTGTTG AATATGTGGT GGTGTGGGTT TTGGGAATGG TGGTTGAATG

901 GGGTTTTGGA gCGTGGGGTG GGTGGGAAGT TGATAGTGAG TGGGGGTGGA

951 TGGATGTGGG GAGGGGAGAG GGTAAGGATG TGGTGAGAGG GTGAGTGGAG

1001 AGTGTTGTGG GAGAGGGGTT TTGTGGTTTG TAGTATAGTG TAGAGTTGGT

1051 GAAGAGAGTG ATGGGGGTGG GTGTGGGAAG GcTGAAGGAG GTGGAGGATG

1101 GGAGAGAGAG GAGGTGGAAG GAGAGGTGGG GTGAGGTTGA GGGGGGAGTA

1151 GGGGGAGAGG AGAGGGGGGT GGGTGAGTAG TGGGGTGTAG GGATGTTGAT

1201 AGATGAGGTA ATGAGGGGGG GTTATGGGTT GGAGGAGGGG TGTTTGGGTG

1251 GAGTGGTGTT GGAAAAGAAG GGGGGAGAGA GGGGTGTGGG GTGGGGGcTG
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1301 GGCtACATGc TGAATTTGAC CAACCTGATT CCCGCTGACC TCCCGGGAcT

1351 ACGTAAGGgC ACCCACTTCA GCTCCTGGGT TGCTCTCCTG CTGCTCTTCA

1401 CAGTCCTGAT CTTGGCGGCT TTGGTCCTGC TCTTGCGCCA GGTGCGCTCT

1451 GCCAAGTCCC CAGGCGCCCT CTAGGGGTGC GCTGGGAGCT TCTCCCAACT

1501 CCCGGCTATC TCTCTTCCCG AGGGCATCTC TGACCCTGAA GCAGCCTGGA

1551 CGGTCCTTAT CTACACTCAC AGAAAGTCTA CATGGGCAGC CCTGAGTGTT

1601 CTCAATTAAT CCTCCGCTCT CtTCCTGGGA TGTCAGGTCT CTTAGCCTGC

1651 GACTCAGGGT GAGGTCCATT CCGAGTGGAG CCTCTGTTCT GATTGATCTT

1701 CAGGGCCTTG GGTACTTTCT GGGCCTTTAG AAAGGCAAGC ACCAGAGACT

1751 ACAGGCTAGG AGTCAGCTCC ATGCCTACTT GTAAAAAAAA

A1.11 Mouse cd39l1 protein sequence.

mCD39Ll.pep Length: 133 February 27, 1997 11:26 Type: P Check:
7057

1 MAGKLVSLVP PLLLAAVGLA GLLLLCVPTQ DVREPPALKY GIVLDAGSSH

51 TSMFVYKWPA DKENDTGIVG QHSSCDVRGG GISSYANDPS RAGQSLVECL

101 EQALRDVPKD RYASTPLYLG ATAGMRLLNM AG*

mCD39Ll.pep2 Length: 160 January 25, 1997 12:56 Type: P Check:
1897 . .

1 YGWVGRWIRP RKGTLGAMDL GGASTQITFE TTSPSEDPDN EVHLRLYGQH

51 YRVYTHSFLC YGRDQVLQRL LASALQIHRF HPCWPKGYST QVLLREVYQS

101 PCTMGQRPQT FNSSATVSLS GTSNAALCRD LVSGLFNISS CPFSQCSFNG

151 VFQPPVAGNF

mCD39Ll.pep3 Length: 152 January 25, 1997 13:05 Type : P Check:
8995 . .

1 AFSAFYYTVD FLKTVMGLPV GTLKQLEDAT ETTCNQTWAE LQARVPGQQT

51 RLPDYCAVAM FIHQLMSRGY RFDERSFRGV VFEKKAADTA VGWALGYMLN

101 LTNLIPADLP GLRKGTHFSS WVALLLLFTV LILAALVLLL RQVRSAKSPG

151 AL
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A1.12 Mouse NTPase cDNA sequence.

mATPase.con Length: 2147 February 28, 1997 11:28 Type: N Check;
7799 . .

1 TGACACAGGA ATGAAGAGTG TATTGGCTGA ATCTTCAAGC AGAGGCGATm

51 ATTmkGAyCC atgTGCTTTT TAAATTGGCC TGCGTGACCC GCCCACTTGG

101 TGTAAAAGAA GAACCGGCCA AAGGGAGGGC CTGAAGGACC TCCACAGGAG

151 TGTGAGCAGC ACTGCTTCAG CAACAAAGCC TCAGGTCCAC ATCTTGGGAA

201 GAATATGGCC ACTTCCTGGG GGGCTGTCTT CATGCTGATC ATAGCCTGCG

251 TTGGCAGCAC TGTCTTCTAC AGAGAACAGC AGACCTGGTT TGAAGGTGTC

3 01 TTCTTGTCTT CCATGTGCCC CATTAATGTC AGTGCCGGCA CCTTTTATGG

3 51 AATTATGTTT GATGCGGGCA GcACTGGAAC TCGGATTCAT GTTTACACTT

401 TTGTGCAGAA aaCAGcaGGA CAGCTCCCCT TTCTGGAAGG TGAAATTTTT

451 GATTCTGTGA AGCCGGGACT TTCTGCTTTT GTGGATCAGC CCAAACAGGG

501 TGCTGAGACT GTCCAGGAGC TCTTGGAGGT GGCCAAAGAC TCGATCCCCA

551 GAAGCCACTG GGAAAGGACC CCGGTGGTTC TGAAAGCAAC GGCCGGACTC

601 CGTTTGCTGy CTGAGCAGAA AGCCCAGGCT CTGCTCTTkG AGGTAGAGGA

651 GATCTTCAAG AATTCACCTT TCCTGGTCCC AGATGGCAGC GTTAGCATCA

701 TGGATGGGTC CTATGAAGGC ATACTAGCCT GGGTTACCGT GAACTTTCTA

7 51 ACAGGTCAGC TGCATGGTCG TGGCCAGGAG ACTGTGGGGA CCCTTGACCT

801 GGGGGGTGCC TCCACCCAAA TCACGTTTCT ACCCCAGTTT GAGAAAACCC

851 TGGAACAAAC ACCTAGGGGC TACCTCACTT CCTTTGAGAT GTTTAACAGC

901 ACTTTTAAGC TCTATACACA TAGTTACTTG GGATTTGGAC TGAAAGCTGC

951 AAGACTGGCA ACTCTGGGAG CCCTGGAAGC AAAAGGGACT GATGGAGATA

1001 CGTTTCGAAG TGCCTGTTTA CCAAGATGGT TGGAAGCAGA GTGGATCTTT

1051 GGGGGTGTGA AATACCAGTA TGGTGGTAAC CAAGAAGGGG AGATGGGCTT

1101 TGAACCCTGC TATGCGGAAG TGCTGAGGGT AGTACAGGGG AAACTTCACC

1151 AGCCAGAAGA AGTCCGAGGA AGCGCCTTCT ACGCTTTCTC TTACTACTAC

1201 GATCGAGCCG CTGACACACA CTTGATCGAT TATGAAAAGG GCGGGGTTTT
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1251 AAAAGTTGAA GATTTTGAAA GAAAAGCCAG AGAAGTGTGT GACAACTTGG

13 01 GGAGCTTCTC CTCGGGCAGT CCTTTCCTCT GCATGGACCT CACTTACATC

13 51 ACAGCCCTGT TGAAAGATGG TTTkGGCTTT GCCGAACGGC ACCCTCTTAC

1401 AGCTCACAAA GAAAGTGAAC AACATAGAGA CTGGTTGGGC CTTGGGGGCC

1451 ACCTTTCACC TGCTCCAGTC TCTGGGCATC ACCAGCTGAG GCCAAGCTCC

1501 ACCTCTGAAG CCTGCATTTC TGAACCAGTT TTCTCACAGG AAGGCGTGGA

1551 CTCAGAGACA TTTTCTGACC TCTCTGGAAA AGCCTGGCCC GAAACCCGTT

1601 AACTGGTTTT ATAAGGAGGG AGGGGTTTTT AGATG.AGTC TTGCTCTTGA

1651 GCCTAGTGAT TTGGGCTTCA ATGATTTGCA CATCTAATGT GAATAGCTCC

17 01 TAACCACTTG GTGGGTGCAT GGCTGGCACC AGACTGTAAA TCTTTTGGGA

17 51 TTCTTTGTwA CAGAGTCCTG CAAAGGAAAA AAGAGAAAAG GTTTGGAACT

1801 CCATGCTAGA TTGCGAGTTC AGAGACAGGT CCCTGGGGAC CAAAGAACAA

1851 TCTCGTTTCA ACCCTTGGAT GCCTCATTGC TTTGAATGGA TTCATTTTTG

1901 CTTATAAGCT GATTTACTGA AATCCCATAA CCCATCAATG CTGTTAATTT

1951 TTTTCTTCCT ACCCTTATTA CATTCCCTAC CCTAAAAGCC TGGGGGAAAT

2001 ACCTGGTTTT GCTTCCCATC TATAATTGAG AAAGAGGGGG GAAAAGATAC

2 051 TGTATTAGAA TTTGTGTGAT CCTGTGGCAC AATAGATCAA CCAACCCATT

2101 TAAAGCTTAA AAAAAAAAAA AAAAAAAAAA AAAAAAAAAA AAAAAAA

A1.13 Mouse NTPase protein sequence.

inATPase.pep Length: 465 February 28, 1997 11:28 Type: P Check:
8160 . .

1 MATSWGAVFM LIIACVGSTV FYREQQTWFE GVFLSSMCPI NVSAGTFYGI

51 MFDAGSTGTR IHVYTFVQKT AGQLPFLEGE IFDSVKPGLS AFVDQPKQGA

101 ETVQELLEVA KDSIPRSHWE RTPWLKATA GLRLLXEQKA QALLXEVEEI

151 FKNSPFLVPD GSVSIMDGSY EGILAWVTVN FLTGQLHGRG QETVGTLDLG

2 01 GASTQITFLP QFEKTLEQTP RGYLTSFEMF NSTFKLYTHS YLGFGLKAAR

251 LATLGALEAK GTDGHTFRSA CLPRWLEAEW IFGGVKYQYG GNQEGEMGFE

3 01 PCYAEVLRW QGKLHQPEEV RGSAFYAFSY YYDRAADTHL IDYEKGGVLK
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3 51 VEDFERKARE VCDNLGSFSS GSPFLCMDLT YITALLKDGX GFAERHPLTA

401 HKESEQHRDW LGLGGHLSPA PVSGHHQLRP SSTSEACISE PVFSQEGVDS

451 ETFSDLSGKA WPETR

A1.14 Human CD39L1 intron-exon sequence sequence. 

Intron 1 donor..

CD39Llintronldon.seq Length: 124 May 15, 1997 13:00 Type: N 
Check: 4864

1 GTGCGCGCCC GGGCACCCAg CgCacGTCTG GGGAgcCAAC CGGGCCgGGC

51 TTTGGAACCC GGGGAAGGGG GTgCCGgcCT GGGAACCTTG AAgCCAGAAT

101 cAgCCCCgGG AAcCCCCACC gGTG

Intron 1 Acceptor..

CD39Llintronlacc.rev Length: 417 May 15, 1997 13:11 Type: N 
Check: 2536

1 GAAGGAAGAG GGAGGAAGGA AGAGgGAcTc TAGGGAGcTC cTTcTtGCAG

51 AGGAGcTTCc TcTCCcTGAG CTGGGAAAcT TGTGCCCCAG GGAAAAGTCC

101 ctGGGGACCc TCTGTCCcTc TGTCCCTGAc TCAGTCCcTC AGTCTGCCCT

151 TGCCAGGAAG GcTGCTGCCC AGACCCTGGC ATGCTGGCTT CAGGTAGTCA

201 GGAGGGAAGA GTCACCTCCC CCCCACCTCC CTGTTCTCCT TCCAACCACG

251 GCCTCAGAGG AGGCCCTGGC cTCcTCTGAG CTTCAGCATG AGGCTTGGCA

301 TATGACTGGG TTGGGGGGGG GAGCGGTGGC AAACTGGAGG AACCCAACTT

351 CACGTTTGGT GTCAGGGTGT CAGGGCCCCC GGACACCCCA GGCTGACTCC

401 CTCCCCCTCC CCCCCAG

Intron 2..

CD39Llintron2,seq Length: 570 May 15, 1997 13:11 Type: N Check; 
175 . .

1 GTGAGGCCCA GCCCAGCCCA GCCAGGACGC CCACTCACTG CAGGGTCTCT

238



Appendixl: DNA and protein sequences

51 GGGAGGGTGT GGAGGGTTAG GGAGTGGAGG TGGTTGTGGT TAGTGTTGGG

101 TGGGGGTGAG TGGAGGGAGA AGGGGTGGAA AGAgAGAgGG TGGTGGGGGT

151 GGGGGTGAGT GGGGGGAGGA gTGGTTTGGA TTGTAgAAAG GAAGGGTAgG

201 GAGGAGGTGG GGAGGTTTGA gCGTGGGGGG GGGGAGTATT GGGTTGTGTG

251 GGGGAGATGG AGGAgGAgGA gGTGTGGGGG GGTGGGGGAG AGAGGGAGGG

301 AGGGGTGAGG AgGGGAAGGT GGGTTGAGGA TGGGGAGGGG TTTGTGGTAg

351 GAGGTGGAGG GAGAGGGTGT GAGGAgGGAG GAgGGTTGGT GTGGGGGTGG

401 GAGGTGGGGC GGTTTGTGTG GAAGGTGGGG GTTTGTGGGG GGTTAAGGAG

451 GAAgGTGTgG GAGGTGGTGT GGGAgGGGAA gGGGGGGAGG GGGAGGGTGA

501 GTGTGGTTGG GGTAAGGGGA GGTAAGGGGT GGGGGgTGAg GGaTAGGcTG

551 ATGTGTGTGG GTGGGTGTAg

Intron 3..

CD39Llintron3.rev Length: 139 May 15, 1997 13:17 Type: N Check; 
9624 . .

1 GTGAGTGTGC cTGTGCCCTG GCCCTGTCCC CATGATGGCC TTTGGcTGTG

51 ACCCCtTGCA GGGGGGAGTG cGAGGAGGGc TAGAGGAGGG TGAGAGGGAG

101 cTGGGGAGAA GGGcTGTAGG AGTTGTGTGT GTTTTGGAG

Intron 4..

GD39Llintron4,seq Length: 79 May 15, 1997 13:21 Type : N Check; 
4644 ..

1 GTGGGGGGAg GAgGGAGGGA AgAgGGAGGG GGGGTGGGGG GGGTGGGGGG 

51 TGGTTGAgGG GAGAGTGGGG TGTGGAGAg

Intron 5..

GD39Llintron5.rev Length: 365 May 15, 1997 13:33 Type: N Check: 
1853 . .
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1 gtgcccctcc accgtggctc acctgcactg cactgttccc tcctggagca

51 gagcCtggac agccactTgt gGctgtggaa ggcttTctTc caggctgggc

101 tttaattggc tggaaagaca ggtgggaggg tcagagcatg agcaaaggcc

151 cagtggctgg gctgggcctg gagaagggag ggccagggac ggctctcaga

201 gggagcctgg tcaggggcgt tgggatctgt caagcaggca gtggggagcc

251 atggattgcc cctgagcaca aaagtgaagt tgccagagtg agacctgtgg

1 301 gaggttcgtc aggctggtcc ttggagcggt ggtggtgcca ccctgtcacg

1 351 ctggtgattc cccca

Intron 6..

CD39Llintron6.rev Length: 79 May 15, 1997 14:25 Type: N Check; 
6382 ..

1 TGAGTAGGGG CAGGCGGGTG GCAGcCAGGT GcTcTGAGCC GCTGGGGTTC 

51 GGGTCACAGT GTGAcTGCGC CCCCtACAG

Intron 7 donor..

CD3 9Llintron7don.seq Length: 416 May 15, 1997 14:30 Type: N 
Check: 9636

1 GTGAGCCCCG CTCCCACTCC TTCAGGGCTG TGGGGAAGGG CTCAGCCTCC

51 GCCTCCGCAT GCCTCCCCAG CCCTGCATGG ACAGGCCTCT CGGAGCACCC

101 GCTGCAGTGG GGGCGATGGC AGGCATTAGG CTGACTCCAg AgGTGGCGTG

151 GCTGTGGCCG GTAgGCTGTG AACAAgTCGG GCGGGTTGGA GAAgCTTATc

201 AATACCGTCg ACCTCgAgGG GGGGCCCGGT ACCAgCTTTT GTTCCCTTTA

251 ATGAgGGTTA ATTTCCAgCT TGGCGTAATC ATGGTCAAgC TGTtTTCCTG

301 TGTgAAATTG TTATCCgCCT CACAATTCCg CACAACATAc gAgCCCGGAA

351 gCatAaAgTG TTaaAAgCCt gGGGTGCCTa ATgAgTgAAC TAACTTCgCA

401 TTTAATTTGC GTTTGC
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Intron 7 acceptor..

q.rev Length: 73 May 15, 1997 14:42 Type: N Check: 6056

1 GTGcAAAGCT cGGGTGGTcA GGGcAACGGG GCCCGCcTGG CcGActAcTG

51 CGGcCGGGGC CATGTTCGtG GAG

Intron 8..

CD39Llintron8.rev Length: 80 May 15, 1997 14:47 Type: N Check: 
6299 ..

1 gTGGGcTGGG GCGGGGCGGG GCGGGGCCGA CCTtGCGGGG CGGGGCCTCT

51 CGGGAGcTGA GGCCACGCCC TTCCCCGCAG

A1.15 Human GRC7 short cDNA sequence.

GRC71.rev Length: 1208 February 25, 1997 17:21 Type: N Check; 
5254

1 ACGGAGCTCC CAGCTGAGGC GCTGCTTCTC CGGGCTGTCG ATTGGACCCG

51 CCCTCCGGTG CCTACTGAGC TGATATCAGT TCTCATTTTA CACACTGGCT

101 CAGTTCAGCA GGAACAGGAG TCGAGCCCTT GAGCAAAAAG CCTTCGTGTC

151 TGTAAGTGCC CGAGCTCAGG AGAGCTGGGG CTCCCACTCG CGGCAGACAG

201 GCCCGCGTCC ACCCTGCGTC CACCCCGGCC CGGCGGCAGC ACGGTGCCAG

251 TCATCTGCAT GTGCTCCTGC GGCGTGGGGG TTTGTAGACT TGGAAAACCC

301 TGTTGGCAGA AAGTTAAGAG CTCCCAGGCC TGAAGGCAGG ACACAGTGCC

351 AGCAGGGGGC CGTTTGCCCC CATGTGTAAG GGAGGCAGGG CCCAGCTCTC

401 CCACGGCGAG GTGAGCTGAG ACTTTCTGAG AATAGTTAGA GTGGGTGCGT

451 GTCTGAAATG GGTACTCCTA CCAGCTATTG TGTACGCAAA GCCTGAGTAC

501 AGCCTGCTGG TGTCATGGCC ACGTGTGAGC AGGCCAGCGT CACACGGCTC

551 GCTGTGACCC GTCCCGGAGA CTGAAATGGG CCTGGGTCTT CTCCTTGTCC

601 TGTGATTAAA GTCCTCTCTT GAAAGTGGAG AGCAAAGGCA CACAGAGGTG

651 CGCGCTCACA AGAATTCCTC CCGGTGACTG GGTAATCAAT GTTACTGCTG

701 TTTCCTTTGC AGGAAAGACC ACAGCAAGAT TCTTTCATTC GTCTCCTCCT

241



751 AGCCTGGGGG AGGAGGGTGG AAGTGAGGGT GGAGATGAAA GGAGGGATTA

801 TGTGGCTGCT AAAGGGATGG GGGGAGAGGG GTGTTGAGGT GTTGGTGGTT

851 CTCTTTCCCA GAGGGTGGTG GGAGGCAGGG AGAGAGAAAA GGGAGATTGT

901 CGTAAACGCA GGGTGGGTGG GTGGAGGGTG GGTGGTGGGG TGGATGTGGA

951 GTGGAGCTGC TGTGAGATTT TGAGTTGTTG TGGAGAGATG ATTAAATATA

1001 TCCAAGAGAC ATTGGAAAAG GTGGTGAAGA TTTTAGATTG GTGTGGTGAG

1051 CACATGGCTG GATGGGGATA TTTGTATAAT TGGAGAAAGT GAGAGAGGTG

1101 CTCTGTATGA GAGGAGTGGG GGGGATTTAA AAGAAGAGGA TGAGAATGTA

1151 AGATATATTA TTAATAAATG TAATGGATTT TTTTTTTGTA AAAAAAAAAA

1201 AAAAAAAA

A l .16 Human GRC7 protein sequence.

GRC71.pep Length: 94 February 26, 1997 1C : 3 6 Type : P Check: 3

1 MLLLFPLQER PQQDSFIRLL LAWGTRLELT LDIKGGIMWL LKPSAHSPVH

51 VLVLLFPRGW SQPGTHKRQI LVNAASLPGG GLLPWIWSGA ALRF

A1 .17 Human GRC7 long cDNA sequence.

GRC73.rev Length: 3949 May 6, 1997 18:08 Type : N Check: 5582

1 CTGCAGGGAG AGGCAGGAGA GAGAGGAGAT GGAGGAGAGG TAGGAGAGAG
[
1 51 AGTGGATGGA GGAGAGAGAG AGGAGAGGAG GGAGGAGAGA GAGGAGGGAG
1 101 AGGAGAGAGG AGAGAGGGGA GGGAGGAGAG AGAGGAGAGG GGGGAGAGAG

151 AGGAGAGAGA GGGGAGGGAG GAGGGAGAGG AGAGAGGGGA GATGGAGGAT

i 201 AGAGAGGAAA GAGGGGATGG AGGAGAGAGA GGAGAGGGGG GAGAGGGAGG

251 AGAGAGAGGA GAGAGAGGAG GTGGAGGAGG GAGAGGAGAG AGAGGAGGGA

301 GAGTAGAGGG GGGAGAGAGA GGAGAGAGAG GGGATGGAGA AGAGAGAGGA

351 GAGAGAGGAG ATGGAGGAGA GGTAGGGGGG AGAGTGGAGG GAGGAGAGAG

401 AGGAGAGAGA GcGGGTGGAG GAGAGAGAGG AGGTGGGGGA GAGAGAGGAG

451 AGAGGGGAGG GAGGAGAGAG AGGAGATGTG GGAGAGAGAG TGGAGGGAGG
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501 ACACAGCACC CGCGGCGCAC ACAGCACACG TGGCATATGG CCTCCATGAC

551 CCTGTGTCTT GAGGGCAGGT CCTACTTTTT GCTTTGTTGT GTTGGAGCGG

601 AATTTCTCCC CTGGCTTCTA TTGGAGTCCT AGATTATTTA AATCACTTCC

651 TCTGTTAATT GTGCCTGGAA TTAACCTGTT AGATTTACTT CCTAGCAGTT

7 01 AGTTGCTCAG TATGGGTTTC TACACTATTA AAGCAACCTA GCGGTAGTAC

7 51 ACAAGGTTTT GTTAGGATAG CTGTGAGATT TTTTTTCTCT AACAATCATC

801 ATTATTTCtG TGTCTGCTCC GTTTTTCTTC AGTGTTTTAT ATGATATTAA

851 TAGGGGATGT CTAATTTTGT ATCTTTAAAA AAACTTTATC AAATCTGAAG

901 CATTTTTCGT GTTATAGCTT CTCTATAATT TTTCATGGAT ATTGAATATT

951 TGGTGTTGAT ATTCTTCACT CAGTTTTGAA CATTGAGTTT TCTTCTAATG

1001 TTTTGTGCTT ATGAAAACCA TTTCTGTGTA ACGTGTTTAA GTAGCTTATT

1051 TATCTGAAAG AAcTCTAATA ATGAAAAGAA ATAAAAAGTT TTTCAGAAGC

1101 ATGATCATAT TCTTCCAGAA GAGTCAGGAA CCATGTGTGC CAGGAAAGGG

1151 AAACGGGACT GAGCGTCTCG TAGCGAAACG CCTGCTGCAG ACTTGACGCG

1201 GCTCCCCTCC AGGACGGGCT GGCGGCACAC AGACTGTGCA CTTACCTCAC

12 51 TGCCGGCCTC ATAATAGTAA TCAGTGTAAA TGGTGTTTCT CTTTGGTTTT

13 01 GTTATTTCGT GGCGTACGTG TTAAAGTGTG TGAAACTACA AGGCCAGCTA

13 51 GTCCTTTCAT CATTCCCTTT GGTGCAGGTT TTGGAGCAGC ACCACAGGGC

1401 ACACCCCTCG CCACTCTTTA TGGGGAATTT TTGCCCAGGC AGGCAGAGGA

1451 GTCATCTTGG TCACaAGTCT CCCTTTTCCC CCTCCCCAGC ATCTTCGATC

1501 CTGTCCCCAC CCCTCCAgAT GCATCCAGGG GTTGCAAGCC TGCCCCCCAA

1551 CCAGTCCCCG TGAGGAACAG TGGCCGGGAT TGTCCCAGGG CCCCTTCCAG

1601 CAGGGGGACC TCCTGACTTG AGAGTCCCCA AAGCCTTCCC AGGGCAGCTA

1651 GAATCTGCCT GGAGAGAAGG GATCTTGTCC CCAAGGGTTA gAgGCAGTAA

17 01 ACTAATAGCA AGGACAGCTG CCTTTAGCAA TTGTGTGTGT CgCATGGCCG

17 51 GTCCCTGCAT TTTTCTTCAg TTCCAAAGCT GCACTGGCAT TTTTATGGTC

1801 ATCTCTGGAG TCCCTTTGAT TCAAGAAATT ATACCTCTAG GATGCCAACT

1851 AAACGAACAA CAAACAGAAA CTCCACCTGT TTGCTAGCAT AACAGGCGTG

1901 AAGGCGGCAG TGTCGCCGGC GTCCTTCCGC GGAAGCCCAG TGTGTGCAGA
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1951 CAGCACGGGG TGGGGGTGCT CTCAGGTGCT CTGGCTGCTT GGGTTCCTGG

2 001 CATGCTGATT TGTGACTTAA GATTAAAATC ACATTGCCAG GGATTACCAC

2051 GCAACCACGA CCTTGGCTGC TCCTCCAGAA ACCGTGGTCG CGCTCACTGC

2101 AGATTGGAGA ACAGGTGCAT CTCGTAGCTC TTCTTTGGAA ACAAAAGAAG

2151 CCACCAGCTG AGGAAGATGC TCACCGGTCA CCGTCCCTTT ATTTATGCCC

22 01 AGCGATGACC TCTCTAACAA GGTGCAGAGC TTAGCTGATT GGTGAACAGT

2251 GATTGGTTTC CGCTTTGTTC ACAGTGGCTA AGTTCTGCAC CTGAAGAGAA

2301 GGTGAGATGG GGACAGTTAA GTTGGAGCGG CTGGGGCAGA GGCCGTTGCT

23 51 GACGGGCCGG CCGCTGCTGC ACAGTCAGCT TGGGTGCGGA GCGCGATCCT

2401 GGAGGATGAG AGACCACTTG ACCCCAAGGA TGCACTGTCT CCTGCTGGGA

2451 ATGCTAGCCA TGTACTGAGT CCTTAAGTCT GTCCACAGAA ACATCCACTA

2501 ATCGGACATC TGTCTGAAAG GTCAAATGTA TTGAAAGTTG CAAAAATTCT

2551 TCTTACAAAA AACTAAAACC AAATCCATGA CCTAAGTCGT GTGAAATCAT

2 601 CTCGTAGCTC ATGGCTGTGA GCGGGGCGGG GCGGGGCTTT CGGAGGAGCT

2 651 CCTGTTGTTC TGGGCGCGGT GAACTCTCTC TTGTATTTGC AGTCCAGGCC

27 01 TTCGCGTCTC CTGCGCCAGC AGACGGTGCC CACGGAGCTC CCAGCTGAGG

2751 CGCTGCTTCT CCGGGCTGTC GATTGGACCC GCCCTCCGGT GCCTACTGAG

2801 CTGATATCAG TTCTCATTTT ACACAGTGCC TCAGTTCAGC AGGAACAGGA

2851 GTCGAGCCCT TGAGCAAAAA GCCTTCGTGT CTGTAAGTGC CCGAGGCTCA

2901 GGAGAGCTGG GGCTCCCACT GGCGGCACAC AGGCCCGCGT CCACCCTGCG

2951 TCCACCCCGG CCCGGCGGCA GCACGGTGCC AGTCATCTGC ATGTGCTCCT

3 001 GCGGCCTGGG GGTTTGTAGA CTTGGAAAAC CCTGTTGGCA GAAAGTTAAG

3 051 AGCTCGGAGG CCTGAAGGCA GGACACAGTG CCAGCAGGGG GCCGTTTGCC

3101 CCCATGTGTA AGGGAGCCAG GGCCCAGCTC TCCCACGGCG AGGTGAGCTG

3151 AGACTTTCTG AGAATAGTTA GAGTGGGTGC GTGTCTGAAA TGGGTACTCC

32 01 TACCAGCTAT TGTGTACGCA AAGCCTGAGT ACAGCCTGCT GGTGTCATGG

3251 CCACGTGTGA GCAAGGCCAG CGTCACACGG CTCGCTGTGA CCCGTCCCGG

33 01 AGACTGAAAT GGGCCTGGGT CTTCTCCTTG TCCTGTGATT AAAGTCCTCT

33 51 CTTGAAAGTG GAGAGCAAAG GCACACAGAG GTGCGCGCTC ACAAGAATTC
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3401 CTCCCGGTGA CTGGGTAATC AATGTTACTG CTGTTTCCTT TGCAGGAAAG

3451 ACCACAGCAA GATTCTTTCA TTCGTCTCCT CsTAGCCTGG GGGACCAGGC

3501 TCGAACTGAC CCTGGACATC AAAGGAGGGA TTATGTGGCT GCTAAAGCCA

3 551 TCGGCCCACA GCCCTGTTCA CGTCTTGGTG CTTCTCTTTC CCAGAGGCTG

3 601 GTCCCAGCCA GGCACACACA AAAGGCAGAT TCTCGTAAAC GCAGCCTCCC

3 651 TCCCTGGAGG CTGCCTCCTG CCCTGGATCT GGAGTGGAGG TGCTCTGAGA

3701 TTTTGAGTTC TTCTGCAGAG ATGATTAAAT ATATCCAAGA GACATTGGAA

3751 AACCTGCTGA ACATTTTACA TTGGTCTGCT CAGCACATGG CTGGATGCGG

3 801 ATATTTCTAT AATTCCAGAA AGTCACACAG CTCCTCTGTA TGAGACCAGT

3 851 GGGCGCCATT TAAAAGAACA GGATGAGAAT CTAAGATATA TTATTAATAA

3901 ATGTAATGGA t TTTTTTTTT GTTAAAAAAA AAAAAAAAAA AAAAAAAAA

A1.18 Human GRC5 cDNA sequence.

GRC5.seq Length: 3576 May 13, 1997 09:38 Type: N Check: 6240 

1 GCGGCCGCTC GGGGGGGGGG GGTGGGTTGG GTGGGGGGGG GGGTGGGGGG

51 GGGGGGGGGG GGGGGGTGGA TTGGGTTTGT GTGGGGGGGG GGGGGGGGGG

101 GGGGGGGGAG TGTGAGGGGT GGGGGGGGGG GGGGGGGGGG GGGGTGGGGG

151 GGGGGGGGGA GGAGGGGGGG GGGGGATTGT GTGGAGGGGG GGGGGGGGGA

201 GGGGGGGGGG GGGGGGTGGG GAGGGGGGGG GGGGGGGTGG GGTGGGGGGG

251 GGGGGGGGGG GGGGGGGGGG GGGGGGGGGG TGGGGGGGGG GGGGGGGGGG

3 01 GGGGGGGGGG GGAGGGGGGG AGGGGAGGGG GGGGGGGAGG GGGGGGGGGG

351 GAAGATGGGG AGGGTGGGGG TGTAGTGGGT GTGGGGGGTG GGGTAGGAGG

401 TTAGGGGGTT TATGATGGAG TGGGATGGGT GGAAGGAGTG GTTGGAGGGG

451 AGGTGTGTTG GGGTGGAAGA GGAAGAGGGA GGAGAGATGG AGATTTAGGA

501 GTGGGGGAAG TGGGAGAAAA GGGATGGGAA GTGGAGAGTG AAGAAAAAGG

551 GGAGTTGGGA GAAAGAGGGG GGTGGGGGAA GAGGGGAGGT GAAAGGAGTG

601 GAGAATGGGA GTGAGGTGTT GATGAAGGAG GTGGGGAGGG GAAGGTTGGG

651 GAGTGGTGAA GAGGTGGTGT GGGGTGTGGG AGGTAGGGAG GTGAGGGTGG
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701 GCTACATGGA GGAGCATGGC TTCACTGAGC CCATCCTTGT CCCCAAGAAA

751 GATGGCCTGG GCTTAGCTGT CCCTGCCCCA ACATTCTACG TGAGTGACGT

801 CGAGAACTAC GTGGGGGGGG AACGGAGTGT GGATGTGACA GATGTCACCA

851 AGCAGAAGGA CTGCAAGATG AAGCTGAAGG AGTTTGTGGA CTATTACTAC

901 AGCACCAACC GCAAGCGGGT CCTCAACGTC ACCAACCTCG AGTTCTCTGA

951 CACCCGAATG TCCAGCTTCG TGGAGGCACG TGACATTGTA AAGAAACTGT

1001 CATGGGTAGA AAACTACTGG CCAGATGATG CATTGCTGGC CAAGCCCAAA

1051 GTGACCAAGT ACTGCCTAAT CTGCGTGAAG GACAGTTACA CCGACTTCCA

1101 CATCGACTCT GGGGGCGCCT CTGCCTGGTA CCACGTGCTC AAGGGGGAGA

1151 AGACCTTCTA TCTCATCAGG GCGGCCTGGG CCAACATCTC CCTGTATGAG

1201 CGCTGGCGGT CTGCCTCTAA CCACAGCGAG ATGTTCTTTG GTGAGGAGGT

1251 CGACAAATGC TACAAGTGCA TCGTCAAGCA GGGCCAGACC CTCTTCATCC

13 01 CCTCAGGCTG GATCTACGCC ACACTCACCC CTGTGGACTG CCTGGCCTTC

13 51 GCGGGACATT TCCTCCACAG CCTGAGTGTG GAGATGCAGA TGAGAGCATA

1401 TGAAGTGGAA AGGAGGTTGA AACTGGGCAG CCTGACTCAG TTTCCCAACT

1451 TTGAAACTGC GTGCTGGTAC ATGGGGAAGC ACCTGCTGGA GGCATTCAAA

1501 GGCTCTCAGA AATCTGGGAA GCAGCTGCCC CCTCATCTAG TCCAAGGAGC

1551 TAAAATTCTC AATGGTGCTT TCCGATCGTG GACGAAGAAG CAGGCTTTGG

1601 CAGAGCATGA GGACGAGCTC CCGGAGCACT TCAAACCTTC ACAGCTAATC

1651 AAAGACCTGG CCAAAGAGAT CCGGCTCAGT GAGAATGCCT CCAAAGCCGT

1701 CCGACCGGAA GTGAATACTG TCGCCTCGTC AGATGAGGTG TGTGACGGGG

1751 ACCGGGAGAA GGAGGAGGGG CCGTCTCCCA TTGAGGCCAC CCCGCCTCAA

1801 TCCCTGCTGG AGAAAGTGTC CAAAAAAAAG ACTCCCAAAA CTGTGAAGAT

1851 GCCCAAGCCA TCCAAAATCC CCAAGCCCCC GAAGCCCCCT AAGCCCCCAA

1901 GGCCCCCCAA AACGCTGAAG CTCAAAGATG GAGGCAAGAA GAAAGGGAAG

1951 AAGTCCCGGG AGTCAGCCTC ACCCACCATC CCCAACCTGG ACCTGCTGGA

2001 AGCCCACACC AAGGAGGCAC TGACCAAGAT GGAGCCGCCC AAGAAGGGCA

2051 AGGCCACAAA GAGTGTCCTG AGTGTGCCCA ACAAAGATGT GGTTCACATG

2101 CAGAATGATG TGGAGAGGCT GGAAATTCGA GAGCAAACCA AGAGCAAGTC
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2151 AGAAGCCAAG TGGAAATACA AGAACAGCAA ACCTGACTCG TTACTGAAGA

2201 TGGAGGAGGA GCAGAGGCTG GAGAAGTCGC GCCTGGGTGG GAACAAGGAG

2251 AAGTTTTCCT TTTCTTTCTC CAACAGAAAA CTCCTGGGCT CCAAGGCCCT

23 01 GAGGGGGGGG AGGAGGGGTG GTGTGTTGGG GGGGTTGGAG AGGTTGAAGG

2351 AGGAGAAGGG GAAGGGGGTG GGGGATGAGT ATGAGTAGGT ATGAGATGAT

2401 GGGGAGGTGA AGATAGAGGA GTTTGGGATG AGGAGGAAGA AGAGGGGGGG

2451 GAAAAGGGAG TTGTGGTTGT TGTTAGAGAA GAAGGAGGGT GTGGTGATGG

2501 GGAGGTGGAA GGGAAAGGTG GATTGTGGGG TGTAGAAGAG GGATGAGTGG

2551 TGTGAGGAGG GGTGTGTGGA GATGGAGAGG GAGAGGAAGG GAGGGAGAAA

2 601 TGGGAAAGTG AAGAAGGAGA GTGGGAGGTG GGGGGGGGGG ATGGTGGAGG

2651 TGGTGGAGGG GAGGGAGGAG GTTGGGGGAG TGGAGTAGAA GGGGAAGAGG

27 01 GAGGGGGGTG GGTGGGGGAG GAGAGAGGAA GGGATTGAGG GAATGGTGTG

2751 GATGGGGAAT GTGGAGGGGT GTGAGTGTTG GGTGGAGAGG AGATGGGGGA

2801 GGGGGGAGGG GAAGGGTGGG TGAGTGGGAG GGGATGGTGG GGGGAAGATT

2851 GGTGGTGGCA AGAAAGGGAG AGGGAAGGGG GTGGTGAAGA GGAGTGGGAA

2901 GAAGAGTGTG GATGTGGAGG AGTAGGAGGA GGAGGATGAG GTGGATGGGT

2951 GGTTGAAGGA GTGAGAGTAT GTTTAGGGGT GAGTGGAGTG TGAGGAAGAT

3 001 AAGGGGGTGT TGAAGTGGGG GTGAAAGAAG AGGAAAGGGT GAGAGGATGG

3 051 TGGGTAGAGG GGGAGAGGGA GGGTGGGTGG ATGGGTGGGA AGAGAAGAGA

3101 GGGGTGTGGG TGAGGGGAGG AGAGTGGGGT GGATTGAGAG GGGGGTGGGA

3151 GGTGGTGGAG GGAAGGTGTG GGAGGAGGAG GAGGAGAAAA AGAGGAAGAA

3201 GAAGAAGAGG AAAAGGAAGG GGGGTGGTAA GAGTGGGTGC GGGTGGATGT

3251 GGAGGTGTGG GTGGGGGTGG AGGGGTAGGA GGTGGGGGTG GAGGAGGGGA

33 01 GGATGGAGGA GGGGGGGGTG GAGGAGGGGA GGATGGAGGA GGGGGGGGTG

33 51 GAGGAGGAGA GGGAGGAGGG AGGGGTGAGA GGAGGGGAGG TGAGGTGAGG

3401 GGGGAGGTGA ATGAGAGAGG AGTAGGGTGG GTGAGGAGGA ATATAGAGGA

3451 GGGGGGAGAT TGTGGGGGTG GGAGGGTGGG GGTGGGTGGG AGGGGATGGG

3 501 GGGTGGAGTG TTTGTGAGAG AGAGGGGGGG TTGTGGATGA TGGGGGAAGA

3 551 AGAGTGGTGG GAAAAAAAAA AAAAAA
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A1.19 Human GRC5 Protein sequence.

GRCS.pep Length: 1192 May 13, 1997 09:41 Type: P Check: 1390

1 AAARRPGVPS VGPRLPARRP RASIRFVSRA RPGPPRTLSP APRGPAGGSR

51 RGPSSPRRHC VDAPGRERAR GPCRAPPAPS APAAAPAPAA PAALAARPPA

101 RPGPTRAAQR RGERRRGNMA TVPVYCVCRL PYDVTRFMIE CDACKDWFHG

151 SCVGVEEEEA PDIDIYHCPN CEKTHGKSTL KKKRTWHKHG PGPTPDVKPV

2 01 QNGSQLFIKE LRSRTFPSAE DWSRVPGSQ LTVGYMEEHG FTEPILVPKK

2 51 DGLGLAVPAP TFYVSDVENY VGPERSVDVT DVTKQKDCKM KLKEFVDYYY

3 01 STNRKRVLNV TNLEFSDTRM SSFVEPPDIV KKLSWVENYW PDDALLAKPK

3 51 VTKYCLICVK DSYTDFHIDS GGASAWYHVL KGEKTFYLIR PASANISLYE

401 RWRSASNHSE MFFADQVDKC YKCIVKQGQT LFIPSGWIYA TLTPVDCLAF

451 AGHFLHSLSV EMQMRAYEVE RRLKLGSLTQ FPNFETACWY MGKHLLEAFK

501 GSHKSGKQLP PHLVQGAKIL NGAFRSWTKK QALAEHEDEL PEHFKPSQLI

551 KDLAKEIRLS ENASKAVRPE VNTVASSDEV CDGDREKEEP PSPIEATPPQ

601 SLLEKVSKKK TPKTVKMPKP SKIPKPPKPP KPPRPPKTLK LKDGGKKKGK

651 KSRESASPTI PNLDLLEAHT KEALTKMEPP KKGKATKSVL SVPNKDWHM

7 01 QNDVERLEIR EQTKSKSEAK WKYKNSKPDS LLKMEEEQRL EKSPLAGNKD

751 KFSFSFSNRK LLGSKALRPP SSPGVFGALQ SFKEDKAKPV RDEYEYVSDD

801 GELKIDEFPI RRKKSAPKRD LSFLLDKKEA LLMPTSKPKL DSAVYKSDDS

851 SDEGSLHIDT DTKPGRNAKV KKESGSSAAG ILDLLQASEE VGALEYNPNS

901 QPPASPSTQE AIQGMLSMAN LQASDSCLQT TWGTGQAKGG SLAAHGARKI

951 GGGNKGTGKR LLKRTAKNSV DLEDYEEQDH LDACFKDSDY VYPSLESDED

1001 NPVFKSRSKK RKGSDDAPYS PTARVGPSVP RQDRPVREGT RVASIETGLA

1051 AAAAKLSQQE EQKNRKKKNT KRKPAPNTAS PSISTSASAS TGTTSASTTP

1101 ASTTPASTTP ASTTPASTST ASSQASQEGS SPEPPPESHS SSLADHEYTA

1151 AGTFSGSQAG RASQPMAPGV FLTQRRPSAS SPNNTAAKKK KK
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Primer name Sequence 5’ - 3’

XPAC 1 GGGAATTCACGGCGGCTGCGGCTACTGG

XPAC6 GGGAATTCAAGGACCAATCTAAATTTCC

LSK GCCGCTCTAGAACTAGTGGATC

XPAC 320 GTGGGAAAGAATTTATGGATTC

XPAC 580 CTTCAAGAGACCTCTTCACAAT

LSK-U (CUA)4GCCGCTCTAGAACTAGTGGATC

196a GGGATTACACCTCAAAACCA

196b ACCACACTGCGGGACTT

180a CAGTGGTTTGGAATCGAACC

180b AGClAl TIT 1GGGGGC1 GAG

6B3F GAAAAATAACTACTTAAACACG

6B3R TAAATCACTTCCTTTGTTAATT

1A3F CAAGGCACAGAGAAGTTATAAG

1A3R GCTCTAGAACTAGTGGATCTCA

1D12 F GG n  GAGAAGAATGGGAAAGTA

1D12 R CGAAAATGTCCGCTCTTTCCCA

FBP7F TTGGAAACTCCCACCAGCTCT

FBP7R GAATGTAAGGTGCACAGCAGG

FBPPF ACAGTGCGGGTGGAGGGCAC

FBPPR CGCAGCGCTCGTGGTGCAAC

12G12 F GCAGCGTAGTGTCAGCACCAGA

12G12 R GCGGCTAGGCTTTGGGTGGCTA

10G1 F TACATGGAGGAGCACGGCTTCA

10G1 R AAGTCGGTGTAACTGTCCTTCA

8C12 F AGTAGGAAAAGGAGTCAGCTGA

8C12 R ATAGCTGAGATTATACAAGACA

NCBP1 F CAGACAGTTCCTGCAGCGCTTA

NCBP1 R CAGTGTTGGCAAAGATGCGGTC

NCBP 2 F CTCAGGAAGAAGATGTACCTCA
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NCBP 2 R CACCTCAACTATGTGGTAGTTC

NCBP 3 F AGAAGAGAATCTTCACTGCATC

NCBP 3 R AATCCTTCATCGTCGTCATCAT

NCBP 4 F TGGACATTCTGTTGCCCTCTGT

NCBP 4 R CTAGGTGCTCGGTCAAGATCAT

NCBP4 A2 CCACTAGTACAGCAATCATCTG

NCBP4 B1 GATGAAGGAAAGTTACATGTGC

NCBP4 B2 TTCTGTCGTCATCATCACTTCG

NCBP4 C1 CAAACATGTCCTGAAGATCCAG

NCBP 5 F GGGTTCTTGAGGAACAAATAGA

NCBP 5 R TCATAGTCACATTACTGCCGTT

Znfn F CTCAGACAATATGCGCTAAGTG

Znfn R CGGAGTGAATCCTCTTGTGATT

Alu 1 GCCTCCCAAAGTGCTGGGATTACAG

Alu 3 CCACTGCACTCCAGCCTGGG

7A4F TCCCTGGGTTAGGAAGTGGA

7A4R ACATGGGGGCTGGCCACAAT

12A1 F ACTCAACGTCCCGTCCGT

12A1 R ACGGACGGGACG1 1GAGT

12G4F TGGAAGCCGTGGGTCTGGAG

12G4R GCCAACTACCTGCTGGAGAAC

11A1S F GACCACAGTGCTGCCAGA

11A1S R GTTGTAATGTGTACTTTGCG

11H1S F ACAGACAATGGCACCACCCT

11H1S R GATGCTGCGGACAGCCCTGA

Nin RT F ACCATGGACTCGGGAACCGA

Nin RT R CCAGGGTCCTGGGTGTCCTA

Nin Ex3 5' GGAATTCCATGTCCCAGGACAGCTTGAC

Nin Ex3 3' GGAATTCCACTCACCACACTGCAAGAGC

Nin Ex2 3'A GGAATTCCATGCCAGCAAGGTGAGCAGG

Nin Ex2 3’B GGAATTCCGTGTGCAAGGTGGTGGGCAC
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Nin Ex2 5’A GGAATTCCACCCGCCTTGCTGACCATTC

Nin Ex2 5’B GGAATTCCAGAGCCCGACTCAGGCAGAG

Nin Ex1 3’B GGAATTCCACGCGGCGCACACAGGTGGC

mNTPase F1 TAGTGATTTGGGGTTGAATG

mNTPase F2 GGAGAGTGTAAATGT1 ITGG

mNTPase R1 GTGAATTATAGATGGGAAGG

mNTPase R2 AGGGAATGTAATAAGGGTAG

AL1 GGGTGGGAAAGTGGTGGGATTAGAG

ALE3 GGAGTGGAGTGGAGGGTGGG

Sal-B GTGGAGTGAGATGGAGTAGTTGTAGAGG

GGGTT

Sai-T GGGGTGTAGAAGTAGTGGATGT

GAGTGGAG
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Appendix 3: PCR conditions

PCR reaction Oligos used Anneal 

temp and 

time

Extn

time

No. of 

cycles

[MgCy 

in mM

Approx 

size in 

bp

XPA exon 4 XPAG 41/42 57° 45s 30s 35 1.5 250

XPA exons 1 -6 XPAG 1/6 58° 30s 30s 30 1.5 800

cDNA selection LSK 65° 30s 3min 25 1.5 -

XPA RT-PGR XPAG 320/580 50° 30s 45s 25 1.5 250

cDNA selection 

1st + 2nd rounds

LSK 65° 30s 3min 25 1.5

cDNA selection 

cloning round

LSK-U 65° 30s 3min 16-18 1.5

FACC exon 1 FAGG 1A/1B 60° 30s 30s 35 1.5 165

D9S196 196a/196b 61° 30s 30s 35 1.5 250

D9S180 180a/180b 63° 30s 30s 35 1.5 250

HFF6B3 RT- 

PGR

6B3 F/R 54° 30s 30s 30 1.5 500

HFF1A3 RT- 

PGR

1A3F/R 52° 30s 30s 35 1.0 500

HFF1D12 RT- 

PGR

1D12 F/R 54° 30s 30s 30 1.0 450

FBP exon 7 FBP7 F/R 65° 30s 30s 30 1.0 385

FBP promoter FBPP F/R 67° 30s 30s 30 1.0 274

HFF12G12 RT- 

PGR

12G12F/R 66° 30s 30s 30 1.5 550

HFF10G1 RT- 

PGR

10G1 F/R 62° 30s 30s 30 1.5 550

HFF8G12 RT- 

PGR

8G12 F/R 58° 30s 30s 45s 1.5 700

NGBP set 1 NGBP 1 F/R 62° 30s 30s 30 1.5 660

NGBP set 2 NGBP 2 F/R 59° 30s 30s 30 1.5 596

NGBP set 3 NGBP 3 F/R 57° 30s 30s 30 1.5 646

NGBP set 4 NGBP 4 F/R 61° 30s 30s 30 1.5 688

NGBP set 5 NGBP 5 F/R 57° 30s 30s 30 1.5 521

ZNFN gene Znfn F/R 60° 30s 30s 30 1.5 650
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Appendix 3: PCR conditions

NCBP 4 split A NCBP4 A1/A2 57° 30s 30s 30 1.5 330

NCBP 4 split B NCBP 4 B1/B2 57° 30s 30s 30 1.5 300

NCBP 4 split C NCBP4C1/C2 57° 30s 30s 30 1.5 230

Coiony PCR T7/SP6 50° 30s 2min 25 1.5 -

Inter Alu PCR Aiu1/Aiu3 60° 30s 3min 35 1.5 -

KFS7A4 RT-PCR 7A4 F/R 58° 30s 30s 30 1.0 270

KFS12A1 RT- 

PCR

12A1 F/R 58° 30s 30s 30 1.0 200

KFS12G4 RT- 

PCR

12G4 F/R 60° 30s 30s 30 1.0 300

KFS11A1S RT- 

PCR

11A1S F/R 54° 30s 30s 30 1.5 270

KFS11H1 RT- 

PCR

11H1 F/R 60° 30s 30s 30 1.0 320

Ninjurin RT-PCR Nin F/R 56° 30s 30s 35 1.5 461

Degenerate 

Ninjurin RT-PCR

573’ 57° 30s 30s 35 1.5 250

Ninjurin exon 3 Ex3 5’/3’ 59° 30s 30s 35 1.5 350

Ninjurin exon 2 

double PCR*

Ex2 5’B/3’B 

Ex2 3’A/3'B

54° 20s 

56° 20s

30s

20s

30

35

1.5

350

Ninjurin exon 1 Ex 5’RT/3’B 54° 20s 20s 38 1.5 180

Ninjurin exon2 

single PCR

Ex2 3'A/3’B 56° 20s 25s 40 1.0 350

mNTPase linkage 

analysis

F1/R2 48° 20s 20s 35 1.5 320

mNTPase iinkage 

anaiysis

F2/R1 48° 20s 20s 35 1.5 300

mNTPase iinkage 

analysis

F2/R2 48° 20s 20s 35 1.5 250
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Appendix 4; Probeorder output.

A4.1 Probeorder output for the HFF selected cDNA library

This output of 7 pages shows the results of the HFF cDNA library 

characterisation. The x-axis lists the names of the probes used in the 

hybridisations, while the y-axis shows the clones that hybridise to the 

probe.
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A4.2 Probeorder output for the KFS selected cDNA library

This output of 5 pages shows the results of the KFS cDNA library 

characterisation. The x-axis lists the names of the probes used in the 

hybridisations, while the y-axis shows the clones that hybridise to the 

probe.
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The nuclear cap binding protein (NCBP) is an 80-kDa pro
tein that plays an important role in the pre-mRNA splicing 
and the transport of RNA from the nucleus to the cytoplasm 
(8). The majority of NCBP is encoded hy a 3.1-kb message 
with a minor message of 5.4 kb (5). NCBP has been shown 
to interact with a 20-kDa cap binding protein that has been 
implicated in playing a role in the splicing and transport 
from the nucleus of mRNA (4).

We have carried out cDNA selection modified from Korn et 
al. (6), upon two overlapping cosmid clones that contain the 
XPA  locus. Xeroderma pigmentosum is an autosomal reces
sive disease with a high occurrence of UV-induced skin cancer 
and is composed of eight genetic complementation groups. 
Group A previously has been mapped by in situ  hybridization 
to the long arm of human chromosome 9 and to mouse chro
mosome 4(11). One group of cDNA clones was identified as 
corresponding to the XPA  gene as expected. Another group 
encompassing several independent clones showed 100% ho
mology to the human N CB P  mRNA.

N CBP  was mapped to the long arm of human chromosome 
9 by hybridizing to genomic DNA from the somatic cell hybrid 
640-63al2 (Fig. lA). This human-hamster somatic cell hy
brid contains a single copy of the long arm of human chromo
some 9 on a hamster background (3). There is no evidence 
for a second locus in the human genome. N CBP  hybridized 
to the same cosmid as the XPA  gene (Fig. IB), indicating 
close physical proximity of the two loci.

XPA  is one of the many genes located on human chromo
some 9q that have a homologue on mouse chromosome 4 (9). 
To show that N CB P  is another member of this conserved 
synteny group we used the human N CB P  cDNA clone as a 
probe to isolate the P I clone ICRFP703G06236 from the ICRF 
mouse P I library (7). Both the N CB P  cDNA probe and an 
XPA  cDNA probe hybridized to Southern blots of digests for 
ICRFP703G06236 (Fig. 1C), indicating that a close physical

 ̂To whom correspondence should be addressed at Room 101, Mo
lecular Analysis of Mammalian Mutation. Imperial Cancer Research 
Fund, London, WC2A 3PX, England. Telephone: (0171) 269 2319. 
Fax: (0171) 269 3479.
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FIG. 1. (A) Genomic DNA digested with //indlll and hybridized 
with the human NCBP cDNA clone HFF13H12. (Lane 1) Human 
lymphoblastoid cell line GM1416B (ATCC). (Lane 2) Somatic cell 
hybrid 640-63al2 containing the long arm of human chromosome 9 
on a hamster background. (Lane 3) The hamster cell line A23. (B) 
Human cosmid clone LLNLcll5H02125, digested with i/mdlll and 
hybridized with the human XPA probe (Lane 1) and with the human 
NCBP cDNA clone HFF13H12 (Lane 2). (C) Mouse PI clone 
ICRFP703G06236 digested with H in d l l l and hybridized with the 
human XPA probe (Lane 1) and with the human NCBP cDNA clone 
HFF13H12 (Lane 2).

distance between the loci is conserved in mouse. Ncbp is 
therefore a member of the same syntenic group as Xpa.

Finding two genes on one cosmid in human DNA makes it 
likely that this region is generally rich in genes. This has 
implications for the search for the genes responsible for the 
nevoid basal cell carcinoma syndrome (NBCCS) and multiple 
self-healing squamous epitheliomata (ESSl), since XPA is 
localized to the candidate region for both genes (2, 10). 
NBCCS is an autosomal dominant disorder characterized pri
marily by multiple basal cell carcinomata and skeletal anom
alies and is likely to be a tumor suppressor gene (1). A major 
feature of ESSl is the occurrence of multiple self-healing 
invasive squamous cell epitheliomata. Due to the wide vari
ety of clinical features observed for NBCCS, all genes from 
the region will be considered candidates for the disorder.
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FKHL15 was isolated from a eDNA library enriched  
for transcripts from 9q22. Isolation and sequencing of 
a 3.5 kb cDNA clone identified a putative 376-amino- 
acid protein with greater than 80% homology over a 
100-amino-acid stretch to the forkhead ÙNA-binding 
domain. The FKHL15 gene contains a region rich in 
alanine residues, frequently associated with tran
scriptional repression. The forkhead genes are be
lieved to play important roles in development and dif
ferentiation in many different organisms and have 
also been implicated in the development of some tu
mors. The map position of FKHL15 on 9q22 places the 
gene within the candidate regions for the cancer pre
disposition syndrome multiple self-healing squamous 
epitheliomata and the degenerative neurological dis
order hereditary sensory neuropathy type I. This is a 
region frequently lost in squamous cell cancer. © 1997

Academic Press

INTRODUCTION

The forkhead domain was first identified as a region 
of homology between the rat hepatocyte nuclear factor 
3 (HNF3) and the Drosophila homeotic gene forkhead 
(Lai et al., 1991). The forkhead gene ifkh) obtained its 
name through the incapability to form the normal ter
minal structures of the anterior and posterior gut, in
stead forming two spiked structures (Weigel et ah, 
1989). The HNF3/5 gene is required for notochord devel
opment in mouse (Ang et al., 1994; Weinstein et al.,
1994). The two proteins show 90% identity at the amino 
acid level over a 100-amino-acid stretch since called 
the “forkhead domain.” This forkhead domain is a vari
ant of the DNA-binding helix -  turn -  helix (HTH) motif, 
binding DNA as a monomer with two loops, or wings, 
on the C-terminal side of the HTH, and is often referred 
to as the “winged-helix” motif (Brennen, 1993; Clark 
et al., 1993; Lai et al., 1993). Many other members of

 ̂Current address: Department of Developmental Biology, MPI for 
Immunology, Freiberg, Germany.
 ̂To whom correspondence should be addressed. Telephone: (0171) 
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this eukaryotic transcription factor family have been 
identified through association with pattern formation 
during embryogenesis including the Drosophila seg
mental genes sloppy paired 1 and 2 {slpl and slp2) 
(Grpssniklaus et al., 1992; Hacker et a l, 1992), the 
Caenorhabditis elegans vulval development gene lin- 
31 (Miller et al., 1993), the Axial gene in zebrafish (axl) 
(Strahle et al., 1993), the axis formation gene XFKHl 
in Xenopus (Dirksen and Jamrich, 1992), and the head 
patterning gene crocodile in Drosophila (Hacker et al., 
1995). In mouse, disruptions in the forkhead-con- 
taining gene whn give rise to the nude mutation (Nehls 
et a l, 1994; Segre et al., 1995). Other members of the 
group have been identified by degenerate PGR and low- 
stringency hybridization of the forkhead domain (Bork 
et al., 1992; Clevidence et al., 1993; Hacker et al., 1992; 
Kaestner et al., 1993; Larsson et al., 1995; Murphy et 
a l, 1994; Pierrou et al., 1994).

Some members of the gene family have been shown 
to be involved directly in the process of tumorigenesis, 
such as the retroviral oncogene qin (Li and Vogt, 1993) 
and the PAX3 gene through the translocation and fu
sion of the PAX3 activation domain from 2q35 to the 
forkhead domain of a novel gene, FKHR, on 13ql4 
(Galili et al., 1993; Shapiro et a l, 1993).

The forkhead gene family has been divided into five 
classes (class I-V ), and members of each class have 
greater than 75% homology at the amino acid level 
over the forkhead domain, whereas homology between 
groups is less than 70% (Murphy et a l, 1994; Sasaki 
and Hogan, 1994). Variation in the amino acids in the 
DNA-binding domain alter the binding specificity of the 
proteins (Lai et a l, 1991; Oettinger et a l, 1991).

Twelve human gene members of the forkhead gene 
family have been described: the forkhead-related acti
vators, FREACl-8  (Larsson et a l, 1995; Pierrou et a l,
1994); the human brain factor I, HBF-1 (Murphy et 
a l, 1994); the interleukin-binding factor,'/LF (Li et al, 
1991); the human T-cell leukemia virus factor, HTLF  
(Li et a l, 1992); and the FKHR gene (Galili et a l, 1993; 
Shapiro et a l, 1993).

Here we describe the cloning of a new member of the 
human forkhead gene family, FKHL15 (forkhead-like

0888-7543/97 $25.00Copyright © 1997 by Academic PressAll rights of reproduction in any form reserved.
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FORKHEAD-LIKE GENE ON 9q22 391

gene-15), close to the genetic marker D9S180 on chro
mosome 9q22. The position of F K H L 1 5  locates it within 
the overlapping candidate regions for the genes for he
reditary sensory neuropathy type I, HSN-1 (Nicholson 
e t a i ,  1996), and the skin cancer predisposition disor
der multiple self-healing squamous epitheliomata, 
ESSl (Goudie e t a l., 1993). HSN-1 is a dominant disor
der that causes loss of sensation, especially to pain and 
temperature, and is the most common of a group of 
degenerative disorders of sensory neurons. ESSl is a 
recessive disorder and is characterized by a predisposi
tion of multiple squamous cell cancers of the skin that 
resolve spontaneously. Loss of heterozygosity in squa
mous cell cancer frequently shows informative loss of 
D9S180, suggesting the presence of a tumor supressor 
gene involved in squamous cell cancer on 9q22 (Holm- 
berg et a l., 1996).

The predicted FKHL15 protein contains a second do
main rich in alanine residues close to the forkhead 
DNA-binding domain. Alanine-rich domains have been 
found in other developmental DNA-binding proteins, 
including the homeobox protein E V X l (Briata e t ah,
1995), the M sx-1  homeotic gene (Catron e t a l., 1995), 
and the D ro so p h ila  homeotic genes kruppel (Licht e t 
a l., 1994) and engrailed (Han and Manley, 1993), and 
are believed to be responsible for transcriptional re
pression activity.

MATERIALS AND METHODS

1 2 3 4 5

5.5kb.

FIG, 1. Genomic DNA digested with Hindlll. (Lane 1) Human 
lymphoblastoid cell line GM1416B (ATCC). (Lane 2) Somatic cell 
hybrid 640-63al2 (Jones and Kao, 1984), containing the long arm of 
human chromosome 9 on a hamster background. (Lane 3) Hamster 
cell line A23. (Lane 4) Somatic cell hybrid CV340/BW containing 
human chromosome fragments 9pter-q22.3 and 6pter-p23 and a 
fragment of X on a mouse background (Mike Dixon, Manchester, 
UK). (Lane 5) Mouse lymphoblastoid cell line BW5147. Hybridization 
was with the FKHL15 cDNA clone HFF12G12.

size. The clones were sequenced by primer walking using a fluores- 
cently labeled dye-terminator cycle sequencing kit according to the 
manufacturer’s instructions (Applied Biosystems) and electropho- 
resed on an ABI373 (Applied Biosystems). DNA sequences were 
analyzed by searches using the programs BLAST-N, BLAST-X, and 
FASTA.

Northern analysis. The single-copy cDNA clone HFF12G12 was 
hybridized to Northern blots (Clontech; human multiple-tissue 
Northern blots Cat. Nos. 7760-1 and 7759-1). Hybridization was per
formed according to the manufacturer’s instructions.

cDNA selection. cDNA selection was performed essentially as de
scribed (Korn et a l, 1992). In brief, first-strand cDNA was prepared 
from fibroblast poly(A)’̂ RNA with random hexamer primers. After 
second-strand synthesis adapters were ligated to the blunt ends, and 
the cDNA population was amplified by 25 cycles of PCR with adapter- 
specific primers. Six cosmids and two PACs (F. Obermayr, unpub
lished data) from the 9q22 region were nick-translated in the pres
ence of biotin-dUTP (Boehringer). Cosmid and PAC clones were 
prehybridized with 150-fold weight excess of human Cot-1 DNA 
(Gibco BRL) and hybridized at 42°C for 16 h to uncloned PCR-ampli- 
fied cDNA. Biotinylated hybridization products were immobilized by 
streptavidin-coated magnetic beads on MPC-E (Dynal) and washed 
at 65°C for 10 min each with 2x BSC, Ix SBC, 0.3x BCC, 0.2X BBC, 
and O.lX BBC before elution in water at 85°C for 10 min. Eluted 
cDNA was sized on chromaspin-400 columns (Clontech), and PCR 
amplification was carried out as described above. Hybridization, im
mobilization, and elution were carried out once more before a final 
amplification by PCR for 16 cycles using primers containing uracil. 
PCR products were sized and cloned into the pAMPlO vector (Gibco 
BRL). Fibroblast cDNA clones (n = 1440) were picked into 96-well 
microtiter plates and transferred to 384-well microtiter plates before 
spotting by robot onto nylon membranes in a 3 X 3 duplicate bigb- 
density array.

Isolation and sequencing ofcD N A clones. HFF12G12, a random 
clone from the selected cDNA library (nucleotides 2093-2632 of 3 ' 
UTR), was hybridized to a spotted filter of the library and identified 
>50 other cobybridizing cDNA clones in the library. This group of 
cDNA clones was called FKHL15 (previously called GRC-3). 
HFF12G12 was used for the further analysis of the group. A human 
keratinocyte stem cell poly(T)-primed cDNA library was hybridized 
with HFF12G12 (Phil Jones and Fiona Watt, unpublished results), 
and 6 hybridizing cDNA clones were picked, and cDNA prepara
tions made using QiaTip-100 (Qiagen). Each clone was 3.5-kb in

RESULTS AND DISCUSSION

I so la tio n  o f  F K H L 15  a n d  C h ro m o so m a l L o ca tio n

To isolate transcribed sequences from human chro
mosome 9q22 we employed the technique of cDNA se
lection (Korn e t a l., 1992). One group of selected cDNA 
clones, named F K H L 15 , hybridized to a 5.5-kh H in d l l l  
fragment of the cosmid clones LLN Lcll5D 0635 and 
LLNLcll5D 04183 from the Lawrence Livermore chro
mosome 9 cosmid library (data not shown). These two 
cosmids contain the genetic marker D9S180 as as
sayed by PCR (data not shown). The cDNA clone 
HFF12G12, a representative member of the group, 
was used for the further characterization of F K H L 15 . 
To confirm the location of F K H L 1 5  on chromosome 
9q22, HFF12G12 was hybridized to a somatic cell map
ping panel (Fig. 1). A hybridizing 5.5-kb H in d l l l  frag
ment was observed for both somatic cell hybrids and 
was shown to be single-copy human specific and also 
showed that HFF12G12 is located on 9q.

The cosmids LLNLcll5D0635 (35D6) and L LN Lcll5 - 
C04183 (183C4) form the distal end of a 300-kb cosmid 
and FAC contig between D9S780 and D9S180. Other 
cDNA groups selected with this contig correspond to 
the tropomodulin gene, T M O D  (Sung e t a l., 1996); the 
nuclear cap-binding protein, N C B P  (Chadwick e t a l.,
1996); the xeroderma pigmentosum complementation
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AGCGGCCGCTCGCGATCTATAACTAGTCCTCGCCAGCGGTCCGCGGGGCTGGAGACCCAC
GCCGTGGAGAGGACCAGCCTCAGGTCGCCCCGCCTGGGCCCGCGCCCCGACCTCGCTGCC
CCCGCCTCGCCTCTCTGCCCGTGGCGCTTACCGCCACCTTGGCCTCGGGGGCAGGGCATG
GGCGGCCCCCGCCAGATCGCCCAGCGCCAGTACTAACTGCCCTCGCTCTGGCCTTCGAGC
CCGAAGCCTCTTCTGCGCGCACAACCTAGGCAGTAATCCTAAACTAGCGGGCACCACAGA
CCAGCTGCAGCCACCCCAACCCAGGGATCACTTCCGGACCCCTCGACCGCCCGGCACCAG
CGCGCAAGGGACCCTTCAGCCGGAGACCAGAGTCCAGTCCCGGTCGCGAGGCCACCGCCG
CTGCCCGCCTCGAGAAGCACAACGCGGGCTGAGCCGTCGGCTAGCGGGTCACTCCCGAGC
CTCTGTCTGCACCGCGCCAGCCCCAGACCACGGACGCTGAGCCTCCAGCGCGCGCCAGCC
tgggccgctgggctctccgggccagcccgcgacgatcccctgagctctccgcagaagggc
CGAGCGTCCGTTCCGGGGACGCCAGGCCCGCCCCCGCCCCCCGACAGCCGCGGGGATCCA
gagcccgggggtgcgggacgcccgcgccatgactgccgagagcgggccgccgccgccgca

M T A E S G P P P P Q
gccggaggtgctggctaccgtgaaggaagagcgcggcgagacggcagcaggggccggggt
P E V L A T V K E E R G E T A A G A G V

cccaggggaggccacgggccgcggggcgggcgggcggcgccgcaagcgccccctgcagcg 
p g e a t g r g a g g r r r k r p l q r  

CGGGAAGCCGCCCTACAGCTACATCGCGCTCATCGCCATGGCCATCGCGCACGCGCCCGA 
G K P P Y S Ï I A L I A M A I A H A P E  
GCGCCGCCTCACGCTGGGCGGCATCTACAAGTTCATCACCGAGCGCTTCCCCTTCTACCG 
R R L T L G G I Y K F I T E R F P P Y R  
CGACAACCCCAAAAAGTGGCAGAACAGCATCCGCCACAACCTCACACTCAACGACTGCTT 
D N P K K W Q N S I R H N L T L N D C F  
CCTCAAGATCCCGCGCGAGGCCGGCCGCCCGGGTAAGGGCAACTACTGGGCGCTCGACCC 
L K I P R E A G R P G K G N Y W A L D P  

CAACGCGGAGGACATGTTCGAGAGCGGCAGCTTCCTGCGCCGCCGCAAGCGCTTCAAGCG 
N A E D M F E S G S F L R R R R R F K R  
CTGGGACGTCTCCACCTACCCGGCTTACATGCACGACGCGGCGGCTGCCGCAGCCGCCGC 
S D L S T Y P A Y M H D A A A A A A A A  

TGCCGCAGCCGCCGCCGCCGCCGCCGCCGCGGGCATCTTCCCAGGCGCGGTGCCCGCCGC 
A A A A A A A A A A A I F P G A V P A A  
GCGCCCCCCCTACCCGGGCGCCGTCTATGCAGGCTACGCGCCGCCGTCGCTGGCCGCGCC 
R P P Y P G A V Y A G Y A P P S L A A P  

GCCTCCAGTCTACTACCCCGCGGCGTCGCCCGGCCCTTGCCGCGTCTTCGGCCTGGTTCC 
P P V Y Y P A A S P G P C R V F G L V P  

TGAGCGGCCGCTCAGCCCAGAGCTGGGGCCCGCACCGTCGGGGCCCGGCGGCTCTTGCGC 
E R P L S P E L G P A P S G P G G S C A  

CTTTGCCTCCGCCGGCGCCCCCGCTACCACCACCGGCTACCAGCCCGCAGGCTGCACCGG 
F A S A G A P A T T T G Y Q P A G C T G  
GGCCCGGCCGGCCAACCCCTCTGCCTATGCGGCTGCCTACGCGGGCCCCGACGGCGCGTA 
A R P A N P S A Y A A A Y A G P D G A Y  
CCCGCAGGGCGCCGGCAGTGCGATCTTTGCCGCTGCTGGCCGCCTGGCGGGACCCGCTTC 
P Q G A G S A I F A A A G R L A G P A S  

GCCCCCAGCGGGCGGCAGCAGTGGCGGCGTGGAGACCACGGTGGACTTCTACGGGCGCAC 
P P A G G S  S G G V E T T V D F Y G R T  

GTCGCCCGGCCAGTTCGGAGCGCTGGGAGCCTGCTACAACCCTGGCGGGCAGCTCGGAGG 
S P G Q F G A L G A C Y N P G G Q L G G  

GGCCAGTGCAGGCGCCTACCATGCTCGCCATGCTGCCGCTTATCCCGGTGGGATAGATCG 
A S A G A Y H A R H A A A Y P G G I D R  
GTTCGTGTCCGCCATGTGAGCCAGCGTAGGGACGAAAACTCATAGACACATCGGCTGTTC 
F V S A M
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ACACGTTCCCCGCAACCTGAGAACGAACAGGAATGGAGAGAGGACTCAACTGGGACCCAC
GTGGAAAAGACCGAGCAGGCCACAGAGGCTCGGTCTCCCCGCGCACAGCGTAGGCACCCT
GTGTACTCTGTAAACGGGAGGAGGTGGGGCGAGGCAGCCAGAGCCCTTGGACTGGCACAG
GGACCCTCGATGGAGCGAAGCCCTCAAACGGGATGCTTTCTGGCATTCTATCGGGGAGGG
TCCTTGGCGGTAACCAGAGGGCAGCGTAGTGTCAACACCAGAGACCAGGATCCAAATTGT
GGGGAATCAGTTTCAGCCTTCCATGTGCTGCCGGAACTCGGGCCTTTTTACGCGGTTCGT
CCTCTAGTGCCTTTAACTGCGTTACTACAATAAAAGGCTGCGGCAGCGCCTTTCTTCTTA
AAGTGAGGAGGACAAATTTGCAAAAGAAATAGGCTTTTCTTCTTTTTTAAATTGGAGAAA
TCTCTGCTCTGGTTGACCTGGGCTGGTTTTCCCTGTCTCTGAGAACTTGAGACCTAGCTC
CGAGTTGAACTGTGCGTCAGCACTCCAGTCCCATCACCTGAACCTTCAGTCTCCCCCATC
TGTTACACTAGAGGGCTGCAGGACTCTATCCACCGCCCCCGGGTTATCATTCAGGGCCCC
ATCATCTTGGATGCTGCCCTGCGTATTTGGCAGCAATGGTGGGCCACCCAGGGCCTCTGA
GTAGCCACCCAAAGCCTAGCCGCTGTTCTAGGGAACGGAAAAGAGTTCATGGCCAAGCGT
CTAACCTAAAGTCCCAGGATTGGCTCCAGGCAGCAATTATATCATAACTTATTGAACTTT
TGAGCAGGACGTGCTGGTAATTTCATGGCTGTTACTGCCCAGTCATAAATCTGCTTTTCC
ATTATAAGGCAGAGAGAAGTACATTCGTTCATTTGTCCACTGTTTCTTGTCATCACGCAG
CCCTGGACCCAAAGGGTGAACTAAAGTTTAAGGAGATGAGAGGATTCAAGGAGCCCGTTG
GTGACGCCTTTCAGTAGCTGGGGAGGGCTCTTCCATCCCCAGCACCCCCTGCTACACCTC
AGCAGCCTCCCCCATGCAAAAAGGAAAGAGAAAAATTAAGTTAGGGCAGTCAGTAAAGTG
AGCTTTAGAAAGAAACTGGAATTTTAACTTCATTTTGTATCTTGCTTAAGTAGCAGGCTC
ACTAAAATTAGAGAAAGTCCAATAACTCTCCCCCTTTCCCTTGAGAAATCTTTAAGTTTC
GATTCTGGAGCAAAAACTTTCAGCATTAAATATTTCAGAGGCTCCATTCACAGCTTTCAG
ATAAACTGGAGTGTTCAGATGGACTGTTTTAATAAAAATCTTTGAGCAAGTGAGTTATGG
CAAGAGAAACTCAGCCTCTTTCTGTATAAACTTAACAGGGAAGGGCTGGGGTGTGAAAAA
GAAGATTGTATGAAAACCATTGGTAATTTTTATTTTTTATTTTTGGGACTGCACTATCCT
GTTCACGAAGACATGTGAACTTGGTTCAGTCCAAATGGGGATTTGTATAAACCAGTGCTC
TCCATTAGAAATATGGTGCAAGCCACATATGTAATTTTAAATATTCTAGTAGCCACATT4
ATAAAGTAAAAAGAAACAAAAAAAAAAAAAAAAAAAAA
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FIG. 2. Full cDNA sequence for FK H L15. The coding sequence begins at position 689 and ends at 1816. The sequence for F K H L15 is 
shown including the 5 ' and 3' untranslated regions and the ORF. The polyalanine coding sequence is underlined, as are the potential 
polyadenylation sites. The forkhead domain is outlined in bold. (Accession No. U89995)
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Basic

FIG. 3. Alignments o f F K H L15 forkhead domain to the most closely related members of the forkhead family. Identical amino acids are 
represented by dots, and the amino acid identity level is shown at the end of each row as a percentage. The relative positions of the helical 
and basic regions of the 100-amino-acid forkhead domain are shown below the ahgnments. The forkhead, H N F30, H N F 3y, and XFD-1  
genes are all members of class I. SLP2 is a member of group II, FD 3 is a member of group III, and BF-1 is a member of group V.

group A gene, XPA (Satokata et al., 1993); and the 
keratin-18-like 3 gene, KRT18L3 (Romano et al., 1988) 
(Fig. 4). Sequence analysis of the clones in the selected 
cDNA library showed 100% sequence identity to 
KRT18. The human KRT18 gene has previously been 
mapped to human chromosome 12ql3 (Yoon et al., 
1994). There are, however, three sequences hybridizing 
to KRT18 on chromosomes X, 9, and 11 (Romano et al., 
1988), I t  is very likely that KRT18L3, which maps to 
chromosome 9, was responsible for the isolation of 
KRT18 transcipts in the cDNA selection procedure. Da
tabase searching with the KRT18 sequence identified

an 88% homology to a 1.5-kb sequence entry for the 
characterization of the upstream region of XPA (Acces
sion No. hsul6815) (Satokata et al., 1993). This defines 
the exact position of KRT18L3 with respect to XPA. 
When t\ieKRT18L3 sequence was aligned withXRTlS, 
it was found that the AUG start codon at base position 
194 had been lost, and it is therefore likely that 
KRT18L3 is a pseudogene (data not shown). KRT18L3 
is not present on mouse chromosome 4 (data not 
shown), which would suggest that the KRT18L3 pseu
dogene adjacent to XPA is of relatively recent evolu
tionary origin.

D9S780 X P A

_ L
D9S180

_ J _

177C10 125H2

15H 11

225B12. .35D6

.2 4 3 H 1 1 183C4

P704P2495

P704I09103

TMOD NCBP XPA KRT18L3 

 ►
FKHL15

FIG. 4. A comprehensive physical and transcriptional map of the D9S780-D9S180 region. (A) Relative positions of the markers D9S780, 
XPA, and D9S180 in relation to the F K H L15 locus according to the YAC map of Morris and Reis (1994). The cosmid (B) and PAG (C) clone 
maps were derived by hybridization of whole cosmids and PACs and verified by restriction digests. (D) Schematic representation of the 
locations of the genes (not to scale).
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FIG. 5. Multiple-tissue Northern hybridizations. (A) Hybridization with the FK H L15 cDNA clone HFF12G12. (B) Hybridization with 
-̂actin probe.

Isolation and Sequencing of cDNA Clones 
for FKHL15

HFF12G12 was used to screen a human keratinocyte 
stem cell cDNA library. Six identical clones of 3.5 kb 
were isolated. The FKHL15 cDNA clones were se
quenced and used to search against entries in Gen- 
Bank. A potential open reading frame was observed for 
nt 689 to 1816 with the ATG at 689 having a moderate 
match to the initiation start site for vertebrates 
(CGCGCCAUGA for FKHL15 versus GCCGCCAUGG) 
(Kozak, 1989). The full DNA sequence for FKHL15 is 
shown in Fig. 2 with the amino acid sequence shown 
below. Three putative polyadenylation signals of AAT- 
AAA are found at positions 2249-2254, 3411-3416, 
and 3480-3485 (see Fig. 2).

The region 830-1150 showed greater than 80% nu
cleic acid homology to members of the forkhead gene 
family. The forkhead domain spans amino acid resi
dues 53 through 153. Figure 3 shows the alignment of 
the forkhead region of FKHL15 against related mem
bers of the forkhead family. The most closely related 
members {HFH-7 and freac-8) do not fall into any of 
the five classes according to Murphy et al. (1994), due 
to not satisfying the greater than 75% amino acid ho
mology criteria, and may form a new sixth class. 
FKHL15 shares homology over the forkhead domain 
only with the other 12 known human members. A puta
tive nuclear localization signal of 5 basic amino acid 
residues upstream of the forkhead domain is observed 
at residues 43-47 and a second one at the end of the 
forkhead domain at amino acid residues 157-161 (Rob
bins et a i, 1991). A polyalanine tract of 19 alanine 
residues is found at position 64-82 downstream of the 
forkhead domain. A similar-length polyalanine tract is 
also observed in the mouse homeobox engrailed-1 DNA- 
binding protein (Han and Manley, 1993) (data not

shown). Domains rich in alanine residues have also 
been found in other developmental DNA-binding pro
teins including the Drosophila kruppel gene (Licht et 
al., 1994), the TBP-binding protein D rl (Yeung et al.,
1994), the human homeobox gene EVXl (Briata et al.,
1995), and the murine homeodomain gene Msx-1 (Ca
tron et a l, 1995). These alanine-rich domains are be
lieved to be responsible for the transcriptional repres
sion activity associated with the above genes. The ala
nine-rich domain in FKHL15 may serve a similar 
function. The last 9 alanine residues are encoded by a 
GCC trinucleotide repeat, while a mixture of alanine 
codons is used for the first 10 residues highlighted in 
Fig. 2. The C-terminal region of the coding sequence 
shows no significant homology to any entries in Gen- 
Bank. Attempts were made to isolate the mouse homo
logue for the FKHL15 gene using a probe derived from 
the C-terminal region of the coding sequence. No sig
nals were observed on mouse Northern blots, cDNA 
libraries, or genomic Southern blots, suggesting that 
the mouse DNA sequence for the non-forkhead region 
of FKHL15 is not highly conserved (data not shown).

Expression of FKHL15

Human multiple-tissue Northerns were hybridized 
with HFF12G12 (Fig. 5). A single 4.5-kb message was 
detected in adult brain, placenta, lung, liver, skeletal 
muscle, kidney, and pancreas. An additional 1.5-kb 
message was also detected in adult heart and a 1.8-kb 
message in pancreas. Adult colon, small intestine, and 
prostate showed the presence of only the 1.5-kb mes
sage, while adult testis showed a 2.8-kb message and 
adult thymus gave 5.0-, 4.5-, and 3.2-kb messages. Ex
pression was strongest in heart and pancreas. The 
presence of FKHL15 was not detected in adult spleen, 
ovary, or peripheral blood leukocyte.
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The variation in message size could be due to a com
bination of alternatively spliced products for FKHL15 
and the potential use of different polyadenylation sites.

The presence of a forkhead domain within the 
FKHL15 gene suggests that one of the functions of 
FKHL15 may be to bind DNA, with an important role 
in development. The alanine-rich domain located close 
to the C-terminal side of the forkhead region is similar 
to those that have been observed in other DNA-binding 
proteins associated with transcriptional repression. It 
is therefore possible that FKHL15 also possesses tran
scriptional repression activity.

The map position for FKHL15 around D9S180 places 
it within the candidate regions for the genetic disorders 
HSN-1 (Nicholson et al., 1996) and ESSl (Goudie et a l, 
1993). More recently the presence of a tumor suppres
sor locus around D9S180 has been implicated through 
allele loss studies for chromosome 9q, showing a 50% 
loss of the D9S180 marker in squamous cell cancer 
(Holmberg et a l, 1996). Recently several develop
mental genes have been shown to cause certain cancers 
when mutated, such as the human tumor suppressor 
gene PTCH and downstream targets W N Tl and GLI 
(Pennisi, 1996).
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Abstract. The human CD39-like-l gene (CD39L1) was isolated 
from a selected cDNA library enriched for transcripts from regions 
of human Chromosome (Chr) 9q. Database searches with se
quences of one group of clones from the selected cDNA library 
showed strong amino acid homology to the lymphoid cell activa
tion antigen CD39, an ecto-apyrase gene from human and mouse. 
The full-length sequence for CD39L1 identified a putative 472 
amino acid protein with greater than 60% identity with the chicken 
muscle ecto-ATPase protein, as well as homology to a number of 
other known ecto-ATPases and ecto-apyrases from rat, garden pea, 
yeast, and Toxoplasma gondii. A  high level of amino acid identity 
suggests that CD39L1 is closely related to the chicken muscle 
ecto-ATPase. The presence of the human ABC2 gene on an over
lapping cosmid and hybridizations to somatic cell mapping panels 
suggest that CD39L1 maps to human Chr 9q34. A mouse homolog 
was isolated (showing greater than 78% nucleotide sequence iden
tity) and mapped by FISH to mouse Chr 2, the syntenic region of 
human 9q34. The genomic structure of CD39L1 reveals 9 exons 
covering less than 7 kb.

Introduction

Ecto-ATPases are transmembrane glycoproteins that hydrolyze ex
tracellular nucleoside tri- and/or diphosphates. Ecto-ATPases are 
divalent, cation-dependent, and insensitive to inhibitors of P-type, 
F-type, and V-type ATPases (Lin 1989a, Dombrowski et al. 1993; 
Stout and Kirley 1994). Several functions of ecto-ATPases have 
been proposed including the termination of purinergic signaling, 
cellular adhesion, vesicular transport, and purine recycling (Ples- 
ner 1995; Strobel and Rosenberg 1993; Kittel and Bacsy 1994).

Here we describe the cloning and mapping of a human gene 
with strong amino acid homology to the recently identified chicken 
muscle ecto-ATPase (Kirley 1997) and the human lymphoid cell 
activation antigen CD39 (Rowe et al. 1982; Maliszewski et al. 
1994). Biochemical studies indicate that the human CD39 protein 
is an ecto-apyrase (Wang and Guidotti 1996). Ecto-apyrases show 
high levels of amino acid sequence homology to ecto-ATPases 
(Asai et al. 1995; Bermudes et al. 1994), but differ by reduced rates 
of ADP and other nucleoside diphosphate hydrolysis as compared 
with ATP hydrolysis rates (ectoATPases hydrolyze NDPs at -1 -  
2% of the rate of ATP hydrolysis). CD39 is expressed primarily on 
activated lymphoid cells (Kansas et al. 1991; Ikewaki et al. 1992; 
Duensing et al. 1994) and has been used to define distinct subsets 
of activated lymphocyte (Gouttefangeas et al. 1992). The role of
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U91511 (mouse).

the ecto-apyrase function of CD39 may be to protect activated 
immune cells from the lytic effect of extracellular ATP released by 
target cells (Filippini et al. 1990; Di Virgilio 1995). CD39 is 
known to be involved in homotypic adhesion of activated B lym
phocytes (Kansas et al. 1991). A role in adhesion for ecto-ATPases 
has aiso been proposed in cultured cells of human pituitary (Kittel 
et al. 1995) and during the demyelination and remyelination of 
axons in the central nervous system (Felts and Smith 1996).

The potential role of CD39L1 is likely to involve ecto-ATPase 
activity and may be associated with adhesion. The map position of 
CD39L1 close to ABC2 on 9q34.3 (Luciani et al. 1994) places the 
gene downstream of the currently defined candidate region of the 
human genetic disorder tubular sclerosis I, TSCl, but within the 
region of 9q that is frequently lost in renal cell cancer (Povey et al.
1997).

Materials and methods

cDNA selection. cDNA selection was performed essentially as described 
(Kom et al. 1992; Chadwick et al. 1997). In brief, first-strand cDNA was 
prepared from keratinocyte and fetal sternum poly A+ RNA with random 
hexamer primers. After second-strand synthesis, adaptors were ligated to 
the blunt ends, and the cDNA population was amplified by 25 cycles of 
PCR with adaptor-specific primers. Two cosmids (Obermayr et al. unpub
lished) from the 9q34 region were nick translated in the presence of biotin- 
dUTP (Boehringer, Mannheim). Cosmid clones from the Lawrence Liver
more Chr 9 cosmid library were pre-hybridized with 150-fold weight ex
cess of human Cot-1 DNA (Gibco BRL) and hybridized at 42°C for 16 h 
to uncloned PCR-amplified cDNA. Biotinylated hybridization products 
were immobilized by streptavidin-coated magnetic beads on MPC-E (Dy
nal) and washed at 65°C for 10 min each with 2 x SSC, 1 x SSC, 0.3 x 
see, 0.2 X SSC, and 0.1 x SSC before elution in water at 85°C for 10 min. 
Eluted cDNA was sized on chromaspin-400 columns (Clontech), and PCR 
amplification was carried out as described above. Hybridization, immobi
lization, and elution were carried out once more before a final amplification 
by PCR for 16 cycles with primers containing uracil. PCR products were 
sized and cloned into the pAMP 10 vector (Gibco BRL). 1440 cDNA clones 
were picked into 96-well microtiter plates and transferred to 384-well 
microtiter plates before spotting by robot onto nylon membranes in a 3 x 
3 duplicate high-density array.

Isolation and sequencing o f cDNA clones. KFS12G4, a clone from 
the selected cDNA library (nucleotides 127-813 of CD39L1), was hybrid
ized to a human keratinocyte stem cell poly-T primed cDNA library (Phil 
Jones and Fiona Watt, unpublished). Four hybridizing cDNA clones were 
picked, and DNA was prepared with QiaTip-100 (Qiagen). A mouse cDNA 
clone was isolated from the embryonic day-17 pGADlO library from Clon
tech (Cat.:ML4006AB) hy hybridization with KFS12G4 and washing to 
0.3 X SSC at 65°C.

The clones were sequenced by primer walking with a fluorescent la
beled dye-terminator cycle sequencing kit according to the manufacturer’s 
instructions and electrophoresed on an ABI373 (Perkin-Elmer). DNA se
quences were analyzed by searches with the programs BLAST-N, BLAST- 
X, and FASTA.
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Northern analysis. The single-copy cDNA clone KFS12G4 was hybridized to Northern blots (Clontech, human multiple tissue Northern blots Catalog No. 7760-1 and 7759-1) according to the manufacturer’s instructions.

Zoo blot and somatic cell mapping panels. Genomic DNA was isolated as previously described (Sambrook et al. 1989) from the following cell lines: human lymphoblastoid cell line GM1416B (ATCC), the hamster fibroblast cell line A23, the mouse lymphoblastoid cell line BW5167 (ATCC), the dog fibroblast cell line MDMD (ATCC), the bovine epithelial cell line MDBK (ATCC), the monkey fibroblast cell line CV-1 (ATCC), and the pig cell line Cl 184 (ATCC). DNA was also prepared from the hamster fibroblast somatic cell hybrid 640-63al2 (Jones and Kao 1984) 
and the mouse lymphoblastoid somatic cell hybrid CV/340 (Mike Dixon). Southern blots contained 10 p,g digested genomic DNA per lane. The Zoo blot was washed to 0.3 x SSC, 0.1% SDS at 65°C.
Results

Isolation and sequence characterisation o f CD39LI. Transcribed 
sequences from regions of human Chr 9q were isolated by the 
cDNA selection technique (Korn et al. 1992; Chadwick et al. 
1997). A group of cDNA clones hybridized to common restriction 
fragments of the cosmid clone LLNLcl 15F7232 that had been 
used in the cDNA selection procedure (data not shown). One mem
ber of this cDNA group, KFS12G4, was used for further charac
terization of the corresponding transcript. Hybridization of 
KFS12G4 to a human keratinocyte stem cell cDNA library re
sulted in the isolation of four identical clones of 1.8 kb. The 
sequence of the clones was compared with search entries in Gen- 
EmblBank by use of BLAST. An open reading frame was identi
fied with greater than 41% amino acid identity (60% similarity) to 
the human lymphoid cell activation antigen CD39, a known ecto- 
apyrase (Wang and Guidotti 1996). The novel transcript was called 
CD39-like-gene-l, CD39L1. The available cDNA clones did not 
contain the initiation methionine codon and therefore did not ex
tend to the 5' end. Attempts to isolate the 5' end of CD39L1 by 5' 
RACE failed. To identify the 5' end, restriction digests of the 
cosmid clone LLNLcl 15F7232 were blotted and hybridized with 
KFS12G4 and the 5' end of a cDNA clone of the apparent mouse 
homolog of CD39L1 (see below). The hybridizing 5.0-kb H in d lll 
fragment was subcloned and partially sequenced. A segment over
lapping with the sequence of the CD39L1 cDNA clones showed 
high sequence homology to the 5' end of the human CD39 gene. 
An open reading frame extended to nucleotide 1437, with an ATG 
codon at nucleotide position 13, which showed a moderately good 
match to the initiation start site for vertebrates (CCGCCCAUGG 
for CD39L1 versus GCCGCCAUGG; Kozak 1989). The deduced 
amino acid sequence of CD39L1 is shown in Fig. 1. Two potential 
cAMP/cGMP phosphorylation sites, a tyrosine kinase phosphory
lation site and potential extracellular and intracellular protein ki
nase C phosphorylation sites, are indicated. Five potential N- 
glycosylation sites are also indicated. Hydrophobicity plots using 
Topred-II 1.1 (Claros and Von Heijne 1994) predict two potential 
transmembrane segments at the extremes of the protein, suggesting 
that CD39L1 has the topology of a type la membrane protein with 
a short N-terminal and C-terminal cytoplasmic domain, and a large 
extracellular domain (Fig. 2). Hybridization of KFS12G4 to a zoo 
blot (Fig. 3) shows that the DNA sequence for CD39L1 is well 
conserved between vertebrates.

Expression o f CD39L1. Human multiple tissue Northern blots 
were hybridized with KFS12G4 (Fig. 4). A strong 2.0-kb signal 
and weaker signals at about 3.5 kb and 5.0 kb were observed in 
adult brain, placenta, skeletal muscle, kidney, pancreas, heart, 
ovary, testis, colon, small intestine, prostate, and pancreas. No 
signal was observed for adult thymus, spleen, lung, liver, and 
peripheral blood leukocytes.

MAGKVRSp^PPLLLAAAGLAGLLLLCv|pTRDVREPPALKYGIVLDAGSSH 50

TSMFIYKWPADKEiDTGIVGQHSSCDVPGGGISSYADNPSGASQSLVGCL 100

EQALQDVPKERHAGTPL^LGATAGMRLIf LTNPEASTSVLMAVTHTLTQY 150

PFDFRGARILSGQEEGVFGWVTANYLLENFIKYGWVGRWFRPRKGTLGAM 200
cAMP/cGMP

DLGGASTQITFETTSPAEDRASEVQLHLYGQHYRVYTHSFLCYGRDQVLQ 250

RLLASALQTHGFHPCWPRGFSTQVLLGDVYQSPCTMAQRPQNFiSSARVS 300
C

LSGSSDPHLCRDLVSGLFSFSSCPFSRCSFNGVFQPPVAGNFVAFSAFFY 350

TVDFLRTSMGLPVATLQQLEAAAVNVCJQTWAQQLLSRGYGFDERAFGGV 400

IFQKKAADTAVGWALGYMLiLTNLlPADPPGLRKGTDFSSfjvVLLLLFAS 450
 ̂ cAMP/cGMP

ALLAALVLlÏIrQVHSAKLPSTI 472

Fig. 1. Complete amino acid sequence for CD39L1. Transmembrane regions are boxed. Two potential cAMP/cGMP phosphorylation sites are shown. A potential tyrosine kinase site is indicated by an arrow. The potential extracellular and intracellular protein kinase C phosphorylation sites are indicated by the letter C. Five putative N-glycosylation sites are represented by highlighted N residues.

Genomic characterization o f CD39L1. The genomic structure of 
CD39L1 was determined from a 5.0-kb and a 2.1-kb H in d lll sub
clone of cosmid LLNLcl 15F7232 by sequencing across intron 
exon boundaries with exonic primers. CD39L1 is made of nine 
exons covering less than 7 kb of genomic DNA. All splice donor 
and acceptor sites conform with the 5' gt.. 3' ag rule (Breathnach 
and Chambon 1981). Intron sequences at the exon boundaries, 
exon and approximate intron sizes are given in Table 1.

Mapping o f CD39LI to human 9q34. To confirm the location of 
CD39L1 on Chr 9q, KFS12G4 was hybridized to a somatic cell 
mapping panel (data not shown). The hybridizing 5.0-kb H in d lll 
fragment was present in 640-63al2 (Jones and Kao 1984), which 
contains 9q as the only human component, but was absent in 
CV340, which contains 9pter-9q22. The fine localization of 
CD39L1 on 9q34 is based on the result that the cosmid clone 
containing CD39L1, LLNLcl 15F7232, overlaps with the clone 
LLNLcl 15235C6 (data not shown). LLNLcl 15235C6 was re
sponsible for the isolation of ABC2 by cDNA selection (data not 
shown). The ABC2 gene has been mapped by FISH to 9q34 (Lu
ciani et al. 1994).

Isolation and mapping o f mouse cd39ll. A mouse cDNA clone 
was isolated from an embryonic day-17 cDNA library by hybrid
ization with KFS12G4. The mouse cDNA clone contained the 
full-length coding sequence and showed 78% DNA sequence iden
tity to the human CD39L1 cDNA (data not shown). Alignment of 
the human and mouse cDNA sequences shows that the mouse 
cDNA clone is probably alternatively spliced, since human exon 4 
is absent. This causes a shift in the reading frame and a stop codon 
at the beginning of (human) exon 5. It predicts a truncated protein 
with a single transmembrane domain (data not shown). Embryonic 
cDNA libraries frequently contain otherwise rare alternatively 
spliced transcripts, and it is likely that other spliced forms of the 
mouse gene exist that conform to the human gene. During the 
screening for mouse cd39ll clones, two further mouse cDNA 
clones were isolated that showed significant amino acid sequence 
homology to members of the ecto-ATPase family (data not
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Fig. 2. Hydrophobicity prediction for the CD39L1 protein using TopPred II. (Putative setting = 1.0; Certain setting = 1.2)
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Fig. 3. Zoo blot with total DNA from human, monkey, mouse, hamster, bovine, dog, and pig. For each lane, 10 p,g of DNA was HinéWl digested. Standard lengths are given.
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Fig. 4. Multiple tissue Northern hybridizations. (A) Hybridization with the CD39L1 cDNA clone KFS12G4. (B) Hybridization with p-Actin probe.

shown). This would suggest that these genes belong to a gene 
family.

A cosmid clone containing the mouse cd39U gene was isolated 
and mapped by FISH to mouse Chr 2. MMU2 has been shown to 
contain a region of conserved synteny to human Chr 9q34 (Povey 
et al. 1997). This is additional evidence that the mouse transcript 
described above is derived from the homolog of human CD39L1.

Discussion

We report here the isolation and mapping of a human (CD39L1) 
and mouse {cd39L l) gene with high homology to the lymphoid 
cell activation antigen ecto-apyrase (CD39 and cd39) from human 
and mouse. The CD39L1 protein shows high homology to other 
members of the ecto-ATPase family, in particular the recently 
identified chicken muscle ecto-ATPase (Kirley 1997; Fig. 5). 
Alignment of chicken enzyme with CD39L1 and the CD39 show 
a 23 amino acid deletion in CD39L1 compared with chicken ec- 
toATPase and CD39. The putative mouse homolog cd3911 and the 
other sequences are homologous in this region, and it is not clear 
whether the difference in CD39L1 is due to alternative splicing.

The N-terminal region of the protein is also most conserved in 
alignments with related genes from yeast (splP40009 + 
splP32621), garden pea (splp52914), rat (gil 1754710), Cae
norhabditis elegans (gil 1086594), potato (gil 1381633), and Toxo
plasma gondii (splP52913) (data not shown), consistent with the 
observation made for the chicken muscle ecto-ATPase (Kirley 
1997) and the suggestion that the enzymatic activity of the proteins 
is located within this region. The predicted membrane topology of 
the CD39L1 protein is the same as that predicted for the chicken 
muscle ecto-ATPase (Kirley 1997) and other members of the fam
ily, with the majority of the protein on the exterior of the plasma 
membrane. At the C-terminus, the CD39L1 protein has a short 
C-terminal putative cytoplasmic tail of 12 amino acids (Fig. 2) that 
contain a possible target site for protein kinase C phosphorylation. 
This may be involved in signaling across the plasma membrane. 
The CD39L1 protein also has five extracellular sites that conform 
to N-glycosylation consensus sequences, suggesting that, like 
other ecto-ATPases, CD39L1 is heavily glycosylated (Plesner 
1995).

CD39L1 is located on human Chr 9q34 in a region of Chr 9q 
that is frequently lost in renal cancer, but is telomeric to the re
cently narrowed TSCl candidate region (Povey et al. 1997). 
CD39L1 is a compact gene covering less than 7 kb (Table 1). This 
agrees well with the relatively high gene density observed for the 
region (Povey et al. 1997).

There is a distinct lack of expression of CD39L1 in adult 
spleen, thymus, and blood, tissues associated with the immune 
system (Fig. 4). PCR of reverse transcribed mRNA isolated from 
the human chronic myelogenous leukemia cell line K-562 and the 
activated B-cell line Bristol-8 showed the presence of the CD39L1 
message (data not shown). The CD39 transcript is also absent from 
lymphocytes, but can be detected in activated cells of the immune 
system (Kansas et al. 1991). CD39 was also shown by monoclonal 
antibody staining to be strongly expressed in endothelial cell lines 
and skin. The presence of CD39L1 in many tissues also known to 
express CD39 raises an interesting question. Immunocrossreactiv- 
ity was observed by Western blotting between monoclonal and 
polyclonal antibodies raised against the chicken ecto-ATPase and 
two commercially available monoclonal antibodies against the hu-
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Table 1. Intron sequences at the CD39LI acceptor and donor sites. Intronic sequence is given in lower case, with the 
conforming 5' gt and 3' ag sequences highlighted. Exon sequence is given in large case. Approximate total coverage 
6.2Kb.

Exon Acceptor Donor Exon Size Intron Size

I AAGglgcgcgcccgggcacccag 138bp ~2300bp
2 tccctccccctcccccccagl AT CAGgtgaggcccagcccagcca 118bp 570bp
3 tctctcggccctccctctagGTG CAAgtgagtgtgcctgtgccctg 15lbp 86bp
4 gagttctgtgtgttttgcagCCT AAGgtgggcccagcagccagcca 160bp 78bp
5 ccacactcccctctccacagT AC CAGgtgcccctccaccgtggctc 228bp ~350bp
6 cacgctggtgattcccccagACC GTGgtgagtaggggcaggcgggt 255bp 78bp
7 tgtgactgcgccccctacagGCC CAGgtgagccccgclcccactcc I20bp ~845bp
8 ccggggccatgttcgtgcagCAG AAGgtgggctggggcggggcggg 66bp 78bp
9 ggccacgcccttccccgcagGCC >500bp -

K Y G IV L D A G S S H T
K Y G IV L D A G S S H T
K Y G IV L D A G S S H T

c h i c k a t p a s e  
h C D 3 9 L l  
C D 39

c h i c k a t p a s e  
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Fig. 5. Amino acid sequence alignment of the human CD39L1 protein, the human ectoapyrase CD39, and the chicken muscle ecto-ATPase protein. 
Identical amino acids are indicated by black boxing, while conserved amino acids are highlighted in gray. Spaces in the sequences are represented by a
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man CD39 protein (Kirley 1997). The degree of protein homology 
between CD39L1 and CD39 is higher than the homology of the 
chicken muscle ecto-ATPase and CD39. It is, therefore, possible 
that the CD39L1 protein may crossreact to commercial monoclo
nal antibodies raised against CD39.

On the basis of the high amino acid and structural homology, 
it is likely that CD39L1 is a new member of the ecto-ATPase 
family. Since the ecto-apyrase gene CD39 is involved in homo
typic adhesion in activated B lymphocytes (Kansas et al. 1991), 
CD39L1 may have a similar role. If CD39L1 is the true homolog 
of the chicken muscle ecto-ATPase gene, then this would be the 
first human ecto-ATPase gene to be identified.
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SUMMARY
The Fifth International workshop on chromosome 9 comprised a gathering of 36 scientists from 

seven countries and included a fairly even distribution of interests along chromosome 9 as well as a 
strong input from more global activities and from comparative mapping. A t least eight groups had 
participated in the goal set at the previous workshop which was to improve the fine genetic mapping 
in different regions of chromosome 9 by meiotic breakpoint mapping in allocated regions and this has 
resulted in some greatly improved order information. Excellent computing facilities were available 
and all contributed maps were entered not only into SIGMA (and thence submitted to GDB) but also 
into a dedicated version oïACEDB  which can be accessed on the Web in the form of one of 28 slices 
into which the chromosome has been arbitrarily divided. I t  was generally agreed that the amount 
of data is now overwhelming and that the integration and validation of all data is not only unrealistic 
in a short meeting but probably impossible until the whole chromosome has been sequenced and fully 
annotated. Sequence-ready contigs presented at the meeting totalled about 3 MB which is about one 
fiftieth of the estimated length. The single biggest barrier to integration of maps is the problem of 
non-standard nomenclature of loci. In  the past 2 workshops efforts have been made to compare 
traditional ‘consensus’ maps made by human insight (still probably best for small specific regions) 
with those generated with some computer assistance (such as SIGMA) and those generated 
objectively by defined computer algorithms such as Idb. Since no single form of map or 
representation is entirely satisfactory for all purposes the maps reproduced in the published version 
of the report are confined to one of the genetic maps, in which Genethon and older markers have been 
incorporated, a Sigma map of the genes as symbols together with a listing of known ‘ disease ’ genes
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on chromosome 9, and a revised assessment of the mouse map together with a list of mouse loci 
predicted to be on human chromosome 9. One of the 28 ACEDB slices is also shown to illustrate 
strengths and weaknesses of this approach. Workshop files include not only all maps available at the 
time but also details of loci and details of the meiotic breakpoints in the CEPH families 
(http : / /www.gene.ucl.ac.uk/scw9db.shtml).

This report and other information on chromosome 9 can be found on the chromosome 9 homepage 
at the U RL: http://www.gene.ucl.ac.uk/chr9/

INTRODUCTION
The format of this report reflects the working groups at the meeting and co-ordinators of each 

group are identified. The groups included 9p, proximal 9q, 9q34, global, computing and informatics, 
comparative mapping and disease genes. Disease data have been placed in the relevant chromo
somal region and in addition a summary of all known disease-causing genes on chromosome 9 is 
shown in Table 1. As previously, a name with a date in the text report refers to a publication 
listed in the reference section. All other references refer to abstracts at this workshop. The proceedings 
of the fourth workshop were published and listed in the references(Pericak-Vance et al. 1995).

The Whitehead Institute have been producing whole genome maps based on a combination of 
YAC and radiation hybrid mapping. The R H  maps have been built using the whole genome radi
ation hybrids panels Genbridge 4 and Stanford. These maps consist of a framework map taken 
from the genetic linkage map generated at Genethon. These are then populated with STSs from 
known genes and ESTs and any other markers amenable to analysis by PCR amplification. There 
was nobody from this group at the meeting, but all publicly-available maps were available and 
considered by subgroups. In  addition, information from RHD B was extracted for the use of 
individual researchers at the meeting. However, these data (now available as the Science map, 
Schuler et al. 1996) do not form part of this publication.

THE 9p group
Group co-ordinators : Olufunmilayo Olopade and Nigel K  Spurr

Mapping of the short arm of chromosome 9 has until recently always been in the shadow of the 
efforts undertaken to map the long arm. However, this situation is changing and the report from 
this workshop reflects the rapid increase in knowledge in this region.

Total 9p mapping

Several groups reported or had supplied partial or whole arm maps of 9p. These included ac
curate assignments for many genes and ESTs. More than 145 markers were placed on the SIGMA 
map. The group refined the localization of some markers with a combination of data generated 
from genetic and physical mapping using radiation hybrids, YAC clones and meiotic mapping in 
CEPH families (Bouzyk et al. ; Rebello et al. ; Ridanpââ et al.). Nigel Spurr presented an integrated 
radiation hybrid YAC map of chromosome 9p. Eighty-nine STS markers were used in the con
struction of the R H  map and these were used to isolate and order a minimal tiling path of YAC 
clones identified from the CEPH mega-Y  AC library. This contig is 88 individual YACs in length 
with an average size of 1 Mb giving about 90% coverage of the short arm. A few minor gaps remain 
mainly towards the centromere and telomere. Additionally, two major gaps (~  3 cM each) occur 
between D9S269 and D9S1039E and between CNTFR and D9S962 and these are also identified by

http://www.gene.ucl.ac.uk/scw9db.shtml
http://www.gene.ucl.ac.uk/chr9/
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the maps generated by the Whitehead Institute. These two gaps flank the gene CDKN2 which is 
commonly deleted in several tumour types. Many of the YAC clones were tested for integrity by 
F IS H  mapping. This map reduces the average physical distance between markers to 0-75 Mb on 
the integrated map.

The distal portion of 9p has always been poorly mapped. At the meeting Rebello and colleagues 
presented a new genetic map of 9p24 which included several new Genethon markers. In  addition, 
a meiotic breakpoint map of 9p as well as a full length genetic linkage map were presented.

A cosmid in the sub-telomeric region of 9p has been identified and will be used to anchor the 
telomere of 9p. The marker D9S1779 was identified as the most telomeric genetic marker on 9p. 
The marker D9S163, shown as telomeric on the Whitehead map is placed by genetic mapping and 
also by F IS H  much more proximally in p21 (see Fig. 4.)

9p regional maps

Several detailed maps of specific sub-regions of 9p were presented. These included a 1 Mb region 
around RPS6 (Illison et al.). RPS6 codes for the ribosomal protein S6. The gene lies in a 9p22-p23 
region telomeric of the IF N  gene cluster. Further mapping is underway to construct a cosmid 
contig of the region. A transcript map of 9pl3-p21 (Lynch et al.) and a 2-8 Mb region around the 
tumour suppressor gene CDKN2 (Olopade et al.) were presented. These regions have cosmid contigs 
ready for DNA sequencing ; three cosmids around CDKN2 have already been sequenced completely 
(Olopade, personal communication.)

Gene localization on 9p

The localization of the following genes were refined: VLDLR, AK3, RPS6, CNTFR, PAX5, 
CHH, R L N l, T Y R P l, MLLT3. In  addition, numerous ESTs coding for genes of unknown function 
were located on the R H  and YAC maps. Lynch and co-workers reported on the isolation of several 
new ESTs from around the CDKN2 locus. They used exon trapping to isolate novel sequences from 
200 to 250 cosmids which span approximately 3 5-4 0 Mb of this region.

No further information was available on the location of NRASLl. This gene was placed on 9p in 
1987 following in situ hybridisation with a probe specific for NRASl. A secondary signal was detected 
on 9p leading to the assignment of NRASLl. I t  is questionable whether this localization should be 
retained or should be archived until DNA sequencing of this chromosome takes place.

Disease genes on 9p

Considerable progress has been made in mapping and localizing disease genes on 9p and several 
reports were presented at the meeting.

Sex determination
Monosomy of distal 9p is frequently associated with abnormal development of external genitalia 

in 46, X Y  boys. A gene involved in sex determination has been located at the tip of 9p. I t  has 
been refined between SNF2L2 and D9S144 in the region 9p24.1-qter (Guioli et al.] Veitia et al.).

9p~ Syndrome
The constitutional 9p” syndrome was mapped to the region between D9S267 and D9S286 (Schwartz 

et al.). This syndrome includes facial dysmorphology and mental retardation. The majority of patients 
have a breakpoint in 9p22 with breakpoints clustering in two regions, between D9S1659 and D9S285
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and also between D9S1709 and D9S162. These were mapped with high resolution F ISH  using 40 
YACs and PCR with 25 different STSs. The minimal region covers approximately 2-3 Mb in the 
region 9p22-p23,

Tumour suppressor loci
The most well characterized tumour suppressor locus on 9p involves the gene CDKN2 of which 

germline mutations have been described in melanoma and pancreatic cancer families. This region 
has been frequently reported as being the target for high frequency deletions in a wide range of 
somatic tumours in cell lines and primary tissue.

In  addition, other data were presented at the workshop supporting other regions of deletion on 
9p. Terminal deletions of 9p were reported in several breast cancer cell lines using F ISH  mapping 
with a panel of YACs from 9p (Savelyeva et al.). Every marker tested distal to D9S1813 was 
hemizygously deleted in the majority of cell lines; two homozygous deletions of the region distal 
to D9S1813 and between D9S263 and D9S1845 were identified. Campell and co-workers presented 
data on LOH in lung cancer cell lines that peaked around the locus D9S259. However, there con
tinue to be significant data in support of CDKN2 as the target gene involved in 9p deletions. 
Olopade et al. presented a genomic map of the MTAP gene in relation to CDKN2 and CDKN2B 
including the comparative map of the rat map and CDKN2 loci.

CDKN2 appears to be the target locus in multiple tumour types. In  addition to several families 
segregating melanoma having mutations in CDKN2, several have been reported with mutations in 
another gene, CDK4, which interacts with the CDKN2 gene product, pl6. Although CDKN2 has 
been reported to be inactivated by homozygous deletions, méthylation of the promoter region or 
by point mutations, there remain some 9p-linked families that do not have detectable mutations 
in CDKN2. The group decided to keep the designation of MLM on the map alongside CDKN2 until 
the issue of mutations in all the melanoma families could be resolved. The group also decided not 
to assign a name for pl9ARF, the alternate transcript from Exon IB  of CDKN2 until a human 
protein corresponding to the pl9ARF is characterized. No mutations in Exon IB  have been de
scribed in melanoma kindreds thus far.

Lymphatic leukaemias and PAX5 on chromosome 9p

The 9pl3 region is involved in t(9;13) (pl3;q32), and Ohno et al. (1990) showed that in a diffuse 
large cell lymphoma (K IS l) with this translocation the IgH  locus on chromosome 14 was translocated 
to 9pl3 sequences of unknown function. Busslinger et al. (1996) showed that in the K IS l trans
location the E mu enhancer of IgH  is brought into proximity with the PAX5 promoters and that 
PAX5 gene transcription is involved in the pathogenesis of lymphatic lymphomas with plasma- 
cytoid differentiation.

Cartilage hair hypoplasia {CHH)
The gene for CHH has previously been shown to be 0 3 cM proximal to D9S163 between the 

PAX5 and CNTFR genes. Radiation hybrid mapping in this region has refined the localization of 
PAX5, TPM2, GALT and CNTFR and has excluded IL l lR A  and HA2337 as candidate genes 
(Ridanpââ et al.).

TYRPl Tyrosinase related protein 1 in 0CA3 
Boissy et al. (1996) reported mutation in and lack of expression of tyrosinase related protein-1 

(TRP-1) in brown oculocutaneous albinism, a new sub-type of albinism classified as 0CA3. One 
member of a set of African American twins was found to have light brown skin and blue-grey irides
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with a red reflex consistent with brown oculocutaneous albinism. The other twin had dark hair 
and dark skin pigment. The affected twin was homozygous for a single basepair deletion in exon 6 
of T Y R P l. The deletion of an A in codon 368 led to a premature stop at codon 384.

REPORT ON 9 c E N -9 q 3 1  

Group co-ordinators : Brian P. Chadwick, Susan A . Slaugenhaupt 
Physical and genetic mapping on 9cen-9q31

Two regions of proximal 9q have been the centre of attention for physical mapping over the 
past year around the nevoid basal cell carcinoma syndrome (NBCCS) on 9q22 and familial 
dysautonomia (DYS) on 9q31.

A YAC contig spanning the genetically defined NBCCS region of 9q22 between D9S196 and 
D9S180 suggests a physical distance of greater than 2 Mb (Hahn et al. 1996). A second YAC contig 
spanning D9S197 and D9S287 implies this region is approximately 5-5 Mb (Johnson et al.. 1996). A 
further map presented at this meeting spanning F ACC and D9S173 agreed with a physical estimate 
previously described by Hahn et al. Four independent YAC maps covering 9q22 exist (Hahn et al. 
1996, Johnson et al. 1996, Morris et al. 1994; Bench et al. unpublished). Fig. 1 shows the conflicting 
results for the order of the markers. The precise ordering of D9S280, PTCH, F ACC, FB P l and 
D9S287 remains unresolved. Although the order of these markers shows discrepancies on the YAC 
maps, data from the CEPH breakpoint map in two phase known recombinants give the order 
Cen-D9S196-D9S280-FACC-D9S287-Tel. This is in agreement with other previously published 
maps (Povey et al. 1994).

The YAC contig surrounding the DYS gene has been expanded to 13 Mb in distal 9q31 
(Slaugenhaupt et al.). An 800 Kb cosmid contig begins 300 Kb proximal to D9S1677 and extends 
through D9S311. Recently a BAC contig has been constructed that spans the interval D9S261 
through D9S310. In  addition to this 13 new markers were added to the existing breakpoint map 
between D9S180 and D9S59 (Slaugenhaupt et al.).

Disease genes in 9cen-9q31 
Hereditary sensory neuropathy type 1 (HSNI)

HSNI was mapped to an 8 cM region flanked by D9S318 and D9S176 on 9q22.1-22.3. Multipoint 
analysis gave the most likely location at D9S287 (Nicholson et al. 1996). This dominant disorder 
causes loss of sensation, especially to pain and temperature, and is the most common of a group of 
degenerative disorders of sensory neurons.

Familial dilated cardiomyopathy (CMDIB)
A large kindred with autosomal dominant familial dilated cardiomyopathy (CMDIB) was assigned 

to 9ql3-q22 by linkage analysis between D9S153 and D9S152 (Krajinovic et al. 1995). FDC is 
characterised by impaired myocardial contractility and ventricular dilatation.

Hearing loss
Neurosensory nonsyndromic hearing impairment (DFNB7) was mapped in two consanguineous 

families from India to 9ql3-q21 (Jain et al. 1995). A second autosomal recessive nonsyndromic 
hearing loss was mapped to 9ql3-q21 in two inbred Bedouin kindreds from Israel by Scott et al. 
(1996). Scott and colleagues show linkage to D9S922 and D9S301 on 9q. The disease locus lies 
between the markers D9S915 and D9S927. Haplotype analysis shows segregation with a common
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Fig. 1. Schematic map showing the conflicting results for the relative order of markers from 9q22.1 IV  show 
physical results from YAC maps, while V shows the CEPH breakpoint map order (I. Johnson et al, 1996; 
II. Hahn et al, 1996; II I .  Morris and Reis, 1994; IV. Lench et al, this meeting). Not shown to scale.

haplotype in two kindreds at markers D9S927, D9S175 and D9S284, supporting the belief that 
both families inherited the disease gene from a common ancestor. The positioning of this locus is 
distal to that described for DFNB7. Either this represents a novel form of neurosensory non
syndromic hearing loss, or it positions the DFNB7 locus to a more telomeric region. There is a 
deafness (dn) locus in the mouse which maps to mouse chromosome 19 with flanking loci syntenic 
to 9qll-q21.

CSMF Human homolog of rat NORl gene.
A segment on chromosome 9q22 is fused to the EWS (Ewing sarcoma gene) on chromosome 22 

in a recurrent translocation 9 ; 22 which is observed in extraskeletal myxoid chondrosarcomas (Gill 
et al. 1995). The segment on chromosome 9 which gives rise to the fusion gene with EWS was 
reported to be a homolog of the rat N O R l gene (Clark et al. 1996), who noted further that it is a 
member of the steroid/thyroid receptor gene super family. In  the EWS-CMSF fusion protein the C 
terminal RNA binding domain of EWS is replaced by the entire CMSF protein.

FreidreicKs ataxia {FRDA)
The gene for the autosomal recessive condition Friedreich’s ataxia (FRDA) was identified by 

Campuzano et al. (1996) to be X25 on 9ql3. A few FRDA patients were found to have point 
mutations in X25 but the majority were homozygous for an unstable (GAA)n trinucleotide ex
pansion in the first X25 intron. A severely reduced X25 mature mRNA (expected to result in a 
low level of frataxin) in the spinal cord, heart and pancreas is probably the primary cause of 
neuronal degeneration, cardiomyopathy and increased risk of diabetes. Carvajal et al. (1996) reported 
that the X25 (frataxin encoding gene) described by Campuzano et al. (1996) comprises part of a 
gene that they described as STM7. They reported that the STM7.1 transcript has phosphatidyl 
inositol-4-phosphate 5-kinase activity, similar to the catalytic domain of the ataxia telangiectasia 
gene. Durr et al. (1996) analysed 187 patients with autosomal recessive ataxia. They reported that 
larger GAA expansions correlated with earlier age of onset, with the frequency of cardiomyopathy
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and with loss of reflexes. They concluded that test of the GAA repeat expansion is useful for 
diagnosis, prognosis, and counselling.

Nevoid basal cell carcinoma syndrome {NBCCS)
The gene for NBCCS was identifled by mutations in a gene with strong homology to the drosophila 

segment polarity gene patched (Hahn et al. 1996; Johnson et al. 1996). NBCCS is characterised by 
multiple basal cell carcinomas of the skin, jaw cysts, other tumours and skeletal abnormalities. 
Hahn et al. found that four unrelated patients had deletions and insertions in patched (PTCH) 
that resulted in frameshifts and two had mutations leading to premature stop codons. Johnson et 
al. reported one patient with a 9bp insertion while another had an 11 bp deletion. Both groups 
investigated the possibility of PTCH involvement in the more common sporadic BCC in patients 
not affected by NBCCS. Hahn et al. show that in two sporadic cases of BCC with allelic loss of the 
NBCCS region had inactivating mutations in the other allele. Johnson et al. found a C-T transition 
that changed a Leu, conserved in drosophila, chicken, mouse and humans to a Phe.

Other work on tumour suppressor loci in 9cen-9q31 
Previously allelic loss of proximal 9q was reported in basal cell carcinomata, ovarian cancer and 

bladder cancer (Pericak-Vance et al. 1995). Lench et al. (1996) report the loss of DNA markers in 
odontogenic keratocysts on 9q22.3-q31 in three sporadic cases where the patients had no family 
history or symptoms of NBCCS. Odontogenic keratocysts of the jaw are a common symptom of 
NBCCS (Gorlin, 1987). The presence of inactivating mutations in the human PTCH gene for spor
adic forms of odontogenic keratocysts has not been shown.

Further allele loss of 9q22.3 in human non-melanoma skin cancer was reported by Holmberg et 
al. (1996). In  eight sporadic cases of basal cell carcinoma loss of markers between D9S196 and 
D9S180 was observed. For squamous cell carcinoma a frequency of 50% LOH was observed for 
D9S180 and suggest the presence of a tumour supressor gene important in development of squamous 
cell cancer within the D9S196-D9S180 interval or distal of it. Others have shown loss of 9q31-q32 
distal of D9S180 in squamous cell carcinomas of the oesophagus (Miura et al. 1996). Miura and 
colleagues isolated six new microsatellite markers at 9q31-32 and narrow a region commonly de
leted in squamous cell cancer to 200 Kb between KM9.1 and D9S177.

Devlin et al. (1996) present evidence for three possible tumour suppressor loci involved in ovarian 
cancer on chromosome 9. Thirty-three ovarian tumours were investigated for LOH on 9 and it was 
detected in 26 cases. The region commonly deleted on 9p was shown to be between D9S126 and 
D9S736 at 9p21. Large regions of 9q were also shown to be deleted.

Fukuyama congenital muscular dystrophy {FCMD)
Toda et al. (1996) utilized linkage disequilibrium mapping to further reflne the map location of 

FCMD in the Japanese population. They determined that the markers D9S2105, D9S2107, and 
D9S172 are closest to the FCMD locus. Haplotype analysis carried out using these markers revealed 
that most FCMD bearing chromosomes are derived from a single ancestral founder. Toda et al. 
(1996) reported that these markers can be used for the diagnosis of sporadic cases of FCMD in the 
Japanese population. They reported further that the FCMD gene most likely lies within a 100 Kb 
region containing D9S2107. Toda et al. (1996) considered that the receptor tyrosine kinase, MuSK, 
described by Valenzuela et al. (1995), is a possible candidate for the FCMD gene, since this gene is 
expressed in muscle and brain and it maps to chromosome 9q31.3-9q32.

A mild form of the brain malformation Cobblestone Lissencephaly (CL) is present in FCMD. 
Patients with Walker-Warburg syndrome (WWS) suffer from a severe form of CL. FCMD and 
WWS consist of congenital muscular dystrophy and complex malformations of the brain and eye.
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Both disorders have been shown to inherit the same 9q31-32 alleles in two Japanese families and 
could be genetically identical. Northrup et al. investigated the possibility of WWS being allelic to 
FCMD by testing several markers from the 9q31-32 region on seven families with one or more 
children affected by WWS. Linkage of FCMD to WWS was not excluded.

I

New and refined placements of other genes on 9cen-9q31

The gene for the human nuclear cap binding protein, NCBP, was mapped by somatic cell hybrids 
and cosmid hybridization to 9q22 adjacent to the human gene for xeroderma pigmentosum com
plementation group A (XPA) and is conserved adjacent to mouse xpa on MMU4 (Chadwick et al. 
1996). NCBP is important for the pre-mRNA splicing and the transport of RNA from the nucleus 
to the cytoplasm (Ohno et al. 1990).

The gene for cyclin dependent kinases regulatory subunit 2 (CKS2) was mapped to 9q22 by FISH  
(Demetrick et al. 1996). CKS2 binds to the catalytic subunit of cyclin dependent kinases, and is 
essential for their biological function (Nigg, 1993).

Lench et al. and Chadwick et al. placed the human tropomodulin gene (TMOD) adjacent to the 
STS D9S780 close to the NCBP gene. TMOD is a tropomyosin binding protein that regulates the 
elongation and depolymerization of tropomyosin coated actin filaments (Weber et al. 1994).

Lench et al. mapped the human p57 gene which codes for the Coronin protein to 9q22. Coronin 
binds to F-Actin and is required for normal motility and participates in cytokinesis (Hostos et al. 
1991).

Chadwick et al. presented data for the mapping of the Keratin-18-like3 gene (KRT18L3 ). KRT18L3 
was mapped to chromosome 9 by somatic cell hybrids (Romano et al. 1988). KRT18L3 is located 
less than 1 Kb upstream of the XPA gene on 9q22. Comparisons of the KRT18L3 genomic sequence 
to human KRT18 showed loss of the AUG start codon and premature stop codons suggesting that 
KRT18L3 is a pseudogene (Chadwick et al. submitted).

Two novel genes GRC-7 and GRC-14 were mapped downstream of the FACC gene (Chadwick et 
al. unpublished). A third novel gene GRC-3 was mapped close to the D9S180 marker.

Isoleucyl-tRNA synthetase (JARS) was localised to 9q21 by FISH  (Nichols et al. 1996). This is 
in agreement with Whitworth et al. (unpublished) who fine mapped an EST for lARS (Acc.No. 
d28473.gb_pr) by PCR across a set of radiation hybrids with well defined breaks in 9q to 9q21. 
The 17-y^-hydroxysteroid dehydrogenase 3 (HSD17B3) gene was fine mapped by Lench et al. close 
to the D9S1809 marker. HSD17B3 when mutated causes pseudohermaphroditism (Geissler et al. 
1994).

A total of 10 ESTs were fine mapped to the D9S197-D9S180 interval (Hahn et al. 1996) : R14225, 
T88697, R14413, R06574, R17127, R39928, T11435, Z43835, R16281 and yo20g05.sl. This is in 
agreement with Lench et al. (unpublished).

Montermini et al. (1995) identified the gene X104 as the human tight junction protein ZO-2 when 
characterizing 150 Kb of the FRDA critical region on 9ql3. A second gene, PRKACG, encoding 
for the a-catalytic subunit of the cAMP-dependent protein kinase was placed between FR8 and 
FR6 on 9ql3.

REPORT ON 9 q 3 2 - 9 q t e r  

Group co-ordinator David Kwiatkowski 
Physical and genetic mapping 9q32-9qter

A subgroup of ten individuals gathered to consider the state of the map of 9q34, and to prepare 
an update to the consensus map of this region. The region continues to be exceptionally gene and
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STR marker rich, with 59 known genes and over 200 STR markers assigned. There was little 
change to the map in the region of H XB . Immediately below H X B  on the map there is a cluster 
of 18 STR markers without genetic distance separation. The physical and/or genetic basis for this 
clustering is unknown. The map below this region has been significantly improved (Knowles et al.). 
D9S275, D9S195, D9S258, D9S103, and AFMA239XA9 are known to be part of a 2-fold deep YAC 
contig, with the first four of these in the order given. GSN and D9S123 are likely to be connected 
on the telomeric side of this contig in a 1-fold deep extension. Considerably greater resolution has 
been given to the region below GSN, due to the efforts of Macintosh et al. The NPSl gene is now 
localized to a 1 cM interval (S60-AK1), and the following order of markers is secure, due to in
formative events in either CEPH or NPSl kindreds: D9S282-(S266, S1829, S113)-S60-(S1821, 
S112, S315, S1798)-AK1-END-SPTAN1-S1144-S61-(S260, S121, S752)-S63-(S120, S903)-PTPA- 
(S65, SI 15)- S62-S159-S63-(ASS, ABL). Considerably greater resolution has been given to the 
region between S149 and Si 14, the consensus critical region for the TSCl gene (Wolfe et al, 
Kwiatkowski et al, Gilbert et al. Fried et al). The order of markers and genes in this region is now 
known at the 10 Kb level: S149-S2127-S2126-S1830-S2133-S1199-CEI^S1198-S2134^ABO- 
SU R F1-SU R F6-S U R F5-R PL/7A -S U R F1-SU R F2-SU R F4-S 164-S 1793-S968-S150-D B H - 
S122-S10-S66-VAV2-S114. A sequence ready contig now covers almost all of this region, and the 
Whitehead Genome Center has begun sequencing of cosmids from this region : -4446_7fab- 
2ba_1863-5dde_5d9a-Relatively little change has occurred in the region telomeric to SI 14 in re
cent months.

Additional disease mapping in 9q32-9qter
Tuberous sclerosis

Au et al. (1996) reported results of analysis of chromosome 9 markers in a large TSC family where 
linkage to chromosome 16 (TSC2) had been excluded. Analysis of haplotypes showed a cross-over 
event at the A6 locus. This is a highly polymorphic locus 100Kb proximal to D9S114 and 200 Kb  
distal to D9S66. The cross-over event placed the TSCl locus centromeric of A6. This cross-over 
event eliminated C0L5A1 as a candidate gene. Henske et al. (1996) reported that 57% of angio- 
myolipomas and rhabdomyomas from 28 TSC patients showed LOH for 16pl3. Out of 47 patients 
analyzed, LOH for chromosome 9q34 was only found in 1 patient. Carbonara studied LOH in both 
the TSCl and the TSC2 loci in 20 hamartomas. Loss of heterozygosity at either locus was found in 
7 out of 14 cases of sporadic TSC and in 1 out of 4 familial cases. Loss of heterozygosity at the 
TSC2 locus was signifcantly more frequent in the sporadic patients. They tested 7 other tumour 
suppressor gene regions in the TSC hamartomas and found no evidence of LOH in these regions.

Green et al. (1996) demonstrated clonality in 12 out of 13 hamartomas from females with TSC. 
They examined differential méthylation of the H p a ll restriction site adjacent to to the androgen 
receptor repeat polymorphism on X q ll-1 2 . Using this method they demonstrated a skewed pat
tern of X  inactivation in 12 hamartomas.

Ehlers Danlos syndrome
Burrows et al. (1996) observed tight linkage of the C0L5A1 locus to a mixed Ehlers Danlos 

syndrome type I / I I  phenotype in a 3 generation family; the lod score was 4 07 at theta 0. Burrows 
reported that the variation in expression in this family suggested that EDSl and I I  are caused by 
mutations at one locus and linkage data supported the hypothesis that mutation in C0L5A1 can 
cause both phenotypes. Wenstrup et al. (1996) examined 4 families with EDSl and reported that 
EDSl cosegregated with C0L5A1 in two families. In  one of these families they demonstrated that 
affected individuals were heterozygous for a 4 bp deletion in intron 65 and this led to a deletion of
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344 basepairs of exon 65 in the processed mRNA. In  two other families linkage of EDSl and 
C0L5Alwas excluded. Wenstrup et al. (1996) concluded that EDS types I  and I I  constitute a 
clinical molecular spectrum which is genetically heterogeneous.

SUBGROUP ON BLADDDER CANCER GENES
Group coordinator : Margaret Knowles

Previous LOH studies have shown that there may be multiple tumour suppressor loci on 9q in 
addition to the locus at 9p21. Further deletion mapping studies have shown that several bladder 
cancers have localised deletion at 9qS3 or 9q34. The deleted region at 9q33, named as Deleted in 
Bladder Cancer 1 (DBLCl), is considered to be near to D9S195, and the region at 9q34 may be 
overlapped with the TSCl locus (Habuchi and Knowles, 1996).

Bartlett et al, reported that in bladder tumours from patients with known outcome, 3 hotspots 
for LOH could be identified at CDKN2, D9S15 and ABL. These losses were independent of tumour 
stage but loss at ABL was associated with high grade disease. Investigation of the peri centromeric 
classical satellite (9ql2) by F ISH  showed 30% (6/20) of patients with subsequent disease recur
rence demonstrated loss of chromosome 9 in their primary and all subsequent TCCs analysed. No 
patients with non-recurrrent disease showed this loss {p =  0-047). In  addition, LOH occurred more 
frequently at D9S67 (q34-3) and ABL (q34-l) in TCCs from patients with recurrent, progressive 
disease, indicating that loss at 9ql2 may predict disease recurrence, whilst loss at q34 may predict 
tumour progression.

SUMMARY OF DISEASE LOCI 
Group co-ordinators : Moyra Smith and Jean Frezal

Advances in understanding of disease-causing genes on chromosome 9 in the past year and at 
the workshop are included in the relevant sections. Table 1 shows a complete list of known disease- 
causing genes on chromosome 9.

BREAKPOINT MAPPING
Group co-ordinators Sue Povey and John Attwood

Six abstracts, representing in some cases more than one group (Kwiatkowski et al. ; Ozelius et al. ; 
Haines et al.; Slaugenhaupt et al.; Rebello et al. and Pericak-Vance et al.) present data from the 
concerted breakpoint mapping effort. Data have also been contributed by Hope Northrup and by 
Rob Furlong. These results have been incorporated into the overall map but, because of some 
difficulties in the data formats and the need to look at some of the data again, are not yet visible 
in the meiotic breakpoints displayed in ACEDB on the chromosome 9 home page. The program 
which is used to generate and draw the breakpoints has recently been described (Attwood and 
Povey 1996) and it is hoped to complete this analysis soon.

Fig. 2 shows a sample breakpoint obtained from the WEB version of ACEDB. This shows the 
evidence that FACC is proximal to D9287, as indicated by CEPH individual 1416-09. The haplo- 
typed system Galton : D9S287 contains three loci (D9S287, D9S1851, D9S1809) which have not so 
far been found to recombine within the CEPH families. However, in this example only one member 
of that haplotyped system was informative (or perhaps the others were not tested). Thus FACC 
can be placed proximal to D9S287, but the position with respect to D9S1851 and D9S1809 cannot 
be deduced from these data alone.
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Fig. 2. Details of a breakpoint in CEPH individual 1416:09

Table 1. Table of disease genes on chromosome 9

Gene symbol Putative gene Location

SRA 46XY sex reversal 9pter-p22
SLClAl(EAACl) Dicarboxylicaminoaciduria glutamic aciduria 9p24
OVC Oncogene ovarian adenocarcinoma 9p24
VLDLR Very low density lipoprotein receptor 9p24
TYRP, CAS2, 0CA3 Tyrosinase related, homolog of mouse brown 

gene
9p23

IF N A l Interferon deficiency 9p22
LALL Lymphoblastic leukemia with 

lymphomatous features
9p22-p21

MLLT3 Acute myeloid/lymphoid or mixed lineage 
leukemia with 9p translocation

9p22

GLDC, HYG Nl, GCSP Glycine dehydrogenase, decarboxylating 
isolated non ketotic hyperglycinemia

9p22

CDKN2A, Pie, MTSl Cyclin dependent kinase inhibitor 2A 
(inhibits CDK4) Melanoma

9p21

CDK2B, P15, INK4B Cyclin dependent kinase inhibitor 2B 9p21
AMCDl, DAI Arthrogryposis multiplex congenit distal 

type
9p21-q21

GALT Galactosemia 9pl3
MROS Melkerson Rosenthal facial swelling 9pll
IBM2 Inclusion body myopathy 9pl-q l
VMCM Venous malformations multiple cutaneous 

and mucosal ‘blue rubber bleb’ syndrome
9p

M FTl Multiple familial tricoepithelioma 9p21
CHH Cartilage-Hair Hypoplasia 9pl3
CMPDl Cardiomyopathy familial dilated 9ql3-q22
DFNB7 Deafness autosomal recessive 9ql3-21.1
FRDA Friedreich ataxia Frataxin 9ql3
CSMF Chondrosarcoma, extra-skeletal, fused to 

EWS, member of steroid thyroid receptor 
super-family

9q22

ALDOB Aldolase B, fructose biphosphatase fructose 
intolerance

9q22
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Table 1 (cont.)

Putative gene Location
FBPl Fructose diphosphatase deficiency 9q22.3

HSD17B3
hypoglycaemia, metabolic acidosis 

Hydroxy steroid (17beta) dehydrogenase 3 9q22

HSNI

male pseudohermaphroditism with 
gynecomastia

Hereditary sensory neuropathy 9q22.1-q22.3
FACC Fanconi anemia, complementation group C 9q22.3
PTCH, BCNS, NBCCS Patched, drosophila Homolog, Gorlin basal 9q22.3

ESSl, MSSE
cell nevus syndrome 

Self-healing squamous epithelioma 9q31

TAL2
Ferguson-Smith type 

T cell acute leukaemia, 33 kb from 9q31

DYS
breakpoint in t(7 :9)

Familial dysautonomia, Riley-Day 9q31—q33
FCMD Fukayama muscular dystrophy 9q31—q33
MUSK Receptor tyrosine kinase, muscle specific 9q313-q32
AFDN Acrofacial dysostosis. Nager type 9q32
D Y T l Torsion dystonia autosomal dominant 9q32-q34
SAR, SARD Sarcosine dehydrogenase sarcosinemia 9q33—q34
ABL 1 Abelson oncogene, fusion with BCRl in 9q34.1

ALAD
chronic myelogenous leukaemia 

delta amino levulinate dehydratase acute 9q34

AKl
hepatic porphyria

Adenylate kinase 1, haemolytic anemia 9q34.1
ASS Arginosuccinate synthase, Citrullinemia 9q34.1
C5 Complement, C5 deficiency 9q34.1
CRAT, CATl Carnitine acetyl transferase deficiency 9q34.1
CAN, CAIN (D9S46E) Cain, fusion gene with DEK in acute 9q34.1

END, ENG, HHT, ORW
myelogenous leukaemia 

Hereditary haemorrhagic telangiectasia 9q34.1

EPB72
Osler-Rendu-Weber, endoglin 

Erythrocyte membrane band 7,2 stomatin. 9q34.1

NPSl
Stomatocytosis 

Nail-pateUa syndrome 1 9q34.1
XPA Xeroderma pigmentosum 9q341
GSN Gelsolin, amyloidosis, Finnish type 9q34
DBH Dopamine beta hydroxylase, deficiency 9q34
TSCl Tuberous sclerosis I 9q34
EDS I  and I I  C0L5A Ehlers-Danlos, types I  and I I  some families 9q34

SET
linked to C0L5A with C0L5A mutation 

SET, fused with Cain in acute 9q34

ITO
undifferentiated leukaemia 

Hypomelanosis of Ito ?9q33-qter

GLOBAL CONCERNS 
Group co-ordinator Jonathan Haines

There was universal agreement that the vast amount of genetic (meiotic), physical (contig), and 
radiation hybrid (EST, STS) data being generated on a whole-genome basis is of extreme value to 
the community. However, integration of these various sources of data was difficult to impossible.

Two primary hurdles were identified. The first was the sheer volume of data, which makes the 
traditional ways of resolving order by human discussion impractical (certainly in the time avail
able!). At this meeting the data were viewed in the Multimap facility oi ACEDB (managed by John 
Attwood) and also in the Location Database (Andy Collins) as well as GDB (presented by Chris 
Porter), GID(presented by Jean Frezal), and the SIGMA map (curated by Julia White). Prior to 
the meeting some map comparisons and integrations providing graphical output were produced by
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Stan Letovsky (at GDB). I t  was agreed that some automation is necessary to cope with the volume 
of data although in small regions specialist human knowledge is invaluable. I t  was also thought 
that automated tightening methods (such as refining cytogenetic locations by deductions from 
other information) although valuable, should remain distinct from primary data.

I t  was clear that use of appropriate databases could make the wealth of data available to all. 
However, the second problem seems more intransigent. This was the different naming systems 
being used. Each project has used its own designations for its probes/primers/loci, with little at
tention to maintaining aliases which would allow cross-referencing between databases. Any single 
locus, for example, might be represented in different databases as a probe name, a primer name, a 
D#, a GDB accession number, A W I (Whitehead Institute) number, an AFM (Genethon) number, 
an EST number, or a gene name. There was general dismay that the D# naming system was 
dropped as a primary name in GDB, and that its use seems to be in decline. There was a consensus 
shared by all groups (see below) that a consistent naming system be used.

INFORMATICS
Group co-ordinators Julia White and John Attwood

An integrated map of chromosome 9 has been maintained for the past 2 years using the SIGMA 
software. This has proved to be a very useful tool, especially at the Single Chromosome Workshops. 
However the software does have some disadvantages, and the main points to be addressed for this 
workshop were as follows.

(1) The computing resources required to run SIGMA mean that it is not easily accessible to many 
of the researchers in the chromosome 9 community. This means reliance on Postscript files and 
printouts, with only limited views of the data, between Workshops.

(2) Order and ambiguities in placement of markers in the SIGMA map can be seen best at high 
magnifications, but these are difficult to produce as legible printouts. SIGMA can only easily export 
an order, with fractional distance information, for import into other databases (such as GDB and 
SCW9db), and the positional ambiguities are lost.

(3) SIGMA is a good graphical tool, but not so good as a database. Only a limited amount of 
related data can be linked to elements in the map.

(4) SIGMA itself is incapable of matching up new màp objects with existing ones, even if the 
names are the same. The development of scripts for semi-automated entry of maps available in 
electronic form was necessary in order to be able to incorporate the increasing amount of map 
data available, with the minimum of effort.

These are problems which should be addressed by any future developers of graphical map tools.
The SCW9db database was developed for the Workshop by John Attwood using the ACEDB 

software package (Durbin & Thiery Mieg), and was an attempt to integrate maps and other data 
by consistent naming of map elements and other objects. I t  also contains a large number of hyper
links to information in external databases such as GDB, OMIM, Genethon and dbEST. I t  can be 
browsed and queried remotely by means of Webace (J. Barnett, unpublished) a W W W  interface 
for ACEDB databases, enabling it to be accessed from anywhere on the World Wide Web (which 
is widely used, with browsers available for all common computing platforms). The U R L for viewing 
SCW9db is h t tp  : //www. gene. u c l. ac. uk/scw9db. shtm l. A number of recent genetic and 
physical maps were obtained in machine-readable form and converted into a common ACEDB 
format, at the same time using tables of aliases derived from GDB, Genethon and local knowledge 
to turn as many aliases as possible into an approved symbol so that maps and markers could be 
compared without the problems of the same marker having several different names. These maps
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were also used for entry in SIGMA, in order to take advantage of the standardised nomenclature. 
ACEDlVÿ, Multimap facility can also be used to align maps alongside each other and highlight 
differences in order, and this also becomes much more useful when the names have been 
rationalised.

A major advantage of incorporating data from diverse sources into an ACEDB database is that 
the elements automatically form links to related objects in the database. Links to external databases 
were obtained from IGD, GDB and RHdb and, wherever possible, were turned into live hyperlinks 
leading directly to the target record in the remote database. Examples of databases for which live 
links could be constructed are GDB, EMBL, RHdb, dbEST and TIGR. Even where live links could 
not be constructed, the accession numbers are shown and can be looked up manually. By means of 
these links, vastly more information than could be obtained and put into SCW9db has been made 
available, and is kept up-to-date without any additional effort.

As well as maps from GDB, the Galton Lab, Genethon, ICRF, LDB, Sanger Centre and the 
Whitehead Institute, all of the Galton Lab breakpoints were included, together with the genotypes 
from which they were derived, plus RHdb data known to be on chromosome 9. The Science96 Map 
was added after the workshop, as it was not available in time. It  was decided to combine the map 
produced with SIGMA with the SCW9db database, so that the benefits of the workshop collab
oration could be available on the Web.
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are present on adjacent maps.

SCW9db can provide ‘views’ of all the maps in manageable ‘map slices’, enabling the user to 
look in detail at regions of interest and print these out if required. Since the current implementation 
of Web ace does not permit the display of views, the Sigma map was broken into 28 overlapping 
slices, and these were added to the database so that they can be viewed over the Web. The main 
disadvantage to viewing the integrated SIGMA map through SCW9db is that positional ambiguities 
are lost and so it is no longer possible to tell how securely placed any marker is, relative to its 
neighbours. Also, it should be noted that the ‘ best ’ order is sometimes only plain at higher magnifica
tions, due to space limitations when displaying many close markers.

We present illustrations of the maps which can be generated. Fig. 3 shows SIGMA output of all 
genes (not ESTs) localised on chromosome 9. Fig. 4 shows a SIGMA genetic map of chromosome 9 
which combines Genethon and some older markers. Fig. 5 shows one of the mapslices described
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Fig. 7. Comparison of order of genes on human chromosome 9 (left) with the order on the syntenic mouse 
chromosomes (right). Only genes which have been localized to a reasonably limited part of a chromosome 
in both species have been included. The human chromosomal locations are taken from Fig. 3 of this report 
(sigma map), and the vertical bars represent the extent of the localization. The mouse loci are derived from 
a range of sources, including the relevant chromosome committee reports and many published and 
unpublished mapping studies (e.g. Pilz et ai. 1995; etc). They are arranged to show order, and distances are
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Table 2. Mouse mutants in  regions of synteny with H SA 9

HSA9
syntenic
region

9p23

9p23
9p23
9p21-p23
9pl3

9ql3-q21
9q21-q22

Mouse
symbol Locus name

T y rp l Tyrosinase related protein- 
1

L yr  Lymphoma resistance
dep Depilated
P t Pintail
Cntfr Ciliary neurotrophic factor

receptor 
dn  Deafness
pcd  Purkinje cell degeneration

9q21-q22 mdac

9q22-q32 vc

9q31-q33
9q32-q33

9q32-q33
9q32-q33

9q32-q33
9q33-q34
9q33
9q33—q34 
9q34

9q34
9q34

9q34

Modifier of Dac

Vacillans

an Hertwig’s anaemia
Och Ochre

w i Whirler
L ps Lipopolysaccharide

response
Dre Dominant reduced ear
L sr l Listeria resistance 1
He Hemolytic component
stb Stubby
Notchi Drosophila notch gene

homologue 1 
sar Sarcosinemia
lis Urogenital syndrome

stu Stumbler

Pathology 

Brown coat colour

Sensitivity to lymphomas
Skin and hair defect ^
Tail defect
Motor neuron defects, perinatal lethality 

Deafness®'
Neurological degeneration, ataxia, retinal 
and olfactory cell degeneration, male 
sterility

Modifier of a second gene, Dac, and required 
for expression of digit defects 

Tremor and gait defect, small, reduced 
viability

Anaemia, perinatal lethality 
Coat colour, mild balance defect, reduced 
viability

Deafness, circling behaviour 
Immune defects

Cranial and pinna defects, small 
Susceptibility to bacterial infection 
Minor immune defects 
Skeletal defects, male sterility 
Prenatal lethal in homozygous null mutant

Metabolic defect
Multiple skeletal defects, hair defects, 
urogenital defects**

Neurological and gait defects
® dn might be a homologue of DFNB7 or D F N B ll, two recessive non-syndromic deafness loci.
** us might be a homologue of NPSl, nail patella syndrome.

above, taken from the 9q34 region and displayed by SCW9db. Fig. 6 shows a multimap comparison 
of three primary maps, in a small region of 9p. The print is a poor substitute for the live version!

COMPARATIVE MAPPING :
Group co-ordinators : Karen Steel and John Edwards

Since the last report, many more genes have been mapped in both mouse and human, giving a 
more detailed view of the alignment of syntenic segments of mouse chromosomes to HSA9. These 
are shown in Fig. 7. In  particular, refinement of localisations suggests that more re-arrangements 
during evolution have occurred than previously thought, including the following: Alignment of 
MMU4 markers with 9p suggests that two segments of MMU4 are represented here, but the polarity 
of the segment of MMU4 corresponding to 9pl3-p21 is not clear. Alignment of genes on MMU19 
with 9p24 and 9ql3-q21, and of MMU13 with 9q21-q22 show no inconsistencies in order. Align
ment of genes on a third segment of MMU4 with 9q22.32-q33 shows only one inconsistency, the

arbitrary. Vertical bars represent the approximate location of genes for which the order has not yet been 
clearly estabhshed. Black circles represent the positions of centromeres. The name of the human homologue 
is given where this is not obvious.
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position of ORMl, which is placed centromeric of ALAD and HXB, while in the mouse, detailed 
haplotype analysis has positioned Orml between Lv ( =  ALAD) and Hxb. Finally, the order of 
markers on MMU2 has been shown by detailed comparison with distal 9q to indicate at least two 
apparent inversions in order (Pilz et al.). Thus, the mouse markers Dhh, Surfl, and D2H9S10E 
appear to be inverted and exchanged with D2H9S114E, Rxra and ColSal, and the order of the 
markers Spna2 (=  SPTAN), Assl and Abl seem to be inverted, compared with the order of the 
human orthologues. Furthermore, Paep is located on distal MMU2, while on HSA9 it hes close to 
G R IN l, ABC2, C8G and NOTCH, the orthologues of which map to a more proximaT region of 
MMU2.

Table 2 lists the mouse loci identified by visible mutations which are likely to have homologues 
on HSA9. Many of the genes have not yet been identified and so the human homologiie has not 
yet been mapped, and the mouse loci may be poorly mapped in relation to known HSA9 genes, so 
some of the mouse mutations may eventually be found to correspond to locations on other human 
chromosomes. The approximate predicted position of each locus is shown in the left column.

Comparisons of chromosome 9 gene locations with positions in other species have been summarised 
by John Edwards in his abstract.

The chromosome 9 workshop was made possible by the support of the U.K. Medical Research Council ; Department 
of Energy DE-FG05-95ER62009-MOD.A001 and a grant from the E.U. through HUGO. The organizers would 
particularly like to thank Marina Rotunno for administrative and secretarial support and Ken Clarke for computer 
support. We acknowledge the support of Sun Microsystems, who kindly loaned some of the equipment. We would also 
like to thank Andy Saunders and the Oxford Computing Centre for their generous and efficient help and Tim Folkard 
for his invaluable help in preparing Figure 7.
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