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Summary

utrophin is a large protein, which accumulates at the neuromuscular 

and myotendinous junctions in the adult skeletal muscle, and is 

widely expressed in several non-muscle tissues. Evidence from a 

variety of sources suggests that a successful strategy for treatment 

of Duchenne muscular dystrophy will be to increase the expression 

of utrophin in muscle. In order to facilitate this much needs to be 

learnt about utrophin gene regulation, in particular about alternative 

isoforms, their promoters and their role in muscle and non-muscle 

tissues. My project involved searching for novel transcripts 

transcribed from the utrophin gene. Two novel transcripts of utrophin, 

Up71 and Up140, with unique first exons and promoters located in 

intron 62 and intron 44, respectively have been identified in mRNA 

from brain by 5’ RACE. 5’ RACE using primers designed to amplify 

forms of the full-length utrophin failed to find alternative full-length 

forms in the brain or lung. The expression pattern for Up140 and 

Up71 was investigated using RT-PCR and Western blotting, which 

revealed that both Up140 and Up71 mRNA are expressed in a wide 

variety of both human and mouse tissues, including skeletal muscle. 

However there was little evidence that this mRNA was translated 

widely. However a novel 120 kDa polypeptide was specifically 

detected in kidney. Further characterisation of Up140 and Up71 

mRNA revealed that they show transcript-specific differential splicing 

of exon 71 similar to that described for dystrophin isoforms. However 

no evidence for splicing of exon 78 of the utrophin gene was found, 

which was in contrast to dystrophin and may reflect subtle 

differences in the pattern of phosphorylation between the two 

proteins. Genomic sequences corresponding to Up71 and Up140 

were isolated and the sequence of their proximal promoters 

explored. The possible functions for the short utrophin transcripts are 

described and their evolutionary significance explored.
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Chapter 1.

Introduction.

The isolation of the gene defective in Duchenne muscular 

dystrophy (DMD) and the characterisation of the protein product, 

dystrophin, was a triumph of modern molecular genetics. DMD is a 

severe, progressive muscle wasting disease that affects approximately 

one in 3500 new born males. DMD and its milder allelic counterpart 

Beckers muscular dystrophy are inherited as X-linked recessive 

disorders. The DMD gene is unusually large spanning some 2.5 Mb 

and transcribes a mRNA transcript of 14 Kb that encodes a giant 

protein, dystrophin, molecular weight 427 kDa. The cloning of the gene 

allowed the functional basis of the disease to be worked out and led to 

better genetical advice for families at risk. Pre-natal diagnosis of the 

disease has considerably reduced the occurrence in families with a 

history of DMD however the majority of cases are the result of new 

mutations. This high mutation rate poses severe difficulties when 

considering genetic approaches to eradicate the disease.

During the cloning of the dystrophin gene an unusual cDNA 

clone was identified. Sequence analysis showed that this clone was 

the product of a separate gene locus, a homologue of dystrophin, now 

known as utrophin. The structure and functional similarities between 

utrophin and dystrophin led to the proposal that utrophin may be able 

to replace dystrophin in dystrophin deficient muscle. Utrophin is the 

topic of this thesis and in this introductory chapter I will consider the 

cloning of utrophin and the structure and function of the protein making 

comparisons with dystrophin where appropriate.

1.Utrophin

Utrophin cDNA -  cloning and sequence analysis. Utrophin was 

identified as a dystrophin-like cDNA, during the analysis of dystrophin 

cDNA clones isolated from a human foetal-muscle cDNA library. A 3.5
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Kb cDNA was found that did not correspond to the known sequence of 

the C-terminal region of the DMD cDNA. Further analysis showed that 

this cDNA, designated B3, comprised two Hind III fragments, one of 1.9 

Kb which was 65% homologous to the 3’end of the dystrophin coding 

sequence and one of 1.6 Kb that showed no homology with dystrophin 

(Love et al., 1989). It was assumed that the non-homologous 

sequence represented 3' untranslated sequence (UTR) and that B3 

was a novel dystrophin-like cDNA. Because this cDNA was 

ubiquitously expressed (see section: The expression pattern of 

utrophin) and with reference to its relationship with dystrophin, it was 

named utrophin.

In 1992, Tinsley at a!., (1992) cloned and sequenced the whole 

of the human utrophin cDNA, using cDNAs from a human glioma cell 

line and from human placenta (Fairbrother thesis, 1993), two tissues 

in which utrophin is abundantly expressed. Northern analysis indicated 

that the complete utrophin mRNA was 13Kb (Love at a/., 1989) and 

sequence analysis of a complete cDNA contig found a large open 

reading frame of 10,299 bp preceded by an ATG initiation codon and 

550 bp of 5’ untranslated sequence (UTR). At the 3' end the stop codon 

is followed by approximately 2Kb of 3' UTR before a consensus poly- 

adenylation sequence is reached.

A mouse full length sequence was isolated by a group in St 

Louis (Guo and Merlie., 1996), using a human cDNA to probe libraries 

from the BC3H1 cell line and adult mouse lung. Comparison of the 

cDNA sequences, showed that the mouse cDNA shares 84% 

homology with the human utrophin with highest homology at the 5’ 

end.

The DMD cDNA is known to be 14Kb and composed of a short 

200bp 5' UTR, a protein coding region extending over 11 Kb and a 

2.7Kb of 3’ UTR. When compared to utrophin, it can be seen that the 

size and structure of the transcripts are overall similar with some minor 

variations. The dystrophin transcript is slightly longer at 14 Kb; this can
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be attributed to a longer open reading frame 11 Kb compared to 10.2 

Kb and a longer 3' UTR, 2.7 Kb compared to 2 Kb.

Chromosome location. The gene encoding utrophin was

located to human chromosome 6q21-ter using Southern blotting and 

DNA from a panel of human-rodent somatic cell hybrid DMAs (Love at 

a/., 1989). The exact position of the human utrophin gene was 

narrowed to 6q24 (Buckle at a/., 1990) by radioactive in situ 

hybridisation to human metaphase chromosomes. DNA from an 

interspecific backcross (C57BL/6 x SPE) FI x C57BL/6 or (BALB/c x 

SPE) FI X BALB/c was used to map the mouse utrophin gene to 

mouse chromosome 10, by linkage analysis. This location is close to 

the murine dystrophia muscularis (dy) locus, which confers a 

neuromuscular recessive disorder. Homozygotes are characterised by 

the progressive weakening of muscle beginning at the age of three 

months, which progresses to paralysis and death at around six 

months.

The dystrophin gene (DMD) is X-linked as evidenced by the 

pattern of maternal inheritance with only sons affected. Various lines of 

investigation enabled the precise chromosome location of the DMD 

gene to be determined. The rare appearance of a muscle disease in 

young girls was found to be due to translocations between an 

autosome and the X chromosome: these translocations always 

involved the region Xp21 (Greenstein at al., 1977). In addition, a 

number of DMD boys were identified who had visible cytogenetic 

deletions at Xp21. Genetic linkage studies using X-linked restriction 

fragment length polymorphisms also localised the position of the DMD 

gene to Xp21 (Davies atal., 1983).

It is clear that the duplication, which gave rise to these genes 

from a common ancestral gene, was associated with translocation of 

one copy to a different chromosome.
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The utrophin gene. The utrophin gene structure has been described in 

part. The gene spans approximately 900Kb of genomic DNA and is 

multiexonic (Pearce at al., 1993). Some information regarding 

exon/intron structure was derived from a yeast artificial chromosome 

(YAC) contig of 1.25 Mb spanning the entire length of the utrophin gene 

(Pearce eta!., 1993). Hindlll digestion of overlapping YAC clones and 

stepwise hybridisation to cDNA clones identified a minimum of 39 

Hindlll fragments, which account for the complete length of the utrophin 

cDNA. Since the cDNA itself contains 9 Hindlll sites it can be 

concluded that the 13Kb transcript of utrophin cDNA is encoded by at 

least 30 exons. The genomic structure at the 5' end of the utrophin 

gene was investigated by digesting the four, 5’-most YACs with a 

variety of restriction enzymes and screening with 5’ cDNA clones.

These studies showed that the 5’ end of gene contains two exons 

followed by a cluster of rare cutting restriction enzymes; approximately 

140Kb further downstream lies a cluster of a further three exons.

Fairbrother, (Thesis, 1993) using Southern blotting of genomic 

DNA digested with various enzymes, PstI and Xbal identified at least 

ten exons in the 3’ end of the utrophin gene. Thus far a detailed 

account of the exon/intron structure of the entire utrophin gene has not 

been published but it has been assumed to be basically very similar to 

the dystrophin gene. Roberts used vectorette PCR to establish the 

structures of the dystrophin gene. The DMD gene comprises 79 exons 

(Roberts at a!., 1992) spanning a distance of some 2.4 megabases. 

The size of the introns range from a few base pairs to 400Kb (Koenig 

at a!., 1989, Bar at a!., 1990, Roberts at a!., 1992). Although less is 

known about the structure of the utrophin gene it is clear that estimates 

of exon structure derived solely from Southern blotting gives only a 

crude estimate of structural complexity.

The cluster of rare-cutting restriction enzyme sites at the 5’ end 

of the utrophin gene indicates the presence of a CpG island. Digestion 

using restriction enzymes sensitive and insensitive to méthylation 

confirmed that this region is a genuine unmethylated CpG island. This
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island corresponds to exon 1 and the proximal promoter region 

(Dennis et al., 1996). The immediate 0.9Kb 5’flanking sequence 

contains several binding sites for the ubiquitous transcription factor 

SP1 (GGGCGG) but has no TATA box or CAAT motif, as is the case for 

many C and G rich promoters (Dennis at a/., 1996). This proximal 

region contains an E-box which, binds helix-loop-helix proteins of the 

MyoDI family including MyoDI, myogenin, myfS and MRF4, known to 

be involved with the regulation of muscle gene expression (Davies at 

a!., 1989, Wright at a!., 1989). There is also an N-box motif. This 

sequence also occurs in the promoter region of the acetycholine 

receptor Ô subunit, a gene expressed at muscle nerve synapses

(Koike atal., 1995).

Sequence comparisons between the 5’ ends of the mouse and 

the human genes revealed that the proximal promoter region is 

conserved even though the sequence of the adjacent exon 1 (5’ UTR) 

shows only limited homology. This perhaps suggests that the proximal 

utrophin promoter is under greater evolutionary constraint than the 5' 

untranslated region.

The Spl binding sites are not conserved between the human 

and the mouse sequences, however the E-box is conserved and 

appears in the same position in the two sequences. Both sequences 

also contain an N-box but at slightly different position relative to the 

transcription initiation site (Dennis atal., 1996).

A muscle-specific promoter has been identified in a similar 

position, in the dystrophin gene. A DNA fragment containing the 

transcriptional start site and 850 bp of upstream sequence was shown 

to confer muscle-specific regulation on promoter-less and enhancer- 

less reporter gene expression plasmids when transiently transfected 

into myoblast cultures (Klamut at al., 1990). Analysis of the sequence 

of this region revealed homology to several muscle specific regulatory 

motifs including an MEF-1/E-box (Lassar at al., 1991), MEF-2 

(Navankasattusas at al., 1992),CarG box (Boxer ef a/., 1989) and MCAT 

(Mar and Ordahl, 1990). In addition a muscle-specific transcriptional
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enhancer has been found within exon 1 of the dystrophin gene (Klamut 

eta i, 1997).

This transcriptional enhancer is active in immature myotubes 

(H9C2) in vitro and mature skeletal fibres in vivo and increases 

transcription from the core muscle promoter of the human dystrophin 

gene. Enhancer activity has been narrowed down to a 195 bp region of 

which 30 bp appear to be essential for the binding of trans-acimg 

factors expressed in H9C2 myotubes (Klamut et al., 1997). Analysis of 

adjoining binding sites, identified an adjacent MEF-1/ E- box which, 

binds helix-loop-helix proteins of the MyoDI family including MyoDI, 

myogenin, myf5 and MRF4 and MEF-2/AT-rich motifs. The activity of the 

enhancer is lost if there is a mutation to one or both of these motifs 

(Klamut et al., 1997). The involvement of the Myo D family of 

transcription factors in the regulation of dystrophin gene expression 

suggests that dystrophin gene expression in muscle is regulated in a 

manner similar to that identified for other muscle-specific genes 

(Klamut et al., 1997). An enhancer similar to that described for 

dystrophin has not been identified in the utrophin gene.

The dystrophin gene has at least three and possibly four 

promoters at the 5' end of the gene which direct the tissue specific 

expression of the full-length transcripts. Thus far no alternative 5’ 

promoters of utrophin have been identified. The CpG-rich utrophin 

promoter contains several Spl binding sites and has motifs (E-box and 

the N-box) that may direct muscle and synapse-specific expression. In 

dystrophin there four E-box motifs compared to one in the utrophins 

proximal promoter region and although the position of the motifs is not 

conserved between the two genes it is possible that the regulation of 

both genes in muscle may be controlled by the binding of transcription 

factors belonging to the MyoD family. Interestingly the N-box motif is 

absent from the sequences upstream from both the brain and muscle 

specific dystrophin promoters. An N-box is present in the 5' flanking 

sequence of p2-syntrophin, which like utrophin specifically localises to

the NMJ. This motif is absent from the upstream sequence of a-1
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syntrophin, which localises to the sarcolemma and not to the NMJ 

(Peters et al., 1994). This implies that there may be a general 

mechanism for the selective transcription by synaptic nuclei and this 

may involve the interaction of a transcription factor capable of 

recognising the N-box motif (Dennis at a!., 1996).

The expression pattern of utrophin. mRNA in situ hybridisation

studies using a riboprobe designed from the 3’ UTR of utrophin, have 

shown that during mouse development, utrophin transcripts are first 

detected at 8.5 days in the mid-neural plate and in the caudal neural 

tube (Schofield at a/., 1994). As development proceeds utrophin 

expression at these sites persists and is also detected in neural crest 

cells and the spinal and cranial ganglia. Utrophin transcripts also 

appear in other neural crest derivatives including the ossifying facial 

cartilages and the nerve plexi. Expression is also found in the tendon 

primordia of the developing digits, which is not thought to be derived 

from neural crest. Later in development utrophin expression can be 

detected in the major organs e.g. the heart, kidney, and the lung (Love 

at a!., 1989). It is in these tissues that the highest level of utrophin 

occurs in the adult mouse. In addition utrophin mRNA also 

accumulates in the pituitary gland, thyroid gland, adrenal gland, the 

follicles of the vibrissae and the out-flow tract of the heart (Schofield at 

a!., 1994).

Poly-clonal antibodies were raised against fusion proteins 

derived from the B3 utrophin cDNA clone (Love at a!., 1989). These 

antibodies are cross-reactive with dystrophin and to avoid confusion 

analysis of utrophin protein expression was carried out in the mdx 

mouse a dystrophin deficient mouse model, (Bulfield at a!., 1984, 

Sicinski at a!., 1989) (see section 1: Animal models, the mdx mouse). 

These studies showed that utrophin protein is present in a full range of 

tissues including brain, intestine, kidney, liver, skeletal muscle, spleen, 

testis and lung. In addition to polyclonal antibodies, panels of 

monoclonal antibodies have been raised to various fusion proteins
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(Nguyen thi Man eta/., 1991, Pons eta!., 1991, Helliwell eta!., 1992). 

Using these antibodies expression was demonstrated in smooth 

muscle including vascular smooth muscle, capillary endothelial cells, 

smooth muscle of the veins and arteries and in the perineurium of 

normal human muscle and nerve fibres (Helliwell at a!., 1992).

In many tissues utrophin is located at specialised cell-cell or 

cell-extracellular matrix contacts including the foot processes of the 

kidney filtration barrier, the bronchial wall of the alveoli and the 

intercalated discs of the heart (Pons at a!., 1994). Utrophin is also 

expressed in focal adhesion and adhesion type junctions in the kidney 

(Belkin at a!., 1995, Belkin and Burrigde, 1995). In brain, utrophin is 

enriched in vascularised regions, in the astrocyte foot processes of the 

blood-brain barrier and in the post-synaptic region of some synapses 

(Khurana atal., 1995, Kamakura atal., 1994).

Certain monoclonal antibodies are utrophin specific and do not 

cross-react with dystrophin and these have allowed a detailed study of 

expression in skeletal muscle where high levels of dystrophin are 

expressed. In normal adult muscle, utrophin is expressed at the 

neuromuscular junction (NMJ) (Khurana at a/.,1992, Ohiendieck at 

a/., 1991, Nguyen thi Man at al., 1991) and at the myotendinous junction 

(MTJ), the principle site of force transmission across the cell 

membrane, (Khurana ef a/., 1992, Law atal., 1994).

Considerable interest was stimulated by the observation that, in 

some muscle fibres of patients suffering from DMD and in mdx mice, 

utrophin is detectable not only at the NMJ and MTJ but also at the 

sarcolemma, where it takes on the distribution of dystrophin. Utrophin 

levels are also considerably higher in muscle fibres that are 

regenerating (Khurana ef a/., 1992, Karpati atal., 1993, Love at al.,

1991, Helliwell ef a/., 1992).

In contrast to utrophin, dystrophin shows a relatively restricted 

pattern of expression. Dystrophin mRNA is first detected in the 

developing heart and somites at 9.5 days but is not detected at this 

stage in any other tissue or cell type (Houzelstein at al., 1992). As
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development progresses mRNA accumulates predominantly in 

skeletal, cardiac and smooth muscles. Dystrophin expression is also 

detected in various regions of the brain; in the cerebellum shortly after 

its formation and in regions of the forebrain (Houzelstein et ai, 1992). 

Dystrophin transcripts were also detected in the epiphysis (the 

precursor of the pineal gland), and in cells that will form the glandular 

part of the pituitary and hypothalamus (Houzelstein at ai, 1992).

In the adult, dystrophin appears to be similarly limited to 

skeletal, cardiac and smooth muscles and brain. Expression in the 

brain is localised to the hippocampus and cerebral cortex and the 

Purkinje cells of the cerebellum (Gorecki at ai, 1992). Dystrophin 

mRNA has also been detected in non-muscle tissue other than brain 

by RT-PCR (Chelly at a/., 1988). This mRNA may represent short 

transcripts of the dystrophin gene rather than the full-length form (see 

section: the utrophin gene)

In skeletal muscle a clear difference between the developmental 

patterns of utrophin and dystrophin has been described. In human 

foetal muscle utrophin mRNA appears at the sarcolemma at 11 weeks 

and levels rise during development reaching a maximum level around 

week 17; levels then decline until virtually no trace can be detected by 

26 weeks (Clerk at ai, 1993). In contrast dystrophin is less abundant in 

the earliest stages of muscle development but increases after week 17 

reaching maximum levels postnatally (Khurana at ai, 1992, Koga at ai, 

1993). In normal adult muscle the principle site of dystrophin 

expression is the sarcolemma (Ervasti at ai, 1991), usually no 

utrophin is detected at the sarcolemma in adult tissue although it is 

expressed at this site during development.

Dystrophin like utrophin is also located at the MTJ and the NMJ 

(Law at ai, 1994). At the NMJ utrophin and dystrophin occupy distinct 

sites. Utrophin is localised at the peaks of the postsynaptic folds in 

close proximity to the AChR whereas dystrophin is located at the 

troughs of these folds where there is a high concentration of sodium 

channels (Bewick at ai, 1992). In cardiac muscle utrophin and
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dystrophin are also differentially distributed. Utrophin is located to the 

intercalated discs and to the Purkinje fibres (Pons et al., 1994) 

whereas dystrophin is located predominantly at the plasma 

membranes of the cardiomyocytes (Byers at a!., 1991).

Regulation of utrophin gene expression. In order to

understand the mechanisms that regulate the expression of utrophin, 

a careful study of utrophin at the neuromuscular junction (NMJ), has 

been undertaken by several groups. The objective was to identify 

factors controlling utrophin during synaptogenesis and myogenesis. 

The postsynaptic sarcoplasm of the NMJ is a highly differentiated 

region within muscle cells, with the accumulation of various 

organelles, including distinctive myonuclei which presumably 

transcribe mRNAs specific to their location (Gramolini at a!., 1997) a 

synapse-specific Golgi apparatus and a stable array of microtubules. 

Various acetylcholine receptor (AChR) mRNAs (Duclert and Changeux

1996) accumulate at the NMJ and utrophin mRNA is present at a level 

similar to other transcripts of synapse-associated proteins including 

rapsyn and agrin (Moscoso at a!., 1995, Gramolini at a!., 1997).

Some investigations have made use of utrophin promoter- 

reporter gene constructs injected directly into muscle (Gramolini at 

a/., 1997, Galvagini at a/., 2000). Injection of a construct containing 

1.3Kb of proximal promoter gave the expected synapse-specific 

expression of the reporter gene, however deletion of 800bp from the 5’ 

end of this fragment abolished this synapse specific expression. The 

deleted sequences contain the E-box and N-box motifs so either or 

both of these motifs may play a role in utrophin gene expression from 

the myonuclei local to the NMJ. It has been proposed that nerve- 

derived factors, which may interact directly or indirectly with the utrophin 

promoter, may play a crucial role in dictating the local expression of 

utrophin, indeed utrophin can be ectopically expressed in extra- 

synaptic regions as long as appropriate neuronal cues are present 

(Gramolini at a!., 1997). Several possible candidates for this role have
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been studied. Amongst these are, agrin, a neuronally released protein 

necessary for synapse formation (Führer et al., 1999). A two-fold 

increase in the level of utrophin mRNAs and protein could be induced 

by treating C2 myotubes with Torpedo; muscle or nerve derived agrin 

(Gramolini eta!., 1999). In co-transfection experiments (Gramolini et 

a!., 1997) agrin appeared to directly increase transcriptional activity of 

the utrophin gene. The ectopic expression of agrin apparently leads to 

an increase in the number of myonuclei expressing the utrophin 

construct. The sensitivity of the utrophin promoter to agrin is abolished 

if the N-box and E-box containing regions are deleted (Gramolini et a/.,

1997).

Another candidate signalling molecule, which has been 

investigated in detail, is heregulin; a nerve derived factor known to 

influence the localisation and regulation of AChRs. Acetycholine 

receptors (AChR) subunit genes are selectively expressed at the NMJ 

through the interaction of heregulin with ErbB2 and ErbB3 receptors 

(Moscoco et a!., 1995), which in turn results in the transcriptional 

activation of the AChR subunit promoters through GABP binding to the 

N-box. A series of experiments by Gramolini et a/.,(1999) suggested 

that utrophin gene regulation might be achieved in a similar way. 

Notably these authors reported that the ectopic expression of hergulin 

and GABP a and p increase the expression of utrophin at the NMJ in

cultured myotubes.

During myogenesis, differentiation is accompanied by large 

increases, around ten fold, in the expression of genes encoding 

cytoskeletal and membrane proteins. Amongst these are dystrophin 

and the AChR subunits. This increased protein production is ascribed 

to the effects of transcription factors belonging to the MyoD family 

acting via the E-box elements (Tennyson et a!., 1996). It was proposed 

since the utrophin promoter contains an E-box element, there would be 

a similar level of increase in the expression of utrophin during 

myogenesis. However in contrast to the large changes in dystrophin 

and AChR expression, utrophin mRNA and protein levels were only
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increased two fold during myogenic differentiation using the mouse C2 

cell line (Gramolini and Jasmin, 1999). Similarly while it has been 

shown that the denervation of skeletal muscle leads to a large 

increase in the expression of myogenic factors and of AChR subunit 

genes (Duclert et al., 1996). This does not have a significant impact on 

utrophin expression (Jasmin et a!., 1995). The results obtained by 

Gramolini and Jasmin, (1999), showing that myogenic differentiation is 

accompanied by a rather modest increase in utrophin expression are 

consistent with these results. These various experiments support the 

view that the MyoD family of transcription factors are not the major 

regulators of utrophin expression. The idea that the E-box and an N- 

box element of the utrophin promoter act in a synergistic manner to 

regulate the expression of the utrophin gene (Gramolini and Jasmin, 

1999) is an attractive possibility. The E-box and N-box regulatory 

elements are also found in close proximity in the AChR Ô- and e-

subunit promoters as well as in the an intronic region of the AChE 

gene known to be involved in regulation (Chan et a!., 1999).

The mechanisms leading to the accumulation of utrophin at the 

sarcolemma during the early stages of development are not well 

understood but one possibility is that they involve direct competition 

between utrophin and dystrophin to interact with the proteins of the 

dystrophin protein complex (Gramolini and Jasmin 1999). This idea 

builds on the observation that the number of DAP binding sites is 

constant during myogenesis (Gee et a!., 1994). At early stages of 

myogenic differentiation utrophin is sufficiently expressed to bind to a 

large number of available DAP binding sites at the sarcolemma as the 

expression of dystrophin is low. As differentiation continues the level of 

dystrophin increases, there is no change in the number of DAP binding 

sites and little change in the level of utrophin expression then it would 

appear that dystrophin out-competes utrophin for the available binding 

sites (Gramolini and Jasmin, 1999). A similar competitive model is 

seen in developing erythrocytes and explains the presence of distinct
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spectrin isoforms within the membrane cytoskeleton at different stages 

of development (Coleman et al., 1989).

Utrophin protein structure. The full-length cDNA of

utrophin contains an open reading frame of 10299bp, which encodes a 

protein of 3433 amino acids (aa) with a molecular weight of 395kDa 

(Tinsley at al., 1992). Utrophin shows considerable aa sequence 

homology with dystrophin (Figl.1). Clear evidence for structural 

similarity between the amino (NH2 ) terminal of utrophin and dystrophin 

is provided by the observation that antibodies raised against NH2 

terminal dystrophin cross-react with utrophin gene product (Hoffman at 

a!., 1989).

The NH2 -terminal of utrophin consists of 2 calponin homology 

(CM) domains and is related to the actin-binding domains of the 

spectrin super-family (Fig 1.2). This super-family includes a-actinin,

spectrin and more distantly fimbrin. The CM region is composed of 240 

aa and probably arose from intragenic duplication (Stradal at a!., 1998) 

before the divergence of spectrin and utrophin. Evidence for this 

derives from the observation that the NH2 -terminal CM domains 

amongst members of the protein gene family are more closely related 

than any are to the adjacent CM2 domain (Stradal at al., 1998). The 

calponin regions of utrophin contain three actin-binding sites, the first 

two (ABS1 and ABS2) are located in CHI with ABS3 located in CH2 

(Stradal at a!., 1998). These actin-binding sites were identified from aa 

sequence comparisons between utrophin and a-actinin (Tinsley at al.,

1993). Actin sedimentation assays show that the major actin-binding 

activity is in the CHI region (Keep at al., 1999: Moores at al., 2000); this 

is also true for spectrin (Carugo at al., 1997) and a-actinin (Way at al.,

1992). The position of the major actin-binding sites were predicted 

independently using monoclonal antibodies raised against different 

regions of the NH2 -terminal region of utrophin (Morris at al., 1999) to 

inhibit the binding of filamentous (F) actin to utrophin. The studied
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Fig 1.1. A diagram comparing the utrophin and dystrophin proteins. 
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Fig 1.2 A diagram showing the detailed structure of the utrophin protein (for details see text pg. 29)
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showed that the ABS2 domain was critical for the binding of actin.

ABS1 and ABS3 probably act as supporting regions by making 

hydrophobic contacts with a-heiices in the CH2 domain (Morris et al., 

1999).

The NH2 -terminal CHI domain also contains a calmodulin 

binding site which is thought to regulate the binding of actin in a 

calcium dependant fashion (Winder et a!., 1995).

The NH2 -terminal domain of dystrophin shares 80% homology 

with utrophin (Tinsley et al., 1993). Both proteins contain 3 conserved 

actin-binding domains and both bind F-actin in vitro (Way et al., 1992, 

Winder et al., 1995). Some functional differences between the two 

proteins can be demonstrated, for example utrophin shows a higher 

affinity for F actin-binding than the corresponding region of dystrophin 

(Winder et al., 1995). This probably reflects differences in the 

biochemical mechanism of binding to F actin between the two 

proteins. In utrophin, the binding is calcium dependant whereas in 

dystrophin, the binding is calcium independent (Winder et al., 1995).

The greatest divergence between the two proteins occurs in the 

central rod like domain where the level of homology decreases to 46% 

(Fig 1.1). In this region utrophin has been shown to contain 22 weakly 

repeating coiled coil regions whereas dystrophin has 24 such repeats 

(Fig 1.1). Dotplot comparisons reveal utrophin is missing two repeats, 

15 and 19, of the dystrophin sequence (Winder 1995). The number of 

proline rich hinge regions that lie in the rod region also varies, with 

utrophin having two hinges compared to dystrophins four (Fig 1.1).

This arrangement of nested repeats and hinge regions would suggest 

that both utrophin and dystrophin are highly elastic and flexible 

molecules. Despite the sequence divergence, the basic protein 

structure remains. The repeat elements of both utrophin and 

dystrophin comprise one short a-helix, flanked by the NH2 and COOH 

terminal halves of long P-helices (Cross et al., 1994). Circular 

dichroism (CD) analysis of dystrophin repeats and the crystal structure
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of the spectrin repeat agree with this model. The conservation between 

repeat units in utrophin is much weaker than seen in spectrin, 

particularly when the sequence alignments are compared. Compared 

to the spectrins, the p helices in utrophin are less regular; with repeat 

14 in utrophin being truncated as are repeats 10 and 14. In dystrophin; 

there are large insertions after the p helix in repeat 21 and repeat 23 in

dystrophin and large insertions within the a-helix in repeats 3,13 and

17 of utrophin and in repeats of 3, 15 and 19 in dystrophin (Winder et 

al., 1995).

3’ to the long central region of both utrophin and dystrophin is a 

region called a cysteine rich domain, so called because in dystrophin 

this region spans 280 aa and 15 of these residues are cysteines 

(Koenig at a!., 1987). The level of homology in this domain between 

utrophin and dystrophin is 77% (Fig 1.1). Functional analysis of this 

region in utrophin is limited so that most information comes from 

comparisons with dystrophin (Williamson at a!., 1997). This cysteine 

rich domain in both proteins contains three motif sequences, a WW 

domain, 2EF Hand domains, and a ZZ domain. The WW domain is the 

site where the proline rich COOH domain of p-dystroglycan interacts

with utrophin/dystrophin (Fig 1.2) (de Vignano at a!., 2000).

The WW domain is a protein interaction motif that has been 

described as a novel globular domain (Chen and Sudol., 1995), with a 

semi-conserved aa sequence known to be involved in protein/protein 

interactions (Chen and Sudol., 1995). The motif was named WW 

because in the domain there are two highly conserved tryptophan 

residues spaced 20-22 residues apart either side of the consensus 

sequence. The consensus sequence for the WW binding motif is 

XPPXY (where P=proline X= any amino acid and Y= Tyrosine) (Chen 

and Sudol 1995). The interaction of the dystrophin/utrophin cysteine 

rich region with the membrane associated protein, P- dystroglycan, is 

mediated mainly by an interaction between the WW domain and the 

proline rich domains in the C-terminus of P- dystroglycan. Two studies
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have shown that C-terminal 15 and 20 amino acids respectively of P- 

dystroglycan are sufficient for dystrophin/utrophin binding (Jung et al., 

1995 and Rosa at a!., 1996). This region of p-dystroglycan contains a

WW domain sequence of PPPYVPP, which is implicated in the binding 

with dystrophin/utrophin.

The WW domain of dystrophin/utrophin shares similarities with 

the Src homology 3 (SH3) domain, although both the motif that it 

recognises and its own structure are clearly distinct. The WW domain 

of utrophin is very similar to that described for the Yes kinase- 

associated protein YAP65. Yap65 complexes with a proline rich 

peptide via the WW domain in a similar manner to utrophin's 

interaction with P- dystroglycan (Macias at a!., 1996).

The presence of EF Hand motifs in proteins is associated with 

the binding of calcium are implicated in the calcium dependant 

regulation of a variety of intracellular activities such as protein 

phosphorylation. The two EF-Hand domains in dystrophin were 

predicted not to bind calcium due to the lack of key liganding residues 

(Koenig at a!., 1988). ^^Ca^^ gel overlay assays (Winder 1997) showed 

that whereas the NHa-terminal EF-hand domain did not bind to calcium 

the COOH-terminal domain did albeit not strongly. In a recent study, it 

was shown that the binding of p-dystroglycan to dystrophin involves the 

interaction of both the WW domain and the EF-Hand domains to the 

COOH-terminus of P-dystroglycan via the Pro-Pro-x-Try motif

(Rentschler at a!., 1999). It remains to be seen whether the binding of 

calcium plays a role in the structural organisation of the utrophin 

protein complex.

The ZZ domain is so named in reference to the WW domain and 

partly for the potential role of binding two zinc ions (Ponting at a!., 1996 

and Winder 1997). Sequence analysis of this region in both utrophin 

and dystrophin finds two pairs of conserved cysteine residues with a 

sequence motif of Cys-X2 -Cys (where Cys = cysteine and x = any other 

aa). This motif is reminiscent of the Cys-X2 -Cys knuckles that occur in
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zinc finger domains in other proteins. These are sequences that fold to 

form domain structures in the presence of zinc ions, each of which are 

positioned in a tetrahedral arrangement with four Cys or His ligands. 

The secondary structure of zinc fingers is predicted to contain only p-

strand and loop structures and no a-helixes. The zinc fingers in both

dystrophin and utrophin contain only 4 of the 6 conserved Cys residues 

found in classical ZZ fingers, the others being replaced by Ser and His. 

Although these structures are clearly members of the ZZ family it is 

difficult to say how, or how many, of the Cys residues are involved in 

co-ordinating zinc binding. It is possible that the His residue may 

participate in this binding of zinc (Ponting et al., 1996). Evidence that 

utrophin binds zinc has come from ®®Zn overlay assays (Winder, S.J, 

1997) using bacterial expressed utrophin ZZ domain using. The 

precise target of the ZZ domain is not yet known but the p-dystroglycan

protein is a good candidate (Winder, S.J, 1997).

The final domain of the utrophin protein is the COOH-terminal 

domain, which shares 72% homology with dystrophin (Fig 1.1). This 

domain consists of a pair of highly conserved coiled-coil helices, which 

are predicted to form parallel dimers. The amino-terminal coiled-coil 

pair have been shown to be involved in protein to protein interactions 

(Wagner et a!., 1993, Blake et a!., 1995 and Suzuki et a!., 1992), 

including interactions with the dystrobrevins, through their leucine 

zippers, and the syntrophins (Peters et a!., 1997, Sadoulet-Puccio et 

a!., 1996 and Adams et a!., 1993). The carboxy-terminal coiled-coil 

domain has yet to be shown to be involved in similar interactions. 

Around both of these coiled-coil domains, are areas of proline rich 

linker sequence. This sequence is consistent with this region being 

flexible, hence making the coiled-coil structures in these regions 

accessible for protein to protein interaction (Morris et a!., 1998).
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utrophin interactions with proteins of the DAP complex and actin

The structural similarities between utrophin and 

dystrophin suggested that utrophin like dystrophin will form a link 

between the cytoskeleton and the extracellular matrix. This has been 

confirmed by the demonstrating of interactions between the NH2 - 

terminal with F actin and the COOH-terminal with the extracellular 

matrix. The membrane interactions are mediated through a complex of 

transmembrane proteins known collectively as the dystrophin 

associated protein (DAP) complex. (Campbell and Kahl, 1989).

The DAP complex present at the sarcolemma of skeletal muscle 

can be separated into two groups of proteins by detergent extraction 

(Yoshida et al., 1994). The first group contains a 156kDa extracellular 

glycoprotein and 43kDa transmembrane glycoprotein these are a- and

P-dystroglycans. The second group contains three types of protein; a-,

p-, Y-, and 5-sarcoglycans which are transmembrane proteins with

molecular weights of SOkDa, 43kDa, 35kDa and 35kDa respectively; 

the 25kDa protein sarcospan which contains four transmembrane 

spanning helices with both the NH2 -and the COOH-terminal domains 

located intracellularly (Crosbie et a!., 1999); the syntrophins which are 

cytoplasmic proteins with a molecular weight of 59 kDa. Utrophin 

shows a much wider tissue distribution than dystrophin and it is 

relevant to ask the question whether utrophin associates with DAP 

complex proteins in non-muscle tissues? In non-muscle cells 

dystroglycans and syntrophins co-localise with dystrophin and with 

utrophin (Mizuno eta!., 1993 and Yamamoto et a!., 1994). In addition 

low levels of p-sarcoglycan mRNA have been found in certain tissues 

including the lung and kidney although there is no direct evidence to 

suggest p-sarcoglycan and utrophin co-localise in these tissues.

(Bonnermann et a!., 1995 and Lim et a!., 1995). At these sites it is 

presumed that the link between utrophin and the extracellular matrix 

proteins would be mediated by a-dystroglycan interacting with tissue 

specific isoform of laminin.
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As discussed earlier, the actin-binding domains ABS1, 2, and 3 

at the NH2 domain of utrophin are important functional features (Winder 

et ai, 1995). Utrophin ABS have a higher affinity to non-muscle actin 

than muscle actin this implies that utrophin is not involved in regulating 

the myofibril a-actin organisation in the cell. The binding of F actin by

utrophin is calcium dependent and appears to be regulated by 

calcium/calmodulin interactions (Winder et al., 1995). These actin- 

binding domains serve as intracellular anchors between utrophin and 

the cytoskeleton.

Homodimer formation It was assumed that on the basis of

homology to spectrin and a-actinin the central coiled coil region of

utrophin and dystrophin takes part in dimer formation (Ervasti et a!.,

1991). However, a careful and detailed analysis of this region provided 

evidence that this is not the case. In the case of a- and P-spectrin the

residues which comprise each spectrin repeat are tightly conserved 

and map to one external face of the domain structure, consisting of a 

helix A and half of helix B. This region is the dimer interface; the NH2 - 

terminal of helix A packs in the groove formed by the COOH-terminal of 

helix A' and the NH2 -terminal of helix B’ in the apposing dimer. By 

contrast however, all the conserved residues in utrophin and 

dystrophin map exclusively to core positions with none available to 

form a surface for dimer interface. Also the insertions of loops (see 

section: The utrophin protein structure) in helix A would be 

unfavourable for antiparallel dimérisation as it would put the helices 

out of register. These structural differences argue strongly against side 

by side dimérisation of two utrophin molecules but do not rule out the 

possibility of interactions elsewhere in the molecule (Blake et a!.,

1995).

Function at the NMJ It seems likely that utrophin in skeletal 

muscle is important for the clustering and anchoring of AChRs at the 

NMJ (Froehner ef a/., 1991, Phillips et al., 1993, Peters et al., 1994).
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This view is supported by various pieces of immunocytochemical 

evidence, which show that utrophin, and AChRs exactly co-localise at 

mature NMJs (Bewick et al., 1992). In addition rapsyn a protein known 

to be involved in AChR clustering also co-localises with utrophin at the 

NMJ from a very early stage of AChR aggregation (Phillips et a!., 1991). 

Furthermore utrophin levels are reduced at the NMJ in inherited and 

acquired AChR deficiencies (Slater et a!., 1997). The final piece of 

evidence comes from studies of mice with a null mutation of the 

utrophin gene (utrn-/-). These mice have NMJs that are normal in 

appearance, but both the numbers of AChRs and the extent of the 

postsynaptic folds are significantly reduced (Deconinck et a!., 1997, 

Grady et a!., 1997). This implies that utrophin is involved perhaps in a 

supporting role in the events regulating the numbers and distribution of 

the AChRs.

Function in non-muscie tissues The function of utrophin 

associated complexes in non-skeletal muscle tissue has not been 

investigated widely. However there is some information regarding 

utrophin in cultured polarised epithelial cells MDCK cells, (Madin- 

Darby canine kidney) (Kachinsky et a!., 1999). In these cells the 

syntrophin/utrophin complex is restricted to the basolateral membrane 

and the distribution of utrophin is inseparable from that of p-syntrophin

isoform. Studies using green fluorescent protein (GPP) tagged fusion 

proteins of the 4 domains of syntrophin show that syntrophin interacts 

with utrophin via the second pleckstrin homology (PH) domain and a 

SU domain. It has been proposed that the syntrophin/utrophin complex 

may have a structural role in the definition and maintenance of the 

basal membrane during morphogenesis. Laminin is expressed at the 

basement membrane of epithelial cells and may act to recruit the 

utrophin complex (Ibraghimov-Beskrovnaya et a!., 1993, Gee et a!.,

1994).

The second possible function of this utrophin/syntrophin 

complex is to act as a signalling factor for binding incoming protein
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molecules. To date no firm partners for these interactive sites have 

been identified, although in muscle, the PDZ domain of syntrophin is 

known to binds to neuronal nitric oxide synthase nNOS (Brenman et 

al., 1996).

The formation of utrophin complexes has also been investigated 

in kidney, lung smooth muscle and epithelia cells (Durbeej and 

Campbell, 1999). Northern blot analysis was used to demonstrate 

tissue specificity for the various components that make up the DAP 

complex. P-sarcoglycan, 5-sarcoglycan, y-sarcoglycan, sarcopsan, e- 

sarcoglycan and utrophin mRNAs are all present in both the kidney 

and the lung while a-sarcoglycan is absent. Western blotting of lung 

and kidney protein extracts indicated that all transcripts were 

translated, except in the kidney where the P- y- Ô- sarcoglycans and

sarcospan protein could not be detected. The adult lung and kidney are 

mainly composed of epithelial cells. The lung also has substantial 

smooth muscle structures as part of the tracheae, bronchi and blood 

vessels. The possibility that two types of complexes are formed in lung, 

one characteristic of smooth muscle and another of epithelial cells 

(Durbeej and Campbell, 1999) has been investigated. Sucrose 

gradient fractions of extracts of rabbit lung were analysed by using 

immunofluorescence. In the fractions P-dystroglycan, dystrophin,

utrophin, P-sarcoglycan, %-sarcoglycan, 6-sarcoglycan, e-sarcoglycan

and sarcospan were all associated suggesting that in the lung these 

components form a complex (Durbeej and Campbell, 1999). Different 

results were obtained on analysis of fractions from kidney extracts. 

Immunofluorescence failed to find dystrophin, sarcospan, P-

sarcoglycan, y-sarcoglycan and 5-sarcoglycan, in line with the Western

blotting data, e-sarcoglycan and utrophin were in separate fractions

from dystroglycan. This suggests that utrophin is not an integral 

component of adult kidney dystroglycan complexes however utrophin
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fractionates with dystroglycan in foetal kidney and may play a role in a 

foetal kidney dystroglycan complex (Durbeej and Campbell, 1999).

2. Dystrophin

Dystrophin Isoforms. An important feature of dystrophin that

has not been explored in utrophin is the presence of multiple isoforms 

expressed from different promoters. Careful studies of dystrophin 

deficient mouse mutants (mdx, mdx '̂ '̂') and in human patients with 

different deletions have revealed that these isoforms perform important 

functions in tissues other than muscle.

Brain specific isoform. Nudel at al., (1989) investigated

whether the dystrophin transcripts present in muscle and brain were 

identical. They demonstrated that the 5’ region of muscle dystrophin 

mRNA contains sequence that is not present in the brain mRNA 

although the sequences of exons 2 and 3 are the same. Analysis of 

cDNA clones showed that the point of divergence between the muscle 

and the brain forms lies at the junction between exon 1 and exon 2, 

and each isoform has a unique first exon (Nudel at a!., 1989). The 5’ 

UTR and coding sequence for 3 aa in exon 1 of the brain form, are 

replaced by a different 5’ UTR and coding sequence for 11 aa in the 

muscle form (Fig 1.3). These findings suggest that two promoters with 

different tissue and development specificies, are involved in the 

initiation of dystrophin transcription to produce different mRNAs (Nudel 

at a!., 1989, Feenerefa/., 1989).

Further analysis showed that the brain isoform is transcribed 

from a promoter 90Kb upstream from the muscle promoter and 400Kb 

from exon 2 (Boyce at a!., 1991). In the brain this transcript is tightly 

localised to the neuronal cells. This transcript in other tissues can be 

detected in trace amounts by PCR (Chelly at a!., 1990 and Bies at a/., 

1992).
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Cerebellar isoform. There is considerable interest in

dystrophin expression in the brain because approximately 30% of 

patients with DMD show significant mental retardation. 

Immunocytochemistry and mRNA in situ hybridisations indicate that 

dystrophin is expressed in cortical neurons, purkinje cells of the 

cerebellum and the hippocampus (Lidov at a!., 1990,Gorecki at a!.,

1992). Four forms of dystrophin transcript have been identified in the 

brain. These include the full-length muscle and brain isoforms 

described in the previous section, a full-length form with a novel first 

exon specific to Purkinje cells of the cerebellum, and a transcript, 

which is expressed in the dentate gyrus, lacks the entire 5’end of the 

dystrophin transcript (Gorecki at al., 1992). The position of the first exon 

of the Purkinje specific transcript was shown to lie in the middle of the 

intron between muscle-type exon 1 and exon 2. Comparisons between 

the human and mouse Purkinje forms show 80% homology and in 

both case this Purkinje isoform encodes a conserved novel NH2  

terminal comprising seven aa (Fig 1.3) (Gorecki at a!., 1992).

Lymphoid isoform There is an unconfirmed report of a

further full-length isoform of dystrophin, which is expressed in 

lymphoblastoid cells (Nishio at a!., 1994). This transcript contains all 

exons downstream of exon 2. Upstream of exon 3 there are 46 bp of 

untranslated sequence with a possible ATG initiation codon in exon 3 

(Nishio at a!., 1994). The position of the promoter for this transcript 

designated L-dystrophin, was mapped to a position more than 500Kb 

upstream of the most 5' of the previously identified promoters, thereby 

adding 500Kb to the size of the dystrophin gene (Nishio at a!., 1994). A 

thorough examination of the tissue specificity of L-dystrophin has yet to 

be carried out. This transcript was identified in cells from a DMD 

patient with a deletion extending from the 5' end of the gene to exon2.

In addition to the three full-length transcripts described here the 

super-large dystrophin gene locus has also been shown to contain 

internal promoters that regulate expression of at least four short 

isoforms, Dp260, D p i40, Dpi 16 and Dp71. These isoforms do not
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have the NH2 -terminal region as the full-length isoforms but share the 

same COOH and cysteine-rich domains and in some cases part of the 

long central rod like domain (Fig 1. 3).

Dp71 isoform Northern blot analysis of RNA extracted

from various rat tissues and cell lines detected a 6.5 Kb dystrophin 

transcript in liver, hepatoma cells, testis, brain, lung and kidney which 

was not present in skeletal muscle. The level of signal, this novel brain 

transcript gave was as strong as the signal for the 14Kb transcript 

seen in skeletal muscle (Bar et al., 1990).

cDNA clones were isolated from a liver cDNA library and 

sequence analysis revealed that the 6.5 Kb transcript shares with 

dystrophin the 3' UTR and sequences encoding the COOH-terminal 

and cysteine-rich domains. At the 5' end there is a unique sequence 

derived from an exon not represented in the known full-length 

dystrophin mRNAs and located 5’ to the common coding sequence of 

the cysteine-rich domain. This sequence lies at a position 

corresponding to the interval between exons 62 and 63 (Lederfein et 

al., 1992). Inspection of this 5' sequence showed that it encodes 7 

novel aa upstream of the point of divergence between sequences 

common to the full-length dystrophin and the unique sequences (Fig 

1.3).

The protein product 622 aa long with a molecular weight of 

70.8kDa the isoform was designated Dp71 to reflect its molecular 

weight. The original estimate of 6.5 Kb for the size of the mRNA was 

an overestimate the true size being close to 4.8 Kb.

The novel first exon of Dp71 maps approximately 8Kb upstream 

from exon 63 (Hugnot et al., 1992) suggesting that the promoter and 

the first exon lies with intron 62 (Lederfein et al., 1992). Dp71 mRNA 

and protein was found to be distributed widely although more 

abundant in foetal tissue than adult (Hugnot et al., 1992, Lederfein et 

al., 1992). Blake et al., (1992) showed that Dp71 is particularly 

abundant in Schwannoma cells where full-length dystrophin is not

43



detected and that it is expressed in various tissues of the mdx mouse. 

The mdx mouse is deficient for full-length dystrophin as a result of a 

point mutation in exon 23, which does not disrupt the transcription of 

Dp71 (Blake et al., 1992).

D pi 16 isoform, A second novel isoform of dystrophin,

designated Dp116 was identified using region-specific dystrophin 

antibodies and Western blotting (Byers eta!., 1993). Isoforms smaller 

than full-length dystrophin but larger than Dp71, was detected only in 

peripheral nerve extracts (Byers eta!., 1993). Subsequently cDNA 

clones were isolated from a rat sciatic nerve library: Sequence analysis 

showed that while the cDNA matched full-length muscle dystrophin 

sequence at the 3' end, the sequence diverged at the 5’ end, at residue 

8426 of the full-length sequence. This position represents the 

upstream border of exon 56 of the dystrophin gene (Byers at a/., 1993). 

Using this border as a guide anchored PCR was used to isolate the 5’ 

end of the message from human and rat sciatic nerve RNA. This novel 

5' region contains more than 200 nucleotides of 5' UTR and coding 

sequence for 23 unique aa at the NH2 terminal (Fig 1.3) (Schofield at 

a/., 1994). Northern blot analysis using a short probe specific to Dpi 16 

confirmed the size of the transcript as 5.2 Kb, while Western blots 

confirmed that Dpi 16 protein has a molecular weight of 116 kDa.

Dp140 isoform. Western blot analysis of tissue extracts 

using an antibody raised against the rod region of dystrophin upstream 

of the start of Dp71 drew attention to a third novel dystrophin isoform of 

around 140kDa. The protein, named D p i40 in accordance with its 

molecular size, was identified only in brain and kidney (Lidov at a/., 

1995). Two separate methods were used to isolated D p i40 cDNAs; 

sequencing cDNA clones derived from rat olfactory bulb library and 5’ 

RACE on human brain mRNA. D p i40 sequence is identical to the 3' 

end of the full-length dystrophin cDNA up to exon 45 then 72 bp (rat) or 

110 bp (human) of unique sequence. This novel sequence does not 

correspond to adjacent intronic sequences at the 5' end of exon 45 but
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lies further into intron 44 (Lidov et al., 1995). A comparisons of cDNA 

sequence and protein sequence shows that D p i40 protein encodes 

the last 6 repeats of the rod domain, the cysteine-rich domain and the 

COOH domain of the dystrophin protein (Figl.3) (Lidov at a!., 1995).

Northern blot analysis of human brain mRNA with a probe 

specific for the D p i40 transcript showed a prominent band of 7.5 Kb in 

RNA derived from various regions of the brain, in good agreement with 

the predicted size from cDNA analysis (Lidov at a!., 1995).

Dp260 isoform. It has been reported that an ocular 

phenotype seen in some DMD patients is characterised by an 

abnormal electroretinogram (ERG) (Piliers at a!., 1993 and Fitzgerald 

at a!., 1994). Under conditions of light adaptation the ERG has a 

reduced amplitude b-wave, which suggests abnormal signal 

transmission across the first synaptic layer of the retina, the outer 

plexiform layer (OPL). Immunohistochemical analysis of normal eye 

sections show dystrophin localised to the post-synaptic region of the 

OPL (Piliers at a!., 1993, Miike at a!., 1989, Tamura at a!., 1993) and 

that this signal was absent from DMD patients with abnormal OPL 

function. However the observation that mdx mice (point mutation in 

exon 23) have a normal ERG b-wave while the mdx^^^ mouse (insertion 

in intron 64) has a dramatically reduced b-wave, suggests that 

dystrophin expression in the retina is due to an isoform transcribed 

from a promoter situated between exon 23 and 65.

Western blot analysis of mouse retina extract using antibodies 

raised to various specific regions of the dystrophin protein identified a 

novel 260kDa band whose NH2 -terminal end was apparently encoded 

by sequence corresponding to a region close to exon 28. So, for 

example an antibody raised against an exon 32 fusion protein gave a 

positive result whereas an antibody against exon 28 protein did not 

detect the Dp260 isoform (D'Souza at a!., 1995).

5’ RACE was used to clone the 5’ end of Dp260 and this 

revealed unique transcriptional start site spliced in frame to exon 30.

45



Translation of Dp260 produces a novel first exon encoding 211bp of 5’ 

UTR and 13 aa upstream of exon 30 (Fig 1.3) (D’Souza et al., 1995). 

Expression studies carried out by reverse transcription PCR (RT-PCR) 

showed that the Dp260 transcript is expressed strongly in retina and 

weakly in brain and heart, with no expression in a variety of other 

somatic tissues (D’Souza at a!., 1995).

Apo-dystrophin 3. During the screening of a rat schwannoma

cDNA library a cDNA was isolated which differed at both its 5’ and 

3’ends when compared to the full-length dystrophin transcript (Tinsley 

at a!., 1993). Further analysis showed that the 5’ DNA sequence is 

identical to Dp71 (Fig1.3) (Blake at a!., 1992) and it is presumed that 

this transcript is under the control of the same promoter as Dp71, 

positioned within intron 62. Apo-dystrophin 3 is a splice variant of 

Dp71, splicing so as to retain some sequence from the 3’ end of intron 

70 resulting in a different translational stop codon positioned in exon 

71. Interestingly a short dystrophin transcript with a stop codon in this 

position was reported some years earlier by Feener at a!., (1989). 

Northern blot analysis of mRNA from schwannoma cell line using a 

probe specific for apo-dystrophin 3 identified a transcript of 2.2 Kb 

(Tinsley at a!., 1993) 2.6 Kb shorter than Dp71 and indicating that the 

length of the 3’ UTR for apo-dystrophin 3 is shorter than that for Dp71. 

RT-PCR studies have detected apo-dystrophin 3 mRNA in adult and 

foetal muscle, foetal liver, foetal lung and foetal brain and in embryonic 

stem cells (Tinsley at a!., 1993).

Alternative splicing in the dystrophin transcripts. Dystrophin 

transcripts are alternatively spliced in a pattern characteristic of both 

tissue type and developmental stage. Multiple splice forms have been 

identified in a variety of somatic tissues with the greatest number of 

differentially spliced forms in adult non-muscle tissue (Bies at a!.,

1992).

Full-length isoforms and Dp71 expressed in skeletal muscle, heart 

and brain may be differentially spliced for the penultimate exon (exon
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78) (Geng et al., 1991, Roberts et al., 1992, Austin et al., 1995; Feener 

et al., 1989). This splicing alters the reading frame, so that the last 13 

aa of the protein sequence are replaced by 31 aa followed by a stop 

codon (Geng et al., 1991, Roberts et al., 1992, Lederfein et al., 1992). 

This alternative aa sequence is identical in humans and in mouse.

The ratio of the smaller to normal size of protein changes with age 

such that the “exon78 spliced” form comes to predominate. Inspection 

of the sequence suggest that “plus exon 78” form has a more 

hydrophobic COOH-terminal while the “minus exon 78” form has a 

more hydrophilic COOH-terminal (Bies et al., 1992).

Dp71 transcripts are also alternatively spliced for exon 71 

and/or exon 78 in a variety of adult human tissues (Austin et al., 1995, 

Kramarcy et al., 1994). This splicing gives rise to four Dp71 isoforms 

(normal, -71, -78, -71 and -78) in a single cell (Prigojin et al., 1993).

RT-PCR and specific antibodies raised against exon 71 or exon 

78 have been used to look at the distribution of spliced forms (Austin et 

al., 1995, Kramarcy et al., 1994). These studies show that splicing is 

tissue-specific: brain, muscle, kidney, lung, testis and liver all contain a 

mixture of Dp71 transcripts with exon 71 and/or exon 78 present or 

spliced out. Heart contains only Dp71 transcripts with exon 71 spliced 

out. While in liver and heart have only Dp71 with exon 78 spliced out.

D p i40 is subject to a similar pattern of splicing with distinctive 

alternative splicing of exon 71, exons 71 to 74 and exon 78 (Lidov et al., 

1997) and this appears to occur in a tissue specific manner. Amongst 

a selection of cerebellar cDNA tested for alternative splicing, exon 71 to 

74 was always spliced out whereas amongst kidney cDNA clones only 

one in eight were missing exon 71 to 74. In the cerebellum four 

combinations were seen, clones without exons 71 to 74, or without 

exon 71 only and similar clones but with and without exon 78. In the 

kidney most clones contained exon 71 to 74 but no exon 78. A small 

proportion showed no skipped exons, or were missing exons 71 to 74 

and 78.
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It is suggested that differentially spliced forms of dystrophin 

have some developmental significance (Dickson et al., 1988) 

especially since alternative splicing is a common feature of many 

developmentally regulated proteins including contractile proteins of 

muscle and cytoskeletal proteins (Breitbart at a!., 1987).

Alternative splicing in exons, which encode domains, that have 

been shown to be protein binding regions may regulate the 

association of these isoforms with integral membrane proteins. There 

is evidence that the COOH-terminal domain of dystrophin can be 

phosphorylated by endogenous protein kinases (Luise et a!., 1993, 

Milner et a!., 1993). This modification may be important to protein 

binding; in particular Milner et a!., (1993) have show that this domain of 

dystrophin is a substrate for in vitro phosphorylation at two consensus 

sites for p34 protein kinase. One of these sites is located in exon 

78. This suggests that at least part of this phosphorylation is specific to 

those isoforms that retain sequences that correspond to exon 78. 

Protein kinases may modulate the protein/protein interactions of these 

isoforms in vivo, a phenomena observed for erythrocyte proteins 4.1 

and 4.9 and ankyrin (Bennett, 1990).

Function of isoforms. The muscle full-length isoform of

dystrophin anchors the cytoskeleton to the surface membrane thereby 

relaying strength and maintaining cellular structure (Suzuki et a!.,

1992). It seems likely although this has not been clearly demonstrated 

that all full-length isoforms will perform a similar function in the 

different cell-types where they are expressed.

The function of the short isoforms is not yet clear. They all lack 

the actin-binding domain and some or the entire central rod domain 

therefore it is unlikely that they interact with the internal cytoskeleton of 

the cell. The C- terminus of dystrophin, which is common to all 

isoforms, except apo-dystrophin 3, is of interest due to the variety of 

protein binding and phosphorylation sites contained within this region. 

This domain, which houses several binding sites for the DAPs which
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in turn anchor dystrophin to the plasma membrane of the cell. The 

COOH-terminal contains a binding site for Ca^'' dependant calmodulin 

(CaM), a molecule involved in the mediation of many signalling 

pathways. The COOH-terminal of dystrophin has also been shown to 

be phosphorylated by CaM-activated protein kinase II at specific 

residues located downstream from the DAP binding sites (Yoshida et 

al., 1996). The array of interactions between the COOH-terminal 

domain of full-length dystrophin and a variety of signalling molecules 

and membrane-bound glycoproteins suggests that the isoforms are 

an integral part of the cell transmembrane signalling system, and that 

the function of the dystrophin isoforms may not be simply structural. 

(Tokarz eta!., 1998).

This point is well illustrated by considering Dp260 and Dp71 in 

the retina. Dp260 localises to the OPL (D’Souza at a!., 1995) where it 

interacts with p-dystroglycan. In the exon 52 targeted dystrophin 

knockout mouse the expression of Dp260 is impaired, p-dystroglycan 

disappears from the OPL, implying that Dp260 is essential for the 

localisation of p-dystroglycan at the OPL (Kameya at a!., 1997).

Developmental studies show that the level of Dp260 increases during 

the development of the retina. The similarity in the expression profiles 

of Dp260 and metabotropic glutamate receptor, (mGluRB) show, 

during the appearance of bipolar cells and functional maturation of the 

rat retina (Nomura at a!., 1994) suggests that Dp260 could be required 

for synaptic maturation in this neural tissue (Rodius at a!., 1997), 

mGluRS expression has been correlated with establishment of 

synaptic connections between photoreceptors and bipolar cells 

(Nomura at a!., 1994).

Dp71 is also expressed in the retina but is localised to the inner 

limiting membrane (ILM) and the retinal blood vessels; Dp71 also 

interacts with p-dystroglycan at these sites. A difference in the

expression of the hydrophobic and hydrophilic COOH-terminal 

domains of dystrophin at the OPL and the ILM has been observed. The
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OPL primarily expresses Dp260 with a hydrophilic COOH-terminal and 

the ILM expresses Dp71 with a hydrophobic COOH-terminal. These 

differences in hydrophobicity may be of significance for protein-protein 

interactions (Rodius et ai, 1997).

Dp71 shows the most widespread tissue distribution of all the 

dystrophin isoforms but very little is known about its function. It has 

been shown that ectopic over-expression of Dp71 in the muscle of 

transgenic mdx mice lacking dystrophin restores the DAPs complex, 

normally depleted in the absence of dystrophin, (Cox et ai, 1994). 

However the presence of endogenous and high levels of ectopic Dp71 

does not alleviate muscle degeneration in mdx mice. Indicating that 

Dp71 and full-length dystrophin differ significantly in their functions 

(Dp71 is normally very low in muscle). Dp71 has been shown to 

associate with (3-dystroglycan (Rosa et ai, 1996), (3-dystrobrevin (Blake

et ai, 1998) and syntrophin (Kramarcy et ai, 1994) and when Dp71 

levels in the brain are reduced then the level of DAPs are also reduced 

(Greenberg et ai, 1996). Presumably this isoform takes part in some 

membrane associated function in brain. The expression patterns of 

Dp71 and full-length dystrophin in the brain show that Dp71 has a 

more widespread distribution. Dp71 is located in the choroid plexus 

and the ependymal lining of the ventricles, also in the olfactory bulb, 

hippocampal regions and in the cerebral cortex. In the cerebellum 

Dp71 is localised to the molecular, granular and Purkinje layers. The 

expression of Dp71 in the cortex and cerebellum seems to be 

associated with glial cells compared to that of full-length dystrophin, 

which is located in the hippocampus, cerebral cortex and the Purkinje 

cells of the cerebellum.

Of the other two isoforms Dpi 16 and Dp140 little is known 

about function although both are thought to interact with DAP proteins 

(Matsumura et ai, 1993, Lidov et ai, 1997). D p i40 may be important to 

the normal development of the kidney as it is expressed in certain
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tubules and in epithelial bodies during development but is absent in 

the adult kidney (Durbeej et ai, 1997).

3. Short isoforms of utrophin.

Because of the apparent structural homologies between utrophin 

and dystrophin it is of considerable interest to establish whether short 

isoforms of utrophin also occur, and some experiments have been 

carried out with this in mind.

Northern analysis of tissue mRNA identified a prominent band 

to a transcript in adult brain with a size of 5.5Kb. This led to the cloning 

of the corresponding cDNAs from an adult mouse brain cDNA library 

(Blake et ai, 1995). Sequence analysis of positive clones showed that 

at the 5' end the mRNA of this short utrophin mRNA contained 197 bp 

of 5’ UTR and 144 bp of coding sequence, preceding sequence 

corresponding to exon 56 of full-length utrophin. This 5.5 Kb transcript 

encodes a novel first exon with 48aa upstream of those encoded by 

exon 56 (Fig 1.4). This novel transcript exhibits several interesting 

features. The point of divergence between the novel transcript and full- 

length utrophin lies exactly at the junction between exon 55 and exon 

56, in the same position that the Dpi 16 transcript differs from the 

dystrophin full-length sequence. This suggests that the duplication of 

these genes occurred after the appearance of both the full-length 14 

Kb and Dpi 16 promoters (Blake et ai, 1995). A comparison of the 

unique 5' sequence of Dpi 16 and the novel utrophin transcript 

(designated G-utrophin) showed that sequence encoding SPRF in the 

Dpi 16a potential phosphorylation site for protein kinase C, is 

conserved as SPRY in G-utrophin. This phosphorylation site in G- 

utrophin may modulate the assembly of cytoskeletal complexes and 

this modification of the cytoskeletal complexes is known to interrupt 

protein-protein interactions (Nigg, 1993). RNase protection assays and 

RNA in situ hybridisation studies showed that, G-utrophin mRNA is five 

times more abundant in brain than full-length utrophin but is not 

expressed in any of the other tissues tested (Blake et ai, 1995).
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In the brain G-utrophin is detected in the cerebral cortex, predominantly 

in layers 3 and 5, and in the caudate putamen, amygdala, hypothalmic 

area, olfactory bulb, pontine, facial, vestibular, anterior olfactory nuclei 

and inferior olive. Weaker signal is detected in the cerebellum and 

choroid plexus (Blake et ai, 1995). During development G-utrophin is 

first detected in the cranial nerve and then at high levels in dorsal root 

sensory ganglia, accumulating later in other areas of the brain (Blake 

et aL, 1995). It is of interest that the areas of the brain in which G- 

utrophin is expressed concern functions including cognition, learning, 

regulation of movement and the co-ordination of autonomic and 

endocrine systems. These sites are clearly distinct from those where 

dystrophin is expressed, except for the olfactory bulb and in the 

cerebral cortex, even in these is seems likely that G-utrophin and 

dystrophin are expressed in different cell populations

In the 5’ region of G-utrophin, there are four in frame ATG 

codons preceding the common utrophin sequence (Blake et aL, 1995). 

All are embedded in poor Kozak consensus sequences, (Kozak,

1995), indicating that this transcript may be poorly translated.

In summary, G-utrophin is transcribed from a promoter within 

intron 55 of the utrophin gene and encodes a protein with a molecular 

weight of 113 kDa. The protein contains a novel NH2 terminal domain, 

the last two and a half coiled coil repeats in the rod domain and the 

cysteine-rich and COOH domains of the full-length utrophin protein.

4. Related utrophin proteins.

Utrophin and dystrophin show many structural and functional 

similarities to two other proteins, spectrin and a-actinin. Indeed it was 

knowledge about the function of these two membrane proteins which 

provided vital clues to the possible functions and protein/protein 

interactions dystrophin. A short account of these two proteins is given 

here.
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Spectrin. The main component of the erythrocyte skeleton is 

spectrin, a filamentous protein composed of 2 subunits a  and p which

are encoded by separate genes SPTA1 and SPTB located on 

chromosomes 1q21 and 14q23 respectively (Gallagher and Forget,

1993). The a subunit has a molecular weight of 240 kDa whereas the

P subunit has a molecular weight of 220 kDa. These a and p chains

intertwine in an antiparallel manner to form a rod like heterodimer 

which, in turn self-associates head to head, to form tetramers. Spectrin 

tetramers are secured to the membrane by interactions with ankyrin, a 

protein that forms a bridge to a major transmembrane protein, an 

anion exchanger known as band 3. At their ends the spectrin tetramers 

are attached to the lattice junctions, which comprise short actin 

filaments together with proteins 4.1 and 4.9 adducins, tropomyosin 

and tropomodulin. cDNAs encoding the human a-and P-chains (Moon 

and McMahon, 1990; Shinarefa/., 1990; Hu etal., 1992; Bloom at ai,

1993) have been characterised. The p subunit contains 2 calponin

homology domains at the NH2 -terminal actin-binding domain, 16 

complete spectrin repeats, a partial spectrin repeat implicated in 

tetramerization and a serine rich domain at the COOH-terminus. The a

subunit has a partial spectrin repeat at the NHa-terminal, 20 complete 

spectrin repeats, a Src homology 3 domain inserted into the 9̂  ̂ repeat, 

and a calmodulin like domain at the COOH-terminal (Trave at a/.,

1995). Another spectrin isoform which is present in some tissues 

including brain contains an additional proline/serine region and a 

pleckstrin homology domain prior to the serine-rich COOH-terminal of 

the P-chain and an additional calmodulin domain inside the 10^ repeat

of the a-chain (Gibson ataL, 1994). Spectrin protein shares homology

with dystrophin and utrophin across its actin-binding domain and the 

rod domain but not in the COOH terminal domain (Bewick at a/., 1996).

The spectrin repeat was originally described as a 106 residue 

repeat present in tryptic peptide sequences (Spheicher and Marchesi,
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1984). The degree of sequence identity between repeats is low, 

although it is likely that all share a very similar three dimensional 

structure. The length of this repeat in dystrophin and utrophin is 

approximately 110 aa. Secondary structure based on sequence 

information has suggested that each repeat is made up of 3 a-helices

(A, B and C) separated by 2 loop regions (AB and BC) (Van et al.,

1993). Helix A has a length of 29 aa and contains a highly conserved 

tryptophan at position A17 followed by a hydrophobic residue. This 

helix also shows a predominance of conserved negatively charged 

residues at position AID, A13, A20 and A29. Helix B contains 32 aa 

with a conserved positively charged residue at position B7 and a 

conserved negatively charged residue at position B14. A proline 

residue is frequently present inside helix B. Helix C has 29 aa and 

contains a highly conserved aromatic residue at position C l 5 that is 

followed by a hydrophilic residue. Two conserved positively charged 

residues are present at positions 07 and 025, and the last residue of 

the repeat is normally a leucine at position 029. The loop regions are 

characterised by abundant prolines and glycines, which are typical 

helix breakers (Pascual eta!., 1997).

It should be stressed that the conservation between repeat units 

in dystrophin and utrophin is much weaker than that observed in 

spectrin especially when you compare the sequencefaliment^ and the

numbers of conserved residues and insertions between the repeats of 

a- and p-spectrin in respect to utrophin and dystrophin.

a-Actinin. Alpha-actinin is a 104 kDa protein initially identified

from rabbit skeletal muscle as a factor that induces the gelation of F- 

actin and promotes the super-precipitation of actemyosin (Ebashi at 

a!., 1965). Alpha-actinin consists of a homodimer of two 97kDa 

subunits arranged in an antiparallel fashion (Suzuki at a!., 1976 and 

Singh at a!., 1977). In myofibrillar cells a-actinin constitutes the major 

component of the Z-disks in striated muscle and the functionally
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analogous dense bodies and dense plaques in smooth muscles. In 

non-muscle cells, a-actinin is distributed along microfilament bundles

and mediates their attachment to the membrane at adherens-type 

junctions (McKay et ai, 1997). Muscle and non-muscle a-actinin are

distinguished by their sensitivity to calcium, such that the binding of 

non-muscle form to actin is calcium dependant whereas the binding of 

the muscle form seems to be^leiumJnsensitive (Burridge et ai,

1981, Duhaiman et ai, 1984). This is similar to the actin-binding of 

utrophin and dystrophin where the binding of actin in utrophin appears 

to be calcium dependent whereas in dystrophin the binding of actin 

seems to be calcium insensitive.

The NH2 -terminal domain of a-actinin binds F-actin (Imamura et 

ai, 1988), and has a sequence similar to the actin-binding domains of 

dystrophin (Hammonds et ai, 1987), P-spectrin (Winklemann et ai,

1990) and utrophin (Tinsley et ai, 1993). The central domain showed a 

more limited homology with the repeats found in spectrin (Davidson 

and Critchley, 1988) and this domain is responsible for the 

dimérisation of the protein (Mimura and Asano, 1987). The COOH- 

terminal domain consists of EF-hand like calcium binding domains 

that influence the actin-binding ability of the adjacent NH2 -terminal 

domain in the native antiparallel dimer.

The gene encoding a-actinin was localised to chromosome

14q22-24 which lies in close proximity to the gene encoding P-spectrin 

located to 14q22 (Winklemann et ai, 1990). Physical linkage between 

the genes for a-actinin and p-spectrin suggests that a single ancestral 

gene may have generated the 2 genes by an intra-chromosomal event 

such as partial gene duplication followed by amplification with an a-

actinin-like gene being the ancestral gene (Youssoufian et ai, 1990).

In summary members of the spectrin superfamily all share an 

NH2 -terminal actin-binding domain and a long spectrin-like repeat rod 

domain but the COOH-terminals differ. Utrophin and dystrophin COOH-
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terminals are very similar to each other are less like spectrins or a- 

actinin. The COOH-terminals of the spectrins and the a-actinin share 

homology with each other. The proteins also differ in size varying from 

104 kDa (a-actinin) to 427 kDa (dystrophin), as well as in their tissue 

distributions.

Thus, utrophin and dystrophin together form a sub-family of the 

spectrin super-family. There are reports of two other members of this 

sub-family designated dystrophin-related-protein 2 (DRP2) and 

dystrobrevin.

Dystrophin related protein 2 (DRP2). During the course of a

phylogenetic study, in which the COOH-terminal domains of dystrophin 

and utrophin from a wide spectrum of animal species were being 

analysed and compared, a novel class of vertebrate 

dystrophin/utrophin related protein was identified (Roberts at aL, 1996) 

in dogfish (a cartilaginous fish) and in the goby (a bony fish). This 

sequence, designated dystrophin related protein 2 (DRP2), was 

distinct from the dystrophin and utrophin sequences from both fish 

(Roberts at aL, 1996).

A search for DRP2 in mammals led to the identification of 

orthologous sequences in man and mouse (Roberts ataL, 1996). 

Human DRP2 mRNA is 7 Kb in length contains a 5' UTR of 340 bp, an 

open reading frame of 2862 bp which encodes a 956 aa protein with a 

molecular weight of 110 kDa (Roberts at aL, 1996). Indirect evidence 

suggests that the 3' UTR is 3.9 Kb. The overall size of the transcript is 

greater than 7 Kb. Analysis of the derived protein sequence shows that 

DRP2 contains a short proline rich NH2 -terminal domain, followed by 

sequence homologous with the last 2 repeats of the rod region and the 

cysteine-rich and COOH terminal. Structurally DRP2 is similar to 

Dpi 16 and G-utrophin although the region corresponding to the novel 

first exon of these two transcripts shows no homology to the 5' end of
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DRP2 and there is no evidence of a longer transcript, which contain 

DRP2 sequences. (Roberts et aL, 1996).

The DRP2 gene consists of 24 exons distributed over 45 Kb and 

is transcribed in a proximal to distal fashion (Roberts at ai, 1996). The 

DRP2 gene was mapped to the X chromosome at position Xq22 and 

so lies distant to the dystrophin gene but close to the protein tyrosine 

kinase (btK) gene that is defective in X-linked agammaglobulinaemia 

(Vertie etal., 1995).

Expression studies using RT-PCR and in situ hybridization 

showed that DRP2 is expressed in the brain, in particular in the 

olfactory bulb, cortex striatum and the spinal cord and some peripheral 

tissues including the eye, ovaries, epididymus, testis and cgjon 

(Roberts et ai, 1996, Dixon et ai, 1997).

A comparison of DRP2 sequences between species has 

identified residues that are conserved. The majority of these lie in the 

regions that mediate interactions between dystrophin and P-

dystroglycan or a^- and pi syntrophin and differ from those found in

dystrophin and utrophin at these positions. This suggests that DRP2 

has specificities of association with other members of these protein 

families that are distinct from those associated with dystrophin and 

utrophin (Roberts et a!., 1996).

Phylogenetic analysis shows that dystrophin and utrophin are 

more closely associated with each than either are to DRP2 suggesting 

a more recent divergence of these two genes from this spectrin sub

family lineage (Roberts et ai, 1996).

Dystrobrevin. Dystrobrevin is a dystrophin-related protein

as well as an dystrophin-associated protein. This protein has a 

modest homology to the cysteine-rich and COOH-terminal domains of 

dystrophin and utrophin. Dystrobrevin was first identified as an 87-kDa 

postsynaptic protein that co-purifies with AChR from the electric organ 

of Torpedo californica (Carr et ai, 1989). The 87-kDa protein is a major 

tyrosine phosphorylated protein (Wagner et ai, 1993) and since
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tyrosine phosphorylated protein act as inhibitors block AChR clustering 

(Wallace et aL, 1991, Wallace, 1994, Ferns et aL, 1996). This protein is 

thought to play an important role in the organisation of the synaptic 

cytoskeleton.

Mammalian dystrobrevin mRNA accumulates in the brain and 

skeletal muscle and in cardiac muscle and lung. Unlike the Torpedo 

protein, which is encoded by a single 4.8Kb mRNA, the mammalian 

protein comprises three isoforms encoded by different mRNAs (Blake 

etal., 1996, Sadoulet-Puccio et aL, 1996). The mammalian 

dystrobrevin gene, like dystrophin, appears to be transcriptionally 

regulated by more than one promoter in a tissue specific manner 

(Ambrose et aL, 1997; Holtzfeind et aL, 1999).

a-Dystrobrevin-1 is the largest of the mammalian isoforms. It 

contains the putative tyrosine kinase substrate domain and is most 

similar to the torpedo protein. a-Dystrobrevin-2 and dystrobrevin-3 are

successive COOH-terminal truncations of a-dystrobrevin-1. a- 

Dystrobrevin-2 lacks the putative tyrosine kinase substrate domain 

while a-dystrobrevin-3 lacks both the tyrosine kinase substrate and

coiled-coil domains (Blake et aL, 1996; Nawrotzki et aL, 1998). The two 

larger dystrobrevin isoforms bind directly to syntrophin and dystrophin 

subfamily of proteins via their syntrophin-binding sites and coiled-coil 

domains, respectively (Blake et aL, 1996; Peters et aL, 1997; Sadoulet- 

Puccio et aL, 1997). a-Dystrobrevin-3 which lacks both the syntrophin

and dystrophin- binding sites, is not thought to play a role in the 

formation of the DAP complex (Nawrotzki et a!., 1998, Ambrose et aL,

1997). In the mammalian skeletal muscle, a-dystrobrevin-1 and a- 

dystrobrevin-2 are present at the sarcolemma as well as the NMJ.

a-Dystrobrevin-1 interacts with dystrophin at the sarcolemma

and utrophin at the NMJ, while a-dystrobrevin-2 is thought only to bind 

with dystrophin at both locations, while the localisation of a- 

dystrobrevin-3 has not been determined. (Peters et aL, 1997). The role
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of these proteins at the sarcolemma is not known. However, 

experiments with C2 myotubes in culture reveals that a-dystrobrevin-1 

relocalises with AChRs macroclusters following agrin treatment. One 

proposal is that a-dystrobrevin-1 may be involved in the maturation and

stabilisation of the NMJ (Nawrotzki etal., 1998). This idea is supported 

by the examination of mice that lack all three dystrobrevin isoforms.

The AChRs of these mice are disordered and these animals develop 

muscular dystrophy but appear to be viable and fertile (Zhou et a!., 

1998). Agrin-treated cells of myoblasts from dystrobrevin deficient mice 

leads to the formation of groups of AChR microclusters instead of the 

uniform macroclusters seen in the normal mouse.

Recently a second gene encoding a closely related protein, P-

dystrobrevin was identified in mouse and human (Peters et a!., 1997, 

Blake et a!., 1998, Puca et a!., 1998) and has been shown to be 

expressed in a broader range of tissues than a-dystrobrevin.

5. DMD the clinical problem.

In one third of all cases of DMD the mutation is not detectable in 

the mother nor is there any family history and so the mutation must be 

a new event (Zata et a/., 1978). The physical size of the DMD gene may 

be the explanation for its high mutation rate, since this locus provides 

an extensive target for recombination, inaccuracies in replication and 

mutation. In 65% of cases, patients with DMD or BMD have mutations, 

which are deletions within the gene. A smaller numbers of patients 

(11-16%) show duplications of exons (Den Dunnen et a/., 1989)

The diagnosis of a patient as Duchenne or Beckers muscular 

dystrophy depends on the severity of the presentation. Duchenne 

muscular dystrophy (DMD) is the more severe and most common form 

of the disease affecting around 1 in 3500 live born males whereas 

Beckers muscular dystrophy (BMD) is a milder and less common form 

affecting around 1 in 18500 live born males. DMD patients are usually 

confined to a wheelchair by the age of 12 and die during their third
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decade due to respiratory or cardiac problems whereas BMD patients 

are generally ambulatory until their second decade and more mildly 

affected. Between these two phenotypes there is a gradation of 

phenotype such that some patients fall into neither category and are 

called atypicals or intermediates (Hoffmann et aL, 1988). Examination 

of muscle from DMD/BMD patients reveals that there is a high 

correlation between the clinical phenotype and the amount and quality 

of the dystrophin protein present in biopsy samples (Cooper et aL,

1988). At the DMA level there appears to be no correlation between the 

size of the deletion at the DMD locus and clinical severity (England et 

aL, 1990). For example one particular case study reported a family 

carrying a deletion that spanned 700 Kb of genomic sequence 

including 46% of the coding region (England et aL, 1990). Members of 

this family carrying this deletion were however only mildly affected and 

included a man of 61 still ambulant, needing only a walking stick. The 

reason for such a mild phenotype appeared to be due to the retention 

of both functional NH2 -and COOH-terminal domains of the protein even 

though the rod domain was severely truncated (England et aL, 1990). 

The failure of Dp71 which, has an intact COOH-terminal region but 

lacks an NH2 -terminal, to rescue the neuromuscular phenotype of mdx 

mice illustrates well the importance of having both the NH2 - and the 

COOH- terminal regions of the protein (Greenberg et aL, 1994, Cox et 

aL, 1994). Correlation of the deletion break points with disease severity 

shows that deletions that remove exons encoding the rod region will 

result in BMD, as long as the reading frame of both terminal regions is 

not disturbed by the removal of exons (Monaco et aL, 1988). In other 

words as long as the splicing of the intact exons together, which are 

not usually adjacent, retains the open-reading frame.

The feasibility of gene replacement therapy for DMD is being 

explored. This work involves using the mdx mouse as a model system. 

These mice display a variety of symptoms associated with DMD 

including fibrosis and phagocytic infiltration of muscle tissue, variation 

of muscle fibre size, centrally positioned nuclei and elevated serum
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levels of muscle pyruvate kinase. The diaphragm muscle of these 

mice is severely affected. Studies have shown that over-expression of 

full-length dystrophin (x50 fold) in mdx mice prevents the development 

of these dystrophic symptoms without any apparent toxicity (Cox et al., 

1993). This idea has been further explored by making use of truncated 

dystrophin genes to ameliorate the symptoms of DMD. Vectors that are 

favoured for carrying the dystrophin gene are the adeno-viruses 

however these are limited by the size of insert DNA they can carry and 

mini-genes have had to be devised. In these experiments mini-genes 

were modelled on the structure of dystrophin mRNA in a BMD patient 

who showed only very mild symptoms (England at a!., 1990). A strong 

muscle specific promoter was used to drive expression of a mini-gene 

deleted for exon 17-48. Expression of the truncated protein almost 

completely prevents the development of dystrophic symptoms in 

transgenic mdx mice. These results are important because they show 

that viral vectors could indeed be used to carry replacement dystrophin 

into cells (Rafael at a!., 1994, Phelps at a!., 1995, Wells at a!., 1995).

However, the réintroduction of dystrophin into the muscle cell 

poses one potential problem because the dystrophin protein, not seen 

before by the patient’s cells, might elicit an immune response, 

undermining any beneficial therapeutic effects of the transgene. Indeed 

antibodies against dystrophin were detected 10 days after inoculation 

of mdx mice with adenovirus expressing dystrophin (Hoffman at a!.,

1989). As a consequence alternative approaches to gene therapy in 

the treatment of DMD have been sought.

A recent study investigated whether bone marrow cells carrying 

a wild-type dystrophin gene could restore the expression of dystrophin 

in mdx mice muscles (Gussoni at a!., 1999). Female mdx mice were 

lethally irradiated and subsequently injected with bone marrow cells 

from normal male mice. Consequent post-injection examination of the 

female mice over a period of twelve weeks showed the incorporation of 

donor-derived nuclei into the muscle, and the partial restoration of 

dystrophin expression in the affected muscle (Gussoni at a!., 1999).
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The results suggest an unanticipated avenue for the treatment of 

Duchenne muscular dystrophy through the systemic delivery of 

therapeutic cells to sites throughout the body (Gussoni et al., 1999) but 

still will not overcome the immune response problem.

Over-expression of utrophin. Utrophin has a similar

structure to dystrophin and appears to bind to the same membrane 

protein complex. During muscle development there is a switch in the 

synthesis of utrophin and dystrophin and concomitant depletion of 

utrophin at the sarcolemma. This is analogous to the switching of 

globin chains during embryonic and foetal development and utrophin 

could be regarded as a foetal isoform of dystrophin. If this is so then it 

may be possible that utrophin could replace dystrophin at the adult 

sarcolemma and functionally replace dystrophin in patients suffering 

from DMD?

A truncated utrophin transgene based on the model used for the 

truncated dystrophin mini-gene was constructed using either the 

human skeletal muscle a-actin promoter or the cytomegalovirus

promoter, to drive high levels of expression in muscle of mdx mice 

(Tinsley et a!., 1996, Gilbert et a!., 1998). The results showed that over

expression of utrophin in these muscles led to the restoration of the 

dystrophin associated protein complex and the amelioration of the 

dystrophic phenotype (Tinsley et a!., 1996). These beneficial effects 

were associated with the appearance of utrophin at the sarcolemma. 

As utrophin is normally expressed in all tissues, the use of a utrophin 

rather than dystrophin transgene in gene-therapy averts the 

immunological response against the transgene product (Tinsley et a!.,

1996).

The same utrophin mini-gene was able to repress the pathology 

associated with double gene loss for both dystrophin and utrophin 

(Grady et a!., 1997, Deconinck et a!., 1997). The muscle of these doubly 

deficient mice show evidence of massive fibre regeneration with large 

numbers of centrally located nucleated fibres, variable fibre size.
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macrophage infiltration and necrosis. The utrophin mini-gene treated 

mice show no evidence of muscle weakness or the joint contractures, 

growth retardation, laboured breathing or kyphosis which characterise 

the deficient mice. Even a year after the rescue, the mice were 

apparently normal (Rafael et aL, 1998). In the treated mice utrophin is 

localised around the entire sarcolemma membrane and the dystrophin 

protein complex restored to the membrane (Rafael at aL, 1998).

Observations regarding the cause of death in the untreated 

doubly deficient mice showed that a proportion of the doubly deficient 

mice where utrophin knockout is in exon 64 (UKO 64) develop a lethal 

ca£d[omyopathv-as-thevLmatLu:a(Gradv etal., 1997). This observation 

was not made for the doubly deficient mouse where utrophin knockout 

is in exon 7 (UKO 7) and where the cause of death is reported as 

respiratory failure. Information about utrophin expression in human 

myocardium is particularly relevant for the evaluation of this finding.

The level of utrophin in the heart has been examined using 

explanted hearts from patients suffering from dilated cardiomyopathy, a 

condition associated with mutations in the dystrophin gene. As a 

control utrophin levels were also examined in explanted hearts from 

patients with a non-dystrophic cardiomyopathy (ischemic) condition. 

There have so far been four case reports describing the expression of 

cardiac utrophin. These include one patient affected with BMD (Bies et 

aL, 1997), two patients with intragenic deletions involving exons 50-52 

and exon 48/exon 49 of the dystrophin gene respectively (Fanin et aL, 

1999,) and a DMD carrier (Behr et aL, 1997) all who developed dilated 

cardiomyopathy. Western blot analysis from tissue extracts of the 

explanted hearts from these patients showed an increase in the level 

of utrophin expression in all cases when compared to the control 

hearts. However this increase in the level of utrophin was unable to 

prevent the development this life-threatening disease.

However Rafael et aL, (1998) showed, that the severe phenotype 

of the doubly deficient dystrophin/utrophin mouse (dysT, UK07) could 

be rescued using the utrophin mini-gene under the control of a skeletal
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muscle specific promoter. Immunoblotting examination of the hearts of 

these mice showed there to be no full-length utrophin or dystrophin. 

The condition of these mice was observed over time and even after 

one year after utrophin rescue these rescued doubly deficient mouse 

showed no obvious clinical symptoms. Thus the cause of death in the 

non-rescued doubly deficient mice has been ascribed as respiratory 

failure due to skeletal muscle deficiency of utrophin and dystrophin 

rather than to cardiac failure (Rafael et al., 1998).

Given the upregulation of utrophin is a viable approach to '  

therapy for DMD, how can this be achieved? Methods that may be 

applicable include the use of small molecules, which would interact 

either directly with the gene promoter or the surrounding chromatin to 

promote gene transcription. Three examples of such molecules are 

butyrate, 4-phenylbutyrate and hydroxyurea. These compounds have 

been used to increase levels of foetal haemoglobin in the treatment of 

p-thalassaemia (Rodgers et a!., 1993, Perrine et a!., 1993). The

butyrate compounds which are known reversible inhibitors of histone 

deacetylases and are active in millimolar concentrations, have also 

been used as hyperactylating drugs to reactivate transcription in the 

FMR1 gene in lymphoblastoid cell lines from patients with fragile X 

syndrome, where transcription has been silenced due to 

hypermethylation of (CGG)n expansions in the 5’UTR of this gene 

(Chiurazzi et a!., 1999). 4-phenylbutyrate is a newly approved drug 

which has been used to increase expression of the variant AF508

CFTR protein in patients with cystic fibrosis (Rubenstein and Zeitin, 

1998) and has been shown to be effective in reactivation of an 

analogue of ALD gene in knock-out mice in the study of the X-linked 

disorder adreno-leukodystrophy (Kemp et a!., 1998).

The search for small molecules that will have the effect of 

upregulating utrophin in dystrophin deficient muscle is under way and 

indeed Oncogene Science Incorporated in New York are currently 

searching for such small molecules with funding from the Association 

Française centre les Myopathies (Roush, W, 1997).
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other examples of homologous genes replacing each other. The

precedent for homologous genes replacing each other has been 

demonstrated in the context of transgenic mice. For example, the 

mouse engrailed genes En-1 and En-2 are key regulators of neural 

development and are expressed in the mid-brain at the different stages 

of development. The two genes share approximately 55% aa identity.

Targeted disruption of these genes produces different phenotypes.

En-1 mutant mice die before birth with a large m id -b ra ir j^d e t^ . En-2 ^ — . 

mutant mice are viable but have cerebellar defects. In En-1 mutant 

mice expression of En-2 sequences by gene targeting, under the 

control of the En-1 promoter, led to the rescue of the En-1 mutant 

phenotype (Hanks at sL, 1995). Therefore En-2 can functionally 

replace En-1. The only, but very important, requirement for En-2 to 

replace En-1 is that it must be active at the appropriate time during 

development and within the correct tissues. It is probably true to say 

that in those cases of mouse knockouts, which are apparently without 

a phenotype, there are probably close homologues that are able to 

functionally replace the missing protein. An example of this is seen in 

the family of myogenic regulatory factors (MRP). In vertebrates this 

family consists of Myo D, Myf-5, myogenin and MRF-4. Mice in whom a 

null mutation for Myo D had been introduced showed a surprising 

phenotype. All mice that were homozygous for the null mutation were 

found to be viable and fertile. RNA and histological analysis could not 

detect any difference between wild-type and these homozygous Myo D 

mutant mice. However it was found that the amount of Myf-5 mRNA is 

increased three to four fold in these homozygous mutant mice.

Suggesting that in these mutant mice Myf-5 may substitute for the 

absence of MyoD in the development of skeletal muscle (Rudnicki at 

aL, 1992, 1993, Rudnicki and Jaenisch, 1995).
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6. Animal models.
The mdx mouse. The mdx mouse carries a point mutation in

exon 23 of the mouse DMD gene (Sincinski at aL, 1989, Bulfield at aL, 

1984). This mutation gives rise to a premature stop codon, reduced 

mRNA levels and total absence of dystrophin full-length protein in 

muscle (Hoffman at aL, 1989). Although the mdx mouse has proved a 

valuable model for DMD, the progressive muscle-wasting disease 

presents itself in a much milder form than DMD in humans. Mdx mice 

move and behave as normal mice, and live to about 2 years of age, 

which is comparable to the life-span of wild type mice (Rafael at aL,

1998). The difference between the overall picture in man and mouse 

could be explained by proposing that the disease progresses in the 

mdx mouse at a similar rate to humans and the death of these mice 

occurs before major muscular problems occur. Alternatively, 

compensatory mechanism such upregulation of a homologous 

protein, like utrophin, is more effective in the mouse compared to the 

human. It has been observed in mdx mice the muscles with the 

greatest upregulation of utrophin exhibit the least pathological changes 

(Matsumura ataL, 1993). Whether this endogenous compensation by 

utrophin is responsible for the mild phenotype observed in the mdx 

mouse remains unclear. It remains possible that the difference could 

be simply due to the difference in overall force placed on human 

muscle fibres compared to mouse muscle fibres.

mdx muscle appears histologically normal in the immediate 

postnatal period, but an acute phase of muscle necrosis occurs 

around weaning with visible muscle weakness (Cullen and Jaros, 

1988). Many cellular and biochemical features resemble those 

characteristic of the early myopathic phase of DMD, such as elevated 

serum creatine kinase levels and the accumulation of macrophages, 

which are indicative of muscle degeneration, mdx skeletal muscle then 

recovers by virtue of substantial muscle regeneration visible as small 

calibre centrally nucleated fibres. Upregulation of muscle transcription 

factors appear to be an integral part of this successful regeneration.
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For example mdx mice lacking the muscle-specific transcription factor 

MyoD show a more severe phenotype due to deficiency in regenerative 

capabilities of the muscle (Megeney et aL, 1996). This ability of the mdx 

mouse to apparently compensate for the lack of dystrophin is of 

relevance to the search for potential therapeutic agents (Deconinck at 

aL, 1997).

The mouse. The mdx '̂ '̂' mouse is a model for

DMD in which there is a deficiency of both the full-length dystrophin 

protein and it was assumed, the shorter dystrophin proteins. This 

contrasts with the mdx mouse where only the synthesis of the full- 

length dystrophin isoform is affected (Cox at aL, 1993). The mdx '̂ '̂' 

mutation is within intron 65 and affects the splicing of the non-muscle 

4.8 Kb Dp71 transcript as well as the 14 Kb skeletal muscle mRNA.

The splicing defects affects most of the full-length mRNA but very low 

levels of normal full-length dystrophin can be detected in skeletal 

muscle but this is not sufficient to prevent the dystrophic phenotype. At 

four weeks of age muscle pathology similar to that of the mdx mouse 

Js seen. This includes cellular infiltration, necrosis, the presence of 

centrally located nuclei that is indicative of the presence of 

regenerating fibres and a progressive degeneration with fibrosis. The 

diaphragm is the most affected tissue (Chapman at aL, 1989, Danko at 

aL, 1992). The only histological difference between the mdx '̂ '̂' and the 

mdx mutants is the greater variation between the fibre size in the 

mdx '̂ '̂' mouse, however th e jn dx^m u ta n t dieplays-an-abnormal 

breeding phenotype with reduced neonatal survival in addition to the 

skeletal muscle pathology (Cox at aL, 1993). The muscle
I— -

abnormalities appear at four to five weeks of age and continue to 

progress particularly in the diaphragm up to around 6 months of age 

(Cox ataL, 1993).

7. Utrophin animal models

Utrophin knockout mice (exon 7 The large size of

the utrophin gene, makes utrophin a likely candidate for natural
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mutation (Pearce et al., 1993). However no naturally occurring 

diseases of man or mouse have been identified that result from 

mutations to the utrophin gene. Since utrophin may be involved in the 

development and maintenance of a wide variety of tissues, it was 

assumed that such a mutation must be lethal.

In order to investigate the role of utrophin, a mouse was created 

that carried a null mutation in the utrophin gene (Deconinck at a!.,

1997). To disrupt the reading frame a neomycin cassette was inserted 

into exon 7 of a recombinant DNA clone containing utrophin exon 7 

flanked by 7 Kb of intronic sequence. This construct was used to target 

embryonic stem cell lines; correctly targeted cells were obtained at a 

frequency of 10% and checked by Southern blotting by probing with 5’ 

flanking sequence and internal neoprobes. Targeted clones were 

injected into a C57BI6 blastocyst and transferred into ICR pseudo

pregnant females. Chimeras were generated to produce utrophin null 

heterozygotes for breeding. From the FI x FI cross the expected 

Mendelian ratios of homozygotes and heterozygotes were obtained. 

Using RT-PCR and RNase protection assays it was established that 

the absence of normal sequence in the exon 7 region leads to aberrant 

splicing of the targeted exon and substantially reduced (but not 

completely absent) utrophin mRNA levels in the muscle of the 

knockout mouse.

The utrophin exon 7 mice are normal in size and 

appearance, which suggests that embryonic development proceeds 

normally. The mice eat well and appear to gain weight after birth and 

remain indistinguishable from wild-type mice and heterozygote exon 

7̂ 1 littermates. There are no signs of abnormal breathing, locomotor 

behaviour and no indication of muscle weakness. The exon 7 

mice breed and reproduce as well as the control wild-type C57BL6/J 

strain. This suggests that utrophin does not affect the smooth muscle 

function of the uterus (Deconinck at a!., 1997). Histological examination 

shows no obvious abnormalities even in kidney and lung where 

utrophin expression is high. Levels of muscle creatine kinase in the
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serum are normal, indicating that there is no degeneration of cardiac 

or skeletal muscle (Deconinck et al., 1997).

The absence of utrophin had little effect on the overall structure 

and function of the NMJ. This is in striking contrast to the ablation of 

several other post-synaptic molecules including rapsyn (Gautam at a!., 

1995) agrin (Gautam at a!., 1995) and MuSK (DeChiara at a!., 1996) 

where there is a failure in both synaptogenesis and specialisation of 

the postsynaptic membrane. Two abnormalities are apparent at the 

NMJ in these knockout mice; a reduction in the number of AChRs and 

in the number of folds in the post-synaptic membrane. These features 

are probably related. The AChRs are concentrated in the region of the 

folds of the post-synaptic membrane closest to the extracellular space 

and a reduction in the number of folds will reduce the amount of space 

available to accommodate AChRs (Deconinck at a!., 1997). It is 

relevant to note here that postsynaptic folding is also reduced in the 

mdx mouse (Bulfield at a!., 1984, Sicinski at a!., 1989), suggesting a 

role for dystrophin at the post-synaptic junction in the mouse.

Utrophin knockout mouse exon 64. Almost simultaneously

Grady at a!., (1997) in St Louis also created a mouse null for utrophin. 

In this case these authors targeted a position corresponding to the 

beginning of the cysteine-rich domain of the utrophin protein. A very 

similar method of insertional mutation by homologous recombination 

to that described by Deconinck at a!., (1997) was used. Heterozygotes 

for this null mutation, exon 64 appear normal as does the 

homozygote exon 64 and the expected numbers of heterozygotes 

and homozygotes offspring are born in FI x FI crosses. The outcome 

of the insertional mutation was determined by RT-PCR using flanking 

primers. Results showed that not only was exoru64 deleted, but so 

was the preceding exon 63. This deletion leads to a frameshift that 

introduces a stop codon 1.7 Kb before the wild-type stop codon and 

theoretically results in a truncated utrophin protein missing both the 

cysteine-rich and the COOH domains of the utrophin protein. Western
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blot analysis using a specific COOH terminal antibody failed to detect 

protein in any of the knockout tissues tested. The same result was 

found using a NH2 terminal antibody, implying that the truncated protein 

is either not produced or is very unstable (Grady et al., 1997).

These exon 64 mice develop normally, are fertile and live a 

normal life span without any obvious pathology. There are apparently 

no significant functional consequences associated with the lack of 

utrophin, no behavioural, motor or cardiorespiratory disorders, loss of 

kidney function and no disruption of the blood-brain barrier. Utrophin 

deficient mothers bear normal size litters and raised them 

appropriately.

In general the mouse exon 64"^"/"^" mice show the same 

phenotype as the exon 7 mice. (Grady at a!., 1997, Deconinck at 

a!., 1997). This similarity continues when the detail of NMJ structure is 

analysed. As with the exon 7 mice there is a reduction in the 

density of AChR at the NMJ reflecting a reduction in the number of 

postsynaptic folds of the postsynaptic membrane (Grady at a!., 1997).

The surprising observation from both of these utrophin null mice 

was their lack of an associated phenotype. This suggests dystrophin 

and utrophin have complementary roles and compensate for the lack 

of the other, resulting in mild phenotypes. To investigate whether this is 

the case both groups went on to generate a mouse that was deficient 

for both utrophin and dystrophin.

Utrophin and dystrophin doubly deficient mice To do this

both groups mated female mdx mice with male utrophin deficient mice. 

The resultant FI offspring were further interbreed to produce the doubly 

(utrophin and dystrophin) deficient mouse (DKO). The DKO mice all 

show a more severe phenotype than, either of the single gene 

deficiencies. At four weeks of age, these mice show slack posture, 

reduced weight, lack of motility, abnormal breathing pattern and 

abnormal field behaviour. As they mature DKO mice develop 

progressive muscle weakness with marked kyphosis, a characteristic
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waddling gait with weight bearing on abnormally postured hind limbs 

(Deconinck et al., 1997, Grady et al., 1997). All mice succumb to a 

premature death by 20 weeks. This phenotype is much more like that 

of human DMD patients.

Comparison of skeletal muscles from mdx and the DKO 

littermates reveals that the onset of the dystrophic phenotype is earlier 

in the DKO mice. At six days after birth there are large areas of necrotic 

fibres and connective tissue with little or no signs of regeneration. By 

two weeks there are some centrally positioned nuclei indicating that 

regeneration is underway. At eight weeks of age the muscles show the 

characteristic morophological abnormalities seen in fully mature mdx 

mice, with variation in muscle fibre diameter, staining intensity, 

centralised nuclei and fibrosis. This picture progresses to severe 

muscle degeneration and fibrosis at ten weeks of age (Deconinck et 

al., 1997, Grady etal., 1997).

In DKO mice skeletal muscle there is virtually no folding of the 

postsynaptic membrane at the NMJ. This observation confirms that 

utrophin and dystrophin play an important role in the development or 

maintenance of the postsynaptic junctional folds at the motor endplate. 

There is also a decrease in the folding of the sarcolemma membrane 

at the MTJ suggesting that force transmission is impaired in skeletal 

muscle (Deconinck et al., 1997, Grady et al., 1997). There are very few 

if any, differences between the DKO’s generated using either a 

utrophin exon 7 parent or an exon 64 parent. Only in one 

detail do they appear to differ. A cardiomyopathy was detected in the 

utrophin exon 64 DKO mice was not reported for the utrophin 

exon 7 DKO mice. This was identified as an abnormal 

electrocardiogram associated with a decrease in neuronal nitric oxide 

synthase and an increase in the induced nitric oxide synthase in the 

hearts of these mice (Bia et al., 1999).

The data, which have emerged from the study of the DKO mice 

support the view that utrophin and dystrophin have complementary 

roles in the normal functional or developmental pathways in muscle.
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This animal model also provides support for the idea that the 

dystrophin associated protein complex is dispensable for 

synaptogenesis since it is clear that the NMJ can develop and function 

in the absence of both utrophin and dystrophin. The muscular 

dystrophy of the DKO mice is severe and fatal, and is a better model of 

human DMD in many respects. Furthermore it can be concluded that 

utrophin attenuates the severity of dystrophy in mdx mice. Using these 

mice as models should provide a better insight into the pathogenesis 

of DMD and a model to test possible gene therapy strategies 

(Deconinck etal., 1997).
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Aims and objectives.

When this project started experts in the field were proposing that 

upregulation of utrophin might be a successful strategy for treatment of 

Duchenne muscular dystrophy. However little was known about the 

regulation of the utrophin gene outside the muscle, in particular 

regarding the existence of alternative isoforms, their promoters and their 

role in muscle and non-muscle tissues. Given the close structure and 

function shared by utrophin and dystrophin it might be expected that, in 

addition to G-utrophin other utrophin homologues of the multiple 

dystrophin isoforms occur.

This thesis addresses this question by using a strategy of 5’ 

RACE to investigate whether alternative transcripts of utrophin occur in 

muscle and non-muscle tissue. It was planned to target regions 

corresponding to those known to be the transcription start sites for 

alternative dystrophin isoforms, including the 5’ end of the full-length 

form. In summary the aims were as follows:

1. To search for alternative utrophin transcripts using 5’RACE.

2. To establish the full sequence of novel portions of the 

transcripts and of the immediate 5' flanking sequence in order to 

identify promoters elements

3.To characterise the expression profiles of utrophin transcripts at 

the level of mRNA and of protein.

4. To look for evidence of differential mRNA splicing which is a 

characteristic feature of dystrophin but had not been reported for 

utrophin.
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Chapter 2 

Material and methods

Materials

Standard reagents Analar grade reagents were supplied by 

BDH/Merck, Fisons and Sigma.

Enzymes Restriction enzymes were supplied by Bethesda

Research Laboratories (Gibco, BRL), Boehringer Mannheim and New 

England Biolabs. All other enzymes were obtained from Boehringer 

Mannheim with the exception of Taq polymerase from Advanced 

Biotechnologies; shrimp alkaline phosphatase, Sequenase and Thermo 

Sequenase from Amersham Life Science.

Electrophoresis reagents Agarose was supplied by BRL

and Nusieve low melting point agarose by PMC Bioproducts. Acrylamide 

from BIO-RAD was used and TEMED and ammonium Persulphate from 

BDH/Merck.

Miscellaneous All dNTPs and random hexamers were

supplied by Pharmacia. DMA preparation, gel extraction and PCR clean 

up kits came from Qiagen. Tween 20, ponceaus S and antibiotics were 

from Sigma. RNase inhibitor was from Boehringer Mannheim and 

RNAzol B from Biogenesis. Hybond-N, Hybond-ECL, [a^^PdCTP], ^^P 

and ^^S were supplied by Amersham Pharmacia Biotech Uk Ltd.

The 1 Kb DMA marker used to size DMA fragments in agarose gels was 

from Gibco, BRL. Protein markers used to size polypeptides in Western 

blots were obtained from Gibco BRL, New England Biolabs and 

Boehringer Mannheim. ECL Western blotting detection reagents were 

obtained from Amersham Pharmacia. The second antibody anti-mouse 

immunoglobulins were obtained from Sigma.

75



Common Buffers ‘Chloroform’: refers to a 24:1 (v/v) mixture

of chloroform and isoamyl alcohol.

lOOxDenhardt’s: 2% ficoll, 2% polyvinylpyrrolidone, 2% BSA 

PBS: 137mM NaCI, I.SmM KH2 PO4 , 8mM NA2 HPO4 . 2mMKCI 

‘Phenol’: refers to phenol equilibrated with TE, pH7.5 

‘Polyacrlyamide’: refers to a 37.5:1 mixture of acrylamide and bis- 

acrlyamide (BIO-RAD) for SDS electrophoresis. A 19:1 mixture of 

acrylamide and bis-acrylamide (BIO-RAD)

PSM: lOOmM NaCI, 8mM MgS04, 50mM Tris-HCI, pH7.5 with citric 

acid, 2% gelatin.

lOxTBE: 890mM Tris-HCI, 890mM boric acid, 20mM EDTA.

1xTE: lOmM Tris-HCI and ImM EDTA, pH7.5

Microbiology media Tryptone, Yeast Extract and Bacto

agar were all from Difco

L-broth (per litre): lOg Tryptone. 5g Yeast Extract, 5g NaCI, 2g glucose 

L-agar (per litre): as L-broth plus 14g Bacto agar and without glucose 

L-agarose (per litre): as L-broth plus 7g agarose and without glucose 

LM-broth (per litre): lOg tryptone, 5g Yeast Extract, 5g NaCI, 2g 

M g S 04 .7H 20

LM-agarose (per litre): as LM-broth with 7g agarose added.

LM-agar (per litre): as LM-broth with 14g Bacto agar 

2.1.7 Bacterial strains

LE392 (host for À-DASH) grown in LM-broth with 0.2% maltose 

DH5-a (host for pud  9)

Methods

All solutions for nucleic work were sterilised by autoclaving 

(15psi, 121°C for 20-25 minutes) of by filter sterilisation (through 0.22pm 

pore size ‘Acrodisc’ filters, Gelman Sciences). Glassware was also 

sterilised by autoclaving. For RNA work, water and where possible, 

reagents were treated overnight with 0.1% diethylpyrocarbonate (DEPC)
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at 37°C before autoclaving. All autoradiography was carried out by 

exposure of MR-1 X-ray film (Kodak), at room temperature for and 

with an intensifying screen at -70°C for Disposable gloves were 

worn for all experiments.

DNA precipitation and assay of concentration DNA

precipitations were routinely performed by the addition of 3M sodium 

acetate, pH5.5 to a final concentration of 0.3M and 2 volumes of 100% 

ethanol before chilling overnight at -20°C. Precipitated DNA was 

recovered by centrifugation at 16,000g (14,000 rpm in an eppendorf 

5402 centrifuge) at 4°C and washed in 70% (v/v) ethanol before air 

drying and resuspending in double distilled water or TE. DNA was 

quantified by measurement of absorbance at 260nm; 10D unit is 

SOpgml'^ (the ratio of OD2 6 0 /OD2 8 0  should be 1.8 for pure DNA).

DNA modification

Restriction enzyme digests: Digests were performed using the

incubation buffers provided and according to the conditions 

recommended by the manufacturers. In most cases incubation took 

place in a water bath at 37°C with the exception of Smal which gives 

optimum restriction of DNA at room temperature.

Agarose gei eiectrophoresis and recovery of DNA fragments

DNA fragments were resolved in 1.0-6.0% agarose gels, which 

were poured and run in a 1x TBE buffer solution and cast in an 18x10cm 

or 4x11cm flatbed moulds. Gels were routinely run at 10Vcm"\ DNA 

fragments were visualised by ethidium bromide staining (at a 

concentration of lOOngmM in both the gel and buffer) and ultra-violet 

transillumination.
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DNA fragments required for subcloning or sequencing were 

excised from the agarose gel and electrophoresed into boiled dialysis 

tubing containing 200-300|liI 1x TE. The recovered solution was then 

ethanol precipitated. Alternatively, the QIAquick gel extraction kit was 

used according to the manufacturer's instructions. For the purification of 

PCR products, the QIAquick PCR purification kit was also used.

Southern blotting After electrophoresis in agarose gels, DNA 

was denatured by submerging the gel in 1.5M NaCI, 0.5M NaOH for 30 

minutes and neutralised by submerging in 1.5M NaCI, 0.5M Tris-HCI 

pH7.5 for 60 minutes. The DNA was blotted (Southern, 1975) onto a 

nylon filter (Hybond-N, Amersham) by capillary action of 20xSSC for 16- 

24 hours. Filters were then baked at 80°C for 2 hours to bind the DNA to 

the filter.

Hybridisations of Southern blots were carried out in sealed bags 

in a 65°C water bath in the pre-hybridisation solution described in 

section genomic library screening. The denatured probe was then 

added and the filter hybridised overnight at either 65°C or 55°C 

depending on the expected level of homology between the probe and 

the blotted DNA.

After hybridisation the filters were washed to a final stringency of 

0.1 X SSC, 0.1% SDS at 65°C.

DNA sequencing PCR products and pUC19 subcloned

fragments were sequenced using dideoxynucleotide chain-termination 

(Sanger at a/., 1977) using either the Advanced Biosystems dye 

terminator cycle sequencing kit, or the Amersham Thermo Sequenase 

radiolabelled terminator cycle sequencing kit, both according to the 

manufacturers instructions. Cycle sequencing uses the repeated cycles 

of thermal dénaturation, annealing and extension/termination to increase 

signal levels. In brief, DNA fragments were synthesised using Amplitaq
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or Thermosequenase DNA polymerase (modified DNA polymerases), a 

denatured double stranded template (the DNA to be sequenced) and a 

primer to initiate the reaction. The reaction terminates with the 

incorporation of a chain-terminating dideoxynucleoside triphosphate, 

which is either labelled or fluorescently- labelled.

Radioactive sequencing Radioactive sequencing was carried out 

using the Thermo Sequenase radio-labelled terminator cycle 

sequencing kit (Amersham). 8 units of Thermosequenase DNA 

polymerase (2pl) were mixed with 2^1 of 10x reaction buffer (260mM 

Tris-HCI, pH 9.5, 65mM MgCb), 2.5pmol of primer and 50-500ng of 

DNA, made up to a final volume of 20^1 with dHzO. Four 4.5pl aliquots 

were mixed with 2.5pl of A, C, G and T termination mixes (each 

termination mix is Z.SpM dATP, dOTP, dGTP and dTTP with 0.0752p,M 

(0.2252pCi) of the appropriate terminator [a- ^^P] ddNTP (1500Ci/nmol). 

The reactions were covered with 30pl of paraffin oil and placed on a 

Hybaid Omnigene Thermocycler machine using the following conditions: 

Denaturing step 95°C 30 seconds.

Annealing step Tm of primer 30 seconds

Extension step 72°C 60 seconds

In all cases 40 cycles of sequencing were carried out.

At the end of the sequencing reaction, 4pil of stop solution (95% 

formamide, 20mM EDTA, 0.05% bromophenol blue, 0.05% xylene 

cyanol FF) was added and reactions kept at 4°C prior to electrophoresis.

Electrophoresis was carried out using Biorad sequencing 

apparatus. For radiolabelled fragments, a denaturing polyacrylamide gel 

(8% 19:1 acrylamide/bisacylamide) containing 6M urea, was 

polymerised with 1.7% (v/v) TEMED (60pl) and 25% (w/v) ammonium 

persulphate (80^il) in a total of 60 ml gel mix. After polymerisation, the 

gel was pre-run at 50W for 30 minutes in IxTBE to warm the gel to 40-
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50°C. Samples were denatured at 80°C for five minutes prior to loading 

and routinely 2|iil of the sample was loaded using a 48- well shark’s 

tooth comb. The sequencing gel was electrophoresed at a constant 

50°C (40-50W) in 1x TBE buffer. After disassembling the sequencing 

apparatus, the gel was transferred to 3mm Whatmann paper and dried 

in an 80°C oven for 45-60 minutes. The gel was exposed to X-ray film 

for between 12-48 hours, at room temperature in a light-tight black box.

Fluorescent sequencing DNA was sequenced using BigDyeTM and 

D-RhodamineTM fluorescently labelled terminators, provided with the 

Advanced Biosystems dye terminator cycle sequencing ready reaction 

mix kit. 8pl of Terminator Ready reaction Mix were mixed with 3.2-4pmol 

of primer and 50-500ng of DNA, made up to 20|liI with dHzO and 

overlaid with 30pl of mineral oil. Cycling was performed on a Perkin- 

Elmer DNA thermal cycler 480 using the following conditions 

Denaturing step 96°C 30 seconds.

Annealing step Tm of primer 15 seconds

Extension step 60°C four minutes.

For all fluorescent sequencing 25 cycles of cycle sequencing was 

carried out.

Fluorescently labelled fragments were electrophoresed on the 

ABI377 automatic DNA sequencer (Advanced Biosystems) at 30W and 

45°C for 12 hours. Data was collected using 377collection software and 

analysed using Sequencing Analysis version 3.0 and sequence 

navigator version 1.0.1 software.

Preparation of ̂ ^P-labelled probes for library screening. Random 

sequence hexanucleotides were used to prime DNA synthesis on 

denatured DNA at multiple sites. This complex provides a substrate for
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Klenow fragment DNA polymerase (Feinberg and Vogelstein, 1984). [a- 

^^P]dCTP provided the radioactive nucleotide in this reaction mix. The 

Rediprime II (Amersham Life Sciences) contains a dried stable labelling 

mix of dATP, dTTP, dGTP, Klenow enzyme and random primers. Briefly, 

2.5-25ng of DNA were diluted to a volume of 45^il in distilled H2 O, 

denatured by boiling for five minutes and added to the labelling mix, 

together with 5|il of [a-^^P]dCTP. After incubation at 37°C for 30 

minutes, unincorporated [a-^^P]dCTP and primers were removed by 

passing the labelling reaction through a Sephadex G-50 Nick column 

(Pharmacia). The labelling reaction volume was made up to 350^il with 

TE, applied onto the filter matrix and eluted with 450|il TE. Percentage 

incorporation was estimated by comparing the cpm retained on the Nick 

column, which represents unincorporated [a-^^P]dCTP, with the cpm in 

the eluate. Incorporation was generally 60-80%. The probe was 

denatured by boiling for 5 minutes before addition to the hybridising 

solution and filters.

Genomic library screening: A À-DASH mouse genomic library was 

screened using ^^P- labelled PCR amplification products from mouse 

utrophin exon 45 or exon 63. Details of the primers, are shown in Table 

2.1. The phage were transfected into E-coli LE392 which had been 

grown as an overnight culture of the host cells, grown in LM-broth with 

0.2% maltose. Maltose sugar induces the lamb receptor for phage 

adsorbance. The library was titred to determine the number of plaque 

forming units (pfu) per ml of stock by spotting serial dilutions of this 

stock onto a lawn of LE 392. After overnight incubation at 37°C the 

number of plaques were counted For each primary screen 3ml of an 

overnight E-coli culture was centrifuged at 5,000 rpm (MSE Mistral 2000 

centrifuge) for 5 minutes, the supernatant removed and 10® pfu of phage 

added to the cells with gentle mixing. Cells were incubated at 37°C for 

20 minutes to allow the phage particles to adsorb to the bacterial cells.
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7mls of LM-agarose was added to the cells and the phage gently mixed 

before pouring onto a 142mm plate of LM-agar. Plates were incubated 

at 37°C overnight. Further screens were performed using 90mm plates, 

200pl of cells from an overnight cultures and the appropriate number of 

phage particles were incubated together before plating out as described.

Nitrocellulose membrane (2 lifts per plate) were moistened in 2x 

SSC and blotted on 3mm Whatmann paper. The first filter was placed 

onto the plate for 1 minute and registration marks made with a needle.; 

the second filter was then placed onto the plate for two minutes. Filters 

were submerged in a denaturing solution (1.5M NaCI, 0.5M NaOH) for 

one minute, then into neutralising solution (1.5M NaCI, 0.5M Tris-HCI; 

pH7.5) for 5 minutes, and finally rinsed in 2x SSC before being air-dried 

and baked at 80°C for 2 hours in order to fix the DNA to the membranes. 

Filters were prehybridised and then hybridised with a labelled probe at 

55°C for the mouse utrophin probes. Prehybridisation took place for at 

least 4 hours in the following solution:

Final concentration Volumes per lOOmIs

Denhardt’s (lOOx) lOx lOmIs

SSC (20x) 4x 20mls

SDS (20%) 0.1% O.SmIs

Saturated PPi (1M) lOmM 1.0ml

Denatured Herring 

sperm DNA (5mgmM) O.ImgmM 2mls

HzO — 66.5mls

The denatured probe was added to the solution, mixed 

thoroughly and hybridised overnight at 55°C. After hybridisation, filters 

were washed in order to remove any non-specifically bound probe in a 

solution of 2xSSC/0.1% SDS at room temperature for 30 minutes. 

Further washes (2x15 minutes) at higher stringencies were then
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performed: generally 0.2xSSC/0.1%SDS and then 0.1xSSC/0.1%SDS 

at 55°C as for the hybridisation. Filters were blotted on 3MM Whatmann 

paper to remove excess fluid, wrapped in cling film and 

autoradiographed with X-ray film and an intensifying screen at -70°C.

Positive recombinants were identified by duplicate signals from 

both filters. These were picked as agar plugs after aligning the 

autoradiographs with the plates. Plugs were placed into SOOpI of PSM 

and 10pl of chloroform. This phage stock was kept at 4°C overnight to 

allow the phage to diffuse from the agar before plating out at 200- and 

500 fold dilutions for re-screening. Successive rounds were performed 

until the phage was picked plaque pure.

For maxi-preparations of homogenous ÀDASH bacteriophage 

DNA, phage stocks were titred and amplified by plating 10® pfu on 

90mm LM-agar plates. 5x10® pfu were adsorbed to 3mls of an overnight 

culture of LE 392 cells, in the same way as described earlier. The phage 

and cell mix was added to 200ml of LM-broth and incubated at 37°C for 

up to 5 hours, until cell lysis was obvious. 2ml of chloroform was added 

and the culture incubated at 37°C for 20 minutes. À-DASH 

bacteriophage DNA was extracted using the QIAGEN lambda maxi 

purification kit according to the manufacturers instructions. Yields of 

SOOpg per 200 ml culture were routinely obtained.

The g ridded human chromosome 6 library

A cosmid library constructed from flow sorted human 

chromosome 6 DNA was screened with a cDNA probe corresponding to 

the novel first exon of D p i40 and Up71. The library (constructed at 

Imperial Cancer Research Fund (ICRF)) is in the form of high density 

g ridded filters, with 10000 clones per filter as described in Nizetic et al. 

1994. For each screening, two filters (exact replicas) were screened and 

selected for the duplicate signal. The filters were prehybridised and 

hybridised in the following solution (modified Church buffer):
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Final concentration Volumes for lOOmIs

NaPi (1M), pH 7.2 0.5M 50mls

SDS (20%) 7% 35mls

EDTA (0.5M) 1mM 0.2ml

BSA 0.1% lOOmg

Denatured herring 

sperm DNA (5mgmM) 50pgml'^ 1ml

water — 13.8ml

The filters were prehybridised in a sealed bag at 65°C for 7 

hours. The cDNA probe was labelled with [^^P-a]-dCTP as described in 

section 2.2 xx. The filters were hybridised overnight at 65°C. Non- 

specifically bound probe was removed from the filters by 4 washes each 

for 5 minutes at 55°C, with 40mM NaPi pH7.2, 1% SDS. These filters 

were then arranged in a cassette with three sheets of X-ray film. 

Autoradiography was overnight at -70°C. ^^S-oc-dATP labelled vector 

DNA allowed the positioning of all of the clones on the filter by relatively 

weak sharp signals. The clones, which hybridised to the cDNA were 

identified by stronger diffuse signals of ^^P duplicated on both filters.

The positions of positive clones were given reference numbers by 

aligning the autoradiographs to a numbered grid. Dr. Nizetic provided 

the corresponding cosmids in the form of agar stabs which required 

overnight incubation at 37°C. Cells from each cosmid stab were 

streaked onto L-agar plates with kanamycin at O.ImgmM and grown 

overnight at 37°C. A single colony was picked from these plates for each 

cosmid and grown in 3ml L-broth with Kanamycin at O.lmgml'^ at 37°C 

overnight. Glycerol stocks were made and DNA from plasmids isolated 

using Qiagen spin Miniprep kit of plasmid maxi kit.
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5’RACE. For all 5’ RACE experiments the 5’ RACE System

for the rapid amplification of cDNA ends, version 2.0 (Life technologies, 

GIBCO BRL) was used following the manufactures instructions. In brief, 

first strand cDNA is synthesised from total RNA using a gene-specific 

primer and SUPERSCRIPT™ II, an RNase H- derivative of Moloney 

Murine Leukemia Virus Reverse Transcriptase (M-MLV RT). The primer, 

1|Lig of total RNA and DEPC treated H2 O were heated at 70°C for ten 

minutes and chilled on ice. Other components were added to produce 

a reaction mix containing 20mM Tris-HCI (pH 8.4), 50mM KCI, 2.5mM 

MgCl2 , 1GmM DTT, 1Q0mM cDNA primer, and 400piM each of dATP, 

dCTP, dGTP, dTTP. The reaction mix was incubated at 42°C for one 

minute. Ip l (200 units) of the SUPERSCRIPT™ II RT was added, mixed 

and incubated at 42°C for 60 minutes.

The reverse transcription reaction was stopped by incubating at 

70°C for 10 minutes, the RNA template was digested by treatment with 

an RNase mix (containing RNase H which is specific for RNA: DNA 

heteroduplex molecules, and RNase T1) at 37°C for 30 minutes.

Following brief centrifugation the reaction mix, was passed through a 

Glassmax column. Prior to application to the column 120p,l of binding 

solution (6M Nal) was added to the newly synthesised cDNA. The 

column was centrifuged at 13000g for 20 seconds, the flow-through 

collected and kept at -20°C. The column was washed four times with the 

wash buffer (supplied by manufacturers), and twice with 70% ethanol to 

remove any unincorporated dNTPs, gene-specific primer and proteins. 

The cDNA was eluted from the column with 50|nl of sterilised, distilled 

H2 O at 65°C by centrifugation at 13000g for 20 seconds.

A homopolymeric poly-C tail was added to the 3' end of the cDNA 

using terminal deoxynucleotidyl transferase (TdT). TdT tailing creates 

the binding site for the abridged anchor primer on the 3’ end of the 

cDNA, which is the primer used for the creation of the second cDNA 

strand. A reaction mix containing the cDNA in lOmM Tris-HCI (pH 8.4).
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25mM KCI, 1.5mM MgCb, 200^iM dCTP was prepared and incubated at 

94°C for three minutes. The mix was placed on ice and 1pl of TDT 

added. After incubation at 37°C for ten minutes, the reaction was 

stopped by heat inactivation at 65°C for ten minutes.

The tailing buffer is PCR-compatible. This means that the 

reaction can be directly amplified without intermediate organic 

extractions, ethanol precipitation, or dilutions. PCR amplification was 

carried out using Taq polymerase, a nested gene-specific primer 

corresponding to a site located within the cDNA molecule, and a novel 

deoxyinosine- containing anchor primer provided with the kit. The 

thermal cycler was preheated to 94°C prior to use and reaction mixes 

were prepared on ice. The first amplification used the abridged anchor 

primer in a reaction mix of final composition, 20mM Tris-HCI, 50mM KCI, 

1.5mM MgCl2 , 400mM gene-specific primer (termed either GSP 1 or 

GSP2), 400mM abridged anchor primer, 2 0 0 |liM each of dATP, dCTP, 

dGTP and dTTP, tailed cDNA and 2.5 units of Taq polymerase. Each 

reaction was covered with 100pl of paraffin oil to prevent evaporation 

during thermal cycling. The reaction was heated at 94°C for 3 minutes 

and then cycled for 30 cycles using conditions established for each 

primer pair on a Hybaid thermocycler machine as follows:

Dénaturation step 94°C 45 seconds.

Annealing of primer 55°C to 57°C 45 seconds,

Primer extension 72°C 90 seconds

Followed by a final extension at 72°C for 7 minutes. 10pl of the 

first 5' RACE product was analysed on a 2% agarose gel. In general, no 

product was visible at this stage.

The second amplification was carried out using second nested 

gene-specific primer (GSP2) and various dilutions of the first 

amplification product as template. Generally the first amplification
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products were diluted in double distilled sterilised water so that the 

following dilutions, 1:10, 1:100 and 1:500 were obtained. The PCR mix 

for each sample contained the following, 20mM Tris-HCI (pH8.4), 50mM 

KCI, I.SmM MgCb. 200nM GSP2. 200nm AUAP (universal primer), 

200^iM each of dATP, dTTP, dGTP and dCTP, diluted first round PCR 

product and 2.5 units of Taq DNA polymerase. Each reaction mix was 

covered with paraffin oil and the reactions heated at 94°C for 5 minutes 

and then cycled for 30 cycles using conditions established for the primer 

pair.

Dénaturation 94°C 45 seconds,

Annealing step 56°C to 62°C 45 seconds

Extension step 72°C 90 seconds

A final extension period of 6 minutes at 72°C. lOpI of each 

reaction mix was analysed on a 2% agarose gel.

Details of the primers and annealing temperatures used for each 

5'RACE reaction are listed in Table 2.1.

Isolation of RNA All equipment used in this procedure was

rinsed in 0.1% DEPC water and all reagents DE PC-treated and 

sterilised by autoclaving where possible. Typical concentrations of 

extracted RNA from tissues were 5-8mgml'\

RNA was extracted from human and mouse adult and foetal 

tissues using RNAzol B (Biogenesis), a solution containing guanidium 

thiocyanate and phenol, using the procedure described the 

manufacturer. The method involves the grinding of the tissue under 

liquid Nitrogen and homogenisation in either hand operated glass 

homogeniser or an electric Silverson homogenisor using a sterile 1cm
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5' R AC E
Primer Sequence Annealing

Temperature
UT4R1 5 '- C G TTC C TTTG G C A G TG A TG TTC C  - 3 ' 57°C 5’ end
UT4R2 5 -C C TTC C A TC TTTG A G G TC TG TG  - 3 ' 55°C RACE
UT4R3 5-G G T G G T T T C C C A C T C T T T G A  - 3 ’ 57°C
UT30R1 5 '- G T G G T G A G C T G T T T G T C C A G C -3 ’ 56°C Exon 30
UT30R2 5 '- T TG C A A G A C T T G A A G C A T C T G G T C -3 ’ 58°C RACE
UT45R1 5 '- T C C C A G C G T T G G T T T A A A C C T -3 ' 56°C Exon 45
UT45R2 5 '- G C T T C C A T C T G C C T G G G A G A G -3 ’ 58°C RACE
UT45R3 5 -T G C A C A A T C C C A T C C C A T C C C C A G T T C G -3 ' 56°C
UT63R1 5 '- C TG TA C G G TA G G C A G A A A A A C G  - 3 ' 56°C Exon 63
UT63R2 5 '- C A TTA TTC A G G TC A G C A A G G G  - 3 ' 57°C RACE

Anchor primer 5’-GGCCACGCGTCGACTAGTACGGi 8 -3 ' 60°C Universal
Abridged primer 5-G G C C A C G C G T C G A C T A G T A C  - 3 ' 57°C Primers

Sequencing  and probe  
generation

HUT140F 5 '- C C TG A TG A C A TTC A TG A A A G G TG G  - 3 ' 56°C Sequencing
mUTex45F1 5 -G A A C TG G A A G A G G G C C TC A G C  - 3 ' 54°C probe
mUTex45R2 5 ’- TTC A C C TC A G C TA C A A G A G TG G  - 3 ' 55°C
mUTex63F1 5 '- C C A TC A A A C A C A G A C A A C C TG  - 3 ' 55°C probe
mUTex63R1 5 '- C A A G G G A TTG G A A G A G C TC A G TC  - 3 ' 55°C
mUT63R5 5 '-G C T A T C G T C T T G A T T T T T G G -3 ' 54°C sequencing
UT45R4 5 -T G G A C G T T T C C T G T G G -3 ' 55°C sequencing

Table 2.1 Primers used in 5’ RACE experiments and for sequencing and generating probes. All are referred 

to in Chapter 3. The positions of the primers are shown in Fig 3.1.
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diameter grinder (Silverson, Ltd UK). 2mis of RNazol B was used for 

each 100mg tissue, extraction with 0.1% volume chloroform to each 

volume of homogenate, precipitation of the aqueous phase with one 

volume of isopropanol, centrifugation to collect the precipatate and 

washing with 75% ethanol. The RNA was re-suspended in DEPC 

treated, sterile distilled water.

Preparation of cDNA by reverse transcription and RT-PCR All

procedures were carried out on ice. First strand cDNA was prepared 

from RNA using BRL M-MLV reverse transcriptase enzyme. Spg of total 

RNA was mixed with 7pl of 5x reverse transcriptase buffer (0.25M Tris- 

HCI pH8.3, 0.375M KCI, 15mM MgCI2), 3.5pl 0.1 M DTT (both supplied 

by GIBCO-BRL), 2pl 20mM dNTPs, SOpmoles random hexamer primers, 

1pl (10 units mM) RNase inhibitor and the volume made up to 33|liI with 

DE PC-treated water. The mix was heated at 65°C for 10 minutes, 

placed on ice and 2pl of reverse transcriptase added. The reaction was 

incubated at 42°C for 90 minutes. Samples were stored at -20°C.

RT-PCR was performed using 5pl of the first strand cDNA. 

Amplification reactions utilised Taq enzyme with lOx Buffer V (lOOmM 

Tris-HCI pH 8.8, 500mM KCI, 15mM MgCI2 and 1% Triton-X 100; 

supplied by Advanced Technologies). cDNA was amplified by PCR in a 

lOOpI reaction volume containing 1x Buffer V, 2pl 5mM dNTPs, 

SOpmoles of both forward and reverse primers and O.SpI (2.5 units) of 

Taq enzyme. Each reaction was covered with 10OpI of paraffin oil to 

prevent evaporation during thermal cycling. The reaction was heated to 

94°C for 5 minutes and amplified under conditions calculated for each 

primer. The annealing temperature for each PCR amplification was 

worked out using the formula
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Tm = 69.3 + 0.41 (% G+C) -650/length of the primer.

The Tm used for each amplification is the average of the Tm for the 

forward and reverse primers minus 5°C.

Denaturing step 94°G 30sec

Annealing step Tm-5°C 30sec

Extension step 72°C 45secs

Followed by an extension step of four minutes at 72°C 

All RT-PCRs were amplified using a Hybaid omnigene thermal cycler.

The primers and annealing temperature used for each RT-PCR reaction 

are listed in Table 2.2.

The above protocol was altered for the investigation of alternative 

mRNA splicing experiments to allow time for the bigger sized products 

to be generated.

Denaturing step 94°C 45secs

Annealing step Tm-5°C 45secs

Extension step 72°C 60-90secs

Followed by an extension time of five minutes at 72°C.

In all cases 30 cycles of amplification were performed.

A list of the primers and annealing temperatures used in the 

alternative splicing experiments are given in Table 2.3.

Protein extraction All equipment used in this procedure was 

rinsed in 0.1% DEPC water and all reagents DE PC-treated and 

sterilised by autoclaving where possible.

All human and mouse adult and foetal tissues were ground using 

a pestle and mortar under liquid nitrogen. Protein was extracted using 

protein extraction buffer (SDS 10% (w/v), EDTA 10% (w/v), glycerol 5% 

(v/v), 5% P-mercaptoethanol (v/v) and 50mM Tris-HCI pH 6.8) by
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Primer Sequence Tm PCR Size
PGM 1-F 
PGM 1-R

5 '- A A C A A G A TG C C C TTG G G A G C TG TG A  - 3 ’ 
5 -G A A C T G A T T G G A C A G A A G G C A C T A G  - 3 '

56°C 323bp

hUp-ex16/17-F 
hUp-ex16/17-R

5-G G A A G A C A T G G A A A TG A A G C G T  - 3 '  
5-G C T T G T T C T C T T A C A C G A A C A G G TC  - 3 '

55°C 255bp

mUp-ex17/20-F
mUp-ex17/20-R

5-G A G A A C A A G G G A T G G T G A A G A A G C  - 3 '  
S '-G C TG C TG A G A TA TC A TC TTC C  - 3 '

58°C 384bp

hUp140-F
hUpex45R1-R

5 -G C C TG A TG A C A TTC A G A A G G TG G  - 3 '  
5-T G C A C A A T C C C A T C C C C A G T T C G  - 3 '

57°C 306bp

mUp140-F
mUTex45-R1

5 -A A G A C A TTA TA G C C C TA C C C C G  - 3 '  
5-TC C A C C TC A G C TA C A A G A G T G C  - 3 '

58°C 306bp

hUp71-F
hUp71-R

5 -A TTG G G C A TTG G G TTTC TG A A TG G  - 3 '  
S '-C A TTA TTC A G G TC A G C A A G G G  - 3 '

56°C 221 bp

mUp71-F
mUTex63-R1

5 -C TA G A TTTC TG A G C G A TC C  - 3 '
5 -C G A A TTTTG A TTG C TG TG C G G TA G G  - 3 '

60°C 221 bp

mUTex45R1 
mex45 F8(out)

5 -TC C A C C TC A G C TA C A A G A G TG C  - 3 ’ 
5 -TC A C C TC TG C TTTG TA C C C C  - 3 ’

52°C 880bp

mUTex45R1 
mex45 F7(ln)

5 -TC C A C C TC A G C TA C A A G A G TG C  - 3 '  
5 -TTG C A G A C A TG G TG C TG C G  - 3 '

56°C 569bp

mUTex63-R1 
mex63 F9 (out)

5 -C G A A TTTTG A TTG C TG TG C G G TA G G  - 3 '  
5 -C C G C TG TC C TG G C A TTA TA G  - 3 '

54°C 324bp

mUTex63-R1 
mex63 F8 (in)

5 -C G A A TTTTG A TTG C TG TG C G G TA G G  - 3 '  
5 -C TA G A TTTC TG A G C G A TC C  - 3 '

60°C 162bp

hUpex45R1-R
hUp140F10(out)

5 -T G C A C A A TC C C A TC C C C A G TTC G  - 3 '  
5 ’- G A T T C A G T T A C C T C C C A C T G G -3 ’

55°C 704bp

hUpex45R1-R 
hUp140 F13(in)

5 -T G C A C A A TC C C A TC C C C A G TTC G  - 3 '  
5-A C C A T A TC A A C C A G T G A A G C  - 3 ’

52°C 612bp

Table 2.2 Primer pairs used in RT-PCR studies and referred to in 

chapter 4. The position of some of these primers is shown in Fig 4.1 

(in) within the mRNA sequence; (out) within the adjacent 5’ intron
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Primer Sequence Tm PCR Size
Ux62F
Ux72R

5 ’- C C G TG G C A A A G A T C C A TT T C A C -3 ’ 
5 ’- G G T G T C A T C A TG A A A C A G T T G A G G -3 '

54°C 1124bp

Up71 F 
Ux72R

5 -A A G A C A T T A T A G C C C T A C C C C G -3 ' 
5 '- G G TG TC A TC A TG A A A C A G TTG A G G  - 3 ’

56°C 1234bp

Ux63F
Ux72r

5 ’- C A T C A A A C A C A G A C C A C C T G T T G G -3 ' 
5 ’- G G TG TC A TC A TG A A A C A G TTG A G G  - 3 ’

56°C 1074bp

Ux63F
Ux68R

5 ’- C A TC A A A C A C A G A C C A C C TG TTG G  - 3 '  
5 '- A C C A T G G A C T G T G G TT C C A A A T G C -3 '

57°C 655bp

Ux62F
Ux79R

5’- C C G TG G C A A A G A TC C A TTTC A C  - 3 '  
5 ’- G T A C G TC A G G A A A C A T T G G TT G G C -3 ’

55°C 1934bp

Up71 F 
Ux79R

5 ’- A A G A C A TTA TA G C C C TA C C C C G  - 3 '  
5 ’- G TA C G TC A G G A A A C A TTG G TTG G C  - 3 '

57°C 2024bp

Ux63F
Ux79R

5 ’- C A TC A A A C A C A G A C C A C C TG TTG G  - 3 ’ 
5 '- G TA C G TC A G G A A A C A TTG G TTG G C  - 3 '

57°C 1864bp

Ux70 F 
Ux72R

5 ’- C A G G T C G A A G A A G T A C TT T G C C -3 ' 
5 ’- G G TG TC A TC A TG A A A C A G TTG A G G  - 3 ’

54'’C 162bp

Ux76F
Ux79R

5 -G C A C T G A G C T A C T C G C T T G A T C C A -3 ' 
5 ’- G TA C G TC A G G A A A C A TTG G TTG G C  - 3 '

56°C 216bp

Up140 F 
Ux72R

5 '- G C C C T G A T G A C A TT C A G A A G G TG G -3 ' 
5 '- G G TG TC A TC A TG A A A C A G TTG A G G  - 3 '

56°C 3700bp

Up140 F 
Ux79R

5 '- G C C C TG A TG A C A TTC A G A A G G TG G  - 3 '  
5 '- G TA C G TC A G G A A A C A TTG G TTG G C  - 3 '

57°C 4500bp

Table 2.3 Primer pairs used in alternative mRNA splicing experiments and referred to in Chapter 5. 

The position of these primers is shown in Fig 5.1. The size of the PCR product given is that expected 

in the absence of alternative splicing
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homogenisation of the tissue in either hand operated glass homogeniser 

or an electric Silverson homogenisor using a sterile 1cm diameter 

grinder (Silverson, Ltd UK). 1ml of protein extraction buffer was used for 

each lOOmg tissue. After homogenisation each sample was boiled 

(100°C) for two minutes, snapped cooled on ice before centrifugation at 

13000g for 30 minutes. The supernatants were stored at -70°C until 

required.

Western blotting SDS-PAGE was carried out using the

discontinuous Tris-CI/ Tris-glycine buffer system of Laemmli (1970). 

Protein extracts were mixed with four volumes of SDS loading buffer 

(20% glycerol, 2% SDS, 5% P-mercaptoethanol, 0.05% bromophenol 

blue in the stacking gel buffer), heated at 100°C for 2 minutes and 

electrophoresed in 5-15% gradient Tris-glycine/SDS buffer, for 16 hours 

at 60V. The gels were then stained for protein using Coomassie Brilliant 

Blue (0.2% in 10% acetic acid) or immunoblotted and stained with 

Ponceau S (0.5% in 1% acetic acid). Prior to blotting, gels were 

equilibrated in 20% methanol, 20mM Tris, 150mM glycine. Proteins 

were then transferred onto Hybond ECL nitrocellulose membranes 

(Amersham, Pharmacia Biotech) using a Bio-Rad electro-blotting 

apparatus, and 40-50 mA for 4-6 hours.

Non-specific binding of the antibodies to protein was prevented 

by blocking the membranes overnight in 1x PBS, 0.1% Tween 20 and 6- 

10% dried skimmed milk. Excess block was removed by washing the 

membranes four times each for five minutes in 1x PBS, 0.1% Tween 20 

followed by two further five minute washes in 1x PBS. The membranes 

were incubated with the primary antibody in 1:100 dilution in 1x PBS, 

0.1% Tween20, 6% dried skimmed milk at room temperature with 

shaking for two hours. The primary antibody was removed for re-use 

and stored at -20°C. The membranes were vwashed as previously 

described and incubated with the second antibody, anti-mouse
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immunoglobulins labelled with horse- radish peroxidase (HRP)(1:1000 

dilution of antibody in 1x PBS, 0.1% Tween20 and 6% milk) for one at 

room temperature with shaking. The membrane was washed as before, 

incorporating either one or two washes of 0.5M NaClz after the 1x PBS, 

0.1% Tween20 washes.

Detection of specific polypeptides was carried out using an 

enhanced chemical luminescence Western blotting detection system 

(Amersham Pharmacia Biotech) following the manufacturers 

instructions. In brief this detection system works as follows; enhanced 

chemiluminescence (ECL) is achieved by oxidation of luminol by horse 

radish peroxidase (HRP) label which is coupled on the second antibody 

in the presence of chemical enhancers such as phenol. This has the 

effect of increasing the light output emitted by this reaction by 

approximately one thousand fold and extending the time of light 

emission. The light produced by this enhanced chemiluminescent 

reaction peaks after 5-20 minutes and then slowly decays, with a half life 

of 60 minutes. The maximum light emission is at a wavelength of 

428nm, which can be detected by a short exposure to a blue-light 

sensitive autoradiography film (Fugi X-ray film).

The membranes are transferred into plastic bags and an equal 

volume of the enhancer and the luminol was added to the membrane 

and mixed well for exactly one minute. Excess liquid was drained and 

the membranes were placed protein side up in a light-tight cassette. 

Three layers of the blue X-ray film was placed on top of the membranes, 

the cassette securely closed and the film exposed for 15 minutes to two 

hours prior to development.
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Chapter 3 

5’RACE Results.

The close structural similarities and apparent evolutionary 

relationships between utrophin and dystrophin suggests that utrophin like 

dystrophin will show multiple isoforms transcribed from multiple promoters. 

In order to explore this idea a strategy was employed which involved a 

deliberate search for unusual utrophin mRNAs. In particular the focus was 

on mRNA’s whose transcription begins at positions within the utrophin 

gene, which correspond to those positions in the dystrophin gene where 

transcription is initiated. A 5' rapid amplification of cDNA ends (5’RACE) 

was used to look for mRNAs with unique 5’ sequence (Fig 3.2; method 

given in detail in section 2. 5’ RACE). Four regions of the utrophin gene 

were targeted as follows; a) the extreme 5’ end of the known utrophin 

sequence; b) The region around exon 30, where in dystrophin the 

transcription start site of Dp260 is located; c) The region close to the exon 

45/44 boundary where in dystrophin D p i40 transcription is initiated; d) 

Downstream of the exon 63/62 boundary corresponding to the site in 

dystrophin where Dp71 transcription is initiated. The positions of the 

utrophin specific primers, used in these experiments, are shown in Fig 3.1.

Template RNA was prepared from various human foetal tissues and 

the quality checked by agarose gel electrophoresis (Figure 3.3 A). Since the 

pattern of tissue expression for the full-length utrophin and dystrophin 

transcripts is not conserved (see section 1 : Expression pattern of utrophin), 

it seemed unhelpful to try to predict the tissue expression of potential 

utrophin isoforms from the expression of their dystrophin counterpart. 

However, brain mRNA seemed a good choice of starting material since 

several of the short dystrophin transcripts, Dp140, Dp260 and Dp71 are 

expressed in the brain. Some limitations were placed on the range of tissue 

mRNAs tested by 5’RACE simply by their availability. At the 5’ end of the
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Fig 3.1 Position of primers used for 5’RACE of utrophin mRNA (arrows).
The length in base pairs from the 3’end of each primer to the exon /intron 
boundary of interest is shown diagrammatically by a solid black line.
5’RACE products longer than this will contain either sequence corresponding 
to the upstream exon or novel sequence representing a novel 5’ exon. Exons 
are shown in boxes, the number above each exon gives its length in bp.
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Fig 3.2 Diagram outlining the 5’RACE procedure and indicating the mRNA template 
and primers used at each stage of each experiment.
* No product visible at this stage.
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Fig 3.3 A- RNA preparations (2pg) from human foetal tissue resolved on a 1.5% MOPs/formaldehyde 
agarose gel stained with EtBr. B- lOpI of the first round PCR product of the dC-tailed cDNA using either 
UT4R1 (1-1) or UT4R2 (1-2) in combination with the forward primer.
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utrophin gene, foetal brain, lung and kidney mRNAs were used as 

template; for Up260, foetal muscle and brain; for Up140 and Up71 foetal 

brain only was analysed.

5 ’RACE at the 5 ’end of the utrophin gene. To examine the 5’

end of the gene, first strand cDNA was synthesised using 1|Lig of total RNA 

from the foetal lung and brain and the primer UT4R1 corresponding to 

sequence in exon 4 (Fig 3.2). The mRNA template was removed by 

treatment with RNase H and RNase T1. After addition of a 5’ poly C-tail, the 

cDNA was amplified in two separate reactions, using UT4R1 and UT4R2 

and a G-tailed forward anchor primer (Fig 3.2). This amplification (30 

cycles) failed to produce a visible product (Fig 3.3 B), a common finding at 

this stage of the 5’RACE procedure, unless the specific mRNA being 

amplified is particularly abundant.

A further amplification (30 cycles) was carried out using as template 

samples of the first PCR diluted 1:10, 1:100 and 1:500. The same forward 

anchor primer was used in combination with the nested PCR primer UT4R3 

(or UT4R2 in the case of the product amplified using UT4R1 in the first 

round of amplification) (Fig 3.2). Several sized fragments were weakly 

amplified. Foetal brain RNA gave bands of 490bp, 480bp, 220bp and lOObp 

in both the 1:100 and 1:500 dilutions, while foetal lung amplified to give 

bands of 510bp and 200bp in the same dilutions. In neither case were 

bands detected in the 1:10 dilution. As the bands were weak, they were 

eluted from the gel and re-amplified using the same primer pair. The results 

of this second nested amplification are shown in Fig 3.4 A. All bands were 

cut out and gel extracted, checked for purity and quantity by electrophoresis 

on an agarose gel (Fig 3.4 B) and sequenced using the nested primer 

UT4R3.
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Fig 3.4 5'RACE at the 5’ end of the utrophin gene. A- Template 1 pg foetal 
brain and lung RNA. Reamplification of eluted bands from the nested PGR 
generated using UT4R2 as primer (1:100 or 1:500 indicates the dilution of product) 
of first PGR. B- Individual bands eluted from the gel shown in A. G- Eluted bands 
from the second round nested amplification using UT4R2 and 2pg foetal brain RNA 
as template
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Fig 3.5 A diagram showing the extent of mRNA sequence confined within 5’ RACE products at the 5’ end of the 
utrophin gene. The primer UT4R3 was designed to overlap both exon 3 and exon 2. * relates to products generated 

using double the amount (2pg) of RNA as a template. ** all dilutions gave same product h f = human foetal
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Fig 3.6 A- Isolated bands from 1:10 and 1:100 dilution of human foetal kidney (h f kidney) amplified by 
5’ RACE from the 5’ end of the utrophin gene. B- The extent of the sequence of these 
bands. Bl= control with no DNA. M=1Kb marker.
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Sequence analysis of the lung derived bands showed that they 

corresponded to the published sequence of the full-length utrophin 

transcript across exon 2 and exon 1, the 510bp band sequence extending 

into the 5’UTR (Fig 3.5). The 100bp brain band comprised exons 2 and 1 

sequence (Fig 3.5). However the remaining brain derived bands, 490bp, 

480bp, and 220bp bands did not contain sequence recognisable as 

utrophin. A computer based search of the databases using BLAST showed 

that the 490bp was homologous with an Alu repeat, the 480bp band 

corresponded to an unrelated heart cDNA and the 280bp shared no known 

homology.

The finding that only one out of four different sequences derived from 

brain corresponded to utrophin suggested a scarcity of starting template. To 

test this the 5’RACE procedure was repeated for brain with double (2pg) the 

amount of RNA. After a second round of amplification and using UT4R2 as 

the nested primer two bands were seen sized 1 Kb and 350bp (Fig 3.4 C). 

The 1Kb band comprised sequence unrelated to known utrophin sequences 

or sequences in the databases, while the 350bp band contained sequence 

corresponding to the known exons 2 and 1 sequences (Fig 3.5). Thus in 

these experiments there was no evidence for transcription from a promoter 

other than that already described at the 5' end of the utrophin gene.

One further tissue, foetal kidney, was tested in a single experiment 

with the 5' primers. Three bands of 200bp, 250bp and 300bp were 

generated after the second nested PCR (Fig 3.6), but each contained 

sequence corresponding to known utrophin sequence with no evidence to 

suggest the presence of novel transcripts in this tissue.

5 ’RACE carried out at Exon 30. Attention then turned to a region 

around exon 30 in order to investigate whether a utrophin homologue of 

Dp260 is transcribed from this region. The same strategy as described for 

the 5’ end of the gene was used to carry out the 5' RACE. First strand

103



SOObpf»
150bp>

M 2  ^
ü i -k  en -k
o o o o o 0 0 .0 0  o
_ f j |  2 .

#- 300bp

150bp

en üi -*■ o o o o o oo o o o o oo o

O"
3
5"

o-
3
5‘

28 29 30 1 31 32

< -

UT30 R2 — >

1 :1 0 0  o o O b p  

----------------- 1:100 ISObp h f muscle

Fig 3.7 5’ RACE in the region of exon 30 of the utrophin gene. A- Nested amplification of various dilutions 
of the first product using UT30R2 as primer. B- Repeat of the nested amplification of the first round PCR product 
from foetal muscle using the UT30R2 primer. Bl= control with no DNA. C- The extent of the sequence contained within 
bands derived by 5’ RACE from exon 30. The position of the sequencing primer is indicated.
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cDNA was synthesised from foetal muscle and brain RNA using the 

UT30R1 primer (Figs 3.1, 3.2). As before the oDNA was subject to two 

rounds of amplification, the first used UT30R1 or UT30R2 as the reverse 

primer and the second nested amplification used UT30R2 (Fig 3.2). Two 

products, 300bp and 150bp, were amplified from muscle using the first 

round sample diluted 1:100 as template (Fig 3.7 A and B). Sequence 

analysis found that these bands contained only known utrophin sequence 

corresponding to exon 30, exon 29 and exon 28 (Fig 3.7 C). There was no 

evidence for a utrophin homologue of Dp260 transcribed from intron 29 in 

foetal muscle. There was no amplification from brain mRNA which was 

rather surprising since amplification was successful at the 5’ end of brain 

mRNA and from the region around exon 44/45 (next section).

5 ’RACE in the region of exon 45 (Up140). Utrophin specific

primers located downstream of the exon 45/intron 44 boundary (Fig 3.1) 

were used to look for a utrophin homologue of D p i40. Reverse transcription 

of foetal brain mRNA was primed using the UT45R1 primer (Fig3.2). The 

first round of amplification was carried out as before in two separate 

reactions using either UT45R1 or UT45R2. The second, nested PCR 

amplification (primer UT45R2) gave rise to four strong bands 630bp, 550bp, 

480bp and 370bp in the 1:100 dilution samples of the first round products 

(Fig 3.8 A). All four bands appeared to be gene specific amplification 

products and could be amplified in a reproducible fashion at annealing 

temperatures varying between 56°C and 62°C (Fig 3.8 B). As an aside, it 

was noted that second round amplifications in which the primer was the 

same as that used in the first round PCR (thus not nested), generated no 

visible product (see 5’ RACE discussion).

Each of the four bands was isolated and sequenced using primer 

UT45R3 designed from sequence within exon 45. This showed that the 

480bp and 370bp products contained sequence corresponding to exons 45,
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°C 56
1: 100 dilution

Fig 3.8 A- 5’RACE in the region of exon 45 using human foetal brain mRNA as template 
B- 5’RACE products generated after amplification at different annealing temperatures.

106



44 and 43 (Fig 3.10 B and 3.9). However the sequence of the 670bp and 

the 550bp products did not correspond to the known utrophin sequence (Fig 

3.10 A and 3.9), but diverged from the published sequence at a point 

exactly coincident with the exon 45/intron 44 boundary. Both the 670bp and 

550bp bands showed the same sequence which, was read to its 5’ 

extremity including the Gn-tail using a sequencing primer internal to the 

novel sequence (UT45R4).

In all there were 507 novel nucleotides (nt) upstream of the exon 

45/intron 44 boundary (Fig 3.11 A). The novel sequence shows a reading 

frame that stays open for 86 nt 5’ of the junction with exon 45, where a TAA 

stop codon is encountered. However there is no in frame ATG (translation 

initiation codon) in the novel sequence so that this open reading frame is 

not likely to be translated. The first in frame ATG is situated in exon 46. This 

arrangement indicates that the transcript has a long 5’UTR. The long 5’

UTR is another feature shared with the Dp140 transcript of dystrophin 

where the first in-frame ATG is situated in exon 51. The novel transcript 

was designated Up140, in line with the short dystrophin D p i40 which also 

diverges from the known dystrophin sequence at the exon 45/intron 44 

boundary and whose transcription is initiated within intron 44,

The sequence of the utrophin introns has not yet been published and 

in order to see where the novel sequence of Up140 lies within the utrophin 

gene a chromosome 6 cosmid genomic library (ICRF reference C l 09; 12) 

was screened (in collaboration with Wendy Putt in the lab). A ^^P-labelled 

PCR product (288bp) amplified using the primer UT140F specific for the 

novel first exon of Up140, together with UT45R3, which lies in exon 46, was 

used as probe. Three cosmid clones, 42F23, 34G16 and 11H7 were 

isolated and their DNA purified. Digestion with BamHI, EcoRI, Hindlll, PstI 

or Sad showed that they overlap considerably in their DNA content (Fig 

3.12 A). A Southern blot using the Up140 specific sequence as probe 

identified BamHI, EcoRI, Hindlll, PstI and Sad fragments containing the 

Up140 sequence (Fig 3.12 B) which were identical in size for each clone. A
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42 43 44 45

UT45R3

1:100 370bp

1:100 480bp

1:100 550bp

1:100 630bp

h f brain

Fig 3.9 A diagram showing the extent of the mRNA sequence identified by 5’ RACE in the region of 
exon 45. The position of the sequencing primer UT45R3 is shown. Published utrophin 

sequence is shown by a solid black line whereas novel sequence is indicated by i ]  coloured box.
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Fig 3.10 5’ RACE in the region of exon 45 A- The sequence of the 
670bp band (A) and the 480bp band (B) generated from human 
foetal brain RNA. The exon 45/44 boundary is indicated with an arrow.
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A human Up140
caattcaagatgagatttsrggtggggacacaaccaaaccatatcaaccag 50

tgaagcaatatcttagtaaaatgtgcatttaggtttacttgtatgtggta 100

ggacacaaggatataaggatttattggggtatataattttttaaagcaat 150

gccttcaagcacttgcttgaaagaagatgagcaattcattttcatcaaac 200
atgattgatgcttatgctttaatgtaaacagctgttattcattttagtta 250
ttaagctgccctatttccttgtattttgcctgatgacattcatgaaggtg 300

ggttagatttcaaaataaatttcatttagcatgttcattgaaatgtaatt 350

aaattgttttaaaatgccttttttttctaacataaaatatctttccagga 400
gtttgtttctttcacacttaaattgataccacaatacttgggtggattca 450
ttgcatcagaatcatttacttattagtgaaactaatcttgagttgtgctc 500 

|-^Exon45
tgttacaggaacttgaggtgggcatcagcagccaccagcccagttttgca 550
gcactaaaccgaactggggatgggattgtgcagaaactctcccaggcaga 600

tggaagcttcttgaaagaaaaactggcaggtttaaaccaacgctgggatg 650
^ ^ B x o n 4 6

caattgttgcagaagtgaaggataggcagccaaggbtaaaaggagaaagt 700

aagc aggt gATGAAGTACAGGCATCAGCTAGATGAGATTATCTGTTGGTT 750 
M K Y R H Q L D E I I C W L

AACAAAGGCTGAGCATGCTATGCAAAAGAGATCAACCACCGAATTGGGAG 800 
T K A E H A M Q K R S T T E L G

AAAACCTGCAAGAATTAAGAGACTTAACTCAAGAAATGGAAGTACATGCT 850 
E N L Q E L R D L T Q E M E V H A

p ^ " E x o n 4 7 ** *
GAAAAACTCAAATGGCTGAATAGAACTGAATTGGAGATGCTTTCAGATAA 900 
E K L K W L N R T E L E M L S D K  

AAGT 
S

B mouse Up140 
agaaatggagcaagcagaagctcagatgtccattgtcaaatgtatttctt 50 
gttttagtacattttcaaaatgtattttctctagacagttcatggggcgt 100 

cgaaaacaatgcctccccctcacttgcagacatggtgctgcggttttttt 150 

tgggtgtgtgtgtgaaagtttgagttacaggtaagtatttagacttgact 200 
ttgaagtagaccttaatctgtgactttaaaatttttacagacagaggcag 250 
catctcagtaaaatgcacattgaggattttttattataaatggctggaca 300 
taaaaattttattgaccaaatatttgtgtgtatgtggtatccacatgtcc 350 

ctggaaatgcaattttaaattctttgaaaagacattatagccctaccccg 400 
aatttgtttctgtaggtgttagattgatgcttaaaaacttgggtacactg 450
aaggtatctgaacagcttgattgagtggtagaaattcataatgtgtcatc 500 

|-̂ >£xon45
tgtcat^gaactggaagagggcctcagcagccaccagcccagcctgatc 550
aaggttaaccgaaagggggaggaccttgttcagagactccgcccctcgga 600
ggcaagcttcctgaaggagaagctggcaggtttcaaccagcgctggagca 650

|-̂ £xon46
ctcttgtagctgaggtggaggctttgcagcccaggctaaaaggagaaagt 700 

cagcaggtgttggggtataagagacggctagatgaggtcacctgctggtt 750 

aacgaaagtggagagtgctgtgcagaagagatcaacccctgacccggaag 800 

aaagcccacaggaattaacagatttagcccaagagacggaagttcaagct 850
p ^ E x o n 4 7 » * *

gaaaacattaagtggctgaacagagcagaactggaaiATGCTTTCAGACAA 900
M L S D K

AAAT
N

Fig 3.11 The 5’ sequence of Up140cDNAIn man (A) and mouse (B). The point at which Dpi 40 differs from full-length utrophin at the 
exon 45 tx)undary is indicated by an arrow. The likely translation initiation ATG codon in exon 47 is asterisked and is conserved 
between man and mouse.
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3.7 Kb PstI fragment was isolated and subcloned into pUC19.

Sequence analysis of the subclone, located the novel first exon of Up140 

immediately upstream of the exon 45/intron44 boundary. This is notably 

different from Dpi40 where novel sequence derives from a region further 

within intron 44. This position of the novel first exon of Up140 means that 

both RNA and genomic DNA will amplify to give the same size products 

using a Up140 specific primer (Up140F) with a reverse primer positioned in 

exon 46 of utrophin (UT45R2) (as shown in Fig 4.10 pg 155).

At the same time, the corresponding region of the mouse utrophin 

gene was isolated from a genomic library (À-DASH 1-129) using a 

labelled PCR product (159bp) corresponding to exon 45 as probe. DNA 

was prepared from a positive recombinant, mUTex45.1, and analysed by 

Southern blotting using the same probe. Single restriction fragments of 

various sizes hybridised to the probe except for Hindlll where two bands of 

1.9 Kb and 2.3 Kb (lane 3 Fig 3.13 A and B) were detected. Sequence 

analysis confirmed that the mouse sequence contains a Hindlll site within 

exon 45. Both Hindlll bands were subcloned and sequenced using either 

the MoUT45R2 primer or the Ml 3 primer corresponding to sequence 

flanking the cloning site. Sequence analysis showed that the mouse intron 

44 sequence immediately upstream from exon 45 shares 70% homology 

with the first 200 bp of the novel human Up140 transcript.

In order to determine whether Dpi40 is transcribed in the mouse, an 

RT-PCR of mouse RNA was carried out using a forward primer designed 

from the region corresponding to Dpi40 novel sequence and a reverse a .

primer from within exon 46. The correct sized product (288bp) was A  ̂

amplified from brain and kidney (Fig 3.14 A) and sequence analysis 

confirmed that these products contain the predicted D p i40 mRNA 

sequence.

The mouse sequence in the region of exon 45 is shown in Fig 3.1 IB. 

There is a TAG stop codon immediately adjacent to the exon 45/intron 44 

junction. A translation initiation codon corresponding to that in the human
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Fig 3.12 A- Digests of three genomic recombinants (cosmids; 11H7: 
34G16: 42F23) containing Up140
sequence. Digests were 1= BamHI; 2= EcoRI; 3= Hindlll; 4= PstI; 5= Sad, 
B- Southern blot of the above gel using the Up140 specific sequence as 
probe. Positive genomic fragments are indicated by their size and are 

identical for all three recombinants. M is a 1 Kb size marker.
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Fig 3.13 A- Restriction digests of a mouse genomic clone mUTex45.1 containing 
the exon 45 specific sequence. Digests are 1= BamHI; 2= EcoRI; 3= Hindlll;
4= Sad; 5= Sail; 6= Xbal; M= marker; 7= EcoRI/BamHI; 8= EcoRI/Hindlll;
9= EcoRI/ Sad; 10= Xbal/ BamHI; 11= Xbal/ Hindlll and 12= Xbal/ Sad.
B- Southern Blot of the above gel using the exon 45 specific sequence probe 
Positive genomic fragments are indicated by their size.
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A. Up140 B. Up71

288bp 255bp

Fig 3.14 RT-PCR of mouse mRNA using a forward primer designed from the novel first exon of 
either Up140 or Up71 together with the reverse primer MoUTex45R2 or MoUTex63R2 respectively.
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sequence is absent from the mouse sequence and the first in-frame 

translation initiation codon is not encountered until exon 47 a further 177 

nucleotides downstream. This means that novel sequence 5’ to exon 45 of 

mouse Up140 is untranslated, as in human Up140.

The first ATG in the mouse sequence is conserved between the two 

species and is presumably the functional translation start site in the mouse. 

If the upstream ATG is used preferentially in man this would mean that 

human Up140 has an extra 58 aa at its NHa-terminal compared with the 

mouse.

It was noticeable that the region of utrophin around exon 45 is not 

highly conserved between man and mouse. For example the coding exons 

45 and 46 show only 61% aa identity between man and mouse. As a point 

of interest a comparison was made of this region between human utrophin 

and dystrophin cDNA sequences. This revealed considerable differences 

between the two genes; most strikingly, utrophin lacks sequences in exons, 

48 and 49, which encode 113 aa present in dystrophin. These aa 

correspond to the rod domain repeat 19 unit encompassing the hinge 3 

region that is known to be absent in utrophin. These comparisons 

consolidate the view that the region close to the Up140/Dp140 promoters is 

susceptible to mutation and loss of sequence conservation.

5 ’RACE in the region of exon 63 The same 5' RACE

procedure was used to search for the utrophin homologue of the shortest 

dystrophin alternative transcript Dp71. Utrophin specific primers were 

designed from sequence downstream of the exon 63/intron 62 boundary 

and foetal brain RNA was used as the starting template. cDNA first strand 

synthesis was carried out using the UT63R1 primer and both UT63R1 and 

UT63R2 were used in the first amplifications. UT63R2 was used as the 

reverse primer in the second nested amplification of the first round product 

(see Figs 3.1 and 3.2 for 5' RACE details). This led to the amplification of 

two products, 360bp and 250bp, of equal intensity in the 1:100 and 1:500

115



dilutions (Fig 3.16 A). Both products were isolated and cloned into the 

pAMP vector. It is of interest to note that as seen with Up140, strong 

amplification products were generated only where a nested primer was 

used in the second round PCR. In those experiments in which the same 

primers were used in the first and second rounds, no product was seen.

Sequencing of the SBObp and 250bp subclones, using UT63R2 as 

the sequencing primer, showed that the 360bp product contained sequence 

corresponding to exon 63 through to exon 60 (Figs 3.16 0  right panel and 

3.15). In contrast the 250bp subclone contained sequence corresponding to 

exon 63 and novel sequence 5' to the exon 63/exon 62 boundary (Fig 3.16 

0  left panel and 3.15). The novel sequence continued 5' for 169 nt of which 

101 nt is open reading frame interrupted by a TAA stop codon (Fig 3.17 A). 

There is an ATG translation initiation start site within the novel sequence,

116 nt from the 5' end of the transcript. However this does not lie in a 

favourable Kozak translation initiation consensus sequence in particular the 

critical purine, in position -3  to the ATG is absent. This implies that this 

ATG is unlikely to be the translation initiation start codon. Furthermore if this 

ATG were used, translation this would give rise to an unusual NH2-terminal 

protein sequence rich in phenylalanine. T#e-nexLin frame_ATG lies 90bp 

further downstream within exon 63 of the common utrophin sequence. This 

ATG lies in more favourable sequence for translation initiation with a critical 

purine at -3, thus the novel 209nt sequence upstream of the exon 63/intron 

62 boundary is entirely untranslated.

This novel sequence was designated Up71, in line with the short 

dystrophin Dp71 which also diverges from the dystrophin sequence at the 

exon 63/intron 62 boundary and whose transcription is initiated within intron 

62. Nevertheless, there is a clear difference between utrophin Up71 and 

dystrophin Dp71, as Dp71 encodes 7 novel aa within its unique sequence 

(not including Phe), whereas the novel sequence of Up71 is entirely 

untranslated sequence.
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59 60 61 62 63

UT63R2

1:100 360bp 

1:100 270bp
h f brain

Fig 3.15 5’ RACE in the region of exon 63. The extent of mRNA sequence contained 
Known utrophin sequence is indicated by a solid black line and novel sequence by a 
The sequencing primer UT63R2 was designed within exon 63.

in he 5' RACE products, 
coloured box.
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1:100 1:500

G A T c

G A T C

%

Fig 3.16 A- 5’RACE in the region of exon 63. Products amplified using foetal 
brain RNA as template. B- Purified PCR bands. C- sequence of the 270bp 
(left panel) and 360bp (right panel) bands. The exon/intron boundary is marked 
with an arrow.
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A
human Up71

ttaagtaacaattgggcattgggtttctgaatg 33 
gttgataatgaggataattttgcatgtatttttaaaaatttgaaaaaaat 83 
catttctacttgggtatttcgtttttggcctatatgaagttttttgattt 133

M K F F N F
I►  Exon63

tttgtttatttttaaaattttaccttttttttccagccatcaaacacaga 183
L F I F K I L P F F S S H Q T Q

* » »
ccacctgttgggaccatactaaaATGACCGAACTCTTTCAATCCCTTGCT 233 
T T  C W D H T  K M T E L F Q S L A

B
mouse Up71
ctagatttctgagcgatccataatggaaattttttttacctgctttcaag 50
tctatgtgggattttagaagatgatagcttatatttattttgtagtatgc 100

M I A Y I Y F V V C

rccat
-Exon 6 3

tgtttatacttacatttttgttttctccccagbcatcaaacacagacaac 150
C L Y L H F C F L P S H Q T Q T T

* * *
ctgttgggatcatcctaaaATGACTGAGCTCTTCCAATCCCTTGCT 196

C W N H P K M T E L F Q S L A

Fig 3.17 Sequence at the 5' end of human -A and mouse -B Up71. A conserved 
ATG is indicated by asterisks and the translated sequence iniated from this 
ATG is shown in bold. An upstream ATG its predicted associated aa is also 
shown (not bold). Upstream stop codons are underlined and the exon 63 
boundary is indicated with an arrow.
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In order to see where this Up71 novel first exon is positioned within 

the utrophin gene the chromosome 6 genomic library was screened using a 

labelled Up71 specific probe. Surprisingly and in contrast to the screen 

for Up140 positive clones, no positive clones could be identified. The 

chromosome 6 library is thought to comprise 6 to 8 genome equivalents.

For Up140 3 positive clones were found. It maybe that by chance, no 

recombinants containing this part of the utrophin gene are contained in this 

library. Screening of the mouse genomic À-DASH 129 library (4 x10® pfu) 

with a labelled 62 bp PCR fragment corresponding to exon 63 

generated a single positive recombinant, mUTex63.1. This clone was 

digested with Xbal, EcoRI, Hindlll and Sad and a Southern blot carried out 

using mouse exon 63 specific sequence as probe (Fig 3.18A). Single 

fragments of each restriction digest hybridised to the probe. Of these a 4.2 

Kb EcoRI fragment (Fig 3.18) was selected and subcloned into pUC19. 

After isolation and purification, the DNA was sequenced using the exon 63 

primer (MoUT63R5). This showed that the novel Up71 first exon lies within 

intron 62 immediately upstream from exon 63.

Up71 mRNA was looked for by RT-PCR in mouse, using a forward 

primer designed from the region corresponding to Up71 novel sequence 

and a reverse primer from within exon 64. The correct sized product 

(255bp) was amplified from mouse (C57 Bl) brain and kidney. The position 

of the novel first exon of Up71 was confirmed by demonstrating that mouse 

RNA and genomic DNA both amplified to give the same size product (Fig 

3.14 B -  mRNA and Fig 4.10-genomic DNA pg 155).

The mouse RT-PCR products were sequenced to confirm the 

accuracy of the novel transcribed sequence and position relative to exon 63 

(Fig 17 B). The novel first exon shows a TAG stop codon 65nt upstream of 

the exon 63/intron 62 boundary and three nt upstream of an in-frame ATG. 

This ATG lies within an optimal Kozak consensus sequence with a critical 

purine at position -  3. Translation from this ATG would give coding
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A

bp

4072->
3054-^

2036->
1636-^

1018->

506-^

W #

M 1  2 3 4 5 6 7 8

B

bp

5300
4200

2800

3 4 5 6 7 8

Fig 3.18 Digests of the mouse genomic clone mUTex63.1 containing 
exon 63 specific sequences. Digests are 1= Xbal; 2=Xbal/EcoRI;
3= EcoRI; 4= EcoRI/Hindlll; 5= Hindlll; 6= EcoRI; 7= Ecorl/SacI 

and 8=Sacl.B Southern blot of the above gel using the exon 63 specific 
sequence as a probe. Positive genomic fragments are indicated by their size. 
M= 1Kb marker.



sequence for 20 aa upstream of the exon 63/intron 62 boundary 

(shown as capitals in Fig 3.17 B). However, in the mouse this sequence is 

not conserved with that of human protein and does not contain multiple 

phenylalanine residues that are predicted from the human sequence (Fig 

3.17 A). The position of this upstream ATG is not conserved between the 

two species however a downstream ATG, within exon 63, is conserved and 

could be the correct translation initiation codon. If so the novel sequence 5’ 

to exon 63 in both man and mouse Up71 is untranslated. The novel first 

exon of the human and mouse share only 60% nucleotide homology, 

whereas the adjacent coding exon 62 shows 91% across species. This 

weaker level of sequence conservation supports the view that this novel 

sequence is untranslated and that the conserved ATG in exon 63 is the 

major site of translation initiation of Up71.

The transcription of Up71 and Up140 mRNAs in mouse has been 

demonstrated by RT-PCR. In an attempt to support this data, a small 

5’RACE experiment was carried out using mouse adult lung, brain and 

kidney and primers designed in a similar position as those used in the 

human experiments. However only sequence corresponding to the known 

utrophin was amplified. Since this was a limited experiment it is difficult to 

interpret but might suggest that the levels of the Up140 and Up71 

transcripts are low in mouse adult tissues (but see Fig 4.6, pg 148).

5 ' flanking sequences of Up140 and Up71

Human Up140 5 ’ flanking sequence Internal primers were used

to extend the sequence derived from the 3.7 Kb PstI genomic DNA 

fragment containing Up140 specific sequence towards the 5’ end. In all 

971 bp of sequence were obtained upstream of the transcription initiation 

start site. The proximal promoter region adjacent to exon 1 of Up140 was 

analysed using the Signal Scan program (GCG) for the presence of
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promoter elements and transcription factor binding sites (Fig 3.19). There 

was no conventional TATA box and no CCAAT box in the expected 

positions at -30bp and -70bp respectively. There were two potential TATA 

boxes at positions -434 and -  733 but the functional significance of these 

upstream motifs is not clear. TATA-less promoters are thought to initiate 

transcription via a G and C box (Genes VI chpt 28 pg 831-835) i.e. the Spl 

binding site, but here too the only Spl site is in a position too far distant 

from the start of transcription initiation site at -668. Other transcription 

factor binding sites identified include four GATA motifs at positions -882, - 

822, -754 and -377. GATA transcription factors are characterised by a 

highly conserved DNA binding domain consisting of two zinc fingers and a 

basic region (Martin and Orkin. 1990). Six members of the GATA family 

have been identified with GATA-1, GATA-2 and GATA-3 are expressed in 

an overlapping pattern in haematopoietic cell lineages while GATA-4, 

GATA-5 and GATA-6 are expressed primarily in the heart and gut 

(Laverriere et al., 1994). Approximately 1 Kb upstream of the transcription 

initiation start site are overlapping XPF1-AP4 motifs, a consensus 

sequences found in the enhancers for several pancreatic genes. The 

binding site defines a bipartite core CACCTG-NNN-TTCCC, and this is 

positioned at position -936 in the putative D p i40 promoter. An MEF-2 

binding site is positioned at -861, MEF-2 acts as a myocyte enhancer and 

is expressed in the heart, skeletal muscle and nervous system and 

generally throughout the body. A binding site for PIT1 is positioned at 

position -347, PIT1 is an anterior pituitary enhancer and binds to multiple 

sites positioned upstream of the prolactin and growth hormone genes.

GGR, glucocorticoid response elements are positioned at -301 and -76. 

GCR is expressed ubiquitously and in particular in the testis, ovaries and 

the kidney. API is a ubiquitous transcription factor that responds to phorbol 

ester and protein kinase C and preferentially binds to DNA as a heterodimer 

and can dimerise with members of the CREB family. An Apl site occurs at 

position -235 in the putative promoter region.
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- 9 7 1
XPF1-AP4ttattctggagcgacagcagggcagctg::tcatgtaagtctaa

GATA
921 ttcagtcttggaaaatataacacaaagttagttqtgataapaataggtct 

MEF-2
871

GATA
ttaaaaataa tggtagaaagcacacgcaatttcaattctccattgataaa

821 aatattttctcttttattaagttttttaaatgtattttatttagaaggac
GATA TATA

-771 atgacaatttaaagataattcatttgtttttcttataaatgtgttaatgt

721 ggccgggcacggtgcctcacacttgtaatcccagcattttgggaggctga 
S P l

-671 ggtgggcggattatgaggtcaggagatcgagaccatcctggctaacatgg

-621 tgaaaacccatc tctactaaaaatacaaaaaattagccgggcatggtgga 

-571 acgcacctgcagtcccagctactcaggaggctgaggcaggagaattgctt 

-521 gaacctgggaggcagaggttgcagtgagccaagatcgtgccactgcactc
TATA

•471 cagcctgggtgacagagcaatactgtgtcaataaataaataaataaataa
GATA

■421. ataaatgtgttaatgcatttttcttatttttggagttac|agataa|gtgtt
PITl

-371 taaatttgacttgaaaatattcattcaatctgttacttaaacatttgtag
_GC&.

■321 accagtgtattagtctgttctcatgctgctaataaagacatacctgagac
API

-271 tgggtaatttataaaggaaagaggtttaat tgactcatagttcagcatgg

-221 ctgaggaggccacaggaaacgtccagtcatggtggaaggggaaagaaaca 

-171 tgtccttcttcatatggcggcaggagagagaagtgctgagcaaagtgggg

-121 gaaaagtcccttataaaaccatcagatcactctcactaga|acaaca|cgag 

-71 ggtaaccacccctgtgattcagttacctcccactgggtccctcccttggj^

-21
E-BOXatqtacrqqattatqqqaqqtacaattcaaqatqaqatttqggtgqggaca

Fig 3.19 5' flanking sequence of human Up140. The transcriptional start 
site (+1) is indicated by an arrow and the translated sequence underlined. 
Potential transcription factor binding sites are indicated by boxes.
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Finally, an E-box occurs at position -17  (Fig 3.19). This motif binds proteins 

belonging to the MyoD/Myf myogenic determination factor family. All the 

above transcription factors may be involved in regulation of Up140 in man 

but this can only be ascertained with any certainty by direct testing the 

biological function of the promoter and each element in cell transfection 

studies.

Mouse Up71 5 ' flanking sequence. In the absence of a human

genomic recombinant containing the Up71 promoter, it was decided to 

extend the sequence of the 4.2 Kb EcoRI fragment from the mouse clone 

mUTex63.1 containing the Up71 specific sequence. Altogether 853bp of 

sequence was obtained upstream of the transcription initiation start site. 

Here too the signal scan program (GCG) was used to analyse the promoter 

region (Fig 3.20). Like Up140 in man, there was no conventional TATA and 

CCAAT in the expected positions of -30bp and -70bp and in this case 

there were no other potential TATA boxes present in the proximal 

sequence. There were two potential Spl binding sites although both were 

some distance from the start of transcription at positions -799 and -148. 

Other transcription factor binding sites identified included four GATA sites at 

positions -693, -647, -513 and -401. Also present were four GCR sites at 

positions -758, -261, -245 and -123. Two C-Myb sites at positions -607 

and -385, two PIT1 sites at positions -362 and -3 . In addition there was a 

CACCC box positioned at -503, an element known to be functionally 

important in the transcription of p-globin and in SV40, immunoglobulin, and 

Apo-AII genes. This element binds two transcription factors, the erythroid 

Kruppel-like factor (EKLF), a zinc finger DNA-binding protein (Miller et al., 

1993) and htp that regulates T-cell receptor genes (Wang et al., 1996).

h

A
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-853 eta
Spl

-850 ggaagatggagc tagag111aaaaagcac 11age taaggagaggc t gggg
GCR

-800 eetggggttgtgtaaggaaaggagagetageaggeatgaaetagggagga
■750 agagaaeeggggttaaeaaaeagaagageteaggagatggeaaagtgage

GATA
•700 aea

GATA
■650

tgata|tteagatttagagtetteatttetetgetetttagaaatt|tg
C-Mvb

attaggaettttaaagtgtggtaaetetteagaatgeageaaetegteat
600 ageettetgetgteaaageatttaetgggaatggaaaaaaaaeateagee

GATA CACCC
-550 taaeaagatggatattatteeggaggeeaeattgatttggeeaeaeeeta
500 etetgggteeaageateeetggeagteateeettatgtetgtgttteaga

GATA
450 ttgtagttgeaattgttttttegataeagaaggeagaattttgqetatet

Pitl
-400 tttettaata

C-MVb
eagttaeaeaageaaaattggt tatteat agtgtttttgt

■3 50 atgtatatgtgtetgtgtattgtgeaagtttatgeatgtteeeatgtatg
CREB GCR

■3 00 tggaaaatgaegagagagagagagagagaatatatgtaeatatatggagg 
GCR

-250 t eaeag^teetttatteetetaeaetttatatattgaggeagggtaeete

-200 aettgaaeeeagageteaeeaaagtetagettgetagtteaetgeaga[ca|
Spl GCR

-150 bcdeetgeeteteteegetgtee|tggea|ttatagatgagtteeaaaeeta

-100 eeaggattetetgagtaeagggetetgaatttteateeteatattteet|^
nryogenin Pitl |

-50 [ggcaaac^ttttaeteetgaageeateteeeeageeeetattatteataa

Fig 3.20 5' flanking sequence of Up71 in mouse. The transcriptional start 
site is indicated by an arrow with potential transcription factor binding sites 
represented by boxes.
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There is a CREB site positioned at -289, CREB (cyclic AMP response 

element binding protein) is found in genes whose transcription is induced by 

cAMP. The rate of transcription in these genes is directly proportional to the 

concentration of phosphorylated CREB in the nucleus. Also present is a 

myogenin binding site positioned at -^3, which belongs to the family of 

basic helix loop helix factors that regulate myogenesis, which include 

MyoD, Myf5, MRF4 etc (Fig 3.20). These transcription factor binding 

elements represent a mixture of ubiquitous and tissue specific factors and if 

functional suggests a widespread pattern of expression with some tissue 

specific features.
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5’RACE Discussion

The search for alternative utrophin transcripts was based on the 

strategy of 5’ RACE, a technique that facilitates the isolation and 

characterisation of 5’ ends from low copy messages (Frohman, 1993; 

and Loh, 1991). In general 5’ RACE procedures are efficient and 

effective. This is reflected in the number of times this technique appears 

in the literature; in the last six months (up to March 2000) there have 

been 72 publications citing this technique. Applications of 5’ RACE are 

flexible; for example, it can be used to clone rare mRNAs that may 

escape from conventional methodologies such as screening of cDNA 

libraries. Additionally, the RACE system may be applied to existing 

cDNA libraries (rather that to mRNA preparations) so that the desired 

result is produced more easily and in less time (Bertchold, 1989). The 

RACE procedure can produce full-length transcripts from small 

fragments of sequence such as EST's recovered from data bases by 

using both 3’ and 5’ RACE in combination. cDNA prepared by priming 

mRNA transcription with random hexamers has been adapted to 5’ 

RACE for amplification and cloning of multiple genes from a single 

reverse transcription reaction. An advantage of 5’RACE is that products 

can be sequenced directly without the need for intervening cloning steps 

(Frohman and Martin, 1989). The relative abundance and size of 

5’RACE products depends on the following; the specificity of the gene 

specific primers used for the cDNA synthesis or PCR; the complexity 

and relative abundance of the target cDNA; and the specificity of the 

PCR. 5’ RACE gives amplification products that may vary from a single 

specific band to multiple discrete bands or even a broad diffuse smear. 

Incomplete cDNA synthesis, aberrant priming during first strand 

synthesis or during the PCR amplifications or mis-priming of the anchor
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primer, as well as primer dimers and other PCR artefacts may contribute 

to the complexity of products produced by 5’ RACE.

The 5’ RACE system employed in the present study uses dC 

tailing of cDNA to complement the abridged anchor primer. Other 

systems use dA-tailing as this allows the same oligo d l  anchor primer 

for both 5’ and 3' RACE procedures. However A:T base pairs are less 

stable than G:C pairs, and longer stretches of dAs or d is  are required, 

hence increasing the chance of non-specific or short extension products. 

Other problems associated with 5' RACE are due to incomplete 

extension of transcript sequences. For example, when 5’ RACE was 

used to determine the 5’ end of the human oestrogen receptor-a (hER- 

a) gene (Flouriot et al., 1999), the first 90 nt of the transcript were 

missed. The reason for this was that a proportion of the extension 

products are prematurely terminated due to a GC-rich region (96%) in 

the hER-a 5’ UTR. Although some full-length sequences may be 

transcribed they are effectively pooled together with the incomplete 

extension products in the reaction mix. Further rounds of amplification 

leads to the selection of the shorter extension products.

The results obtained in this study during amplification at the 5’ 

end of utrophin mRNA highlights some of these problems. When 

5’RACE was carried out using lung or kidney mRNA several bands of 

similar intensity were produced. All of which corresponded to known 

utrophin sequence. This result demonstrated that the 5’ RACE system 

was working well and suggested that in these tissues the major full- 

length transcript corresponded to the known sequence. The variation in 

size of these bands was presumably due to incomplete extension during 

the cDNA synthesis stage of the procedure. When brain mRNA was 

used as template, a mixture of utrophin and non-utrophin products were 

generated. This probably reflects inadequate amounts of specific 

template RNA; it can be surmised that the gene-specific primer 

hybridises non-specifically in the absence of the correct template. The
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production of non-specific products is a problem that has plagued this 

technique (Flouriot et aL, 1997) and this is probably due to the non

specific binding of the gene-specific primer at low temperature 42°C 

used in the reverse transcription step.

A recent study has adapted the well-established 5’ RACE 

technique to facilitate the identification of mRNA 5’ ends even for 

transcripts with a low level of expression (Flouriot at aL, 1999). 

Biotinylated single stranded DMA template is used as template to 

prepare a highly labelled long primer by extension from a short specific 

sequence by T7 DMA polymerase in the presence of [a-^^P] dCTP 

(Flouriot etal., 1997). Twenty nanograms of the long specific primer are 

labelled with [a-^^P]dCTP in the presence of 17 DMA polymerase. This 

labelled primer is allowed to hybridise overnight with 30 pg of total RNA. 

Reverse transcription is then carried out resulting in ^^P labelled single 

stranded cDNAs. Extension products are isolated and a poly 0  tail 

added to allow for subsequent amplification using a combination of the 

gene-specific reverse primer with an oligo (dG) anchor primer (Flouriot 

at aL, 1999). The advantages of this system are that it allows 

quantitative estimation of the relative abundance of transcripts in various 

tissues and it generates sequences up to/or very close to the 5’ 

extremities of the mRNA (Flouriot ataL, 1999). However, this system 

requires 30pg of starting template, in comparison with other RACE 

systems, which in general require only Ipg. The requirement for 

radioactive labelling makes this a less than desirable procedure for 

routine use.

During the 5’ RACE experiments reported here it was noted that 

second round amplifications in which the primer was the same as that 

used in the first round PCR (i.e. was not nested), generated no visible 

product. In contrast, using a nested primer a visible product was always 

generated. This probably reflects the fact that the first gene-specific 

primer is used in the reverse transcriptase step at a relatively low
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temperature of 42°C. This primer binds to a wide number of sites with 

the result that many mRNAs are amplified at a low yield and very few of 

which correspond to the correct product. The second nested primer 

finds and amplifies only the correct template whereas using the first 

gene-specific primer again simply leads to the amplification of many 

cDNA templates again at lower yields.

The amount of mRNA template is clearly important. For example 

the 5' RACE results at the 5’ end of the utrophin gene show that when 

IjLig brain mRNA was used as the starting template four bands were 

obtained three of which were unrelated to utrophin and one short 

product that corresponded to the known form of full-length utrophin. 

However when 2pg of brain mRNA was used only two products were 

generated the longer of which represented the known utrophin 

sequence and the shorter a non-specific product.

Promoters at the 5 ’ end of the utrophin gene One of the

objectives of the project described here was to look for an alternative 

promoter at the 5’ end of the utrophin gene. Three, possibly four, such 

promoters occur in the dystrophin gene and it seemed likely that full- 

length utrophin would be transcribed from more than one promoter. It 

was important to look for such a promoter for two reasons, both of which 

are related to the proposal that upregulation of utrophin may be a 

feasible option for the treatment of muscular dystrophy.

The known promoter of full-length utrophin as described by 

Dennis at a/., (1996), is a CpG-island and is active in all tissues, 

including skeletal and cardiac muscle. It is not known whether 

upregulation of expression of this transcript will be adequate or 

appropriate to overcome the cognitive and cardiac problems which are 

common features in patients suffering from Duchenne and Beckers 

muscular dystrophy (Hoogerwaard at aL, 1997). Another potential
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problem is that the major full-length utrophin isoform found in muscle 

may be crucial for normal development of the neuromuscular junction. 

Manipulation of this promoter may impair this function. Bearing both 

these complexities in mind it seemed important to establish whether 

other 5’ promoters occur and whether these could provide additional 

potential targets for transcriptional activation.

As it turned out, in the three tissues investigated in this study only 

the known utrophin mRNA was identified, suggesting that 5’ transcripts 

initiated from promoters located in intron 1 or further 5’ did not exist.

This was not however the complete story. Towards the end of this 

project a paper was published by Burton et aL, (1999) which 

demonstrated the existence of a second promoter, present not in intron 

1 of the known isoform but in intron 2 (Burton et aL, 1999). This second 

5’ promoter is apparently highly regulated, although expressed in a wide 

range of tissues, and shares little homology with the previously identified 

synaptically expressed promoter. Northern analysis and RNase 

protection assays showed that the new form is most abundant in the 

heart, whereas the previously described transcript is most abundant in 

the kidney (Burton et aL, 1999) and both full-length transcripts were 

present in approximately equal amounts in brain and muscle. The first 

exon of this novel full-length utrophin contains an ATG codon and 

coding sequence such that it has a unique NH2 -terminal of 32 aa.

This novel transcript was identified in mouse heart by 5’RACE 

(Burton et aL, 1999), with gene specific primers located in exon 4 and 

exon 3. Herein lies the explanation for why the 5’ RACE described in the 

present study, with the second round primer located across the exon 

2/exon 3 boundary, failed to detect this transcript. Using this primer, a 

transcript synthesised from a promoter in intron 2 would not be detected. 

The positioning of the primers used in this study were selected to look 

specifically at intron 1 where in dystrophin, three of the four 5’ promoters 

that encode tissue specific transcripts lie. Physical mapping has shown
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that the three promoters for the cortical, muscle and Purkinje transcripts 

are arranged in tandem in the 5’ end of the gene and in each case the 

unique first exon is spliced to exon 2. The only full-length dystrophin 

transcript that does not splice to a common exon 2 is the lymphoid 

transcript, which splices to exon 3 (Nishio et al., 1994).

Up140 and Up71: iso forms transcribed from internal promoters

In this study two short utrophin isoforms, Up140 and Up71, have 

been isolated using the 5’ RACE procedure. It is of interest to compare 

this strategy with those that led to the isolation of the other short 

utrophin isoform G-utrophin, and the dystrophin isoforms Dp140, Dp71, 

Dp116 and Dp260. Both G-utrophin and Dp71 were identified as 

prominent bands on Northern blots and this led to the isolation of the 

cDNA from cDNA libraries. Dp140 and Dp116 on the other hand, were 

first identified as polypeptide bands on Western blots and subsequently 

their cDNAs were isolated from libraries and by 5’ RACE (in the case of 

Dp140).

In contrast to other short isoforms of dystrophin the presence of a 

novel dystrophin in the retina, Dp260, was deduced by observations 

made on DMD patients. Some boys with DMD have an ocular 

phenotype, which is characterised by an abnormal ERG (Piliers eta!., 

1993). This phenotype was not observed in the mdx mouse, which has a 

point mutation in exon 23, suggested the presence of a dystrophin 

mRNA whose transcription was initiated downstream of exon 23. Dp260 

was then identified as a 260 kDa band on a Western blot of retinal tissue 

and the cDNA derived using 5’ RACE on retina RNA.

Thus in general other dystrophin/utrophin short forms have been 

identified either by Western or Northern blotting; in these cases 5’ RACE 

has usually been employed at a later stage in the characterisation of the 

transcript rather than in the preliminary identification.
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Are Up140 and Up71 true homologues of D p i40 and Dp71 ? Two

short utrophin transcripts Up140 and Up71 have been identified during 

the course of this study. We are confident that these are genuine 

transcripts and not artefacts of the targeted 5’ RACE for three reasons. 

Firstly, 5’ RACE amplified known utrophin and the short transcripts in 

equal amounts, whereas had the short transcript been due to “leaky” 

transcription it would have been amplified at much lower amounts. 

Secondly 5’ RACE at the exon 2/intron 1 and exon 30/intron 29 

boundaries failed to detect any trace of leaky transcription. Thirdly, 

amplifications of cDNA in which the forward primer specific for either 

Up140 or Up71 was replaced by a primer located immediately upstream, 

but in sequence identified as proximal promoter, failed to generate a 

product. In other words Up140 and Up71 are transcribed utrophin 

sequences and are not due to leaky transcription or partial splicing of 

mRNA.

However, Up140 and Up71 show a clear difference, which 

distinguishes them from their dystrophin counterparts. For Up140 and 

Up71, the unique first exon is immediately adjacent to the upstream 

exon/intron boundary (exon 45/ intron 44 -  Up140; exon 63/ intron 62 -  

Up71) whereas, for the corresponding dystrophins the first exons lie 

somewhere within introns 44 (Lidov at aL, 1995) and 62 (Lederfien at al 

1993) respectively and not immediately adjacent to the exon boundary. 

The position of the first exon of G-utrophin remains to be determined 

and comparisons with Dpi 16 cannot yet be made.

These differences are striking and require explanation. In both 

genes transcription from within intron 44 and 62 clearly occurs, but what 

kind of evolutionary mechanisms could lead to structural divergence of 

the position of the promoters and the first exon? One possibility is that 

the organisation of the utrophin promoters represents an ancestral state 

in which transcriptional motifs have arisen more or less by chance, near 

to the exon/intron boundary. It can be envisaged that once transcription
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is initiated at a site within a gene, this site is open to interactions with a 

variety of transcription factors, allowing the promoter region to come 

under selective pressure. In the case of dystrophin, selective pressure 

has lead to the acquisition of promoters which are more efficient than 

those in the ancestral gene and located, in the same general region but 

further upstream. It is necessary to propose that the preferential use of 

transcription factor binding sites in this more upstream region eventually 

led to an association with a novel first exon. This latter would have 

required the emergence of intron donor and acceptor splice sites in the 

immediate downstream region.

For this theory to be tenable it is important to demonstrate a 

significant difference between dystrophin and utrophin that puts 

dystrophin under greater selective pressure. One obvious difference is 

that the dystrophin gene is prone to deletions that lead to the protein 

product being either truncated or completely absent. Utrophin is 

apparently not susceptible to deletion (see section 6: possible pathology 

associated with the lack of utrophin). It might be speculated that the 

production of short transcripts in the absence of full-length dystrophin 

allows the DAP complex to assemble thus protecting the cell against 

even more extensive ill effects, associated with non-assembled protein 

and perhaps membrane instability. This proposal implies that in the 

absence of all transcripts the phenotype might be much more severe. 

The mdx^ '̂' mouse has a mutation in exon 65, which lead to impaired 

production, but not complete absence, of all dystrophin transcripts. T^is 

mouse is distinguished from other mouse mutants by fertility and 

weaning problems, with a shortened life span. Perhaps these 

observations imply that complete absence of all forms of dystrophin 

might be lethal (Cox et al., 1993).

Thus far no mutations of utrophin have been identified in man. In 

mouse there are no natural mutations but two knockouts have been 

described (see section 1. Utrophin knockout mice: Deconinck eta!.,
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1997; and Grady et al., 1997). The exon 7 UKO mouse is expected to 

produce all transcripts except the full-length form, while the exon 64 

UKO mouse has lost all isoforms. A very mild phenotype has been 

described for both of these mice. One explanation is that dystrophin is 

able to compensate for the absence of utrophin in all tissues. Whereas, 

this is clearly not true in the reverse situation where dystrophin is 

absent; for example, in the mdx^ '̂  ̂mouse and the Muller cells of the 

retina of DMD patients with abnormal ERGs (see section 6: Final 

comments on the roles of the short utrophins). The litter sizes of the 

UKO mice appear normal and there are no fertility problems. Thus it 

would seem that the dystrophin gene is indeed subject to greater 

selective pressure than the utrophin gene.

Promoters of the utrophin isoforms Given that the

promoters of Up71 and Up140 lie in different positions within their 

respective introns there is no expectation that they will show any 

similarity to the promoters of their Dp71 and Dpi 40 counterparts.

Indeed, a comparison between the Up71 and Dp71 promoters shows 

that while the Dp71 promoter shows various features of a housekeeping 

gene promoter; (extremely G + C rich, without either a TATA or CAAT 

box and contains three potential Spl binding sites) (Lederfein et a!., 

1993), the Up71 upstream sequence is not particularly G +C rich and 

contains only two Spl sites.

The proximal promoter of D p i40 is also without a TATA box and 

CAAT box. 3.4 Kb of upstream sequence includes several known 

transcription factor-binding sites. For example, NF-1, which is present in 

a variety of brain-specific promoters (Krebs et a!., 1996), three COTA 

sites, and multiple CREB sites. Within 2 Kb of the Dpi 40 first exon there 

are 5 E-boxes and multiple N-boxes, motifs associated with muscle and 

neuromuscular junction expression. While, the Up140 promoter also 

lacks TATA and CAAT boxes it contains multiple binding sites for GATA
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transcription factors, a MEF-2 binding site and binding sites for Ap-1 and 

PIT-1 and a single E-box, and is completely distinct from the D p i40 

promoter. Thus it can be predicted that the expression profiles of the 

short isoforms of utrophin and dystrophin are distinct -  but probally 

overlap in some tissues such as brain, muscle and kidney.
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Chapter 4 

Expression Studies

Reverse transcription results In order to investigate the

distribution of Up140 and Up71 mRNAs, tissue RNAs was reverse 

transcribed and PCR amplified (RT-PCR) using transcript-specific primer 

pairs. A selection of human and mouse adult and foetal tissues were used 

to prepare RNA template using the RNAzol procedure described in chapter 

2 (section Isolation of RNA pg 87). The human foetal tissues were obtained 

from the MRG Tissue Bank and varied in age from 10-20 weeks gestation. 

The human adult material was available from a single post-mortem case, in 

which the tissues were sampled and flash frozen within 24 hours of death. 

The mouse foetal tissues were all taken from an inbred (C57BI) pregnancy 

taken at 16.5 days. 6 pups were dissected and their tissues pooled. The 

mouse adult tissues were dissected from the pregnant mother.

For transcript specific amplification of Up71 and D p i40 the forward 

primer was located in the unique first exon sequence and the reverse 

primer in the adjacent second exon (exon 46 in the case of Up140, 64 in the 

case of Up71) (Fig. 4.1). In both human and mouse, the predicted sizes of 

products from these amplifications are 306bp for Up140 and 221 bp for 

Up71. Utrophin cDNA was also amplified using a primer located more 

towards the 5’ end of the transcript (h.UTRN and m.UTRN in Fig 4.1); the 

forward primer was placed in exon 16 and the reverse in exon 17 of the 

human utrophin sequence. A similar but not identical amplification of mouse 

utrophin cDNA in which the forward primer was placed in exon 17 and the 

reverse primer in exon 20 was also carried out (Fig. 4.1). The product size 

for these 5' amplifications is 255bp and 384bp respectively and in the 

following text is regarded as representing full-length utrophin. A list of all the 

primers used in these experiments is shown in Table 2.2.

In order to test the integrity of the cDNA and to allow a rough 

quantitative guide to relative amounts of mRNA expression, cDNA
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h.UTRN

255bp
hUp-ex16/17-F hUp-ex16/17-R

m.UTRN

384bp
mUp-ex17/20-F mUp-ex17/20-R

Up140

Up140-F Up-ex45-R1

306bp

Up71
Up71 5’

Up71-F Up-ex63-R2

221 bp

PGM1

PGM 1-F PGM 1-R

323bp

Fig. 4.1 Position of primers used for transcript specific RT-PCR 
of utrophin and PGM-1. Primer sequences given in Table 2.1

I =common sequence B  =unique sequence 
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corresponding to a ubiquitously expressed gene 

phosphoglucomutasel (PGM1) was amplified (Whitehouse et al., 1992).

Primers located in exon 2 and 4 of PGM1 gave a product of 323bp in both 

human and mouse (Fig. 4.1)

The same set of tissues were examined in each species and 

included foetal and adult pairs of kidney, muscle, lung and testis together 

with foetal brain, adult thymus and adult liver. In each case identical 

amounts of cDNA (primed from random hexamers) was used and the same 

number of cycles was carried out for each amplification (n =30). Examples 

of RNA preparations are shown in Fig. 4.2. From the ethidium bromide 

staining it was clear that there were different amounts of RNA in each tissue 

preparation. To ensure that equal amounts (5pg) were added to the reverse 

transcriptase reaction, each RNA sample was assayed 

spectrophotometrically.

PGM1 RNA amplified well from all human foetal and adult tissues 

(Fig. 4.3 A) although there was a slight variation in the intensity of the 

bands observed in different tissues. Overall, the level of products was less 

strong in foetal tissues than in adult samples, with the exception of foetal 

muscle, which was more or less, equal in intensity to the adult. Full-length 

utrophin (UTRN) al^o amplified well from all tissuei)ut-showed no 

difference in level between adult and foetal samples.XF[g_4^.B).This .

implies that relative to PGM1 the full-length utrophin is more abundant in 1 4̂1—

foetal life (apart from foetal brain, where mRNA levels are very low).

In comparison with PGM1 and full-length utrophin, both Up140 and 

Up71 showed more variation in mRNA distribution amongst the tissues 

te^sted, suggesting that these transcripts may be subject to tissue specific 

regulatory mechanisms (Fig 4.4). When foetal and adult cDNAs were 

compared, it was clear that the levels of D pi40 mRNA in the foetal kidney 

and testis are lower than those observed in adult life, whereas lung and ,

muscle mRNA levels are higher in foetal life compared to the^adult.

Amongst all the tissues tested Up140 is most abundant in foetal lung and

140
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■28S rRNA

16S rRNA

< -5 S  tRNA

Fig. 4.2 RNA preparations from mouse foetal tissues resolved on a 
MOPS-formaldehyde 1.5% agarose gel and stained with ethidium bromide.
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HUMAN

323bp

0)

Q) Q) 0) fi> &)
<D C 3 3" 2;
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UTRN

255bp

r* r*
c O’ 3 2;
3 3 c Q.’(D (0 33 o <D
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Ù) P Q> 0) Q)
(D E 3 #-h3" X"
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Fig. 4.3. RT-PCR of human foetal and adult tissues using A. PGM1 
primers. B. Primers located in exon 16 and 17 of the utrophin sequence. 
M = DNA size marker
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adult thymus, and relative to PGM1 was least abundant in the foetal 

brain and testis, and adult muscle.

The distribution of Up71 shares some features in common with 

Up140. For example, Up71 mRNA is lower in the kidney during foetal life 

than in adult life and similarly higher in foetal muscle than in adult. 

Nevertheless the two transcripts show some differences in their distribution 

such that Up71 is less well expressed in adult thymus where Up140 

expression is high. Amongst all the tissues tested Up71 was most abundant 

in adult lung and kidney.

The relative levels of the three utrophin transcripts are summarised 

in Table 4.1, and several observations can be made. Firstly, all three 

transcripts are expressed in all adult and foetal tissues tested. Secondly, it 

is striking that the full-length utrophin (UTRNTappears to be the most 

abundantjranscript in adult muscle, foetal testis and foetal kidney, and 

perhaps foetal muscle and brain. Thirdly, the Up140 transcript appears to 

be the most abundant in adult thymus and foetal lung. In all other tissues 

approximately equal levels of expression are seen. In making these 

comparisons between different transcripts it must be born in mind that the 

judgement is based on the relative levels of PCR products, which may not 

reflect the true level of any particular transcript, because different 

combinations of primers and template vary in their amplification efficiency. 

Nevertheless the distributions amongst individual sets of tissue samples 

can be compared between transcripts.

The pattern of expression in human tissues was compared to that in 

the mouse. The mouse tissues selected were the same as those available 

for the human RT-PCR_experiments. PGM1 amplified well from the mouse 

foetal (16.5dpc) cDNAs, except from foetat brain. The abundance of PGM1 

RNA in adult tissues appeared to be relatively lower than in foetal tissues, 

except for adult testis (Fig 4.5 A). This is in contrast to human PGM 1 which 

is relatively more abundant in adult tissues. As in the human tissues set, all 

three types of utrophin transcript were expressed in all tissues.
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Tissue PGM 1 UTRN (F-L) Up140 Up71

F. testis ++++ +++++ + ++

F. lung ++++ +++++

F. brain ++++ ++ (+) (+)
F. muscie +++++ ++++++ ++++ +++++

F. kidney +++ ++++++ +++ ++++

A. testis +++++ +++++ ++++ ++++

A. lung ++++++ ++++ +++++ +++++

A. muscle +++++ +++++ ++ ++

A. thymus +++++ +++++ ++++++ +++

A. kidney ++++ +++++ +++++ +++++

A. liver +++++ +++++ ++++

Table 4.1 The relative intensities of human PGM1 and various utrophin transcripts in adult and foetal tissue. (+) 

indicates weak; + low; ++++++strong
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Fig. 4.5 RT-PCR of mouse foetal and adult tissues using A. PGM1 
gene specific primers, B. utrophin specific primers 
located in exon 17 and 20. M = DNA size marker
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Amplification of full-length utrophin (UTRN) gave strong products 

from both foetal and adult cDNAs, except foetal brain and adult liver (Fig 

4.5 B). Overall, the full-length utrophin mRNA appears to be more abundant 

in foetal tissues than adult tissues (except foetal brain), in line with the 

distribution found in the RT-PCR of human tissues.

The Up140 and Up71 products show “tissue to tissue” variation in 

their relative levels of expression. Their distribution has some features in 

common with that seen amongst human tissues but also some clear 

differences. For example, amplification of mouse Up140 (Fig. 4.6 A) shows, 

that as in human tissues, the level of mRNA in foetal kidney is low 

compared with the adult tissue, while that in foetal lung is higher than in 

adult tissue. In the mouse, Up140 appears to be the major brain transcript 

since Up71 and UTRN expression is very low in foetal brain. This does not 

seem to be the case for human foetal brain, where the UTRN transcript is 

marginally most abundant. Mouse Up140 is also found at high levels in 

adult thymus and foetal lung and was least abundant in the foetal testis, a 

similar distribution to that described for human tissues.

The distribution of mouse Up71 also resembled that described for 

human tissues in some respects. Up71 transcripts are relatively low in 

foetal testis and brain and relatively abundant in lung and Iddney (Fig 4.6 

B). However the distribution of these two transcripts in man and mouse also 

show some differences, for example, in the mouse, Up71 is at a similar 

level to Up140 in the adult thymus, rather than being the minor transcript as 

is the case in human thymus.

The expression patterns for the three mouse^utrophin transcripts are 

summarised in Table 4.2.

In summary, all three utrophin transcripts show a broad tissue 

distribution in both man and mouse. The profiles of the expression patterns 

show some similarities between the two species and some differences. 

These differences may be due to interspecies variation in gene regulation
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148



Tissue PGM1 UTRN (F-L) Up140 Up71

F. testis 

F. iung 

F. brain 

F. muscie 

F. kidney 

A. testis 

A. iung 

A. muscie 

A. thymus 

A. kidney 

A. iiver

+++
+++
(+)
++++
+++
+++
++
++
++

++

++++
+++++

++
++++
+++++
+++
++++
+++
++++

(+)

++++
++++

(+)

(+)
+++++
++++++
(+)

(+) ++

+++++
++++
++++

Tabie 4.2 The relative intensities of mouse PGM1 and the various utrophin transcripts; where ( +) indicates 

weak; + low; ++++++ strong.
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and/or mRNA turnover or to variation in the quality and exact tissue 

location of the samples, which have been compared.

RT-PCRs were also carried out on RNAs prepared from six further 

human muscle samples, which included two foetal samples, one F.10 

representing the earliest stage of human development available from the 

Tissue Bank (1^ weeks gestation) and f.24 representing a sample collected 

at an unusually late stage of gestation (24 weeks). Three adult samples 

from calf or thigh muscle a.O, a.H and a.AB were also examined, in these 

cases the samples were not post-mortem but derived post-operatively from 

individuals undergoing amputation for diabetes associated gangrene.

A comparison of the mRNAs from the two foetal muscles at different 

stages of development, shows that full-length utrophin is more abundant in 

the early stages of muscle development while Up140 is most abundant at 

later stages (Fig. 4.7). The expression profile of Up71 appeared not to 

change. During these stages of in utero development, innervation of the 

muscle is established and fibre type differentiation begins (Grays Anatomy 

chpt 7 pg 737-900). One possibility is that the change in relative expression 

in the utrophin isoforms reflects these events.

Comparison of the three adult muscles showed some variation in the 

relative abundance of the three utrophin isoforms between samples. In 

particular a.O and a.FI both showed higher levels of full-length utrophin and 

Up71 than a.AB. These amputation samples were from elderly individuals 

(above 70 years of age) who probably showed various degrees of muscle 

fitness, which would be associated with variation in muscle fibre type 

composition. In this context it is of interest that a.AB (low UTRN and Up71) 

shows relatively high levels of the glycolytic enzyme P.GM1 in comparison 

with a.O and a.FI (high UTRN and Up71). This predicts that the muscle from 

this patient contains proportionally more type II fibres, which depend on 

glycolysis as a source of energy. The number of samples tested in this 

small scale experiment makes it difficult to come to any firm conclusions
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Fig. 4.7 RT-PCR of human foetal and adult muscle, using PGM1, 
UTRN, Up140 and Up71 specific primers. M = DMA size marker
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nevertheless it is of interest to speculate that there may be an 

association between the relative distribution of utrophin isoforms and 

muscle fibre type.

The RNA/cDNA preparations used for these experiments were 

checked for the presence of contaminating DNA. This potential problem 

was investigated by setting up reverse transcription reactions in the 

absence of reverse transcriptase (-RT). -RT samples were processed in 

exactly the same way as samples containing reverse transcriptase. In no 

cases were products amplified from the -RT samples, indicating that the 

products seen in thej^RT samples arejderived solely fromTRNA (Fig 4.8, 

Figs 4.3-4.7).

Contaminating DNA was also looked for by deliberately attempting to 

amplify genomic DNA from cDNA preparations. In this experiment a forward 

primer was located in the intron sequence adjacent to the 5’end of either 

Up140 and Up71 transcripts and reverse primers in either exon 45 or exon 

63. This primer combination amplifies only genomic (intron to exon) DNA 

and not the cDNA preparations. As a positive control, reactions were 

performed using the same reverse primer (located either in exon 45 or exon 

63) together with forward primers located within the 5’ end of both 

transcripts. The results of these experiments (Fig. 4.9) show that 

amplification using the intronic forward primers amplified only the genomic 

DNA sample and no product was obtained when cDNA preparations were 

used as templates. This confirms that the cDNA preparations did not 

contain contaminating genornic DNA. When amplifications were carried out 

using the same forward intronic primer but this time with reverse primers 

positioned in the novel sequence 5' to the exon 45 and exon 63, 

amplification gave rise to products of the correct size from both cDNA and 

genomic DNA (Fig 4.10). Thus there is no evidence for contamination of 

mRNA by genomic DNA.
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and recombinant clone. A. Forward primer in intron sequence 5’ of 
the Up140 transcript with a reverse primer located in the novel 
Up140 sequence.
B. Forward primer located in the intronic sequence 5’ of Up71 
with a reverse primer in the unique sequence of Up71.
M = DNA size marker
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specific 5’ exon sequences (hatched boxes) and 
known exon sequence (white boxes).
LOWER: cDNAs (lung and brain) and genomic DMAs (1 and 2) were amplified 
either with primer pair A, located within the transcribed RNA sequence or with 
primer pair B in which the forward primer was located in intron sequence 

upstream of the 5’ end of the novel transcript. Primer pair A amplifies both 
genomic and cDNA whereas primer pair B amplifies genomic DNA only for 
Up140 and Up71. M = DNA size marker.
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Western blot results. In the previous section the expression of 

utrophin at the mRNA level was determined. The next phase of the work 

was to establish whether these isoforms are translated and to compare their 

profile pattern of protein expression with those of their respective mRNAs. It 

cannot be assumed that the level of mRNA and protein are correlated and 

indeed there are several examples in which mRNA transcripts are not 

translated into proteins, for example the X inactive specific transcript (Xist 

gene) located in a 450bp long X inactivation centre locus (Xic). The Xist 

gene produces a large processed RNA for which no protein product has 

been identified. This RNA is not exported from, the celJ nucleus and is found 

in association with the inactivat^d2< chromosome (Erdmann et al., 1999). 

Another example is the H19 gene, which is expressed at high levels in the 

placenta and in foetal tissues and is known to be imprinted. The H I9 gene 

product is a spliced and polyadenylated 2.3 Kb mRNA. The human 

sequence predicts an open-reading frame encoding a 26kPa protein 

however, like Xist, no translation product has been identified (Pfeifer et al., 

1996).

The other possibility, which needs to be kept in mind, is that the 

turnover of mRNA may vary from tissue to tissue. For example the steady 

state levels of mRNAs for mitochondrial proteins are drastically different 

among tissues due to differential rates of RNA turnover. This was shown by 

comparing rates of mRNA decay for mRNAs encoding 5-aminolevulinate 

synthase (ALAs), cytochrome c oxidase subunitVIc (nuclear-encoded), and 

subunit III (mitochondrially encoded) in liver, heart, and muscle following the 

inhibition of further transcription. Subunit Vic mRNA was least stable in the 

liver, slightly greater in the heart and very stable in the skeletal muscle. A 

similar pattern of RNA stability was seen for ALAs mRNA whereas subunit 

III was least stable in the heart, more stable in the liver and extremely 

stable in the skeletal muscle. These observations demonstrate the 

existence of tissue-specific mechanisms, which control the stability of
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mRNA (Conner et al., 1996). It has been proposed that these factors 

may involve protein factors interacting with the 3’ UTR of the mRNA (Ross 

eta!., 1995).

In order to look for polypeptides corresponding to utrophin transcripts 

Up140 and Up71, SDS-denatured tissue extracts were prepared from a 

freshly killed adult C57BI mice and proteins separated by SDS-PAGE. 

Western blotting of the gel was carried out using a monoclonal antibody 

ManchoS. ManchoS was raised in mouse against a fusion protein 

containing the last 329 aa of the human utrophin protein (thi Man et al., 

1991), and was anticipated to detect all isoforms of utrophin. This antibody 

is one of only a few of the available monoclonal antibodies available that do 

not cross-react with dystrophin.

The distribution of polypeptides in the various tissues was visualised 

either by staining a separate but identical gel with Coomassie blue (Fig.

4.11) or by staining the blot with Ponceau S immediately prior to 

immunodetection. Mancho 3 detects protein bands of various sizes (Fig. 

4.12 A). Full-length utrophin (395kDa) was present in all tissues extracts 

and was most abundant in liver and lung and at moderate levels in brain, 

heart, muscle, spleen and kidney. Intestine showed rather variable levels of 

the 395kDa band but often in association with numerous other smaller 

bands. These lower molecular size components seem likely to be due to 

rapid degradation of the full-length polypeptide in the intestine before/after 

extraction. The distribution of the full-length, 395kDa, utrophin protein does 

not correlate with the distribution of mRNA detected by RT-PCR and 

described in Fig 4.5 which shows a more or less even distribution of mRNA 

across all tissues with liver and lung not showing noticeably elevated levels 

of mRNA.

Four other strong polypeptides with molecular weights (mw) of i 

66kDa, 58kDa, 55kDa and 24kDa were also routinely seen. Liver extracts / 

showed the highest level of all four components, while the brain and 

intestine showed relatively low levels of these bands. The banding detected
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Fig 4.12. A. Western blot of tissue extracts of C57BI adult mice tissue extracts 
using the Mancho 3 antibody. Proteins were separated by SDS-PAGE.
B. Blot repeated with tissue extracts from another mouse of the same strain.
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using the ManchoS antibody, which included a number of highly 

expressed polypeptides with a low mw, was unexpected. The 66kDa 

polypeptide may represent the Up71 isoform, although the relative levels of 

mRNA detected by RT-PCR do not entirely correspond with those found for 

the 66 kDa band, (compare Fig 4.6 with Fig 4.12) The identity of the 58kDa, 

55kDa and 24kDa bands is unknown. It was thought that they could 

represent novel isoforms of utrophin previously undetected or non-specific 

bands detected by the antibody. ^r i mar j /  / S(ZjLondQr w

In addition, a number of other bands ranging in size from SOOkDa to 

90kDa were detected in a variety of tissues. However these were not 

always detected (Fig 4.12 B) because in early experiments exposure times 

for the ECL autoradiographs were optimised for the major components and 

were not long enough to detect these other polypeptides routinely. SOOkDa 

and 280kDa polypeptides bands were occasionally seen in liver, lung, 

spleen and kidney and were not detected in any other extracts, apart from 

the intestine, which often showed a 280kDa band. A 90kDa polypeptide 

band was found in all the tissues tested but at widely variable levels, and 

was most abundant in kidney and lung.

G-utrophin has a molecular weight of 11SkDa has been described 

the major isoform detected in the brain by Northern blot analysis, (Blake et 
al., 1995), but using ManchoS no polypeptide of this size was detected in 

the brain extracts or extracts from the other tissues. Western analysis also 

failed to detect a component that corresponds to translation of Up140, 

(155kDa). This raises the possibility that neither G-utrophin nor Up140 is 

translated efficiently. The relative expression of these various utrophin 

polypeptides detected by Mancho 3 are summarised in Table 4.3.

The banding pattern using Mancho3 was difficult to explain. This 

antibody has been used previously by the laboratory where it was 

generated (thi Man et al., 1992) and Western blots described without 

reference to the strong low molecular weight bands. A series of



Tissue 395

kDa

300

kDa

280

kDa

90

kDa

66

kDa

58

kDa

55

kDa

24

kda

Liver +++++ + + +++++ +++ ++++ +++++

Lung +++++ + + + ++++ +++ ++++ +++

Brain +++ ++ + ++ ++

Heart +++ ++++ +++ ++++ +++

Muscle +++ ++++ ++ ++++ +++

Spleen +++ + + ++++ ++ ++++ +++++

Kidney +++ + + ++ ++++ ++ +++ +++

In testine + + + ++++ ++ ++ +++++

Table 4.3 Relative expression of mouse utrophin polypeptides detected using the Mancho 3 

antibody.
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experiments were designed to investigate the specificity of the 

ManchoS antibody interaction with these polypeptides. Various 

modifications of the procedure were tried, a) The 20mM sodium chloride 

wash applied after the membranes have been incubated in the second 

antibody, was repeated, b) The membrane was incubated with the second 

antibody only, c) ManchoS antibody was preabsorbed with mouse serum 

prior to use. d) The percentage of dried skimmed milk used as a blocking 

agent was increased from 6% to 10%. Fresh tissue extracts were prepared 

for these experiments.

Increasing the efficiency of sodium chloride wash (Fig. 4.IS) 

decreased the general non-specific background staining but did not alter 

the intensity of the strong components with molecular sizes between 66kDa 

and 24kDa. Two new bands emerged more strongly; a 156kDa band in 

kidney and spleen and a ISO kDa band in kidney. These bands had not 

been noted in previous experiments.

In a separate experiment the percentage of the blocking reagent, 

dried skimmed milk, was increased from 6% to 10%. It was envisaged that 

this would lead to more efficient blocking of non-specific binding sites and 

thereby result in a reduction in the intensities of non-specific bands. 

However this modification led only to reduction in the intensity of the 58 kDa 

band, with the 66 kDa, 55 kDa and 24 kDa bands remained substantially 

unaltered. Other bands were also seen. A 90 kDa band was most abundant 

in the liver and kidney; 300 kDa and 280 kDa bands were detected in all 

tissues. These latter may be either distinct isoforms of utrophin or 

degradation products of the full-length utrophin.

In order to test whether any of the immunoreactivity was due to 

interaction solely with second antibody (goat anti mouse IgG) two identical 

SDS gels were blotted and treated exactly the same except that one was 

incubated with ManchoS followed by incubation with the second antibody, 

while the other was incubated in the second antibody alone. The banding 

pattern seen using ManchoS (Fig. 4.14A) was identical to that seen
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Fig 4.14 Western blotting of adult mouse protein extracts A. using 
Mancho 3 antibody and B. in the absence of Mancho 3.
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previously (Fig 4.14 A). In contrast the membrane incubated in the 

second antibody alone showed no immunoreactive polypeptide bands (Fig. 

4.14 B). This result confirms that the detection of the 66kDa, 55kDa and 

24kda bands is entirely due to cross reactivity with ManchoS. The bands 

are very strong suggesting a high level of epitope specificity. Furthermore 

these bands are detected in all tissues. This latter observation raises the 

possibility that these bands may represent proteins circulating in the blood.

In order to investigate this idea, the primary antibody was 

preabsorbed in mouse serum overnight. Cross-reactivity with utrophin will 

not be affected by this procedure since utrophin is not secreted into serum. 

However immunoglobulins and other proteins are present at high levels in 

serum and cross-reactivity with ManchoS would be prevented by 

preliminary preabsorption. As it turns out, the banding pattern obtained after 

preabsorbtion closely resembled that seen previously (Fig. 4.15). The low 

mw strong components (66 kDa to 24 kDa) were seen at the same intensity 

indicating that they are not serum proteins. However the preabsorption 

procedure seem to alter the affinity of the antibody such that a number of 

other bands appear. SOOkDa and 280kDa bands were seen in the lung and 

liver and a 150kDa band was moderatly abundant in the lung but is also 

detectable in liver, kidney and spleen. A ISOkDa band detected in lung, was 

absent in all the other tissues tested. These bands may be unidentified 

short isoforms of utrophin for example, the ISOkDa polypeptide may 

represent the Up140 isoform which is predicted to have a mw of 155kDa 

and from the result of the RT-PCR expression studies has a high level of 

expression in the adult mouse lung. It was noted that the 90kDa band 

observed in kidney in previous experiments was not detected using 

preabsorbed antibody.

Another possibility is that Mancho 3 by chance recognises an 

epitope(s) present on a set of non-utrophin proteins present in all tissues. If 

this were the case it is likely to be a feature specific to ManchoS and would 

not be seen using another monoclonal antibody. In order to test this idea
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the monoclonal antibody, Mannuti, was obtained from Dr Glen 

Morris (thi Man et al., 1995). Mannuti was raised in mouse against 

fragment, exon5-11, of the NH2 -terminal domain of the human utrophin 

protein. Mannuti gave high levels of what appeared to be non-specific 

staining. Nevertheless full-length utrophin was detected and strikingly, the 

four low mw components were not present in both the human adult post 

mortem extracts and the adult mouse tissue extracts after detection using 

Mannuti. This result suggests that the strong low mw components are not 

derived from full-length utrophin and do not carry the epitope detected by 

Mannuti.

Using Mannuti a set of human adult tissue extracts were also 

analysed (Fig 4.16). In this case the level of background staining was much 

less evident than for mouse tissues, in addition to full-length utrophin other 

strong immunoreactive bands were seen. These included a 250 kPa band 

in muscle (N.B in Fig 4.16 full-length utrophin is not detectable in skeletal 

rnuscle, this was considered to be due to a blotting artefact), a 155kDa 

band i n j i ^ ,  a 92 kOa band in liver and lung and a 72kDa band in the 

intestine. It is however unlikely that these bands represent short C-terminal 

isoforms of utrophin since Mannuti detects only polypeptides containing 

amino-terminal sequence. It seems more likely that they represent either 

degradation products of full-length utrophin or non-utrophin bands. In order 

to investigate this in more detail, human tissue extracts were also analysed 

using ManchoS. In general these experiments detected high levels of full- 

length utrophin and some minor components. The strong low mw bands 

seen in mouse tissues using ManchoS were not apparent, confirming that 

these bands are unique to an interaction between mouse tissue proteins 

and ManchoS. Examples of human tissues Western blotted using ManchoS 

are shown in Rg 4.17 and 4.18. Relatively long exposures detected a 200 

kOa band in stomach and a 120 kDa band in muscle and perhaps very 

minor bands of 66 kDa and 55 kOa in most tissues. This adds support to 

the negative result obtained when the membrane was incubated in the
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Fig 4.16 Western blot of human and mouse adult tissue extracts 
using the Mannut 1 antibody.
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second antibody only and suggests that the four strong components 

are not due to the activity of the second antibody. This suggests that the 

four strong components are detected due to the activity of ManchoS 

interacting with another familv of mouse proteins.

To investigate the nature of the polypeptides of molecular size less 

than full-length utrophin, protein extracts prepared from mice deficient for 

full-length utrophin, (knocked out in exon 7 [UKO]; Deconinck et al,. 1997) 

were analysed (see section 1. Utrophin knockout mice). This null mouse is 

of particular interest because disruption of the reading frame in exon 7 

means that short utrophin isoforms transcribed from promoters positioned S' 

will be expressed and could be detected using a COOH-terminal antibody. 

When the protein extracts from adult UKO mice were Western blotted using 

Mancho S (Fig 4.19), no full-length utrophin was detected. However an 

unusual polypeptide band of 120kPa was detected in adult kidney. This 

120kDa was weakly visible in the control kidney. This band may represent 

an isoform of utrophin expressed exclusively in kidney that is upregulated in 

the absence of the full-length protein. A polypeptide of this size was 

recently described by Rafael et al., (1999) in the kidney of the 

dystrophin/utrophin double knockout mouse but in this case no evidence for 

the 120 kDa band in the control mouse was reported.

A single 5'RACE experiment was carried out in an attempt to isolate 

this transcript from kidney mRNA. It was roughly estimated that the 

transcript would be initiated somewhere in the region of exon 54 and 

primers positioned downstream of the exon 56/intron 55 boundary were 

used. The sole product was 550 bp. and corresponded to known utrophin 

extending up to the exon 54 /intron 53 boundary. Thus while no novel 

sequences were isolated this experiment demonstrated that the 120 kDa 

band is not G-utrophin which would initiate in intron55.

Analysis of the gel failed to show a band relating to Up140 in the 

UKO extracts, whereas the four strong bands discussed previously were 

seen in a pattern that has been previously described. It seems more likely
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Fig 4.19 Western blot of tissue extracts from C57BI adult mice and UKO adult mice using 
the ManchoS antibody.
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that these bands represent unspecific bands detected as a result of 

the activity of the monoclonal antibody Mancho 3.

These results show that that the antibody used Mancho 3, proved to 

be rather unreliable due to the detection of multiple bands after 

immunodetection. This may be due to the activity of this antibody, which 

may be interacting with another epitope(s) from another family of highly 

expressed mouse proteins. This seems to be the case as Mancho 3 does 

noi  interact and detect with any such proteins in the humari. This antibody 

also detects different sized proteins when a blot is repeate^thus producing 

a variable banding pattern. This variable banding pattern may be due to 

degradation products of full-length utrophin or due to the detection of 

sequences with a high homology to the C-terminal of utrophin being 

detected by this antibody.
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Expression Discussion 

RT-PCR general comments Gene expression studies are valuable 

because they often give the first clues about function. Traditional 

methods, including Northern analysis, dot-blot analysis and RNase 

protection assays are relatively labour intensive and require a moderate 

to large amount of sample for processing (5-1 Opg). RT-PCR on the 

other hand is quick and requires less RNA (2-5pg) and is now the 

method most frequently used for a rapid survey of gene expression. In 

the present study a semi-quantitative procedure for RT-PCRs was 

undertaken in which the equal amounts of the same set of tissue cDNAs 

were amplified with various pairs of primers. The intensities of the 

different products could then be compared for each pair of primers 

amongst the set of cDNAs.

In retrospect it could be argued that a more quantitative approach 

to determine more precisely the level of utrophin RNA in each tissue 

sample might have been useful. For example quantitative RT-PCRs 

based on detecting a fluorescent signal produced proportionally during 

the amplification of the PCR product (sometimes known as “Quantitative 

Real-Time Polymerase Chain Reaction) have become popular for 

measuring gene expression and has been used in quantifying mRNA 

transcribed from muscle specific genes (Shimokawa eta!., 1998). In this 

method, quantitation is based on measurements taken during the 

exponential phase of amplification, when limiting factors and small 

differences in starting reagents do not influence PCR efficiency. The 

fluorescence signal comes from the release of a reporter fluorochrome 

during amplification where signal is quenched in the absence of 

amplification (Grove, DS, 2000).

Another possibility might have been to use a competitive RT-PCR 

a method, which precisely quantifies mRNA by comparing RT-PCR 

product signal intensity with a concentration curve generated by a
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synthetic competitor RNA sequence. This competitor RNA transcript is 

designed to be amplified by the same primers and with the same 

efficiency as the endogenous target (Stratagene biotechniques, 2000). 

This approach has the disadvantage that, an exogenous competitor 

designed to be amplified by the same primers as the target template 

must be synthesised for each RT-PCR product being quantified. The 

PCR efficiencies of this competitor and the experimental sample 

products must be shown to be equivalent by pilot studies - a time 

consuming procedure.

Either of these two procedures would have given a more 

quantitative measure of tissue RNA levels but as it turns out, it is not the 

exact levels of RNA in each tissue that is in question, but rather v\jiether 

the  mRNA is transJated (see later, section 4: Are the short utrophin 

isoforms translated).

Western blot general comments The Mancho 3 antibody used in 

this project was one of a set of monoclonal antibodies raised against a 

pEX2 fusion protein containing the last 329 aa of human utrophin (thi 

Man at ai, 1991 ). Mancho 3 is one of those which, did not cross-react 

with dystrophin and showed the best affinity for full-length utrophin and 

could be used on Western blots and for immunohistochemistry. In theory 

Mancho 3 should detect all isoforms of utrophin, including Up71 and 

D p i40, as well as G-utrophin and the full-length protein. However this 

antibody cross reacts only with full-length utrophin and does not appear 

to detect any short isoforms (although degradation products of the full- 

length form are detected). There are two possible explanations; either 

the short isoforms are not translated or the affinity of the antibody is not 

particularly high (differential folding of short isoforms is not a 

consideration if SDS gels are used in Western blots).

It proved difficult to judge whether Up71 protein was present in 

the tissues examined, because Mancho 3 is recognising, unexpectedly.
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other mouse epitopes unrelated to utrophin, with mobilities that overlap 

Up71. The nature of these mouse polypeptides is not known; the 

experiments described here show that they are unlikely to be either 

degradation products of full-length utrophin or mouse serum proteins 

(pre-absorbing with mouse serum had little affect on their intensities), 

Mancho 3 has been used widely by other groups working on utrophin; it 

is difficult to tell if the problem experienced in this thesis affected these 

studies. It may be significant that in reports showing Western blots only 

that part of the gel corresponding to molecular weights higher than 80 

kDa, is shown (Rafael et al., 1998, Morris et al., 1998). There is however 

one report of “spurious bands” seen with this antibody. Western blotting 

of glia and shwannoma cell extracts gave a multiple bands ranging in 

size from 60 kDa to 180 kDa together with the full-length polypeptide (thi 

Man et al., 1992). It was proposed that these bands were either 

unknown utrophin isoforms or degradation products from the full-length 

polypeptide.

Although Mancho 3 is not appropriate for the analysis of the low 

molecular weight isoforms of utrophin it seems important to continue to 

search for evidence of translation for these isoforms. Other antibodies 

might be available; for example Bewick et a/., (1992) have described a 

monoclonal specific to the COOH-terminal (e.g. DRP1 ) or the NH2 - 

terminal (e.g. DRP2) of the human protein; Blake eta!., (1999) a 

polyclonal antibody to the distal rod domain (URD 40), and Lumeng et 

a!., (1999) C-terminal polyclonals. In addition, we are in the process of 

raising in our lab, four polyclonal antibodies against fusion proteins 

representing different domains of mouse utrophin.

Expression Studies A major question, which needs to be 

addressed in the case of both utrophin and dystrophin, is what is the 

significance of the short isoforms. Do they have a role in the cell? We 

can learn something about possible function by examining their
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distributions amongst different tissues. Both Up71 and Up140 mRNAs 

have been shown here, to have a widespread tissue distribution in all 

foetal and adult tissues with only small variations in abundance. 

However, all that we know thus far of the expression profile of the short 

utrophins is based on the levels of mRNA and nothing is known about 

whether this mRNA is translated and how protein is distributed amongst 

different tissues. There is more information about the mRNA versus 

protein distribution of the short dystrophin isoforms and this is reviewed 

below.

Profiles of short dystrophin Isoforms. Western blot analysis 

has shown that the expression pattern of Dpi 40 seems to be restricted 

to the brain, kidney and possibly retina; Northern blotting and RT-PCRs 

have confirmed this location. Immunohistochemical studies showed that 

D p i40 protein is localised in the CNS, possibly in the astrocytes at 

regions of membrane specialisation (Lidov at a! 1995). In Lidov's 

Western blotting study other tissues (lung, cardiac muscle, liver and 

spleen) were examined and were reported not to show a band 

corresponding to D p i40, but the data was not shown. Based on these 

results it was proposed that Dpi 40 was specific to kidney and brain 

(Lidovand Kunkel., 1997, Durbeej eta!., 1997).

This narrow tissue expression of Dpi 40 was questioned by 

Tokarz and colleagues after their RT-PCR study revealed that all the 

short dystrophin mRNAs have a wider expression pattern than 

previously thought (Tokarz at a[., 1998). In the Tokarz study Dp140 

mRNA was most abundant in the brain, eye, skeletal muscle and 

stomach and expressed at lower levels in the kidney, liver, testis and

thymus (summarised in Table 4.4, Tokarz at a!., 1998). Thus there seem 

to be some differences in the distributions of D p i40 mRNA and protein. 

This is certainly the case in rat retina, where D p i40 protein levels

177



Dp260 Dpi 40 Dpi 16 Dp71
P w N P w N P w N P w N

brain X X + + X - - X + +
cardiac X X - X - X +
eye X + X X X +
gut X X X - X
kidney X X + + X + - X + +
liver X X - - - X + +
lung X X - X - X + +
skeletal X + X - X - X - +
spleen X X X - X + -
stomach X X X X +
testis X X X - X + +
thymus X X X X
uterus X X X X

Table 4.4 adapted from Tokarz et al., 1998 summarising the expression profiles of the dystrophin 

isoforms.

Where P = RT-PCR results from the Tokarz group, X = positive results found, W = Western analysis, 

N = Northern Blots results found by other groups 

+ = positive and - = negative
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increase strongly from day 15 postnatally but the mRNA level 

stays the same (Rodius et al., 1997).

The Dp71 mRNA expression profile has been established by 

Northern blot analysis and RNase protection assays (Bar at a!., 1990, 

Lederfien eta!., 1993, Rapaport ef a/., 1993, Hugnot eta!., 1992, Blake 

at a!., 1992). These results showed that Dp71 mRNA is expressed in a 

variety of human and mouse tissues including liver, testis, lung and 

kidney, in agreement with RT-PCR data reported by Tokarz at a!., 

(1998). Western blots carried out by various groups have found 

polypeptides ranging from 80 kDa to 70 kDa in a variety of tissues. 

These bands are thought to represent Dp71 and the range in molecular 

size reflects alternative splicing of Dp71 mRNA (Greenberg at a/. 1994; 

Austin at a!., 1995, Blake at a!., 1996). Thus in this case there seems to 

be some correlation between mRNA and protein distribution.

Both Dp260 and Dpi 16, like Dp140, also seem to show 

discrepancies between the distributions of protein and mRNA. Western 

blots showed Dp260 protein only in retina (Rodius at a/., 1997) whereas 

mRNA has been detected in most tissues (Tokarz at a!., 1998). The 

highest levels of mRNA were in the brain, eye and intestine, with lower 

amounts in other tissues. Similarly Dpi 16 mRNA is detected in all 

tissues except the liver (Tokarz at a!., 1998) although immunological 

studies find Dpi 16 protein contained to the peripheral and centralI    1 —. I— I I I I ..Jll II — - I .11.  1 ■ -- |.,|̂

nervous systems and in glioma cells and shwannoma cultured cells 

(Byers at a!,. 1993; Schofield at a!., 1994).

Expression Profiles of short utrophin isoforms Bearing in mind 

these comparisons of the mRNA and protein levels of dystrophin 

isoforms, it is of interest to look at the situation with regard to the 

utrophin isoforms. From the RT-PCR results it appears that Up140 and 

Up71 are expressed in a wide range of differentiated cell types and 

show little evidence of tissue specificity, either during development or in
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adult life. It was anticipated that Western blot analysis would reveal 

polypeptides of 155 kDa and of 71 kDa corresponding to Up140 and 

Up71 respectively in a variety of tissues. In the literature, immunological 

studies have identified a 140 kDa polypeptide in two locations, testis and 

muscle (Lumeng et al., 1999, Peters et al 1997). In addition, Fabbrizo et 

al., (1995) reported an 80 kDa polypeptide in peripheral nerve and 

neural tissue using a monoclonal antibody raised against the C- 

terminus. A similar size polypeptide has also been detected in brain 

extracts from C57BI and mdx^̂ '  ̂mice (Lumeng et al 1999).

Thus is seems that while transcription of D p i40 andjJp71 is 

ubiquitous, it is clear from the literature that translation is confined to 

only a few tissues (Up140- testis and muscle; Up71- peripheral nerve 

and CNS). Indeed, from the preliminary experiments carried out here it 

seems that D p i40 and perhaps Up71 polypeptides are absent or 

undetectable jn several tissues.

These apparent discrepancies between Western blot results and 

RT-PCR results are reminiscent of the conflict between the RT-PCR 

results of Tokarz et ai, f1998) and immunological studies (Greenberg et 

a/. 1994; Austin et ai, 1995, Blake et ai, 1996, Lidov et al., 1995; Byers 

et al .,1994; Rodius et al., 1997 and D’Souza et al 1995) described for 

the dystrophin isoforms. D p i40, Dp71, Dpi 16, and Dp260 and raises

questions about the sensitivity of the RT-PCR procedures (see later
• ^       — ■- — — " —  -    '

section 4: concluding remarks about expression).

In contrast to the other short utrophins, G-utrophin mRNA seems 

to be distributed in a tissue specific manner. G-utrophin accumulates at 

high levels only in sensory ganglia, various discrete regions of the brain 

(caudate putamen, olfactory bulb, amygdala, hypothalamus, pontine 

nucleus, facial nuclei and the vestibular nuclei) and retina (Blake et al., 

1995; Rodius et ai, 1997). This pattern of expression for G-utrophin is 

based on data from Northern blots, RNase protection assays and mRNA 

in situ hybridisation (Blake et ai, 1995). It is of interest that, the
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expression of G-utrophin is clearly distinct from its dystrophin 

counterpart Dpi 16, which is not found in sensory ganglia. Although both 

G-utrophin and Dpi 16 are expressed in the olfactory bulb and cerebral 

cortex, they are thought to be located in different cellular sub

populations (Blake et a/., 1995). In the case of G-utrophin, 

immunohistochemistry studies in other laboratories have also failed to 

detect protein (Kamakura etal., 1994, Khurana et ai, 1992, Lederfien et 

ai, 1992).

Are the short utrophin Isoforms translated? The inconsistency 

between mRNA and protein levels might be explained in a number of 

ways; either i) The protein products are unstable in most circumstances; 

or ii) The sequences necessary for translation are non-consensus 

resulting in poor translation; or iii) The transcript is functional as an 

mRNA and not as a protein.

i) Is there any evidence or precedent for instability in proteins of 

this type? In the case of utrophin (and dystrophin) protein stability may 

be dependent on complex formation with dystrophin-associated 

proteins. In the presence of full-length utrophin and^ystrophin, all 

available sites within complexes may be occupied preferentially by the 

full-length form; the uncomplexed protein may be particularly vulnerable 

to proteolytic attack. It must be remembered that the so- called “short” 

utrophin isoforms are actually large structural proteins (Up 140 =

155kDa; and Up71= 71 kDa; G-utrophin 113kDa), which are generally 

more vulnerable than small globular proteins. This type of complex 

dependant protein instability is exemplified by the telomerase catalytic 

subunit, mTERT, an essential component of the seven subunit 

ribonucleoprotein telomerase complex, which includes the mouse 

telomerase RNA component (mTR) as a vital component (Rivera at al.,

1998). There is an association between proliferation and telomerase 

activity during embryonic life and mTERT protein is found only in
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proliferating tissues with telomerase activity although mRNA is also 

found in non-proliferating tissues. Investigations of mice knocked out for 

mTR in which the telomerase complex does not form, showed that the 

mTERT mRNA levels remain unchanged at all sites in the embryo 

although protein is barely detectable (Blasco et a/., 2000). These 

findings led to the proposal that mTERT protein stability is dependent on 

the assembly of active telomerase complexes (Rivera etal., 1998).

ii) In the context of translational efficiency, it has been shown 

here for Up140 and Up71 and elsewhere for G-utrophin (Blake et al., 

1995) that their translation initiation codons lie in weak Kozak 

consensus sequences (Ideal Kozak consensus -  qccGCCG/AGCAUGG 

vital residues underlined and in bold) and as a result maybe poorly 

translated. For example, G-utrophin, which has four in-frame ATGs all of 

which are associated with weak Kozak consensus sequences 

(uucAUUUAUAAUGC; aaaCUUAAAAUGA; cuuAAAAUGAUGU; 

uuaCAAAAGGAUGA;) (Blake et a!., 1995). In the case of Up140 there 

are four ATGs in exon 46 in the human sequence and Up71 has two 

ATGs present in frame, but in each case there is one ATG conserved in 

the mouse, which has more agreement with the with the critical purine at 

position -3. (Up140, aagCAGGUGAUGA, gagCAUGCUAUGC, 

cucAAGAAAUGGAUGG and gaaUUGGAGAUGC and Up71, 

uugGCCUAUAUGA and cauACUAAAAUGA).

iii) Could D p i40, Up71 and G-utrophin function as untranslated 

mRNAs? There are many precedents in the literature of such 

untranslated mRNAs with a surprisingly diverse range of functions. For 

example, the large processed X-ist Rj^A, which is not exported from the 

nucleus (Erdmann et al 1999) and is thought to coat the inactivated X- 

chromosome as a necessary part of its inactivation (Erdmann et al.,

1999). Telomerase RNA functions as a template for adding new 

telomeres to chromosomes in most eukaryotes (Blackburn et al, 2000), 

and the signal recognition particle RNA is involved in translocating
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proteins across the endoplasmic reticulum (Erdmann etal., 1999). 

However it is difficult to suggest possible functions for the short utrophin 

mRNAs which are relatively large, from 6.5 Kb to 4.8 Kb, and are extra- 

nuclear. Whereas most of the examples mentioned above are small 

mRNAs and tend to be localised to the nucleus of the cell.

Another mRNA, which it is relevant to mention here is the short 

mRNA which is transcribed from the L-strand of mitochondrial DNA in 

the D-loop region. This mRNA acts as a primer for replication of the H- 

strand of the mitochondrion and physically separates the two strands of 

the 16.56 Kb mitochondrial (mt) DNA (Clayton 1992; Grossman and 

Shoubridge, 1996). During H-strand replication initiated by the presence 

of the D-loop transcript the mt DNA becomes single stranded and it is 

this circumstance, which is responsible for the high rate of deletions 

seen in mitochondrial disease.

Could the short transcripts of utrophin/dystrophin have any role to 

play in replication of their genes? Mammalian replication origins are as 

yet poorly defined; some sites have been located in individual genes. 

The current idea is that replication is initiated at multiple sites over 

regions tens of kilo-bases long (Verbovaia and Razin, 1997). Verbovaia 

and Razin, (1997) have mapped the replication origins in the dystrophin 

gene and it is of great interest to note that these map roughly to intron 7, 

intron 28, intron 43 to 46 and intron 64. All but one of these locations are 

close to the promoters of the short utrophin/dystrophin isoforms. One, 

possibility is that the short transcripts act as intermediary primers for 

DNA replication at these sites in a manner similar to that described for 

the mt DNA D-loop transcript. Such a phenomenon has not yet been 

described for any vertebrate genome - on the other hand both utrophin 

and dystrophin are unique in the giant size of their genes and introns.

Of course it is tempting to extend this speculation to the idea that 

the presence of the short transcript, which may lead to DNA becoming 

single stranded, is in someway associated with the incidence of DNA
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deletions. The majority of mutations, which gives rise to either DMD or 

BMD are deletions, and it is relevant to note that the deletions are 

distributed non-randomly. The majority of deletions are initiated in 3 

regions of the dystrophin gene, intron 1, intron 7 and intron 44. It is of 

interest that intron 1 contains the promoters for the muscle, cerebral and 

cerebellar isoforms of dystrophin and intron 44 contains.the promoter for 

the short isoform Dpi 40.

This is a very intriguing notion but there are other possibilities, 

which should be considered. For example, are the short 

utrophin/dystrophin transcripts regulating in sorne way the efficiency of 

transcription of the full-length forms. There are no data regarding the

transcription of the 1 Mb utrophin gene but there has been one careful 

study that examined the mechanism of transcription of dystrophin 

(Tennyson et al., 1995). This study showed that transcription of the 2.4 

Mb dystrophin gene takes approximately 16 hours. It is of interest that 

the rate of transcription slows down towards the 3' end and one 

proposal is that this decreased rate of transcription is due to the 

presence of the internal promoters (Tennyson etal., 1995). In the case 

of dystrophin the mechanism of transcription is complicated because the 

mRNA is spliced as transcription proceeds. This also seems to slow the 

process down. Perhaps the initiation of transcription from the short 

promoters, interferes with the progress of the DNA polymerase engaged 

in transcribing full-length dystrophin. The rate at which the short 

utrophins/dystrophins are transcribed will depend on the availability of 

transcription factors specific for their promoters. This scenario provides 

a mechanism, which might regulate the amounts of full-length 

dystrophin, which possibly need to be synthesised in quantities, which 

stoichiometrically match those of the DAPs.

Concluding remarks about expression Although the information 

available is limited, it seems likely that the wide distribution of Up140
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and Up71 mRNA may not be reflected by the protein distribution. It 

might be argued that Western analysis, the major detection method 

used in this study and in others, is not particularly sensitive, detecting by 

Coomassie Blue staining around 50-100 ng of protein (silver staining is 

more sensitive 20-30 ng). In comparison RT-PCR is a far more sensitive 

technique, and can detect only one or two mRNA transcripts. On the 

other hand, it is possible that only a few copies of the protein are 

required to have a cellular function, too few to be detected by Western 

analysis. Taking this into account and also the possibility that the mRNA 

(not the protein) may be the functional molecules, RNA distribution data 

should not be overlooked since it may have something to tell us about 

the functions of these short forms of utrophin (and dystrophin).
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C hapter 5 

Alternative splicing Studies

Alternative splicing results There have been several reports of 

differential mRNA splicing in members of the dystrophin related protein 

family. These include the dystrobrevins where multiple isoforms, differing in 

their domain content are also generated by alternative splicing of a single 

gene (Ambrose etal., 1997, Sadoulet-Puccio etal., 1997). The expression 

pattern of a-^strgbrevin closely parallels that of dystrophin, for which a set 

of diverse isoforms is generated in vivo by alternative splicing in the brain 

and muscle. Alternative splicing is a characteristic of both full-length 

dystrophin and the short isoforms. Differential splicing of Dp71 mRNA 

occurs at the 3’ end of the transcript and involves exons 71 and/or exon 78, 

(see section 1 : Alternative splicing of the dystrophin transcripts). Alternative 

splicing in the same region has also been reported for human Dp140 

mRNA; splicing out of exon 71 and 78 of Dp140 has been shown to occur in 

the human cerebellum and kidney and some transcripts have exons 71-74 

spliced out (see section 1 : Alternative splicing of the dystrophin transcripts).

The utrophin transcripts Up140 and Up71, appear from their 

structure to be the utrophin homologues of the dystrophin isoforms Dp140 

and [^71 . It was of interest to determine whether this structural similarity is 

also reflected in a similar pattern of differential mRNA splicing. The splicing 

patterns of Dpi 40 and Up71 in tissue RNAs were examined by PCR 

amplification and sequence analysis.

Briefly the general strategy was to prepare tissue RNA from various 

human tissues (both foetal and adult) and reverse transcribe each sample 

using random hexamers. The resultant cDNAs were then PCR amplified 

(RT-PCR) using transcript specific forward primers. Primers were located in 

the unique first exon of Up71 and Up140 (Up71 F and Up140 F 

respectively. Fig 5.1 A and B) with a reverse primer located at either exon
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72 or exon 79 of the common utrophin sequence (Ux72 R and Ux79 

R respectively, Fig 5.1).

The quality of the newly synthesised cDNA was checked by 

amplifying the ubiquitously expressed PGM1 gene using primers located in 

exon 2 and 5 of the gene for the foetal cDNAs, product size of 424bp and 

primers located in exon 2 and 4 for the adult cDNAs, product size of 323bp 

(this use of different PGM1 primers for adult and foetal samples was 

entirely fortuitous). The resultant amplifications showed that all cDNA 

preparations were acceptable although one or two of the foetal cDNAs 

amplified only weakly (Figs 5.2 A and 5.3 A).

Differential splicing pattern of Up71 and Up140 Amplification 

between Up71 F and Ux72 R, (expected product size 1234bp), produced 

either a weak product (foetal testis and brain) or no product at all (Fig 5.2 

0). The same amplification using adult tissue cDNAs produced no visible 

amplification product in any samples (Fig 5.3 C). The result of the 

amplifications between Up71 F and Ux79 R, (expected product size of 

2024bp), also failed to produce a visible product in either the foetal or adult 

preparations (Fig 5.2 D).

These experiments involved the amplification of unusually long PCR 

products and there are several possible variables, which might result in low 

yield of such products. These are, low abundance of mRNA present in the 

starting material, the efficiency of the random hexamers to synthesis full- 

length template, the type of Taq enzyme used, the annealing and extension 

conditions of the amplification.

In the experiments described the levels of mRNA in the template 

appear to be adequate since PGM1 was amplified at moderate levels in all 

the samples; furthermore the reverse transcriptase cDNA synthesis is 

carried out for 90 minutes which is ample time to generate cDNAs of 2 Kb 

and longer. However it is not certain that the random hexamers used as 

primers both in the RT step and for the initial PCR would be located in
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Fig 5.2 RT-PCR of human foetal tissue using the following primer pairs.
A. PGM 1,B.Ux63F and Ux68R, C.Up71F and Ux72R and D.Up71 F 
and Ux79 R. See Fig 5.1

189



323 bp

1074 bp

1234 bp

0)

c 3 p*3" 7T
3 c *< E(Q (0 3 3o (D

(D 5 *<

<(D
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positions which are optimal for amplifications of large products in this region 

of the utrophin mRNA. Concerning the Taq enzyme, in these experiments a 

standard Taq enzyme (Tagaqmcatis) was used. There are special 

strategies for amplification of longer PCR products but these were not 

explored here. The extension time is also important, as extra time is 

required to allow the Taq enzyme to synthesise the extended products. In 

all cases the extension time was increased from 30 seconds to 90 seconds 

to allow complete generation of longer products.

In these experiments the length of the PCR amplification product 

seemed to be the critical factor. Amplification using a forward primer located 

in exon 63 with the reverse primer located in exon^^(Ux63 F and Ux68 R 

Fig 5.1) yielded a product of the correct size. 655bp from all cDNA 

preparations. Furthermore the relative amounts of product corresponded to 

that seen after PGM1 amplification (Fig 5.2 B). This experiment 

demonstrated that the PCR conditions and Taq enzyme were able to 

amplify moderately long products. However as the product length was 

increased to around 1 Kb using Ux63 F and Ux72 R (expected product size, 

1074 bp), the amplifications became unreliable with considerable variation 

in product levels between samples (Fig 5.3.8).

Since the priority of these experiments was to investigate alternative 

splicing of exons 71 and 78 in the utrophin isoforms it was decided to 

determine whether sufficient product had been generated by the Up71 and 

D p i40 specific long PCRs to allow ajTested amplification. To explore this 

possibility primers in exon 70 (Ux70 F) and exon 72 (Ux72 R) were used to 

amplify a region encompassing exon 71 and primers in exon 76 (Ux76 F) 

and exon 79 (Ux79 R) were used to reamplify a region around exon 78. If 

exon 71 was present then a band of 162bp would be seen and if absent a 

band of 124bp (Fig 5.1). Similarly if exon 78 was present then a product of 

216bp would be generated and 184bp in its absence (Fig 5.1 A and B).

Nesting the Up71 specific product with primers Ux70 F and Ux72 R 

produced interesting results (Fig 5.4). Foetal cDNAs gave predominantly
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the 124bp band indicating that in the developing tissues and placenta the 

spliced out form of exon 71 is the most common with one exception; - foetal 

muscle, which showed an equal mixture of the spliced and unspliced forms 

(Fig 5.4). In contrast cDNAs from adult tissue all showed a mixture of exon 

71 spliced and unspliced transcripts. The proportion of spliced and 

unspliced transcript varies from tissue to tissue with adult liver and muscle 

having predominantly the unspliced form, (162bp) whereas lung and kidney 

show equal amounts of the two forms (162bp and 124bp) (Fig 5.4). 

Examples of the putative spliced and unspliced bands were gel extracted 

and sequenced, using Ux70 F as the sequencing primer (Fig 5.5 A). 

Sequence analysis of the 124bp product confirmed that splicing out of exon 

71 occurred exactly at the exon/intron boundary while the 162bp product 

show entire sequence of exon 71 (Fig 5.5 B).

The same strategy of nested amplification of the Up140 specific long 

product (Up140 F to Ux72 R expected product size 3.7 Kb) was also carried 

out. A band of 162 bp, exon 71 present, is the sole component in all adult 

and foetal tissue tested except adult skeletal muscle (Fig 5.6 A). The major 

skeletal muscle product was 124 bp, exon 71 spliced out (Fig 5.6 A). 

Sequence analysis these bands confirmed this interpretation (Fig 5.6 B)

The band marked by an asterisk was also sequenced and proved to be 

unrelated to utrophin.

Nested amplification using either the Up71 specific, long product or 

the Up140 long product as templates and primers, which amplify the region 

around exon 78 (see Fig 5.1), gave bands of 216bp in all adult tissues 

indicating the presence of exon 78. Sequence analysis of the eluted 216 

band, using Ux76 F as the sequencing primer, confirmed the presence of 

exon 78 (Fig 5.7 B, 5.8 A).

Unexpectedly all of the long Up140 foetal tissue
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Fig 5.4 Nested PCR around exon 71 using the Ux 70F and Ux 72R 
primers. The template DNA was the PRC product generated by amplification 
between the Up71 unique exon and exon 72. The 162bp fragment is the 
unspliced form and the 124bp fragment is the spliced form.
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Fig 5.5 A. PCR products for sequencing showing the 162bp band 
in foetal muscle and the 124bp band in brain and testis 
B Sequence of Up71 transcript specific nested RT-PCR products 
showing exon 71 present or exon 71 absent.
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Fig 5.6 A Nested RT-PCR of the Up140 specific amplification of human tissues 
using Ux70 F with Ux 72 R. The 162bp band represents the presence of 

exon 71 and 124bp its absence. B. Sequence of products using Ux 72 R
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Fig 5.7 A. Nested RT-PCR using as template the product generated by 
amplification with primers in the Up71 unique exon and exon 79 and as 
nesting primers U76 F with Ux79. A band of 216bp is found in the presence 
of exon 78. B. Sequence of two tissues showing the region across exon 77 and 78
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B. Sequence of nested products using Ux76 F
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products failed to reamplify. This could be explained if the relative amounts 

of foetal Up140 mRNA are low compared to the adult, but the RT-PCRs 

data for Up140 foetal and adult tissues does not support this idea. 

Alternatively the foetal Up140 transcripts are subject to a different pattern of 

alternative splicing such that long PGR product cannot be reamplified using 

Ux76 or Ux79 primers. There is evidence from the analysis of Up71 that 

splicing differs between foetal tissue and adult tissue (Fig 5.4). There are no 

reports of differential splicing in the exon 76 or exon 79 regions of 

dystrophin nor utrophin, but this observation may merit further investigation.

In summary there was no evidence of splicing of exon.78 in either 

Up71 or l ^ 4 0  trans in anyli^sue.

As a control for the Up71 experiments, long PCR products 

encompassing exon 62 to exon 72 (Ux62 F to Ux72 R) and exon 62 to 79 

(Ux62 F to Ux79 R) were used as templates in nested amplifications, using 

the same internal primers. In both cases amplification produced bands of 

162 bp that were seen in all tissues (Fig 5.9 A and B) indicating the 

presence of exon However foetal lung and the adult heart, both contain 

a mixture of transcripts with exon 7̂  present and absent. This was 

confirmed by sequence analysis. This PCR product presumably is derived 

from the amplification of all known utrophin transcripts except Up7T The 

resujts of the Up 140 nested amplification identified the splicing out of exon 

71 in adult muscle, however in this experiment the only tissues where 

splicing was identified was in foetal lung and adult heart. This implies that 

the full-length utrophin is the major mRNA present in these tissues and 

these results represent the splicing pattern for the full-length transcript. 

However although the Up140 mRNA may be present in lower amounts than 

the RT-PCR results would imply, the Up140 specific primer was still able to 

amplify specifically resulting in the detection of alternative splicing within the 

transcript. Nesting the amplification product from exon 62 to exon 79 

encompassing exon 78, resulted in a 216bp band in all tissues indicative of
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Fig 5.9 Nested PCR around exon 71 using the Ux 70F and Ux 72R primers. A. and B.
the template DMAs were the PCR product generated by amplification between exon 62 and 72.
The 162bp fragment is the unspliced form and the 124bp fragment is the spliced form
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no splicing out of exon 78. This results is in agreement with the 

results from both Up71 and Up140 implying that in all known transcripts of 

utrophin there is no evidence for the splicing out of exon 78.
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Alternative Splicing Discussion

Alternative splicing. Alternative isoforms of utrophin arise not only 

from the differential use of promoters, but also from internal alternative 

RNA splicing events.

This study has shown that some, but not all, aspects of 

alternative splicing, which are characteristic of the dystrophin isoforms 

are conserved in utrophin. For the dystrophin gene most tissue RNAs
f '  ' ------------- ---------- ■ '       Ù

show alternative splicing of exons 7J-74 and exon 78. The exon 71-74 

spliced form is the major transcript in embryonic muscle and brain, and 

adult muscle, brain and heart, (Bies et ai, 1993; Lumeng et ai, 1999). 

The splicing out of exon 78 is also widespread. (Bies et ai, 1993,

Feener et ai, 1989, Lidov et ai, 1997). The inclusion of exon 78 

generates a hydrophilic tail to the protein, while its splicing out results in 

a different C-terminus by changing the reading frame (Feener et ai, 
1989), and generates a more hydrophobic tail with an extra 32 aa. 

Despite the widespread occurrence of differential RNA splicing some 

tissue specific patterns of splicing have been reported. Brain, muscle, 

kidney and testis each contain a mixture of transcripts with exon 71 

and/or exon 78 present or spliced out. Heart shows only transcripts with 

exon 71 spliced out while liver shows only transcripts with exon 78 

spliced out (Austin et ai, 1995; Kramarcy et al., 1994). In these latter 

studies no attention was paid to which transcripts were spliced. The only 

information concerning an individual transcript comes from the study of 

Lidov et ai, (1997) who showed that D pi40 is always spliced to remove 

exons 71 to 74 in the cerebellum and to remove exon 78 in the kidney.

In this study it has been shown that both Up140 and Up71 show 

alternative splicing which occurs in a tissue specific manner. However, 

in contrast to dystrophin, evidence was found only for splicing of exon 

Ç jlj with no alternative splicing of exon 78. This finding is supported by 

the recent report of Lumeng et ai, (1999) who describes alternative
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splicing of utrophin exon 71 but not of exon 78 in mouse tissue with 

splicing of exon 71 was most frequent in foetal lung and least frequent 

adult liver. In Lumeng’s study the primers used did not discriminate 

between utrophin isoforms.

The conservation of splicing of exon 71 between utrophin and 

dystrophin is further evidence of the close evolutionary relationship 

between the two genes. So far there is no evidence for alternative 

splicing of utrophin exons 72-74 and exon 78 implying that either 

splicing of this region in dystrophin evolved after genetic separation from 

the utrophin gene, or that differential splicing were characteristic of the 

ancestral gene but was lost subsequently from utrophin.

During the course of the current experiments it was noticed that 

all foetal tissues failed to amplify a product from Up140 when primers 

located in exon 76 and exon 79 were used. One explanation for this is 

that the primer template in which exon 76 or exon 79 are lost by splicing 

out of these exons from Up140 in foetal tissues. Unfortunately there was 

no tim^lolnvestigate this interesting observation further. However, the 

results of a study of mdx mice transgenic for full-length dystrophin 

constructs deleted for consecutive regions of the COOH-terminus 

(Gregory et a/., 1996) are relevant in this context. These experiments 

showed that deleting exon 75 to exon 78 (the region containing a 

leucine zipper motif) had no effect on the localisation and interactions of 

the construct with DAPs. Thus such shortened isoforms of utrophin 

might exist without noticeable functional consequences.

Many human genes undergo alternative splicing and thus 

utrophin and dystrophin are not unique in this aspect of their molecular 

diversity. However, the functional significance of such events is often 

poorly understood. In some cases the splicing event is known to alter 

the subcellular localisation and/or the biological properties of the protein 

product. For example, Wilms tumour gene, which specifies a DMA 

binding protein with four C-terminal zinc fingers (Larsson at ai, 1995).
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Differential splicing leads to the loss or gain of three aa, lysine, 

threonine and serine (KTS) located between the third and fourth zinc 

finger, generating two isoforms, +KTS and -KTS. These isoforms are 

well conserved in evolution and differ in their subcellular distribution 

patterns: The +KTS form is specifically localised to spliceosomal sites in 

the nucleus, while the -KTS isoform is generally distributed in the 

nucleoplasm (Larsson etal., 1995). The +KTS and -KTS isoforms also 

differ in their ability to bind to specific DNA sequences in target genes. 

The -KTS isoform binds readily to its consensus target sequence in the 

promoters of a number of genes; the +KTS isoform does not bind 

efficiently to the target DNA but instead interacts directly with Pre-mRNA 

splicing factors and may directly influence splicing (Larsson etal., 1995).

Does the alternative splicing of utrophin have any functional 

significance? It appears that the alternative splicing of utrophin exon 71 

may have important implications for the binding of DAPs. Exon 71 lies 

close to the binding region for syntrophin and dystrobrevin, which are 

part of the membrane-cytoskeletal interactions (Blake et al., 1998) and 

its presence may be essential for normal binding.

It may be of significance that there was no evidence for the 

alternative splicing of exon 78 in either Up140 or Up71 in the present 

study and none was reported by Lumeng et al., (1999). In contrast there 

is good evidence for alternative splicing in this region of dystrophin. In 

dystrophin, exon 78 contains one of two consensus phosphorylation 

sites (p34^^^^) and it has been suggested that alternative splicing of this

phosphorylation site may result in differential dystrophin-protein 

interactions (Austin etal., 1995). Examination of the utrophin exon 78 

sequence shows that this phosphorylation site is not conserved between 

the two genes. Therefore alternative splicing as a method of regulating 

protein-protein interactions cannot be a feature of utrophin.

It is of interest that alternative splicing also occurs in an mRNA 

related to dystrophin/utrophin, dystrobrevin. This too involves major sites
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of tyrosine phosphorylation which lie at the C-terminal end of the 

dystrobrevin protein. Alternative splicing of this region generates two 

variants, PYCT+ and PYCT-, where PYCT+ contains a phosphotyrosine 

tail and PYCT- does not. The PYCT- isoform is expressed at high levels 

in all tissues whereas the PYCT+ isoform associates more closely with 

the membrane and with syntrophin in brain and muscle. Therefore it is 

possible that alternative splicing of this PYCT domain of dystrobrevin 

plays a role in regulating subcellular distribution and may regulate the 

sensitivity of dystrobrevin to tyrosine kinase mediated signalling 

(Balasubramanian etal., 1998). It should be noted the C-terminal region 

of dystrobrevin containing the PYCT sites does not occur in either 

utrophin or dystrophin.

There are numerous other examples where alternative splicing 

affects motif sites that alter the function of isoforms; these include 

alternative splicing of the avian trkB receptor, which binds 

neurotrophins. The differential splicing generates an extracellular 

deletion (ED) isoform that is missing 11 aa from the neurotrophin- 

binding domain of the full-length (FL) receptor. This isoform specifically 

binds brain-derived neurotropic factor (BDNF) whereas the full-length 

receptor shows a broader specificity (Boeshore at a/., 1999).

Alternative splicing can also predict subcellular localisation, as for 

example in the case of the A-kinase anchoring protein (AKAP-18) 

isoforms. This protein belongs to a group of functionally related proteins 

that bind to the regulatory (R) subunit of cAMP-dependant protein 

kinase (PKA) with high affinity and target the kinase to specific 

subcellular organelles. Three AKAP-18 isoforms are generated by 

alternative splicing, and share a common R subunit binding site, but 

each have distinct targetting domains. Two isoforms AKAP-a and 

AKAP-p target the plasma membrane when expressed in a cell-line, 

while AKAP-y is cytosolic (Trotter at a/., 1999).
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How do these examples inform ourselves of the function of 

differential splicing in utrophin? It has become clear that most of the 

proteins that are associated in the dystrophin/utrophin protein complex 

exist in many isoforms. This suggests that the composition of the 

complex must be highly regulated. By combination of the different 

isoforms, a variety of tissue and subcellular specific complexes could be 

constructed to play distinctive functional roles.
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Chapter 6 

Final Discussion and Conclusions

The aim of this project was to make a detailed search for 

alternative transcripts of the utrophin gene. This was carried out by 

targeting regions of the gene that corresponded to those known to be 

the transcription start sites for alternative dystrophin transcripts, 

including the 5’ end of the gene.

Many mammalian genes are known to have two or more 

alternative promoters, which can result in different isoforms with different 

properties. These isoforms can provide tissue specificity (dystrophin 

Blake etal., 1996), developmental stage specificity (insulin-like growth 

factor II gene (Lee etal., 1999); differential subcellular localisation 

(progesterone receptor (Dey etal., 1999) and sex-specific gene 

regulation (Dnmt1 methyltransferase gene Mertineit etal., 1998). There 

are many cases of alternative promoters at the 5’ end of genes which 

generate alternative isoforms but there are few where alternative 

isoforms are generated from downstream promoters as has been 

described for the dystrophin and utrophin genes.

Plectrin provides a good example of the use of alternative 

promoters at the 5’ end of the gene. The plectrin gene covers 32 Kb of 

DNA and is located in the telomeric region of chromosome 8 in humans. 

It is particularly relevant example in context of this discussion as the 

protein shares partial sequence homology with dystrophin and utrophin 

in its actin-binding domain, which includes calponin-like sub-domains. 

Plectrin, like utrophin, has a widespread tissue distribution, the protein 

being expressed in skeletal muscle, stratified and simple epithelia and 

cells forming the blood-brain barrier and is known to bind to intermediate 

filaments (a group name for a type of protein complex) located at 

plasma membrane attachment sites. For example, plectrin binds to 

hemi-desmosomes, desmosomes, Z-line structures and dense plaques
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of striated and smooth muscles, intercalated discs of cardiac muscle 

and focal contacts (Kolmerer et al., 1996). This diversity of function 

pointed to a complex system of regulation of transcription and indeed 

5'RACE, led to the identification of 16 alternatively spliced exons in the 

5’ region of the plectrin gene, eleven of which probably arise by the use 

of alternative promoters (Fuchs etal., 1999).

Apart from dystrophin and utrophin, examples of internal 

promoters transcribing short isoforms of gene products are hard to find 

in the literature. However the AE2 gene provides one example. AE2 is a 

member of the sodium independent anion exchange family of proteins. 

The AE2 gene comprises of 23 exons and is transcribed as three types 

of RNA. AE2a, AE2b and AE2c (Apel, 1996). The AE2a transcription 

unit consists of exons 1 and exon 2 both containing 5’UTR and a further 

17 codons. However the first exon of AE2b is located in intron 2, and 

contains 5’UTR sequence and an alternative 3-amino acid N-terminal 

sequence -this first exon is spliced onto exon 3. In the AE2c transcript 

the first exon is derived from intron 5 (of AE2a) and consists entirely of 

5’UTR sequence and is spliced onto exon 6, which contains an in-frame 

ATG translation initiation start site (Wang et al., 1996). The AE2c 

isoform is thus shorter by 199 aa than the AE2a form. The promoter 

which transcribes AE2c has not been characterised but is presumably 

located within intron 5.

Apart from AE2 there are few examples of genes with alternative 

internal promoters so that it would appear that utrophin and dystrophin 

are exceptional genes in this regard. This may be reflected in the 

relative size of the genes and more particularly the size of the introns. 

The DMD gene spans 2.4 Mb of DNA and the utrophin gene, although 

smaller, spans 0.9 Mb. However, both genes transcribe mRNAs that 

represent only a small percentage (0.15% dystrophin and 1.4% 

utrophin) of the bulk of the gene indicating that some introns are huge in 

size for example intron 47 and intron 7 are 70 Kb and 110 Kb
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respectively in dystrophin. It is of interest to make a comparison with the 

titan gene, which encodes a giant sarcomeric protein longer than 1 

micrometer that extends from the Z-discs to the M-line. Titin has a 

molecular weight of three MDa. However, the gene spans only 300kb of 

genomic DNA so that the mRNA represents 27% of this length, 

indicating that the introns are average in size.

The very long introns of utrophin and dystrophin provide a 

sequence resource where promoters may arise by chance during 

evolution (and see section 6: Phylogenetic considerations). Although the 

length of intron 44 and intron 62 are not known for utrophin, in 

dystrophin these introns are 270 Kb and 65 kb respectively thus 

showing that the positions of the promoters of the short dystrophin 

isoforms reside in long introns. An alternative view might be that the 

ancestral genes more closely resembled the short isoforms. It can be 

envisaged that during evolution continuous intragenic duplication has 

led to the extension of the rod domain and the acquisition of upstream 

genomic fragments has extension of the gene towards the 5’. It might be 

possible to throw light on these ideas by consideration of the phylogeny 

of this gene family.

Key questions that might be asked in this context are i) what was 

the structure of the ancestral gene, ii) If the ancestral gene was similar 

to the full-length isoforms, where internal promoters present - or when 

did they appear.

Phylogénie considerations Several phylogenetic analyses of the 

dystrophin family of proteins, which includes dystrophin, utrophin, the 

dystrophin-related protein (DRP2) and dystrobrevin have been carried 

out. The primary objective of these studies has been to construct 

evolutionary trees connecting the vertebrate dystrophin gene family with 

related genes in invertebrates (Roberts and Bobrow, 1998, Wang et al.,

1998). These analyses show that the dystrophin-like protein sequences 

from vertebrates fall into three distinct clusters, dystrophins, utrophins
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and DRP2s. Within each cluster, the branching follows the accepted 

phylogeny of organisms (Roberts and Bobrow, 1998). It is evident that 

the divergence of the three main groups of the dystrophin family 

occurred before the vertebrate radiation (around 500 x 10® years ago) 

and that DRP2 diverged substantially earlier than dystrophin and 

utrop^hiTL It also appears that dystrophins are less divergent amongst 

species than either utrophins or DRP2s. This is additional evidence of 

more stringent functional constraints on the dystrophin sequence 

variation (see section 3: Are Up140 and Up71 true homologues of 

Dp140 and Dp71?, pg 134).

Invertebrate dystrophin-like sequences were obtained from 

amphioxus (Branchiostoma lanceolatum), starfish {Asteroidea 

sp..Pecf/n/c/ae sp) and sea urchin (Strongylocentrous purpuratus) but 

could not be identified in lampreys {Lampetra). This was unfortunate as 

amphioxus appears to have only one dystrophin-like protein and so the 

lamprey which is an intermediate agnathan vertebrate, may represent 

the point at which dystrophin and utrophin diverged from each other 

(Roberts and Bobrow, 1998, Wang etal., 1998). If this were the case the 

divergence would have taken place before the radiation of the fishes.

The sequences from these various species were derived by RT- 

PCR across a conserved region coding the COOH-terminus, so give 

little information about the length of the ancestral gene. In the sea urchin 

an attempt was made to isolate the full-length transcript and Wang et al., 

(1998) obtained sequence that shared homology with the COOH- 

terminus and 16 spectritvijke repeats .(equivalent to exon 24 in human 

dystrophin) of dystrophin. Although incomplete, the presence of this long 

mRNA led Wang to propose that a homologue of the full-length form 

was present in the sea urchin. In addition, full-length dystrophin-like 

proteins have been isolated in two species; D. melanogaster, where a 

transcript of a similar size to full-length utrophin/dystrophin encodes an 

NH2 terminal actin-binding domain and a similar COOH-terminal
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(Neuman etal., 2000 in press); in Caenorhabditis elegans (c-elegans) a 

protein of around 400 kDa with the same four structural domains as 

dystrophin and utrophin was isolated (dys-1) (Bessou et a!., 1998).

Taken together these observations imply that the ancestral form 

of utrophin/dystrophin was full-length rather than a short form. There is 

also evidence that the position of at least one internal promoter (G- 

utrophin/ Dp116) was present in the ancestral form. A homologues of G- 

utrophin (Dpi 16) has been isolated in the sea urchin and designated 

SuDp98 (Wang etal., 1998). This SuDp98 isoform has substantial 

sequence identity with utrophin/dystrophin and the dys-1 with homology 

highest at the COOH-terminus and is transcribed from the same gene 

as full-length sea-urchin mRNA (Wang etal., 1998). The position of the 

promoter transcribing SuDp98 is within an intron, at same relative 

position as in utrophin/dystrophin (G-utrophin, Dpi 16). As an aside it is 

interesting to note that exons 71 and 78, which are alternatively spliced 

in human utrophin/dystrophin are absent in the sea urchin (Wang et al.,

1998).

The origins of DRP2 can be explained a partial duplication of the 

ancestral full-length form probably around the time of the divergence 

between the echinoderms and proto-chordates. Since DRP2 is identical 

in length to G-utrophin and Dpi 16 it was suggested that this promoter 

(and/or origin of replication) was in position within the full-length gene 

prior to the partial duplication (Dixon etal,. 1997).

The other member of this gene family, which resembles a short 

form of utrophin/dystrophin is dystrgl^evin (COOH-terminal with no 

upstream spectrin repeats). Dystrobrevin is found in most animal phyla 

and a homologue has been isolated in c-elegans (Giesseler et al.,

1999). Careful sequence comparisons suggest that dystrobrevin may be 

more closely related to the dystrophin/utrophin ancestral gene than 

DRP2 (Roberts and Bobrow, 1998). It seems likely that dystrobrevin, like 

DRP2 evolved from a partial duplication of the ancestral gene. If this is
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so then since dystrobrevin resembles Dp71, it must be assumed that the 

position of this promoter (and/or origin of replication, see section 4: Are 

the short utrophin isoforms translated? pg 181) was also in place within 

the ancestral gene. However there is no other evidence that an 

equivalent of Up71/Dp71 is transcribed from any of the full-length 

invertebrate genes.

From the current literature there is no evidence for Up140/Dp140 

or Dp260 like transcripts in invertebrates or echinoderms. Thus it must 

be assumed that these promoters have arisen at some time during 

vertebrate evolution.

A review of the available data suggests that the ancestral gene 

was more like utrophin than dystrophin. For example, the drosophilia 

protein has only 22 spectrin-like repeats and the sequences of SuDp98 

and DRP2 are more like utrophin (Dixon etal., 1997). Mutations in dys-1 

result in a reduced acetlycholinesterase activity (Giugia etal., 1999) 

which is the phenotype expected from loss of utrophin rather than 

dystrophin. This has bearings on the models proposed for the evolution 

of the promoters of the short isoforms likely (for discussion, see section 

3; Are Up140 and Up71 true homologues of D p i40 and Dp71? p. 134).

If the ancestral gene were utrophin like then the proposed model in 

which the promoters transcribing short dystrophin isoforms have evolved 

by selective pressure sometime after the utrophin/dystrophin duplication 

is likely to be correct. Whereas the alternative model in which utrophin 

has lost these upstream promoters seems less likely.

Final comments on the role of the short utrophins. In section 

4: Are the short utrophin isoforms translated? p. 181, it has been 

proposed that the short utrophins may either function as mRNAs or that 

they are a by-product of the open chromatin configuration at the origins 

of replication. However until a more reliable panel of specific, high titre 

antibodies are available it might be premature to dismiss the possibility
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that these transcripts are translated and function as proteins. If the short 

utrophins are translated their isoforms will have different NH2 -terminals 

but share a common COOH-terminaljdomain. This COOH-terminal is 

capable of taking part in the formation of a well-organised protein 

complex at the cell membrane by interacting with a number of 

associated proteins (DAPs). Presumably the function of the short 

isoforms will involve interactions of this type in the cells where they are 

expressed. It should also be remembered that as yet, with few 

exceptions (cultured polarised epithelial cells and kidney. Section 1 : 

utrophin protein interactions and function in non-muscle tissues) little is 

known about the function of full-length utrophin in tissues other than 

muscle.

A consideration of what has been learnt about the function of the 

short isoforms of dystrophin (Dp260, Dp140, Dpi 16 and Dp71 provides 

a frame-work on which the functions of the short utrophins (and full- 

length) could be determined. Four strategies have been used in the 

characterisation of the short dystrophin isoforms: i) detailed assessment 

of expression patterns at the mRNA and protein level: ii) a comparison 

of expression profiles with the clinical phenotype of DMD patients and 

the positions of their deletions, iii) Investigation of mouse mutants, 

comparing phenotype with the position of the mutations, iv) The 

distribution of DAPs and their various isoforms in the tissues and cells 

where particular short dystrophins are expressed.

One example will serve to illustrate all of these points. The 

function of dystrophin isoforms have been explored in detail in the 

retina. Dp71 protein is found in the inner plexiform layer, limiting 

membrane and Muller glial cells of the retina. 80% of all DMD patients 

show an abnormal retinal electrophysiology, involving a delay in the 

implicit time (that is the time measured after a stimulus to reach the 

peak of the b-wave) and a reduction in the b-wave amplitude of the ERG 

(Claudepierre et a/., 2000). Muller glial cells play a specific part in
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providing signals, which determine the amplitude of the b-wave signal. 

DMD patients with deletions of the central region of the dystrophin gene 

display the most severe ERG changes. ERG examination of the exon 52 

knockout mice which show impaired expression of full-length dystrophin, 

Dp260 and D p i40, but normal Dp71 expression, showed that in these 

mice the implicit time was longer than in controls although the amplitude 

of the ERG b-wave remained as normal. These results suggest that it 

may be the loss^of Pp71 which.jsjhe, key factor leading to a dramatic 

decrease in the b-wave amplitude (Kameya et a/., 1997).

Piliers et al., (1999) have confirmed the importance of Dp71 in the 

normal function of the retina. This group showed that mdx and mdx^^  ̂

mice (mutations in exon 23 and exon 10 respectively) showed normal 

ERGs. Whereas the mdx '̂'^ and mdx̂ '̂ '* mice (mutations in exon 42 and 

exon 53 respectively) leads to a prolonged implicit time; and the mdx‘̂ ''̂  

mouse (mutation in exon 65) have increased b-wave implicit times and 

decreased b-wave amplitude (Piliers etal., 1999). Comparisons of the 

positions of these mutations to those of the transcription start sites of the 

short dystrophins confirms that Dp71 is important in the generation of 

the b-wave, and Dp260 in signal transduction through the neural retina. 

In addition to Dp71, Muller cells have been shown to express four DAPs, 

P-dystroglycan, Ô- and y- sarcoglycans and a-1 syntrophin (Claudepierre 

et al., 2000). Thus it seems likely that the formation of a complex 

involving the DAPs and Dp71 is important for the normal function of 

these cells.

The work described in this thesis has provided some information 

about the mRNA expression profiles for the short utrophin isoforms 

(section 4: Reverse transcription results) and in the near future if the 

production of high titre antibodies in our lab is successful, more data will 

become available about the protein distribution. It is hoped that these 

studies will eventually lead to an understanding of the role of the short 

utrophins in the cell.

213



Possible pathology associated with the lack of utrophin. At

present it is not possible to derive any functional information from a 

study of human patients deficient for utrophin -as none have been 

identified. That may be because the propensity for deletions and high 

new mutation rate which are striking features of the dystrophin gene, are 

apparently not shared with utrophin. We cannot entirely discount the 

possibility that deletions occur in the utrophin gene but go undetected. 

Unlike dystrophin (X-linked), utrophin is autosomal. Thus a clinical 

disorder associated with mutations in the utrophin gene will be 

autosomal recessive and comparatively rare. It is also difficult to predict 

the phenotype caused by utrophin deficiency given that utrophin 

expression amongst tissues is widespread.

The known expression of utrophin at the NMJ and in sensory 

ganglia might suggest myasthenia and abnormalities of the peripheral 

nervous system such as a sensory neuropathy. The early expression in 

neural tube and facial cartilages might also predict wider scale 

neuropathy and craniofacial dysmorphology (Schofield at a/., 1994). 

Have such rare conditions been described? A search of the literature 

reveals that there have been several reports of a sensory neuropathy 

with recessive inheritance in isolated populations. For example, 

congenital cataracts, facial dysmorphism and neuropathy (CCFDN) is 

associated in infancy with the presence of congenital cataracts and 

micro-corneas (Tournev et al., 1999). Studies of Balkan gypsies showed 

this to be an inherited recessive disorder that in childhood progresses 

and results in neuropathy of the upper and lower limbs with severe 

disability by the third decade of life. Another example was described by 

Farreli et al (1998) and is the case of a young woman who developed 

renal failure, livedo reticularis, retinopathy, peripheral neuropathy and 

primary oxalosis. This was described as a rare autosomal recessive
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disorder (Farreli et al., 1998). In none of these cases has a gene been 

mapped to a chromosome or identified.

While such rare conditions affecting various body tissues may be 

associated with mutations in the utrophin gene in man, evidence from 

utrophin deficient mice (Grady et al., 1997, Deconinck et al., 1997) show 

that, deficiency is not associated with a severe phenotype. Of course the 

picture may be different in man. As knowledge of mouse models 

increases it has become clear that there are differences between the 

two species. For example, loss of both alleles of sonic hedgehog are 

required to generate pathophysiology -  but the loss of a single allele can 

lead to severe holoprosencephaly in man (Nanni et al., 2000: Williams et 

al., 1999). And of course very different clinical outcomes are shown with 

the loss of dystrophin in the two species. In other words the possibility 

that some human pathology could be attributed to the loss of utrophin 

should not be discounted.

In knockout mice there is clear evidence that utrophin and 

dystrophin compensate for each others absence. While both single gene 

deficiencies show only a mild phenotype (Bullfield et al., 1984, Sicinski 

et a!., 1989, Grady etal., 1997, Deconinck etal,. 1997) mice lacking 

both dystrophin and utrophin show a much more severe phenotype 

associated with early death (Grady et al., 1997, Deconinck et al,. 1997). 

There is an interesting difference between the versions of the double 

knockout mice (DKO). For the DKO involving the exon 64 UKO 

mouse Grady et al., (1997) reported that the levels of the dystrophin 

associated proteins were markedly reduced at the NMJ. In contrast, 

Deconinck etal., (1997) reported for the DKO involving the exon 7 

UKO mouse that all the dystrophin associated proteins were retained at 

the NMJ. This implies that the short utrophin isoforms, Up140 and Up71 

may be complexing with the DAPs and maintaining their positions at the 

cell membrane, in absence of the full-length protein.
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Upregulation of full-length utrophin and the impact on short 

utrophin transcripts. At present considerable effort is being made 

by research teams in association with pharmaceutical companies to 

identify small drugs or molecules that will up-regulate full-length utrophin 

(Davis K.E, personal communication). This is being done with a view to 

using such drugs as therapy in DMD. Does the occurrence of multiple 

promoters and isoforms of utrophin complicate this objective? In order to 

answer this question there is a need for firm information about the 

function of the short utrophin transcripts/isoforms. This is not yet in place 

but some issues can be addressed.

In human patients what level of full-length utrophin would be 

required to reverse the phenotype of the disease? A two to four fold 

increase in protein is observed in the mdx mouse, but this level is not 

enough to completely overcome the dystrophin deficiency. A 10 fold 

over-expression of full-length utrophin in the mdx mouse completely 

ameliorates the skeletal muscle phenotype (Tinsley et al., 1998). What 

would be the consequences of such an increase in muscle and in other 

tissues where utrophin is expressed?

It has been proposed earlier (section 4: Are the short utrophin 

isoforms translated? pg 181) that there may be competition for 

interaction with DAPs between the full-length and short isoforms of 

utrophin. It has also been speculated that if isoforms are not assembled 

into a protein complex they are rapidly degraded. Thus over-expression 

of the full-length form of utrophin (over and above the normal levels of 

dystrophin) may lead to a shortage of DAPs and consequently loss of its 

short isoforms. The consequences of this are unknown but may be more 

severe in those patients with dystrophin deletions which lead to loss of 

the short dystrophin isoforms which might have functioned in a 

compensatory manner.

Does it matter if the short isoforms of utrophins are absent from 

human tissues? The most reliable clues come from the knockout mouse
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studies, which have shown that the roles of the utrophin and dystrophin 

isoforms seem likely to overlap and to be compensatory. Thus loss of 

short utrophins may have no effect in the presence of short dystrophins. 

With this in mind, it is important to point out that a mouse model in which 

both full-length and short isoforms of both utrophin and dystrophin are 

absent, has so far not been generated. Thus it is difficult to be definite 

about the role of these short isoforms. In the case of the single utrophin 

knockout mice both KO mice have all the dystrophin isoforms. No 

difference is seen in their phenotype and it can be proposed that the 

short dystrophins compensate for the absence of short utrophins in the 

UKO exon 64 mouse.

In the case of the double knockouts (UKO exon 7""''/""'' DKO and 

UKO exon DKO) both were made using the mdx mouse, so

while full-length dystrophin is absent both have all the short dystrophin 

isoforms. Their more severe phenotype presumably then arises from the 

loss of both full-length utrophin and dystrophin. One unique aspect of 

the phenotype of the UKO exon 64"^"^^" DKO is a cardiomyopathy, 

which causes enlargement of the heart and lead to premature death. 

This is apparently not associated with the UKO exon 7 mouse and 

could therefore be attributed to the combined loss of the full-length and 

short utrophin isoforms in the absence of full-length dystrophin. This 

may suggest that the short utrophin isoforms, present in the UKO exon 7 

null/null absent in the UKO exon 64 are somehow preventing the 

cardiomyopathy. This situation is rather different to that seen in humans 

where loss only of the dystrophin muscle promoter is sufficient to lead to 

cardiomyopathy (Milasin et al,. 1996: Muntoni et al., 1995). Nevertheless 

it is possible that the short utrophins play some role in the normal 

function of cardiomyocytes in man. It is relevant to note that it is unclear 

whether upregulation of utrophin in cardiac muscle will overcome the 

cardiac problem.
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Taking into account the alternative proposition that short 

utrophins function as mRNAs rather than proteins, it could be that 

stimulation of the full-length promoter might depress the synthesis of the 

short transcripts. This could have some unpredictable outcome if these 

transcripts are regulatory or have a role associated with the origins of 

replication (see section 4: Are the short utrophin isoforms translated?).

In brief, this study has identified two novel transcripts from the 

utrophin gene and established that they are transcribed in a wide variety 

of human tissues. Their characterisation has contributed to the 

understanding of the evolution of the utrophin/dystrophin gene family. 

These findings have also raised questions regarding the cellular function 

of the short utrophin transcripts/isoforms, their role in replication or 

transcription of the utrophin gene and the same questions can be 

extended to include the dystrophin isoforms. In addition the occurrence 

of these short transcripts and possibly their protein products must be 

kept in mind during the current efforts to use utrophin as a therapeutic 

reagent in DMD.
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U trophin  is a large prote in  w hich  accu m u la tes  at the  
n eurom uscu lar synapse and m yo tend inous ju n c 
tions in adu lt skeleta l m uscle, and is w idely  
expressed  in severa l non-skeleta l m uscle  tissues. 
E vidence from  a varie ty  o f sources suggests  that a 
successfu l s tra tegy  fo r treatm ent o f D uchenne m us
cu lar dys tro p hy  patien ts  w ill be to  Increase exp res 
sion of u trophin  in m uscle . There  Is still m uch to  be 
learnt abou t u trophin  gene regu lation , in particu lar  
regard ing  a lte rn a tive  iso form s, th e ir p rom oters  and  
ro le in m uscle  and non-m uscle  tissues. U sing 5'- 
RACE w e  have identified  tw o novel transcrip ts  of 
utrophin , Up71 and U p140, w ith  un ique firs t exons  
and prom oters  located  In Intron 62 and Intron 44, 
respective ly . T hese  transcrip ts  ap pear to  be struc
tural h om olo gu es of the short dystroph in  transcrip ts , 
D p i40 and D p71, em phasiz ing  the  high d egree  of 
structura l conservation  betw een the  u trophin  and  
d ystro ph in  genes. R T -P C R  show s that Up71 and  
U p140 a re  w id e ly  expressed  in both hum an and  
m ouse tissues , includ ing skeletal m uscle . W e  
p resen t ev id en ce  fo r transcrip t-sp ec ific  d ifferen tia l 
m R N A  sp lic ing  o f exon 71, in both Up71 and Up140, 
s im ila r to  that described  fo r dystrophin . No ev idence  
fo r sp lic in g  o f exon  78 of utrophin  w as found . Th is  is 
in co n tras t to  d ystroph in  and m ay reflect a subtle  
fu n ctio n a l d iffe rence  in patterns o f phosphorylation  
betw een  the tw o proteins.

IN TR O D U C TIO N

Utrophin is a large protein (395 kDa) which is widely 
expressed and most abundant in several non-skeletal muscle 
tissues, for example lung, intestine, embryonic neural tube, 
sensory ganglia, tendons and ossifying cartilages (1-3). 
Utrophin is the autosomal (chromosome 6q24) homologue of 
dystrophin (4,5), the protein absent or abnormal in X-linked 
Duchenne and Becker’s muscular dystrophies (DMD and 
BMD, respectively).
In adult muscle, utrophin accumulates at the neuromuscular 

synapse (NMJ) and myotendinous junctions (MTJ) (6,7). At 
the NMJ, utrophin contributes to the maintenance of the post
synaptic membrane and clustering of acetylcholine receptors

by interacting with a sub-neuronal complex of proteins; these 
include F-actin, several of the ‘dystrophin-associated proteins’ 
(DAPs; dystroglycan, dystrobrevins, syntrophins and sarcogly- 
cans) (8 -1 0 ) and the synapse-associated proteins rapsyn and 
agrin (11). In contrast to utrophin, dystrophin in muscle is most 
abundant at the sarcolemma. Here it also interacts with DAPs 
to form a link between the sub-membraneous network of non
muscle actin and the extracellular matrix and thereby main
tains the integrity of the sarcolemma (8-1 0 ).
Utrophin is an important focus for research in DMD because 

of its structural and functional similarities to dystrophin and its 
therapeutic potential (12). The finding that in developing and 
regenerating muscle fibres utrophin protein locates not only to 
the NMJ and MTJ but also to the sarcolemma (13-15), sug
gests that utrophin might functionally replace dystrophin. This 
idea is supported by the demonstration that overexpression of 
utrophin in dystrophin-deficient (mdx) mice leads to the wide
spread appearance of utrophin at the sarcolemma and amelio
ration of the muscle phenotype (16). Recently, it was shown 
that the severe muscle phenotype exhibited by dystrophin/ 
utrophin doubly deficient mice is also corrected by overexpres
sion of utrophin (17). These important observations all support 
the view that increased expression of utrophin might be a suc
cessful therapeutic strategy for the treatment of DMD (16,18).
Compared with dystrophin there is relatively little informa

tion about utrophin gene regulation, in particular with regard to 
alternative isoforms and their promoters. Regulation of the 
dystrophin gene is complex, with at least seven promoters that 
determine the expression of multiple isoforms. There are three 
full-length (427 kDa) isoforms: muscle dystrophin confined to 
skeletal, cardiac and smooth muscle (19), C-dystrophin found 
in cortical neurons and P-dystrophin in cerebellar Purkinje 
cells (20,21). There are also four shorter apo-dystrophin iso
forms: Dp71 (22) expressed in a wide variety of tissues. Dp 140 
(23) in brain glial cells. Dpi 16 (24) found in fetal brain and 
adult peripheral nerve and Dp260 (25) in the retina and regions 
of the CNS.
Given the structural homology between utrophin and dys

trophin it seems very likely that utrophin will show similar 
complexity (12). At present only a single full-length utrophin 
isoform has been described. This is transcribed from a TATA 
box-less promoter associated with a CpG island at the 5' end of 
the transcript and is expressed in skeletal muscle and several 
other tissues (26). Direct injection of promoter/gene reporter 
constructs into muscle demonstrated that this promoter func
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tions in a synapse-specific way (27). One other utrophin iso
form has been reported and designated G-utrophin. This 5.5 kb 
mRNA is transcribed from a promoter, which probably lies in 
intron 55, and is expressed in sensory dorsal root and cranial 
ganglia and is a major utrophin in the brain (28). An important 
point about G-utrophin is that its sequence diverges from full- 
length utrophin at the same point that the short dystrophin tran
script, Dp 116, diverges from full-length dystrophin. This sug
gests that the position of the Dpi 16 promoter is conserved 
between the two genes and that utrophin homologues of other 
dystrophin alternative promoters, Dp260, DpVl and Dp 140, 
may be found. This possibility is strengthened by reports of 
140 and 80 kDa utrophin-immunoreactive proteins in extracts 
of skeletal muscle and peripheral nerve (29,30) that may repre
sent homologues of the dystrophin transcripts Dp 140 and 
Dp71.
In the present study we have explored this possible func

tional conservation further. Using 5-RACE we have searched 
for structural homologues of the short dystrophin isoforms and 
have identified two novel utrophin transcripts. These tran
scripts appear to be the utrophin counterparts of Dp71 and 
Dp 140; each shows a unique 5' exon, wide tissue distribution 
and evidence for differential mRNA splicing.

R ESU LTS

The 5 -RACE procedure was used to identify utrophin tran
scripts that differ from the published utrophin sequence at their 
5' ends. Human fetal brain mRNA was chosen as the starting 
material and in the first instance, reverse transcription was car
ried out using primers specific for utrophin exons 63 and 45 
(exon numbering as for dystrophin). These primers were 
designed specifically to look for the utrophin homologues of 
dystrophin Dp71 and Dp 140.
Isolation and characterization of the novel utrophin 
transcript Up7I

After 5-RACE using nested primers specific for exon 63, two 
extension products of 360 and 250 bp were isolated and sub
cloned. The sequence of the 360 bp product corresponded to 
that expected for full-length utrophin extending across exons 
63 and 62, while the 250 bp product contained novel sequence 
upstream of the exon 63 sequence (Fig. lA). The novel 
sequence diverges from the known mRNA sequence at a point 
exactly coincident with the junction between exon 63 and 
intron 62. This is the same point at which the short dystrophin 
transcript Dp71 diverges from full-length dystrophin sequence. 
The novel utrophin transcript is designated Up71.
Up71 has 169 nt of unique 5' sequence. This includes 101 nt 

of open reading frame but it is not certain that this sequence is 
translated. There is an ATG codon situated 116 nt from the 5' 
end of the transcript within the open reading frame, but this is 
in a suboptimal sequence context. In particular, the critical 
purine in position -3 of the Kozak translation initiation con
sensus (31) is absent. Furthermore, if this ATG were functional 
as an initiation codon then the 5' sequence would encode an N- 
terminal sequence unusually rich in Phe (shown in small caps 
in Fig. 1 A). The next ATG is 90 bp further downstream in exon 
63 and here the sequence context is more favourable for trans
lation initiation. If translation initiates from this downstream

human Up71 ttaaotaacaattgggcattsrogtttctgaatg 33
gttgataatgaggataattttgcatgtatttttaaaaatttgaaaaaaat 83 
catttctacttgggtatttcgtttttggcctatATGAAGTTTTTTGATTT 133

M K F F N F
I ̂  Exon63

TTTGTTTATTTTTAAAATTTTACCTTTTTTTTCCAQCCATCAAACACAGA 183
L F I F K I L P F F S S H Q T Q

CCACCTGTTGGGACCATACTAAAATGACCGAACTCTTTCAATCCCTTQCT 233 
T T  C W D H T  K H T E L F Q S L A

B
mouse Up71 cttgaatactgagtaataattgagtactagatt 33

tctgagcgatccataatggagttttttttttttttttttgcctgctttgc 83
aagtctatgtgggattttagaagacgatagcttatattgtattttgtagt 133

_ ^ J Ix o n 6 3

gtgttgtttatacttacatttttattttctccccacrocatcaaacaeaaa 183

caacctgttqqqatcatCCtaaaATGACTGAGCTCTTCCAATCCCTTGCT 233 
H T E L F Q S L A

Figure 1. (A) The 5' sequence of human Up71 cDNA. The arrow indicates the 
point at which Up71 differs from full-length utrophin and the position of the 
boundary between intron 62 and exon 63 in the fuli-length transcript. The most 
likely translation initiation ATG codon is denoted by asterisks and the deduced 
amino acid sequence is shown in bold. Amino acid sequence from another 
more upstream ATG is also shown, as non-bold text; however, this is in a rela
tively unfavourable Kozak consensus sequence. The downstream ATG is con
served in the mouse Up71 sequence that is shown for comparison (B). The first 
stop codons in the 5 -UTR, upstream of the ATG codon, are underlined. Exon 
numbering as for dystrophin

codon the novel Up71 sequence would comprise entirely 5'- 
untranslated sequence.
Sequence comparisons show that in the mouse, the upstream 

ATG of the human sequence is not present, while the down
stream ATG in exon 63 is conserved between the two species 
(Fig. IB). The novel first exons of the human and mouse 
sequences show 56% nucleotide homology, whereas the adja
cent coding exon 62 shows 91% homology across species. This 
supports the view that the 5' exon of Up71 is untranslated and 
that the downstream ATG is the major site of translation initi
ation.
Isolation and characterization of the novel utrophin 
transcript, Upl40

After 5 -RACE using exon 45-specific primers, four extension 
products of different sizes were isolated and subcloned (Fig. 
2). Sequence analysis showed two products, of 480 and 370 bp, 
containing sequence corresponding to exons 44 and 45 of the 
full-length utrophin transcript. In contrast, the other products, 
of 550 and 630 bp, contained novel sequence 5' of exon 45 
(Fig. 3A) and identical in the two clones where they over
lapped. The novel 5' sequence diverges from the known full- 
length utrophin transcript at a point exactly coincident with the 
junction between exon 45 and intron 44 and continues 5' for a 
further 507 nt. This short utrophin transcript has been desig
nated Up 140, in line with the dystrophin transcript (Dp 140) 
whose transcription is initiated in intron 44 (23). The reading 
frame of Up 140 stays open for 8 6  nt 5' of the junction with 
exon 45, before a TAA stop codon is encountered, but does not
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“4 -6 3 0
4 -5 5 0

4 -3 7 0

Figure 2. The 5-RACE products amplified from human fetal brain mRNA 
using hGSP3-Upl40 5'-TGCACAATCCCATCCCCAGTTCG and the anchor 
primer GGCCACGCGTCGACTAGTACGGAmplification was carried out 
at various annealing temperatures ranging from 56 to 62°C. B, amplification 
carried out in the absence of cDNA; M, DNA size marker track.

contain a translation initiation codon. The first ATG lies within 
exon 46, 709 nt downstream from the 5' end of the transcript. 
The relatively long 5'-imtranslated region (5'-UTR) of Up 140 
is a feature held in common with dystrophin Dp 140, which is 
also translated from a downstream ATG located in exon 51. 
However, in the case of Dp 140 the unique 5' sequence does not 
lie immediately adjacent to the exon 45/intron 44 boundary but 
derives from a region further within intron 44 (23).

Sequence comparisons (Fig. 3B) show that the level of 
nucleotide homology between the novel sequence in human 
and mouse is 70% across 200 bp immediately upstream of 
exon 45. This is relatively low for coding sequence but is sim
ilar to that found when the adjacent coding exons 45 and 46 are 
compared (71% nucleotide identity and only 61% amino acid 
identity). Thus, the region around exon 45 is not highly con
served between man and mouse and, indeed, the ATG codon in 
the human sequence is absent from the mouse sequence. An 
ATG situated a further 177 nt downstream (in exon 47) is con
served between the two species and is presumably the func
tional translation start site in the mouse. The differences in the 
positions of the translation start sites mean that in man Up 140 
has 58 extra amino acids at its N-terminus compared with 
mouse (Fig. 3).
Alignment of full-length utrophin and dystrophin cDNA 

sequences in the region adjacent to the Up 140/Dp 140 promot
ers shows that in exons 48 and 49, utrophin lacks 113 amino 
acids present in dystrophin. These amino acids correspond to 
the rod domain repeat 19 unit, encompassing the hinge 3 
region which is absent in utrophin. These comparisons contrib
ute to the view that the region close to the Up 140/Dp 140 pro
moters is susceptible to mutation and loss of sequence 
conservation.

human Up140
caattc&agatgagatttgggtggggacacaaccaaaccatatcaaccag 50

tgaagcaatatcttagtaaaatgtgcatttaggtttacttgtatgtggta 100

ggacacaaggatataaggatttattggggtatataattttttaaagcaat 150

gccttcaagcacttgcttgaaagaagatgagcaattcattttcatcaaac 200

atgattgatgcttatgctttaatgtaaacagctgttattcattttagtta 2 50

ttaagctgccctatttccttgtattttgcctgatgacattcatgaaggtg 300

ggttagatttcaaaataaatttcatttagcatgttcattgaaatgtaatt 350

aaattgttttaaaatgccttttttttctaacataaaatatctttccagga 400

gtttgtttctttcacacttaMttgataccacaatacttgggtggattca 4 50

ttgcatcagaatcatttacttattagtgaaactaatcttgagttgtgctc 500 
[-►Exon4 5

tqttacaqgaacttqaqqtqqgcatcaqcagccaccaqcccagttttgca 550

gcactaaaccqaactqqqqatqqqattqtqcaqaaactctcccaqqcaqa 600

tgqaaqcttcttqaaaqaaaaactqqcaqqtttaaaccaacgctqqgatg 650
| -^ E x o n 4 6

caattqttqcaqaaqtqaaqqataqqcaqccaaqqctaaaaqqaqaaaqt 700

aaqcaqqtqATGAAGTACAGGCATCAGCTAGATGAGATTATCTGTTGGTT 7 50 
M K Y R H Q L D E I I C W L

AACAAAGGCTGAGCATGCTATGCAAAAGAGATCAACCACCGAATTGGGAG 800 
T K A E H A M Q K R S T T E L G

AAAACCTGCAAGAATTAAGAGACTTAACTCAAGAAATGGAAGTACATGCT 850 
E N L Q E L R D L T Q E M E V H A

GAAAAACTCAAATGGCTGAATAGAACTGAATTGGAGATGCTTTCAGATAA 900 
E K L K W L N R T E L E M L S D K  

AAGT 
S

B
mouse Up140

agaaatggagcaagcagaagctcagatgtccattgtcaaatgtatttctt 50 

gttttagtacattttcaaaatgtattttctctagacagttcatggggcgt 100 

cgaaaacaatgcctccccctcacttgcagacatggtgctgcggttttttt 150 

tgggtgtgtgtgtgaaagtttgagttacaggtaagtatttagacttgact 200 

ttgaagtagaccttaatctgtgactttaaaatttttacagacagaggcag 250 

catctcagtaaaatgcacattgaggattttttattataaatggctggaca 300 

taaaaattttattgaccaaatatttgtgtgtatgtggtatccacatgtcc 350 

ctggaaatgcaattttaaattctttgaaaagacattatagccctaccccg 400 

aatttgtttctgtaggtgttagattgatgcttaaaaacttgggtacactg 450

aaggtatctgaacagcttgattgagtggtagaaattcataatgtgtcatc
|"^Exon45

tqtcata^qaactqqaaqaqqqcctcaqcaqccaccaqcccaqcctqatc

500

550

aaqqttaaccqaaaqqqqqaqqaccttqttcaqaqactccqcccctcqqa 600

qqcaaqcttcctqaaqqaqaaqctqqcaqqtttcaaccaqcqctqqaqca 650
[-►Exon4 6

ctcttqtaqctqaqqtqqaqqctttqcaqcccaqqctaaaaqqaaaaaqt 700

caqcaqqtqttqqqqtataaqaqacqqctaqatqaqqtcacctqctqqtt 750

aacqaaaqtqqaqaqtqctqtqcaqaaqaqatcaacccctqacccggaag 800

aaaqcccacaqqaattaacaqatttaqcccaaqaqacqqaaqttcaaqct 850

qaaaacattaaqtqqctqaacaqaqcaqaactqqaaATGCTTTCAGACAA 900
M L S D K

AAAT
N

Figure 3. ( A ) The 5' sequence of human Up 140 cDNA. Arrows indicate the positions of the boundaries between intron 44 and exon 45, and intron 45 and exon 46. 
The arrow marking exon 45 indicates the point at which Up 140 differs from full-length utrophin. The deduced amino acid sequence is shown in uppercase. The 
upstream ATG codon of the human sequence is not conserved in the mouse sequence (B) although the next ATG downstream (asterisks) is conserved. The first stop 
codons in the 5 -UTR. upstream of the ATG codon, are underlined.
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Upl40 l!pl40

-306bp

Up71

221 bp

UTRN

<4-25Sbp

P G M l

4-323bp

lung muscle testis muscle kidney lung-RT 
testis brain kidney lung thymus liver

fetal adult

Figure 4. RT-PCR of mRNAs prepared from various human fetal and adult 
tissues. Forward primers specific for human Up71 and Up 140. hUp71-F4 and 
hUpl40-F6, respectively, were used in combination with hGSP2-Up71 and 
hGSP3-Upl40. The same set of cDNAs was also amplified with primers hUp- 
exl6/17-F and hUp-exl6/17-R, located in exons 16 and 17 (UTRN), and with 
primers that amplify the ubiquitously expressed PGMl. Amplifications were 
also performed in the absence of reverse transcriptase; one example is shown 
here, lung-RT.

Expression of U pl40 and Up71 in human and rodent 
tissues

The patterns of tissue expression of the short utrophin tran
scripts were investigated by reverse transcriptase PCR (RT- 
PCR) using primers specific for Up 140 and Up71 and mRNA 
prepared from human and mouse tissues. As a comparison, 
primers in human exons 16 and 17 and mouse exons 17-20 
(marked UTRN in Figs 4 and 5) were also used in order to 
amplify mRNAs transcribed from the 5' end of the utrophin 
gene. As a check on the quality of the mRNA/cDNA prepara
tion the cDNAs were amplified with primers for phospho
glucomutase 1 (PGMl in Figs 4 and 5), a glycolytic enzyme 
expressed in all cell types (32).
Typical findings are summarized in Figure 4, Both Up 140 

and Up71 mRNAs are amplified in all the adult and fetal tis
sues tested, including skeletal muscle, and neither shows par
ticular tissue specificity. While the two short transcripts appear 
to differ in the detail of their distribution, for example compare

Up71

•4-306bp

•221 bp

UTRN

^384bp

P G M l

4-323bp

M  lung muscle testis muscle kidney lung-RT 
testis brain kidney lung thymus liver M

fetal adult

Figure 5. RT-PCR of mRNAs prepared from various mouse fetal and adull tis
sues. Forward primers specific for mouse Up71 and Up 140, mUp71-F8 and 
mUpl40-F4, respectively, were used in combination with niGSP2-Up71 (5’- 
CGAATTTTGATTGCTGTGCGGTAGG ) and mGSP2-Upl40 (5'-TCCACCT- 
CAGCTACAAGAGTGC). The same set of cDNAs was also amplified with 
primers located in exons 17 and 20 (UTRN), inUp-ex 17/20-F and mlJp-ex 17/20- 
R, and with primers that amplify the ubiquitously expressed PGMl. Amplifica
tions were also perfonned in the absence of reverse transcriptase, e.g. lung-RT.

the relative amplification of Up71 and Up 140 in human adult 
thymus, both transcripts are relatively abundant in several 
human tissues, such as lung and kidney, but poorly amplified 
from human fetal testis, brain and adult muscle. The relative 
levels in mouse tissues were similar, but not identical, to those 
found in the human tissues (Fig, 5),
The Dp71 dystrophin homologue of Up71 is similarly tran

scribed in a wide range of fetal and adult tissues, including 
embryonic .stein cells and chorionic villous (33), However, 
Dp 140, unlike Up 140, shows a restricted tissue distribution 
largely confined to the central nervous system and kidney (23).
The RNA/cDNAs used in these experiments were checked 

for contaminating DNA, first by amplification in the absence 
of reverse transcriptase, which failed to amplify visible prod
ucts (see lung-RT in Figs 4 and 5). We also tried to amplify 
putative contaminating genomic DNA by locating forward 
primers in the adjacent 5' intron sequence while keeping the 
reverse primer within exon sequence (either exon 63 or exon 
45). This primer combination did not amplify products from 
tissue cDNAs but readily amplified genomic DNA, thereby
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PCR products Isolated bands

162 bp 

124bp

f.muscie f.testis f.testis f.testis 
M  f.brain f.brain f.brain

U d 140

162bp

124bp

\1  f.brain a.muscle a.kidnev
f.testis a.Iung a.thynius

Figure 6. PCR to demonstrate the presence and absence of exon 71 in alterna
tively spliced forms of human llp7l and Up 140 cDNA. Amplification of the 
transcript-specific cDNAs using the primers Ux70-F (5'-CAGGTCGAAGAA- 
GTACTTTGCC) and Ux72-R (5-GGTGTCATCATG A A ACAGTTG AGG ) 
leads to a 162 bp product in the presence of exon 71. and a 124 bp product in 
the absence of exon 71, The nucleotide sequence of spliced forms was checked 
by direct analysis of DNA eluted from separated bands excised from agarose 
gels (‘isolated bands’). The band indicated by an asterisk was also isolated and 
sequenced and is a non-specific PGR product.

conf'irming (hat the cDNA samples did not contain contaminat
ing genomic DNA.
Differential splicing of I p  14(1 and L'p71niRNA

There hav e been several reports of dilTerentiai splicing of dys
trophin mRNA; in particular, Dp7l transcripts are alternatively 
spliced for exons 71 and/or 7S in a variety of adult human tis
sues (34), Differential splicing of exons 71 and 7S has also 
been reported for Dp 140. Analysis of Dp 140 cDNA clones 
from human cerebellum and kidney found that some clones 
were missing exons 71 and/or 78. Other transcripts also lacked 
exons 71-74 (35).
We have investigated whether this pattern of differential 

splicing is conserved between dystrophin and utrophin. The 
splicing patterns of exons 71 and 78 in Up7l and Up 140 were 
examined by PCR amplification of cDNAs in the region 
between the unique first exons and either exon 72 or 79. The 
sizes of the products for Up71 were 1.2 and 2.0 kb, and for 
Up 140 were 3.7 and 4.5 kb (to exons 72 and 79, respectively). 
The presence of spliced forms was demonstrated by nested 
amplification of the transcript-specific PCR products. Primers 
placed in exons 70 and 72, or 70 and 79, were used to look for 
splicing of exons 71 and 78, respectively; a product of 162 bp 
was generated in the presence of exon 71, and of 124 bp in its 
absence. A product of 216 bp was generated in the presence of 
exon 78, and of 184 bp in its absence. No evidence for splicing 
out of exon 78 was found for either transcript in any tissue 
(data not shown); however, exon 71 was alternatively spliced 
in a transcript- and tissue-specific manner.
For Up71, several fetal and adult tissues contain a mixture of 

transcripts spliced and unspliced for exon 71, although the pro

portion of spliced and un spliced forms varies from tissue to tis
sue. For example, fetal muscle contains predominantly the 
unspliced form while fetal brain and testis contain predomi
nantly the spliced form (Fig. 6). Adult testis and thymus 
showed no evidence of splicing, and fetal lung contained only 
mRNA spliced out for exon 71 (data not shown).
For Up 140 the unspliced form is the major isoform in most 

tissues, although splicing out of exon 71 occurs at very low 
levels in several tissues. In contrast, the spliced form is the 
major Up 140 transcript in adult skeletal muscle (Fig. 6). The 
nucleotide sequence of spliced forms was checked by direct 
sequence analysis of DNA eluted from separated bands 
excised from agarose gels (‘isolated bands’ in Fig. 6); this also 
confirmed that the splicing out of exon 71 occurs exactly at the 
known exon/intron boundaries.

DISCUSSION

In this study we describe two novel transcripts of the utrophin 
gene, Up7l and Up 140, whose promoters are located in the 
distal half of the gene. Both mRNAs are distinguished by a 
novel first exon comprising untranslated sequence (Up7l, 206 
nt; Up 140, 709 nt). The Up 140 and Up7l mRNA sequences 
diverge from that of full-length utrophin at the same positions 
as the short dystrophin transcripts. Dp 140 and Dp7l, diverge 
from full-length dystrophin sequence. These findings provide 
good evidence that the gene duplication event which gave rise 
to these two genes occurred after the appearance of multiple 
promoters in the ancestral gene.
The identification of Up71 and Up 140 means that utrophin 

homologues for three of the four known short dystrophin tran
scripts have now been described. In a previous study, a short 
utrophin, corresponding to Dpi 16 and encoding a 113 kDa 
protein, was identified (28). This transcript was designated G- 
utrophin because of its relatively abundant expression in sen
sory ganglia, but it also appears to be the predominant utrophin 
isoform in the brain. It is noteworthy that the utrophin/ 
dystrophin homologue identified in the sea urchin Stroui^ylo- 
ccutrotus purpuratus (36) transcribes an internal transcript 
structurally similar to G-utrophin and Dpi 16, suggesting that 
this alternative promoter has been functionally significant 
since before the evolution of the chordates. It remains to be 
seen whether a utrophin homologue of the fourth short dys
trophin transcript, Dp260 (25), will be found and whether more 
than one promoter which transcribes full-length utrophin 
occurs; three, perhaps four, promoters have been described at 
the 5' end of the dystrophin gene, each with a distinctive tissue 
specificity (19,21).
Up7l is predicted to encode a 4.0 kb mRNA and a 71 kDa 

protein with the same cysteine-rich and C-terminal domains as 
full-length utrophin, commencing with exon 63 (dystrophin 
exon numbering). It seems probable that an 80 kDa utrophin 
isoform described by Fabbrizio et al. (37) that was detected in 
peripheral nerve by western blotting corresponds to Up7l pro
tein. Up 140 is predicted to encode a 6.75 kb mRNA and a 155 
kDa protein comprising the last six repeats of the distal rod 
domain and the cysteine-rich and C-terminal domains of 
utrophin. This seems likely to be the equivalent of the mouse 
140 kDa utrophin isoform detected by Peters et al. (29) after 
immunoaffinity purification of muscle fibre extracts. In a 
recent paper, Lumeng et al. reported multiple small utrophin
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isoforms in adult mouse tissues, seen after western blotting 
using a C-terminal region antibody (38). Amongst these they 
identified a possible utrophin homologue of the short dys
trophin isoform Dp71 in brain and a possible homologue of 
Dp 140 in testis, muscle and other tissues. Taken together, these 
observations support the view that the Up71 and Up 140 tran
scripts are translated into functional protein in some tissues.
What is the functional significance of Up71 and Up 140? 

These short transcripts are predicted to encode proteins that 
have lost the N-terminal actin-binding domain and part or all of 
the long spectrin-like rod region. Both retain sequences that 
encode the C-terminal domains that mediate binding to mem
brane proteins and it seems probable that their cellular function 
will involve interactions with cell membranes. Utrophin and 
dystrophin share 74% amino acid identity in their membrane 
protein-binding domains and both are able to bind P-dystrogly- 
can, syntrophin and dystrobrevin (10,39,40). It is possible that 
their sequence differences confer some discrete role in cellular 
function. This may be particularly true for Dp 140 and Up 140, 
which each contain a portion of the rod region where their pro
tein homology is much less well conserved. However, it is also 
reasonable to propose that in tissues where short utrophin and 
dystrophin isoforms are co-expressed, they may be function
ally redundant. This idea is attractive. It would help to explain 
why in Duchenne muscular dystrophy patients where internal 
promoters are lost by deletion there is not a severe clinical out
come in non-muscle tissues known to express short dystrophin 
isoforms. [Singularly amongst the short dystrophin isoforms, 
the loss of Dp260 has been linked to an ocular phenotype asso
ciated with an abnormal electroretinogram (25).] It would also 
help to explain why there is very little or no difference in clin
ical phenotype between mice knocked-out for utrophin in such 
a way that only full-length utrophin expression is ablated (41) 
and those in which the insertional mutation prevents transcrip
tion of all utrophin transcripts (42).
The importance of assigning splice patterns to particular iso

forms of dystrophin was recognized once it was established 
that distinct mRNAs were being transcribed from alternative 
promoters and that differential splicing of dystrophin was tran
script-specific (34,35). In the present study, we demonstrate 
that utrophin is also transcribed from multiple promoters and 
that the variouŝ transcripts show different patterns of mRNA 
splicing. Our findings regarding the splicing of exon 71 and the 
lack of differential splicing of exon 78 coincide exactly with 
those of Lumeng et al. (38), although in that study no informa
tion was given about which transcripts were subject to differ
ential splicing. The alternative splicing of exon 71 in Up71 and 
Up 140 may have functional significance since this exon is 
close to and upstream of the syntrophin/dystrobrevin-binding 
domains and may play a role in membrane-cytoskeletal inter
actions. It may be of significance that no evidence for alterna
tive splicing of exon 78 was found for these short isoforms, 
although this is a feature of their dystrophin counterparts, 
Dp71 and Dp140 (34,35). In dystrophin, one of two consensus 
p3 4 cdc2 phosphorylation sites is located in exon 78 and it has 
been proposed that alternative splicing of exon 78 may modu
late phosphorylation, resulting in differential dystrophin- 
protein interactions. For utrophin, this mechanism would not 
have a functional outcome since the phosphorylation site in 
exon 78 is not conserved (34).

MATERIALS AND METHODS

5-RACE
The 5' regions of utrophin cDNAs were amplified using the 5'- 
RACE procedure under conditions exactly as specified by the 
manufacturer (5-RACE system; Gibco ERL, Paisley, UK). In 
brief, human RNA (1 |ig) was reverse transcribed using a 
utrophin-specific primer GSPl and was C-tailed. After 
removal of the mRNA the cDNA was made double-stranded 
using the anchor primer GGCCACGCGTCGACTAGTAC- 
GG,g; 5 \i\ of this product were further amplified using the 
anchor primer and a nested utrophin-specific primer, GSP2. In 
order to facilitate cloning of the amplified products into the 
pAMPl vector (Gibco ERL) using the uracil DNA glycosylase 
method, a third round of amplification was carried out using 
5 |il of a 1:100 dilution of the second round amplification prod
uct and primers with codons containing uracil (CAU4 or 
CUA4) incorporated at their 5' ends; these were the universal 
primer and either GSP2 or GSP3.
The primers used were: hGSPl-Up71,5 -CTGTACGGTAGG- 

CAGAAAAACG; hGSP2-Up71, 5 -CATTATTCAGGTCAGC- 
AAGGG; hGSPl-Upl40, 5 -TCCCAGCGTTGGTTTAAACCr- 
GCC; hGSP2-Upl40, 5-GCTTCCATCTGCCTGGGAGAG; 
hGSP3-Upl40,5'-TGCACAATCCCATCCCCAGTTCG.
Isolation of human and mouse utrophin genomic clones

Human genomic clones containing utrophin sequence were iso
lated from the ICRF-sorted chromosome 6  library (ICRF refer
ence C109; 13), by hybridization with a 288 bp ̂ P̂-labelled PCR 
product amplified using hGSP2-Upl40 located in exon 45 and 
hUpl40-F6 (5 -CCTGATGACATTCATGAAGGTGG) located 
in the novel sequence. Mouse genomic clones were isolated from 
a À,DASH library (a gift from Dr A. Reith, UCL, London, UK) 
by hybridization with ̂ P̂-labelled PCR products as probes; these 
were a 159 bp fragment amplified from exon 45 using mUp45- 
F2 (5-GAACTGGAAGAGGGCCTCAGC) and mUp45-R2 
(5 -TCCACCTCAGCTACAAGAGTGG) and a 62 bp fragment 
amplified from exon 63 using mUp63-R6 (5 -CAAGGGATT- 
GGAAGAGCTCAGTC) and mUp63-F5 (5 -CCATCAAACA- 
C AG AC A ACCTG). DNA was prepared from these recombi
nant clones using maxi-preparation Mts from Qiagen.
RT-PCR
Human and mouse post-mortem tissues were collected and flash 
frozen in liquid nitrogen. The fetal mouse samples were taken 
between 11.5 and 15.5 days post-coitum and the human fetal 
samples were between 14 and 20 weeks gestation. RNA was iso
lated from tissue that had been powdered under liquid nitrogen 
and homogenized in RNAzolE reagent (Biogenesis, Poole, UK). 
RNA RT-PCR was carried out using random oligonucleotide 
primers to generate first strand cDNA. In order to ensure that in 
the subsequent PCR, amplification of cDNA aliquots was spe
cific for each utrophin isoform, the forward primers contained 
only sequence from the unique first exon of each alternative 
transcript. These primers were as follows: hUp71-F4,5 -ATTG- 
GGCATTGGGTTTCTGAATGG; mUp71-F8, 5 -CTAGATT- 
TCTGAGCGATCC; hUpl40-F6, 5 -GCCTGATGACATTCA- 
GAAGGTGG; mUpl40-F4, 5-AAGACATTATAGCCCTA- 
CCCCG.
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Various control RT-PCRs were also carried out using the 
same cDNA samples. These included amplification of the 
ubiquitously expressed phosphoglucomutase (PGMl) gene 
(32) using the primers PGMl-lF (5’-AACAAGATGCCCTT- 
GGGAGCTGTGA) and PGMl-lR (5'-GAACTGATTGGAC- 
AG A AGGC ACT AG), which amplify both mouse and human 
PGMl. In addition, amplification across human utrophin exons 
16/17 and mouse utrophin exons 17-20 was carried out using 
the primers: hUp-exl6/17-F, 5 -GG A AG AC ATGG A A ATG A- 
AGCGT; hUp-exl6/17-R, 5 -GCTTGTTCTCTTACACGAA- 
CAGTC; mUp-exl 7/20-F, 5-GAGAACAAGGGATGGTGA- 
AGAAGC; mUp-exl7/20-R, 5-GCTGCTGAGATATCATC- 
TTCC.
DNA sequence analysis

DNA sequences were determined by the dideoxy chain termi
nation method of Sanger et al. (43) using thermo-sequenase 
and a radiolabelled terminator cycle sequencing kit (Amer- 
sham Life Sciences, Little Chalfont, UK).
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