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ABSTRACT
D uchenne and B ecker m uscular dystrophies (D M D /B M D ) are caused by m utations
in the dystrophin gene. D M D is also associated w ith a variable degree o f m ental
im pairm ent. Several dystrophin transcripts are expressed in the brain including a
novel transcript (P-type dystrophin) expressed specifically in P urkinje cells; its
ex pression is controlled by an alternative prom oter.

T his study show s that the P-type m R N A is also expressed in skeletal and cardiac
m uscle but not in sm ooth m uscle. Its first exon encodes a specific, short am ino
term inus that is highly conserved in m am m als and to a lesser extent in chicken. The
nucleotide sequence o f the P-type first exon and putative prom oter region is also
conserved. In m ice, the 5 ’-end o f the P-type transcript w as found to be structurally
d iverse arising from alternative splicing events at the 5 ’-U TR . T his m ay occur
separately o r in com bination w ith insertion o f a part o f intron I resulting in
prem ature term ination o f translation. T here are m ultiple transcription initiation sites,
the predom inant one being conserved in hum an and m ouse. M oreover, alternative
usage o f A T G codons m ay result in alternative N -term ini in rodents or short
upstream open reading fram es in other species. Several regulatory elem ents are
conserved in different species. The T A T A box found in hum an sequence is not
conserved and is outside the region that directed C A T reporter gene expression in
d ifferentiated m yotubes in culture.

A specific region o f the putative prom oter w as found to be capable o f driving
reporter gene expression both in vitro and in vivo in an orientation specific m anner.
The study highlights the potential im portance o f this transcript for understanding
D M D as well as devising therapies for specific subgroups o f patients.
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CHAPTER 1

GENERAL
INTRODUCTION

K^nuyicr x

1.1 Duchenne muscular dystrophy

Duchenne muscular dystrophy (DMD) belongs to a group of human X-linked
recessive muscular dystrophies that include Becker muscular dystrophy (BMD) and
Emery Dreifuss muscular dystrophy. It is one of the most common genetic disorders
in man afflicting 1 in 3500 live male births (Emery 1993).

The disease is caused by the absence of or reduction in a molecule called dystrophin
(Hoffman et al. 1987; Koenig et al. 1987, 1988). The gene encoding this protein was
one of the first identified by positional cloning and found to map to the short arm of
the X-chromosome (Xp21). Dystrophin mutations result in either DMD or BMD.

In the early stages of the disease, the DMD patient demonstrates weakness of the
lower limbs with proximal muscle being particularly affected. However this
distinction becomes less apparent as the disease progresses. The young patients have
a characteristic pseudohypertrophy of calf muscle and move with a waddling gait.
The weakness of the knee and extensors result in what is known as ‘Gowers
manoeuver’, where the boy has to climb up his thighs in order to extend the hips and
push up the trunk when trying to rise from a kneeling position. The weakness
continues to progress as the boy gets older and often shows periods of apparent
arrest. However, DMD patients are wheelchair bound by the age of twelve.
Contractures develop during the later stages of the disease followed by progressive
scoliosis and patients often die between ages 14-25 due to respiratory insufficiency

-

19

-

resulting from weakness of the intercostal muscle and thoracic deformity. About a
third of the patients die from cardiac failure (Hoffman and Schwartz 1991).

Initial diagnosis of the disease is made on the basis of grossly elevated serum
creatine kinase levels. The skeletal muscle shows degeneration and changes in fibre
size. This is accompanied by infiltration of mononuclear cells and increasing
replacement of the muscle by connective tissue (Cullen and Mastaglia 1980). The
degeneration of cardiac muscle is less severe, however Purkinje fibres are reported to
display necrosis similar to the degenerative changes seen in skeletal muscle (Bies et
al. 1992a).

Electron microscopy studies of DMD muscle show sarcoplasmic reticulum shrinkage
and localised perforations (delta lesions) of the membrane (Cullen et al.
1988).Another characteristic sign is the presence of ‘hyaline fibres’, which are
segments where the myofibrils are hyper-contracted and disorganized (Cullen and
Fulthorpe 1975). As necrosis progresses, it appears that many fibres lose their
plasma membrane entirely, although they retain their continuous overlying basal
lamina which surrounds the cell.

The DMD muscle fails to regenerate adequately for reasons that remain largely
unknown. This failure can not however be attributed to a reduced population of
satellite cells (flattened spindle shaped cells that lie in a groove on the myofibre
surface and become activated to proliferate and fuse with the myofibre upon muscle
injury) because DMD muscle is reported to have a 2-3 fold higher number of these
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cells than control muscle which suggests that the muscle injury they bear triggers
satellite cell division (Ishimoto et al. 1983). However less than 6% of myoblasts
cultured from DMD biopsies are capable of the 50 doublings that are characteristic
of the average satellite cell from a 5-year-old control subject (Webster and Blau
1990). Taken together these results suggest that a decline in the replicative lifespan
of DMD satellite cells may occur as a result of their having undergone extensive
division in an attempt to regenerate degenerated myofibres.
The restriction upon successful regeneration, which is not observed in murine and
feline models of the disease but are true for a canine model, maybe related to the
fibrosis around and between muscle fibres. Regenerating fibres can often be seen
tightly hemmed in by bundles of collagen fibrils and occasionally the collagen seems
to penetrate and become surrounded by the muscle sarcoplasm (Watkins and Cullen
1985; Cullen and Watkins 1993).

1.2 The dystrophin gene and protein

The dystrophin gene is the largest gene characterised to date. It consists of 2.5
million base pairs (bp) with 79 exons (Roberts et al. 1993) thus taking up over 1% of
the X-chromosome (0.1% of the entire genome) (Lansman and Franco 1991).

The gene encodes several mRNAs of varying sizes. The predominant muscle
transcript is a 14 kb message, that is translated into a protein product of 427 kDa
(3685 amino acids). The time duration required for the transcription of the 14 kb
message has been estimated to be 16 hours in differentiated myogenic cultures. The
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5’ end of the nascent transcript is spliced in a 5’ to 3’ direction before transcription is
complete and prior to polyadenylation (Tennyson et al. 1995).

Dystrophin is thought to contain several domains (Figure 1.1). These domains were
assigned based on amino acid sequence homology to other cytoskeletal proteins.
Direct structural information regarding these various domains is not yet available.
I
However electron microscopy of rotatory shadow preparations of dystrophin
revealed a dumbbell - shaped molecule that has a rod-like structure which is between
100 - 175nm long and 3.1 ± 1.5nm thick (Pons et al. 1990; Wakayama et al. 1993).
It is organised at the muscle plasma membrane in an array of thick transverse bands
that encircle the muscle fibre, these are interconnected by a finer network (Minetti et
al. 1992).

The dystrophin amino-terminus is a 240 amino acids globular domain that is similar
in sequence and function to the N-termini of a large family of actin-binding proteins
including p-spectrin and a-actinin. NMR studies suggested the existence of three
putative actin binding sites (ABS) in the N-terminus: ABS1 (amino acids 17-26),
ABS2 (amino acids 128-156) and ABS3 (amino acids 91-117) (Levine et al 1990;
Levine et al. 1992). Subsequently, several studies utilizing portions of the Nterminus domain were used to assess binding to F-actin. These studies gave varying
binding affinities depending on the portion of the N-terminus used and the system
used to assess the binding (reviewed in Winder et al. 1995) It has been demonstrated
that dystrophin binds F-actin in a calcium independent manner (Way et al. 1992).
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Figure 1.1
The dystrophin gene encodes for several unique domains. A. The exon structure of the
human dystrophin gene (adapted from Roberts et al. 1993). B. A model of the dystrophin
molecule. The four main domains of dystrophin are represented . The exact confirmation of
the actin binding, cysteine rich and unique C-terminal domains are speculative. The inset
shows a schematic representation of the carboxyl-terminal domains of dystrophin. WW is the
WW or WWP domain, Ca is EF-hand calcium binding motifs; C-R is cysteine rich region
encompassing the Ca and ZZ regions; ZZ is ZZ domain putative zinc finger region;H1 and H2
are helices predicted to form coiled-coil structures (Koenig et al. 1988; Winder et al. 1997).

R ecently a novel F-actin binding site w as located near the m iddle o f the dystrophin
m olecule. The rod dom ain actin binding activity is restricted to a region rich in basic
residues w hich

is thought to bind

actin

through

p redom inantly

electrostatic

interactions. F-actin probably lies alongside the proxim al end o f the dystrophin
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molecule through the binding of a number of sites, varying in their affinity for Factin (Rybakova et al. 1996; Amann et al. 1998).

The central region of dystrophin consists of a long rod domain that is 2400 amino
acids in length. The domain is divided into homologous repeats, each averaging 109
amino acids (Matsumura and Campbell 1994). Cross et al. produced an alignment
denoting 25 repeats that describes two helical regions within each repeat designated
HI and H2 interlinked by putative loops LI and L2 which are rich in proline and
glycine (Cross et al. 1990). However, Koenig and Kunkel have produced an
alignment of this domain denoting 24 repeats. They inferred that three helices are
formed within each repeat, with helixes 1 and 3 formed by seven helix turns and
helix 2 is formed by two small heptad repeat segments of four and three helix turns
respectively that are separated by proline or glycine residue (Koenig and Kunkel
1990). Unlike spectrin (Yan et al. 1993), the structure of the repeats has not been
resolved for dystrophin. There are four main spacer sequences interspersed with
repeat units of the rod domain which are believed to adopt a flexible open structure
due to their high proline content (Koenig and Kunkel 1990).

Several groups have shown that dystrophin shares an amino acid motif known as
WW or WWP (tryptophan -tryptophan -proline) with several other proteins that are
involved in cell signalling or regulation (Bork and Sudol 1994). This motif is located
in the hinge 4 region which is a 70 amino acid proline rich sequence that precedes
the C-terminal cysteine-rich domain (Andre and Springael 1994). At the carboxyl
end of the rod region is a 280 amino acid cysteine-rich domain reminiscent of the
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EF-hand calcium binding motif found in calmodulin, a-actinin and p-spectrin. A
fusion protein fragment containing this region expressed and purified from E.coli
was found to bind Ca2+ in a specific manner (Milner et al. 1992).

The carboxy terminus of dystrophin consists of 420 amino acids. It is highly
conserved and displays homology to dystrophin related proteins. This region has
been predicted to form two coiled- coil helices that may constitute two leucinezipper motifs (Blake et al. 1995). The cysteine-rich domain and the first half of the
carboxy terminal domain form the binding site for the dystrophin associated protein
complex (DAPC) which together with dystrophin links the subsarcolemmal
membrane cytoskeleton to the extracellular matrix (Suzuki et al. 1992). The
cysteine-rich domain has been shown to bind to a particular member of this complex
called p-dystroglycan and are thus termed ‘the dystroglycan - binding domain’
(amino acids 3080-3408) (Suzuki et al. 1994). The highly conserved cysteine
residues have been shown to be important for p-dystroglycan binding along with
conserved WW domain residues (Suzuki et al. 1994; Rentschler et al. 1999). The last
half of the carboxy terminal domain forms a domain that interacts with another
component of the DAPC called syntrophin. This domain is termed ‘the syntrophin
binding domain’ (amino acids 3409-3685) and it corresponds to the proximal helix
predicted to form a coiled-coil structure (Yang et al. 1995a; Blake et al. 1995).

Due to its high homology to spectrin, dystrophin was thought to form antiparallel
dimers. However, several studies based on direct experimental data as well as
theoretical observations regarding the structure of the dystrophin molecule have
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suggested that it might exist as a monomer. Analysis of the dystrophin and utrophin
(a dystrophin homologue) rod domain repeats revealed that the most conserved
residues between the two molecules almost exclusively pack to the core of the triple
helical coiled-coil, leaving no conservation of surface residues to form any
substantial interface with an apposing dystrophin or utrophin molecule in a dimer
(Winder et al. 1995). Furthermore, several experiments that attempted to verily the
antiparallel dystrophin dimer model, succeeded only in producing evidence that
heightened the doubts as to its legitimacy. Proteolysis can result in the cleavage of
the C-terminal hinge 3 region but not of the N-terminal hinge 2 region (Hori et
al.1995). In the antiparallel dimer model, the N-terminal domain ought to confer
some protection to the C-terminus by virtue of lying alongside with it. The exclusive
protection of the hinge 2 may be attributed to the association of that region with Factin. Isolated dystrophin-DAPC complexes, unlike a-actinin for example, are
unable to cross link actin filaments into a supermolecular network (Rybakova et al.
1996).

Dystrophin has several potential phosphorylation sites. At the N-terminus there are
phosphorylation sites for protein kinase C and Casein kinase II (CK-II ) in close
proximity to the actin binding site (Luise et al. 1993). Phosphorylation by CK-II or
PKC has been shown to inhibit dystrophin binding to actin, whereas phosphorylation
by cAMP-dependent protein kinase A (PKA) causes a threefold increase in
dystrophin binding. Thus, phosphorylation is one potential mechanism that could be
responsible for modulating dystrophin-actin interaction and hence explain why the
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fraction of isolated native dystrophin sedimented by F-actin under high speed
centrifugation varies in different dystrophin preparations (Senter et al. 1995).

Interestingly, there are no serine/ threonine consensus sites for PKA phosphorylation
in the actin binding domain itself. However there are seven potential sites in the rod
domain. Phosphorylation of these sites by PKA was previously proposed to be
involved in modulating self assembly of the dystrophin dimers (Luise et al. 1993). It
is however conceivable that phosphorylation of the rod domain may indirectly
influence the conformation of the actin binding domain (Senter et al. 1995).

It has been demonstrated that a recombinant fragment spanning the carboxy-terminal
201 amino acids of the protein could be phosphorylated in vitro by human p34cdc2
at serine and threonine residues (Milner et al. 1993). Native dystrophin present in
Triton X-100 solubilized membrane was also shown to be phosphorylated by the
same enzyme

(Milner et al. 1993). This phosphorylation may play a role in

regulating the association of the carboxy terminus with the sarcolemmal
glycoproteins, particularly in modulating the binding of dystrophin to syntrophins
(Suzuki et al. 1995).

1.3 Mutations in the DMD gene : genotype - phenotype correlation

The majority of mutations in the DMD gene (55-65%) are deletions of one or more
exons. Duplications constitute about 5% of the mutations (Hoffman 1993) and are
reported to arise as a consequence of unequal sister chromatid exchange (Hu et al.
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1991).

The remaining affected individuals have no detectable deletions or

duplications and their gene defect may be attributable to point mutations. A study of
280 families has found that the vast majority of deletions arise in oogenesis and most
point mutations stem from spermatogenesis (Grimm et al. 1994). Transcripts with
inframe deletions are produced at normal levels independently of the deletion size
(Chelly et al. 1990a). The stability of the truncated protein products that results as a
consequence of a particular mutation seem to vary according to the type of mutation.

Mutations in the dystrophin gene have provided a great deal of information regarding
the functional importance of each domain. Patients suffering from Becker muscular
dystrophy tend to have a much milder muscle weakness in comparison to DMD
patients in spite of possessing mutations in the DMD gene. The ‘frame shift’
hypothesis proposed by Monaco et al. (1988) went some way to explaining this
observation. Mutations that produce a shift in the reading frame introduce a
premature termination codon, resulting in a truncated and unstable dystrophin
molecule. Such mutations are the cause of the severe DMD. However mutations that
maintain the reading frame lead to the production of a smaller, internally deleted, yet
nevertheless functional dystrophin molecule. The presence of such truncated
dystrophin in the muscle of BMD patients accounts for the mild phenotype of those
patients. The majority of BMD patients tend to have in-frame deletions in the rod
domain which still allow for the production of a truncated protein.

In one reported case, a BMD patient had 5,106 bp of rod domain coding region
removed which constitutes 46% of the dystrophin transcript. The truncated protein
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was still detected in immunoblots with antibodies directed towards the N and C
terminals. Furthermore immunocytochemical analysis revealed that the truncated
protein displayed normal localisation pattern (England et al. 1990). Few BMD cases
possess out of frame deletions but these are believed to be attributable to cryptic
promoter activity, ribosomal frameshifting, reinitiation or alternative splicing
(Chelly et al. 1990a).

Immunostaining for the components of the dystrophin associated protein complex
(DAPC) in patients with huge deletions in the rod domain revealed that this complex
was slightly reduced and patchy in appearance in the sarcolemma when compared to
normal individuals or patients with non DMD / BMD neuromuscular diseases.
(Matsumura et al. 1994). However, the loss of the DAPC was far more severe in
patients that had deletions involving the N-terminal actin binding domain plus the
rod domain (Matsumura et al. 1994). These patients in turn had a more severe
phenotype, resembling that of DMD or severe BMD. A missense mutation in the
actin binding domain, causing the substitution of a conserved leucine residue for an
arginine residue, also resulted in a severe phenotype, in spite of the resulting protein
localising to the sarcolemmal membrane (Prior et al. 1993).

The most severe loss of DAPC staining was observed in patients lacking the Cterminal domains (Matsumura et al. 1993a) which correlated with the most severe
DMD phenotype. These types of deletions are often observed in patients with severe
mental retardation (Lenk et al. 1993). One base deletion in exon 65 coding for part of
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the cysteine - rich domain resulting in a stop codon has also been reported in a DMD
patient suffering moderate mental retardation (Tsukamoto et al. 1994).

It is interesting to note that in some patients with deletions that remove the cysteine
rich domain and the C-terminal domain of dystrophin, the truncated, non functional
dystrophin molecule may still associate with the sarcolemma. (Hoffman et al. 1991;
Bies et al. 1992b; Matsumura et al. 1993a).

Hence a picture is emerging from the mutation analysis and phenotype correlation
that highlights the importance of the C-terminal domain of dystrophin, probably due
to its role in anchoring the DAPC complex. It is also clear that the degree of
deficiency of DAPC in the sarcolemma correlates with the phenotype severity.
Mutations in the dystrophin gene have been very informative with regard to the
functional relevance of each domain.

1.4 DMD gene gives rise to multiple isoforms with specific tissue localisation

The DMD gene is under developmental and tissue specific regulation. The
embryonic dystrophin transcript has a 32 bp alternatively spliced region at the 3' end
(Geng et al. 1991). Isoform switching from the embryonic to the adult type occurs
during the prenatal period in an innervation independent manner (Dickson et al.
1988) with cardiac muscle being the first tissue to show membrane localisation of
dystrophin (Bies et al. 1992a).
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The DMD locus gives rise to a variety of transcripts that are initiated by at least eight
different promoters. Furthermore these transcripts are alternatively spliced, giving
rise to multiple isoforms of dystrophin that coexist in the same tissues. (Feener et al.
1989; Bies et al. 1992c). Some of them are found in more than one tissue (see table

1).
Transcript

Detected in

L-dystrophin
C-dystrophin

Lymphocytes
Cortex, hippocampus,
Spleen, lung, testes
Skeletal, cardiac and
smooth muscle
Purkinje cells and
skeletal muscle

M-dystrophin
P-dystrophin

Not detected in

Smooth muscle, liver,
spleen

Dp260

Retina, brain and cardiac
muscle

Dp 140

CNS
Kidney
Schwann cells

Dpi 16

Dp71/Dp45

References
N ishioetal. 1994
Nudel et al. 1989;
Gorecki et al. 1992

Kidney, liver, lung,
spleen, testis, thymus,
pancreas
Skeletal Muscle
Cardiac muscle, liver,
brain, testis, lung,
spleen, submaxillary
gland, thyroid and
kidney

All tissues tested except
muscle

Gorecki et al. 1992;
Holder etal. 1996
And this study.
D’Souza etal. 1995

Lidov et al. 1995
Byers et al. 1993

Hugonot et al.
1992;
Lederfein et al.
1992

Table 1
Expression of the dystrophin transcripts in various tissues (adapted from Bakker and van
Ommen 1998).
Dystrophin transcripts fall into two categories:
Those encoding the 427 kDa protein described earlier which differ by at least their
first exon and are tissue specific to a large extent. These isoforms contain either the
full actin binding domain or part of it. The second category encompasses several
shorter transcripts that initiate from intergenic promoters which give rise to
transcripts that encode N-terminally truncated portions of the full length protein,
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m ost o f these isoform s also possess short unique N -term inal sequences (see Figure
1.2 ).

D p 140

Dp427
Dp260
Dpl40
D p ll6
Dp71

Figure 1.2
Diagram of the coding sequence of the DMD gene and the various known dystrophin
isoforms. Promoters are indicated by coloured boxes. M, muscle; C, brain; P, Purkinje cells; L,
lymphocyte; R, retina; S, Schwann; G, nonmuscle. D p i40 is also indicated. Promoters
represent either tissue-specific promoters for the same isoform, as occurs for Dp427, or the
initial tissue of discovery, or based on the protein product size. The exons to which the
isoform specific first exons are spliced are indicated with white boxes and their number is
given (adapted from Pillers 1999).

1.4.1 Full length dystrophin transcripts

Full length dystrophin transcripts w ere originally classified according to the tissues
in w hich their expression was first detected. H ence they w ere know n as 'B rain-type'
and 'M uscle-type'. H ow ever later studies show ed that 'B rain-type' dystrophin can be
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detected in muscle and 'Muscle-type' dystrophin transcript can be detected in the
brain. Thus for the following description of these transcripts, the nomenclature
proposed by Gorecki et al. (1992) will be adopted to distinguish the full length
transcripts.

M-type (initially known as the Muscle type transcript) is found predominantly in
skeletal muscles but is also present in smooth and cardiac muscle (Walsh et al.
1989), and at much lower levels in amniotic fluid cells (Prigojin et al.1993), cultured
fibroblasts (Hugnot et al.1993) and lymphocytes (Nishio et al. 1993). In the brain it
has been detected at low levels by in situ hybridisation in the neurons of the cerebral
cortex and hippocampus (Gorecki et al 1992). It has also been detected by PCR and
RNAse protection in cultured glial cells (Bamea et al. 1990). The first exon of this
transcript encodes 11 unique amino acids.

C-type (initially known as the Brain type transcript) is initiated from a promoter
located 90 kb upstream of the muscle promoter (Makeover 1991). The 'C' stands for
the two brain regions where its mRNA was localised, i.e. the cortex and Cornu
Ammoni (CA) of the hippocampus. The first exon of the C-type transcript encodes 3
unique amino acids.

P-type is the cerebellar Purkinje cell-specific transcript. The first exon of this
transcript is positioned in the middle of the large 240 kb intron between muscle type
exon 1 and 2 and encodes 7 amino acids. The transcript is predicted to encode a
protein with a different amino-terminus from the M- and C- type isoforms .
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Recently a new isoform was detected in a lymphoblastoid cell line from a patient
with a deletion which removed the other three promoter regions encoding the various
full length transcripts. This transcript, denoted as L-dystrophin, is initiated from a
putative promoter region lying 500 kb upstream of the brain type promoter region. It
is predicted to encode a novel dystrophin isoform with a methionine residue
followed by the sequence normally encoded by exon three, hence missing out the 20
amino acids of the actin binding domain that are encoded by exon 2 (Nishio et
al.1994).

1.4.2 Short length dystrophin transcripts

There are four transcripts which initiate from intragenic promoters. Three of these
isoforms possess unique N-terminal domains.

Dp71 was the first short transcript to be detected. It is also referred to in the literature
as apo-dystrophin 1 or G-dystrophin noting its ‘general’ pattern of expression as it is
found in a wide variety of tissues including kidney, testis, lung, liver and brain. It is
the first product of the DMD gene detectable during development and can be
detected in undifferentiated embryonic stem cells (Rapaport et al. 1992a). It is also
expressed in undifferentiated myoblasts but is down regulated during muscle
differentiation as the full length 427 kd isoform begins to be expressed (Rapaport et
al. 1992b).
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Initially there was some discrepancy about the size of the transcript which was
reported to be 6.5kb (Bar et al. 1990) 4.8kb (Blake et al. 1992) and 4.5kb (Hougnot et
al.1992). However more recently, the transcript was reported to migrate on gel as a 5
kb band, as estimated using commercial RNA size markers (Lederfein et al.1993).
This estimation fits with the calculated size of mRNA, which is 4661 nucleotides
long, not including the polyA tail. It gives rise to a 70.8 kDa protein composed of
622 amino acids .The transcript codes for seven additional amino acids at the Nterminus, the first six of which form an actin binding site (Howard et al. 1998a).
There are some unique C-terminal alternative splicing events that lead to the
replacement of the last 13 amino acids by 31 amino acids, which are not found in
skeletal muscle dystrophin. They confer hydrophobicity to this region, and
furthermore they are predicted to form an a-helix, a part of which is amphipathic
(Rapaport et al. 1993b). Dp71 isolated from bovine brain membranes has been
shown to be glycosylated which may account for its higher migration during
polyacrylamide gel electrophoresis (PAGE) (Jung et al. 1993). Immunofluorescence
staining and subcellular fractionation have shown it to be associated with the cell
membrane (Lederfein et al.1993). Dp71 is sufficient for the restoration of all the
members of DAPC to control levels in transgenic mdx mice. However, this
restoration is not sufficient to rescue the severe muscle pathology (Cox. et al. 1994;
Greenberg et al. 1994). Although Dp71 is the most thoroughly studied short isoform
of dystrophin, its function has not yet been fully elucidated. Its importance is
highlighted by its reduced expression in the mouse mutant, the mdx3Cv which
possess a unique mutation in intron 65 creating an acceptor site that results in an
aberrantly spliced message that encodes 145 new amino acids before a termination
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codon is reached. This mutation affects the expression of both Dp71 and the full
length isoforms. This mutant displays an abnormal breeding phenotype in addition to
the dystrophic muscle pathology that is observed in the mdx mouse (Cox et al.
1993).

Dp45 is a shorter transcript containing the same 5' first exon as that of Dp71. It
encodes the cysteine-rich domain and part of the C-terminal domain. It most
probably is regulated by the same promoter as Dp71 (Tinsley et al.1993).

DPI 16 (S-dystrophin) is a 5.2 kb transcript that initiates from an exon located 850bp
upstream of dystrophin exon 56 designated 55S. It is expressed specifically in
Schwann cells of the peripheral nerve (Byers et al. 1993) and was demonstrated to
colocalize with components of the dystrophin associated complex (DAPC) in
peripheral nerve fibres (Matsumura et al. 1993b).

More recently two further short length transcripts were discovered. The first is a 7.5
kb transcript, predicted to encode a 140 kDa isoform (Dp 140) which is detected in
brain as well as foetal and adult kidneys (Lidov et al. 1995; Durbeej et al. 1997;
Lidov and Kunkel 1998). This transcript is initiated from a unique 5' first exon
located upstream of exon 45. This first exon appears to be untranslated as it contains
no methionine codon in frame with the dystrophin reading frame and the exon 45
border. Hence it is predicted that its translation initiates from a methionine in exon
51. The protein would contain the last five rod domain repeats,’ the cysteine rich
domain and the C-terminal end (Lidov et al. 1995).
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The second transcript encodes for a retinal dystrophin isoform, Dp260 (or Rdystrophin) detected in the outer plexiform layer of the retina alongside other
dystrophin isoforms (Tamura et al. 1993; Pillers et al.1993; D'Souza et al. 1995).
Dp260 is predominantly associated with postsynaptic dendritic complexes of bipolar
and horizontal cells (Schmitz et al. 1993) and believed to be important for normal
retinal function (D'Souza et al. 1995). The functional significance of this transcript
will be discussed in section 1.10.

1.5 Dystrophin expression in skeletal muscle

Dystrophin is a relatively low abundance component of the myofibre representing
only 0.002 % of total muscle cell protein (Hoffman et al. 1987). However, it
represents 5% of total sarcolemmal cytoskeletal proteins (Ohlendieck and Campbell
1991). Dystrophin is attached to the sarcolemma and is found to be highly enriched
in costameres. These are subsarcolemmal densities where the Z bands are presumed
to be attached to the overlying sarcolemma (Minetti et al. 1992).

Antibodies to the last 17 amino acids of dystrophin show it to localise to the
membrane (Cullen et al. 1991). However, based on structure prediction it is
presumed not to insert into the membrane (Koenig et al.

1988). Dual-

immunolabelling in cultured human and mouse myotubes revealed virtually
complete co-localisation of dystrophin on the inside surface of the muscle cell
sarcolemma with plaques and veined arrays of laminin accumulating on the
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extracellular face. Immunoprecipitation of dystrophin from solubilized myotube
extracts resulted in co-purification of the laminin B1 chain (Dickson et al. 1992).
Dystrophin transcripts are first detected in the myotomes of 9.5 days mouse embryo.
Dystrophin and myosin heavy chain transcripts are detected at the same time in
skeletal muscle when they are just beginning to contract (Houzelstein et al 1992). In
humans, dystrophin is first observed at the myotendinous junction at about 8 weeks
of foetal development (Wessels et al. 1991). P-dystroglycan can also be detected at
that early stage. However it is localised to the surface of the myotubes and possesses
irregular distribution. Presumably it is anchored through binding to utrophin.
Dystrophin begins to localise to the surface of fibres at week 10, however some
intracytoplasmic immunostaining can still be observed. This staining begins to
decrease in later weeks as the dystrophin begins to associate substantially with the
sarcolemma, where it binds p-dystroglycan. Other components of the DAPC are also
expressed at that stage albeit weakly, however their expression increases with fibre
maturation (Mora et al. 1996). Uniform sarcolemmal dystrophin staining is achieved
by 26 weeks of gestation (Clerk et al. 1992; Mora et al. 1996 ).

1.6 Dystrophin expression in cardiac muscle

Dystrophin antibodies directed to the distal rod region stain the plasma membrane of
cardiac muscle (Byers et al. 1991), except in the transverse regions of contact
between cardiocytes and intercalated discs (Byers et al. 1991; Klietsch et al. 1993).
Dystrophin and DAPC have also been detected in the T-tubules of sheep cardiac
muscle. This is in contrast to the skeletal muscle where the T-tubules are negative
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for dystrophin. (Klietsch et al.1993). Dystrophin mRNA is detectable in rat cardiac
muscle by PCR analysis from embryonic day 10 (Tanaka et al. 1990) and by in situ
hybridization in 9 day mouse embryos (Houzelstein et al. 1992). It is interesting to
note that in the heart, a functional sarcomere is present well before dystrophin gene
expression that is in contrast to skeletal muscle (Houzelstein et al. 1992). However
the time scale of dystrophin expression in human foetal cardiac muscle proceeds in
an analogous manner to skeletal muscle with dystrophin being detected at the 8 week
stage and increasing progressively as the cardiac myofibre matures. Human Purkinje
fibres express dystrophin at their surface which may be significant for the observed
cardiac conduction disturbances in DMD patients (Bies et al. 1992a). Recently it was
demonstrated that Coxsackieviral protease 2A, an enzyme produced by Coxsackie B
viruses (members of the enterovirus genus), cleaves dystrophin resulting in the
development of post-myocarditis dilated cardiomyopathy.

The cleavage of

dystrophin weakens the cytoskeleton and increases cell membrane permeability
which might facilitate viral propagation (Badorff et al. 1999).

1.7 Dystrophin expression in smooth muscle

In smooth muscle the dystrophin transcript was found to be present at 5% of the
levels in skeletal muscle and the plasma membrane is considerably less dystrophin
immunoreactive than in skeletal muscle (Chelly et al. 1988; Hoffman et al. 1988).
Dystrophin transcripts are detectable by in situ hybridization during mouse
embryogenesis from 11 days postcoitum in blood vessels and subsequently at 12
days in the walls of the bronchi and bronchioli and the gene continues to be

-

39

-

V / (-uyy H /f a.

expressed in the smooth muscle of the lung at later stages and very weakly in the
smooth muscle of the stomach and intestine at 14.5 days (Houzelstein et al 1992).
Longitudinal sections stained with dystrophin antibodies show a continuous smooth
muscle membrane labelling while transverse sections show discontinuous and
punctate staining (Byers et al. 1991). Dystrophin is found in smooth muscle
membrane invaginations known as caveolae, which alternate with adherent junction
domains. It co-localises with caveolae associated molecule, caveolin which is
distributed over the I-band. This distribution is lost in DMD patients (North et al.
1993). The expression of dystrophin seem to correlate directly with the contractile
performance of smooth muscle (Lees et al. 1995).

Enigmatically, the extraocular muscles (EOMs) remain clinically unaffected during
the course of this disorder (Kaminski et al. 1992). Khurana et al. (1995) showed that
dystrophin deficiency does not result in myonecrosis or pathologically elevated
levels of intracellular calcium in the EOMs. They reported in vitro experiments
demonstrating that extraocular muscles are inherently more resistant to necrosis
caused by pharmacologically elevated intracellular calcium levels when compared
with pectoral musculature. They suggested that the EOMs are spared in DMD
because of their intrinsic ability to maintain calcium homeostasis better than other
striated muscle groups. Hence modulating levels of intracellular calcium in muscle
may be of potential therapeutic use in DMD (Khurana et al. 1995).
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1.8 The dystrophin associated proteins

Dystrophin, isolated from skeletal muscle, was found to be linked to laminin via a
large (18S) tightly associated oligomeric complex of lectin binding glycoproteins
(Ervasti et al. 1990; Yoshida and Ozawa 1990; Ervasti et al. 1991). The components
of this complex were identified biochemically by two different research groups and
assigned different nomenclature. Most of these components have now been cloned
and renamed. The various components of DAPC are listed in Table 2.

The components of the oligomeric complex were revealed to be comprised of three
complexes and classified according to their biochemical association, homology and,
in some cases, their involvement in certain muscular dystrophies. Thus they can be
divided into the dystroglycan complex, the sarcoglycan complex and the syntrophin
complex (Ozawa et al. 1995; also see Figure 1.3).
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Protein

Synonym

Location

Molecular
weight

Reference

Dystroglycan
complex:
a-dystroglycan

156DAG

3p21

156 kDa
(muscle)
120 kDa
(brain)
43 kDa

IbraghimovBeskrovnaya et
al. 1992, 1993

P-dystroglycan

43DAG, A3a

3p21

17q21

P-sarcoglycan

50DAG, A2,
adhalin
43DAG, A3b

LGMD-2D

50 kDa

4ql2

LGMD-2E

43 kDa

35DAG

13q 12

LGMD-2C

35 kDa

35DAG

5q33-q34
7q21-22

LGMD-2F

35 kDa
43.5 kDa

Roberds et al.
1993
Bonnemann et al.
1995; Lim et al.
1995
Noguchi et al.
1995
Nigro et al. 1996
Ettinger et al.
1997;
McNally et al.
1998a

y-sarcoglycan
8-sarcoglycan
e-sarcoglycan

Syntrophin
complex:
a-syntrophin

59DAP

20q 11.2

60 kDa

P 1-syntrophin

59DAP

8q23-q24

60 kDa

p2-syntrophin

59DAP

16q22-23

60 kDa

Dystrobrevins:
a-dystrobrevin

AO
18q 12

80-22 kDa

2p22-23

61 kDa

Sarcoglycan
complex:
cx-sarcoglycan

P-dystrobrevin

Others:
Sarcospan

25DAP, A5

Disease

12pl 1.2

IbraghimovBeskrovnaya et
al. 1992, 1993

Peters et al.
1994; Adams et
al. 1994;
Ahn et al. 1996
Peters et al.
1994; Adams et
al. 1994
Peters et al.
1994; Adams et
al. 1994;
Ahn et al. 1996
Sadoulet-Puccio
etal. 1996,
1997b
Peters et al.
1997b Blake et
al. 1998;
Crosbie et al.
1997
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Table 2
Components of the dystrophin associated protein complex (DAPC). Protein: name of protein.
Synonym: other names which have been used to describe the same protein. Location:
chromosomal localization of the human gene. Disease: known human disease caused by
mutations in this protein. Reference: key publication describing the protein. Note: alpha- and
beta dystroglycan are encoded by one gene. DAG: dystrophin associated glycoprotein. DAP:
dystrophin associated protein. LGMD: limb-girdle muscular dystrophy.

1.8.1 The dystroglycan complex

a-dystroglycan (156-DAG) is an extracellular membrane protein that binds the
carboxyl-terminal G domains of laminin and the G domain like sequence in other
extracellular matrix molecules like agrin (Gesemann et al. 1996) and possibly
perlecan (Peng et al. 1998). It was first cloned from a rabbit skeletal muscle mRNA
and found to be translated from a 3.5 kb transcript that also encodes p-dystroglycan
(43-DAG), giving rise to a 97 kDa product which is cleaved into the two products
(Ibraghimov-Beskrovnaya et al. 1992). Human dystroglycan has also been cloned
and found to be encoded by a single gene, DAG-1, that maps to chromosome 3p21.

The human dystroglycan coding sequence is organised into 2 exons, separated by a
large intron (Ibraghimov-Beskrovnaya et al. 1993). a-dystroglycan is highly
glycosylated; its primary protein sequence predicts a molecular weight of 72 kDa
(Durbeej et al. 1998). The extent of the glycosylation varies between species and
tissues, influencing the overall molecular weight of a-dystroglycan. Thus the
molecular weight of a-dystroglycan isolated from mammalian skeletal muscle is
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estim ated by m igration on protein gels to be 156 kDa, w hereas a -d y stro g ly can
isolated from the brain is 120 kDa.

Basal lamina

DYSTROGLYCANS

SARi

ILYQANi

Cysteine
rich
domain

DYSTROBREVTN
HI

ACTIN
FILAMENTS

DYSTROPHIN

HI

H2

Figure 1.3
A schematic representation of the dystrophin-glycoprotein complex (DGC). The complex
bridges the inner cytoskeleton (F-actin) and the extra-cellular matrix. Dystrophin associates at
its N terminus with actin, and with the dystrophin -associated glycoprotein complex near the
C terminus. Dystrophin interacts with the dystroglycan complex via the cysteine rich domain,
binds syntrophin through the region encoded by exon 74, and finally heterodimerizes with
dystrobrevin via the first helix of its coiled-coil motif. Dystrobrevin and dystrophin have been
proposed to recruit two syntrophins per complex (Sadoulet-Puccio et al. 1997a; Peters et al.
1997a). In fast-twitch myofibres, a1- and/or (31-syntrophin bind nNOS (Brenman et al. 1996).

Furtherm ore, the m olecular w eight o f a-dy stro g ly can isolated from chicken cardiac
m uscle is 135 kD a and from T. californica electric organs is 190 kD a (G ee et al.
1993; B rancaccio et al. 1995; Bow e et al. 1994; D eyst et al. 1995). Studies have
suggested that a-dystroglycan resem bles m ucin proteins (B rancaccio et al. 1995;
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Smalheiser and Kim 1995). a-dystroglycan is susceptible to sialoglycopeptidase
treatment which suggests that it is a sialylated mucin-type glycoprotein (Smalheiser
and Kim 1995). The sialic acid residues of a-dystroglycan are crucial for laminin
binding (Yamada et al. 1996).

p-dystroglycan also has several glycosylation sites as well as a transmembrane
domain and a cytoplasmic tail (Ibraghimov-Beskrovnaya et al. 1992). It was found to
correspond to the A3a component identified by Yoshida et al. (1994) but distinct
from a second 43 kDa component of DAPC designated A3b (P-sarcoglycan) which
unlike 43 DAG does not bind to dystrophin (Yoshida et al. 1994; Yamamoto et al.
1993). The cytoplasmic domain of p-dystroglycan binds to Grb2, an SH2/SH3
adapter protein involved in signal transduction (Yang et al. 1995b). p-dystroglycan
has been shown to bind Dp71 and Dp260 (Jung et al. 1995) as well as utrophin
(James et al. 1996). This suggests that different dystroglycan complexes may form in
different tissues.

Like dystrophin, the structure of dystroglycan has not been resolved on the atomic
scale. However electron microscopy investigation on the shape of a-dystroglycan,
isolated from chicken cardiac muscle, suggests that the core of the protein consists of
two roughly globular domains connected by a 20-30 nm long rod-shaped and
frequently curved segment (Brancaccio et al. 1995).
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The dystroglycans are expressed in a wide range of tissues and hence several
functions have been attributed to them. What is clear, however, is that the
dystroglycans

have

a

fundamental

importance

for

development,

because

dystroglycan knockout mice fail to progress beyond the early stages of development.
This is due to a perturbation of Reichert’s membrane, an early basement membrane
produced by extra-embryonic tissues. This suggests that dystroglycan may play a role
in the formation of basement membranes (Williamson et al. 1997). This is supported
by the fact that antibodies to block binding of a-dystroglycan to laminin-1 perturb
the development of epithelium in kidney organ cultures (Durbeej

1995).

Furthermore, dystroglycan-null (DG'/_) embryoid bodies (generated from D G 7 ES
cells) fail to form a basement membrane. Moreover, dystroglycan-laminin
interactions may be a prerequisite for the deposition of other basement membrane
proteins (Henry and Campbell 1998).

Dystroglycan is also involved in other diseases, unrelated to muscular dystrophies.
Mycobacterium Leprae, the causative organism of leprosy binds specifically to
a-dystroglycan in the presence of the G domain of the a2 chain of laminin-2. This is
believed to be instrumental in allowing m. leprae to adhere (and possibly invade)
Schwann cells and cause the peripheral nerve damage observed in leprosy patients
(Rambukkana et al. 1998). Furthermore, a-dystroglycan serves as a receptor for the
lymphocytic choriomeningitis virus (LCMV) and for the Lassa fever virus (LFV)
(Cao et al. 1998).
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1.8.2 The sarcoglycan complex

The sarcoglycan complex is an alkali-stable complex composed of at least 4
transmembrane glycoproteins (Ervasti and Campbell 1991). The sarcoglycans share
a significant amino acid homology. They consist of a small intracellular domain, a
single hydrophobic transmembrane domain and a larger extracellular domain that
contains four closely spaced cysteine residues. The extensive extracellular domain of
all the members of the sarcoglycan family suggests that they might interact with a
ligand. The first protein to be cloned from this complex was a-sarcoglycan (Adhalin
/ 50-DAG / A2). The human a-sarcoglycan gene has been mapped to chromosome
17ql2-q21.33 (Roberds et al. 1994). The protein it encodes consists of a short signal
sequence, a transmembrane domain and two potential sites for N-linked
glycosylations (Roberds et al. 1994). Sequence analysis revealed the existence of a
consensus site for nucleotide binding in the extracellular domain of a-sarcoglycan.
Furthermore, it was demonstrated that a-sarcoglycan binds ATP and has ectoATPase activity. One possible interpretation of this result is that a-sarcoglycan may
modulate the activity of P2X receptors by buffering extracellular ATP concentration
(Betto et al. 1999). In contrast to other sarcoglycans, a-sarcoglycan expression is
specifically restricted to striated muscle (Roberds et al. 1993; Ettinger et al. 1997;
Liu et al. 1997). Targeted deletion of the a-sarcoglycan gene in mouse results in
progressive muscular dystrophy which shows ongoing muscle necrosis with age
(Duclos et al. 1998). a-sarcoglycan has been shown to be reduced in both the
neuromuscular junction (NMJ) and sarcolemma of patients suffering from Limb-
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girdle muscular dystrophy (LGMD) type 2D. LGMDs

are a genetically

heterogeneous group of disorders, characterised clinically by predominantly
proximal muscle weakness of variable severity. The phenotype of these patients
resembles severe BMD but they retain normal or near normal levels of dystrophin
(Matsumura and Campbell 1994).

Some of the other types of limb-girdle muscular dystrophies have also been
attributed to mutations in genes encoding other members of the sarcoglycan
complex. LGMD2E is caused by mutations in the gene encoding for p-sarcoglycan
(A3b). The gene, which is composed of 6 exons, maps to chromosome 4ql2 (Lim et
al. 1995; Bonnemann et al. 1995). Mice lacking P-sarcoglycan display progressive
muscular dystrophy. These mice lack all four sarcoglycans as well as the dystrophin
associated protein sarcospan (discussed in section 1.8.4) suggesting that psarcoglycan is a core protein for assembling the sarcoglycan complex (Araishi et al.
1999). LGMD2F is caused by mutations in 5-sarcoglycan (A4) whose gene maps to
chromosome 5q33-34 (Nigro et al. 1996). Furthermore, the BIO 14.6 hamster which
serves as an animal model for LGMD2F, has a large deletion in 8-sarcoglycan (Nigro
et al. 1997). BIO 14.6 displays both cardiomyopathic and myopathic features. It is
possible to prevent disease progression by introducing recombinant 8-sarcoglycan
adenovirus into the skeletal muscle of the BIO 14.6 hamster (Holt et al. 1998).
LGMD2C is caused by mutations in y-sarcoglycan whose gene maps to chromosome
13ql2 (Noguchi et al. 1995). Distal C-terminal deletions of y-sarcoglycan result in
the complete absence of y-and p-sarcoglycan, suggesting that this region is important
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for the stability of the sarcoglycan complex (McNally et al. 1996). Mice lacking ysarcoglycan show pronounced dystrophic muscle changes early in life and generally
display a more severe phenotype than mdx mice as they develop marked
cardiomyopathy and die prematurely (Hack et al. 1998). The most recently described
member of the sarcoglycan family is 8-sarcoglycan which exhibits >40% amino acid
identity to a-sarcoglycan. It shares all the structural features of skeletal muscle
sarcoglycans but it is also expressed in many non-muscle tissues (Ettinger et al.
1997; McNally et al. 1998a). In the a-sarcoglycan deficient mice, e-sarcoglycan
appears to be normally expressed suggesting that it is not a component of the
tetrameric complex of a-, (3-, y- and 8-sarcoglycan in skeletal muscle (Duclos et al.
1998). The y-sarcoglycan deficient mice produce secondary reduction of p - and 8sarcoglycan but only a partial reduction of a and e- sarcoglycan, suggesting that p -,
y- and 8- sarcoglycan function as a unit (Hack et al. 1998). Thus, a primary defect in
one sarcoglycan can cause secondary deficiency in the other components.
Furthermore, the analysis of dystrophin amount in a number of LGMD patients
showed a correlation between the deficiency of y-sarcoglycan and dystrophin
quantity (Vainzof et al. 1996).

1.8.3 The syntrophin complex

Syntrophins are intracellular peripheral membrane proteins of 58-60 kD, originally
identified at the postsynaptic apparatus in Torpedo electric organ (Froehner et al.
1987) and subsequently shown to be present in many mammalian tissues. The
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syntrophin complex is composed of ocl-syntrophin, pi-syntrophin and p2-syntrophin
encoded by different genes (Peters et al. 1994). cDNA cloning and peptide
sequencing revealed these proteins to be homologous (Adams et al. 1994; Yang et al.
1994; Ahn et al. 1994). In vitro studies have demonstrated that all three syntrophins
can bind to dystrophin and its relatives as well as to each other (Suzuki et al. 1994;
Yang et al. 1995a; Ahn et al. 1996). al-syntrophin is abundant in skeletal and
cardiac muscles and at low levels in brain and kidney (Adams et al. 1993; Yang et al.
1994). pi-syntrophin is present in pancreas, kidney, liver, lung and placenta but only
in low abundance in brain and cardiac muscle (Ahn et al. 1994).

In spite of the close homology of a and p-syntrophin (50%) (Ahn et al. 1994), both
molecules have been found to bind to different sites on the C-terminal domain of
dystrophin (Suzuki et al. 1995). All known syntrophins contain two pleckstrin
homology (PH) domains, modules of -100 amino acids that are found in a wide
array of signalling proteins (Adams et al. 1995). Within the first syntrophin PH
domain is a PDZ domain (the name is derived from the fact that it was originally
identified in postsynaptic density protein-95, discs large and ZO-1 proteins). This
domain is found in many proteins restricted to tight junctions or synapses. The Ctermianl 57 amino acids of syntrophin (termed the syntrophin-unique (SU) domain)
are highly conserved amongst the three isoforms (Ahn et al. 1996)., In skeletal
muscle, al-syntrophin is localized to the sarcolemma along with dystrophin,
whereas p2-syntrophin is restricted to the NMJ in a comparable manner to utrophin
(Peters et al. 1994). Recently p2-syntrophin was shown to bind and co-localise with
the

PDZ

domain

containing

proteins,
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MAST205

(microtubule-associated

serine/threonine kinase-205 kD) in the NMJ and with SAST (syntrophin-associated
serine/threonine kinase) in cerebral vasculature, spermatic acrosomes and neuronal
processes (Lumeng et al. 1999). The presence of syntrophin binding sites in both
dystrophin or utrophin and dystrobrevin (a dystrophin related and associated protein)
allows for the binding of two syntrophins per DCG complex (Peters et al. 1997a;
Kachinsky et al. 1999).

1.8.4 Sarcospan

Crosbie et al.(1997) cloned a 25 kDa subunit of the dystrophin-associated
glycoprotein complex, which they named sarcospan (SPN). Sarcospan is predicted to
contain four transmembrane spanning helices with the N- and C-terminal domains
both located intracellularly. Sarcospan co-localizes and co-purifies with the DGC
and is reduced in muscle from DMD patients, demonstrating that it is an integral
component of the complex and that its localization is dependent on proper
dystrophin expression. The sarcospan gene encodes two transcripts. The first has an
estimated size of 4.4 kb. It is expressed in a wide variety of tissues such as muscle,
ovary and small intestine. The second (estimated size is 6.5 kb) is expressed in
skeletal and cardiac muscle (Crosbie et al.1997). Sarcospan is not expressed in the
brain and hence it is unlikely to be involved in the mental retardation aspect of
DMD. Sarcospan is preferentially associated with the sarcoglycan subcomplex. The
preassembly of the sarcoglycan subcomplex is vital for the stable localization of
SPN to the sarcolemma, NMJ and MTJ. Furthermore, the sarcoglycan-sarcospan

-

51

-

riu,yic-r x

subcomplex is important for the stable localization of a-dystroglycan (Crosbie et al.
1999).

1.8.5 Other dystrophin associated proteins

Dystrophin also associates with other cytoskeletal proteins. It has been shown to
bind talin, a protein implicated in the formation of focal adhesion plaques and whose
expression is restricted to the neuromuscular and myotendinous junctions, with high
affinity (kd. 3.5 nM). This is similar to the binding affinity of talin to vinculin.
However vinculin from chicken gizzart does not bind to dystrophin but it inhibits the
binding of dystrophin to talin (Senter et al.1993; North et al. 1993). Hance et al.
(1999) recently reported that dystrophin is associated with a-actinin-2 in skeletal
muscle, a-actinin-2 interacts with p 1 integrin, hence it is possible that there is a link
between dystrophin-DGC, integrins and other cytoskeletal molecules at the muscle
sarcolemma. Thus, the increased expression of a 7 p l integrin in DMD patients and
mdx mice (Hodges et al. 1997) might be due to upregulation of integrin in order to
overcome the dystrophin deficiency. This is supported by demonstration of a
biodirectional communication between the integrins and dystrophin-DGC (Yoshida
et al. 1998).

Dystrophin has also been shown to bind calmodulin in a calcium-dependent manner
(Madhavan et al. 1992; Bonet-Kerrache et al. 1994; Jarrett and Foster 1995).
Recombinant fragments containing amino terminal dystrophin sequences have been
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shown to bind calmodulin. The binding sites for this protein may overlap with one or
more of the actin binding sites (Bonet-Kerrache et al. 1994; Jarrett and Foster 1995).

Dystrophin or its associated proteins may also be involved in the binding of aciculin,
a 60kDa cytoskeletal protein that is homologous to phosphoglucomutase type-1
(PGM1) and is concentrated at the myotendinous junction and costameres (Belkin
and Burridge 1995). A similar association has also been demonstrated with neuronal
nitric oxide synthase (nNOS). This enzyme is localised to the sarcolemma of fast
twitch fibres in wild type mice, where it appears to be involved in modulating
contractile force and increasing glucose uptake into muscle cells during exercise
(Kobzik

et

al.

1994;

Balon

and

Nadler

1997;

Roberts

et

al.

1997).

Immunohistochemical studies identified an absence of sarcolemmal nNOS in mdx
mice as well as DMD patients (Brenman et al. 1995). In the absence of dystrophin,
nNOS is mislocalised to the cytosol where it maintains some of its enzymatic
activity (Brenman et al. 1995; Chang et al. 1996). Like syntrophin, nNOS possess a
PDZ domain near the amino terminus. This domain has been shown to bind the
amino terminal PDZ domain of syntrophin (Brenman et al. 1996). Furthermore,
nNOS is absent in the sarcolemma of al-syntrophin knock-out mice, suggesting that
syntrophin is responsible for anchoring nNOS to the submembranous dystrophin
complex (Kameya et al. 1999). However, it is has also been reported that certain
mutations in the rod domain of dystrophin that causes BMD result in a loss of
sarcolemmal nNOS but not other components of the DAPC (Chao et al. 1996).
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The crystal structure of the nNOS PDZ domain alone and in complex with the
syntrophin PDZ revealed that the domains associate in a linear head-to-tail fashion.
The nNOS PDZ domain has a polarized structure with two distinct surfaces - one
face has the canonical peptide binding groove, whereas the other has a (3-hairpin
“finger” which docks in the syntrophin peptide binding groove (Hillier et al. 1999).
Furthermore, nNOS binds caveolin-3, a muscle specific form of caveolin which
appears to inhibit nNOS activity (Venema et al. 1997). Caveolin-3 co-purifies with
dystrophin; however only a fraction of intracellular caveolin associates with
dystrophin. This association may be indirect and mediated through other components
such as nNOS (McNally 1998b).

Knockout mice for nNOS do not suffer from the sarcolemmal instability
characteristic of DMD (Brenman and Bredt 1997). Furthermore, when mdx female
mice were mated with nNOS knockout mice, the resultant mdxinNOS’7' mice
displayed a phenotype identical with mdx . This result suggest that nNOS
relocalisation to the cytosol does not contribute significantly to mdx pathogenesis
(Crosbie et al. 1998).

1.9 Dystrophin related proteins

There are also a host of proteins that are said to be ‘dystrophin related’. These share
a significant homology with one or more dystrophin domains.

-

54

-

1.9.1 Utrophin (DRP1)

Utrophin is a 395 kDa protein which is expressed in the developing foetal muscle
prior to dystrophin. It is highly homologous to dystrophin sharing a 73% homology
with dystrophin's C-terminal at the amino acid level which is increased to 83% if
conservative amino acid substitutions are taken into consideration (Love et al. 1989;
Tinsley et al. 1992). Utrophin is encoded by a large (1Mb) gene located on human
chromosome 6q24 and mouse chromosome 10 (Love et al 1989; Buckle et al 1990;
Khurana et al 1990).
During development, utrophin is gradually depleted from the skeletal muscle
sarcolemma to be replaced by dystrophin (Clerk et al. 1993). Antibodies to utrophin
have shown it to be located at the membranes of the myotendinous and
neuromuscular junctions of adult mouse skeletal muscle (Tinsley et al. 1992;
Khurana et al. 1992; Love et al. 1991; Ohlendieck et al. 1991). Utrophin colocalises
with DAPC at the NMJ in mdx mice suggesting the existence of two populations of
DAPCs, a small fraction of DAPCs associated with utrophin to form a complex
similar in size to dystrophin - glycoprotein complex at the NMJ and an uncomplexed
fraction which normally associate with dystrophin (Matsumura et al. 1992).
Furthermore, a fusion protein containing the C-terminal domain of utrophin has been
shown to bind a-syntrophin in a protein overlay assay (Yang et al. 1995a). High
resolution analysis of rat neuromuscular junctions showed precise co-localisation of
utrophin and acetylcholine receptors at the crests of the junctional folds of the NMJ
(Bewick et al. 1992). Utrophin is found to be concentrated around agrin induced
AChR aggregates in C2 myotubes. It is believed to be involved in cluster maturation
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rather than the initial stages of their formation (Gee et al. 1994; Campanelli et al.
1994). The NMJ is structurally abnormal in utrophin-deficient mice which otherwise
display a normal phenotype (Grady et al. 1997a).

Agrin

is a nerve derived, extracellular matrix

protein that induces the

phosphorylation of the p-subunit of the acetylcholine receptor resulting in receptor
clustering (Rupp et al. 1991; Sealock and Frehner 1994). It has been shown to bind to
a-dystroglycan (Gee et al. 1994; Campanelli et al. 1994). Hence it has been proposed
that in muscle the interaction of laminin with DAPC extrasynaptically could signal
for the formation of an internal dystrophin-based cytoskeleton, whereas at the
neuromuscular synapse, agrin interaction with DAPC initiates the formation of a
utrophin-based cytoskeleton (Campanelli et al. 1994). Imunofluorescent staining of
nerve and muscle cell cultures derived from xenopus embryos has shown that adystroglycan colocalises with synaptic clusters of AChRs and neuronal agrin as well
as with AChRs at nonsynaptic clusters lacking agrin (Cohen et al. 1995). Expressed
utrophin is targeted to agrin-induced AchR clusters. The C-terminal region of
utrophin is necessary for this association (Guo et al. 1996). Another protein involved
in clustering AChR is rapsyn (receptor associated protein at the synapse). It has also
been shown to interact with components of the utrophin complex. Coexpression
studies in QT-6 fibroblasts, show that dystroglycan targets rapsyn-induced clusters
(Apel et al. 1995). Moreover, utrophin and syntrophin are dramatically reduced at
synaptic sites in knockout mice for the rapsyn gene

(Gautam et al. 1995).

Interestingly, utrophin is found at the inner plasma face of the foot-processes of the
astroglia surrounding capillaries in the brain and is particularly enriched in the
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choroid plexus and hence it may be associated with dystroglycan at that particular
site (Khurana et al. 1992).

Mice deficient for both dystrophin and utrophin have been proposed as a more
suitable model for understanding muscular dystrophy than the mdx mice because
they show many of the typical DMD signs (e.g. severe progressive muscular
dystrophy resulting in premature death and ultrastructural neuromuscular and
myotendinous junctions abnormalities). The phenotype of the dystrophin / utrophin
doubly deficient mice as well as the mdx mouse can be corrected by the
overexpression of utrophin, suggesting that increased expression of utrophin might
be a successful therapeutic strategy for the treatment of DMD (Deconinck et al.
1997; Grady et al. 1997b; Tinsley et al. 1996; Rafael et al. 1998).

1.9.2 DRP2

During the course of a phylogenetic study of sequences encoding the characteristic
C-terminal domains of dystrophin-related proteins, Roberts et al. (1996) identified a
vertebrate dystrophin-related gene class. DRP2 is a relatively small protein, encoded
in man by a gene localized to Xq22. The gene contains 24 exons distributed over
approximately 45 kb and is transcribed in a proximal-to-distal direction. It is similar
in overall structure to the Dpi 16 dystrophin isoform. Northern analysis showed that
it is expressed principally in the brain and spinal cord. In situ hybridisation revealed
that in adult brain Drp2 is abundant in Ammon’s horn, dentate gyrus, olfactory bulb
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and various regions of the thalamus. It is co-expressed with both dystrophin and
dystroglycan (Dixon et al. 1997).

1.9.3 Dystrobrevins

Dystrobrevins are dystrophin-related and associated proteins because they not only
bear homology to dystrophin but can also bind directly to it. When dystrophin was
isolated from the electric organ of Torpedo califomica, it was found to associate
with two proteins of 58 kDa (homologous to the syntrophins) and an 87 kDa
phosphoprotein (Butler et al. 1992). The Torpedo 87 kDa protein was cloned and
found to possess an extensive sequence similarity with dystrophin and utrophin. The
region of similarity includes the leucine zipper motif and the cysteine rich domain
(Wagner et al. 1993). Its homologue in the rabbit has been identified to be the AO
component of DAPC (Yoshida et al. 1995). This 94 kDa protein has been shown to
bind dystrophin at the same site as pi-syntrophin (Suzuki et al. 1995).

In humans, two homologous genes have been identified and named a and P
dystrobrevin. The a-dystrobrevin gene is encoded by 23 exons spanning at least 180
kb of chromosome 18ql2 (Sadoulet-Puccio et al. 1996; Sadoulet-Puccio et al.
1997b). It gives rise to several transcripts as a result of alternative splicing, which
are expressed in different tissues including muscle (Sadoulet-Puccio et al. 1996).
Mice deficient in a-dystrobrevin become dystrophic by one month of age and display
a similar phenotype to mdx mice, suggesting that a-dystrobrevin is required for the
stability of skeletal and cardiac muscle fibres. The defects in postsynaptic
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differentiation at the NMJ in these mice is consistent with the localization of adystrobrevin at the synapse (Grady et al. 1999; Nawrotzki et al. 1998). The pdystrobrevin gene is localized to chromosome 2p22-23. It is encoded by a 2.5 kb
alternatively spliced transcript found throughout the brain, including in cortical and
hippocampal neurons. Furthermore it coimmunoprecipitates with Dp71 and Dp 140
in the brain (Peters et al. 1997b; Blake et al. 1998).

Dystrobrevin membrane staining was found to be severely reduced in muscle of
DMD patients (Metzinger et al. 1997). Furthermore, LGMD patients lacking one or
all of the sarcoglycan components had a reduction in dystrobrevin, whereas LGMD
patients where dystrophin and the rest of the dystrophin-associated protein complex
are normally expressed and patients with other neuromuscular disorders had normal
dystrobrevin staining (Metzinger et al. 1997). This finding is consolidated by the
observation that coiled-coils in the C-terminal domains of dystrobrevins and
dystrophin can mediate hetrodimerization (Sadoulet-Puccio et al. 1997a).

1.10. Expression of dystrophin and dystrophin associated proteins in the retina
and cochlea

Dystrophin is expressed both in the CNS and PNS. However, unlike the situation in
skeletal muscle, neuronal cells of DMD patients and mdx mice do not display
obvious morphological damage as a result of dystrophin loss.
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Several studies indicated that DMD patients have abnormal electroretinograms
(ERG) with reduced amplitude of the rod-isolated b-wave in the dark-adapted state
(Pillers et al. 1993; Fitzgerald et al. 1994).

This type of ERG abnormality is

commonly associated with night blindness, but in the case of DMD there have been
no reports on any visual anomalies. Further, there is no correlation between the
severity of the ERG changes and the severity of the muscle symptoms (Fitzgerald et
al. 1994). The level of dystrophin expression in the retina was estimated to be 1020% of that in muscle, which is higher than the level of dystrophin in the brain,
estimated at 1-2% (Pillers et al. 1993). RNA analysis indicated that there are
multiple forms of dystrophin transcript expressed in this tissue due to utilization of
different promoters.

These include C-type and Dp71 (G-type) dystrophins.

However, the most interesting is the recently described isoform of dystrophin,
Dp260 which apart from retina, is also expressed in brain and cardiac tissue
(D'Souza et al. 1995). The functional significance of this transcript is particularly
important in light of the findings that mdxCv3, which posses a point mutation in
intron 65 and thus lack both Dp71 and Dp260, have an attenuated b-wave and a
lower b-wave to a-wave ratio in comparison with wild type and mdx mice (Pillers et
al. 1995). Dystrophin exon 52 knock-out mice, lacking Dp260 but not Dp71, show
normal b-wave amplitude, however they also show a lower b-wave to a-wave ratio
compared to wild type mice, as well as increased implicit time of b-wave attenuation
and increased implicit time of the a-wave (Kameya et al. 1998). The difference
between the two mouse models suggest that perhaps Dp71 plays a role in b-wave
generation in ERG. When the expression of dystrophin and dystrophin related
proteins was examined in rat retina at different developmental stages, only Dp260
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showed a marked progressive increase with age at both protein and mRNA level,
suggesting that Dp260 may play a role in synaptogenesis (Rodius et al. 1997).
Immunohistochemical studies located C-type, Dp260 and Dp71 dystrophin isoforms
to the outer plexiform layer of the retina (OPL) (Pillers et al. 1993; Schmitz et al.
1993), while Dp71 is confined to the inner limiting membrane (ILM) and retinal
blood vessels and is absent from the OPL suggesting that it is functionally distinct
from the other isoforms in the retina (Howard et al. 1998b).

Furthermore, dystrophin was found to localize with actin (a postsynaptic marker) but
not with synaptophysin (a presynaptic marker). This lead to the conclusion that
retinal dystrophin may be predominantly associated with the postsynaptic dendritic
complexes of bipolar and horizontal cells (Schmitz et al. 1993). a and (3dystroglycan have also been found to colocalise with dystrophin in the OPL. asarcoglycan was not detected (Montanaro et al. 1995; Drenckhahn et al. 1996).
Dystrophin exon 52 knock-out mice do not express (3-dystroglycan in the OPL which
suggests that Dp260 allows localization of the dystroglycan complex in the OPL
(Kameya et al. 1997).

Immunoelectron microscopy revealed that retinal dystrophin is actually localized at
the presynaptic membrane of synaptic regions in the OPL (Ueda et al. 1995; Ueda et
al. 1997; Blank et al. 1999). The discrepancy between the earlier findings and the
more recent studies stem from the fact that dystrophin and dystroglycan labelled
structures are distal from the bulk of the synaptic vesicles of photoreceptor cells
(Schmitz and Drenckhahn 1997). Dystrophin and dystroglycan have been found to
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associate with the endfeet of Muller glial cells in an analogous manner to the
perivascular association of (3-dystroglycan and utrophin in rat cerebellum (Schmitz
and Drenckhahn 1997; Blank et al. 1997; Khurana et al. 1992).

Full-length dystrophin has been detected in guinea-pigs and normal mice in cochlear
tissues, but found to be absent in mdx mice. However a smaller isoform of 116 kDa
(possibly Dpi 16) was detected in all animals examined including the mdx mouse.
Both full length and short length isoforms were shown to be present in the synaptic
regions of cochlear hair cells (Dodson et al. 1995). This is significant in light of
recent finding that an X-linked nonsyndromic hearing loss maps within the DMD
locus. The affected males of the examined family do not suffer from DMD or BMD.
However, one of the males demonstrated subnormal scotopic b-wave in an ERG test.
This suggests that dystrophin and perhaps other cytoskeletal proteins may play a role
in hearing (Pfister et al. 1999).

1.11 Dystrophin expression in the brain: implication for cognitive impairment

1.11.1 Psychological, Neurological and neuropathological studies

Beside the progressive muscle degeneration, DMD is associated with non
progressive cognitive impairment that was first noted by Duchenne himself. This
impairment is variable and ranges from verbal deficit to severe mental retardation
(Emery 1993). The mean IQ of DMD patients is about 1-2 standard deviations below
the norm for the unaffected population with 20-40% of patients having an IQ below
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70 and 3% with IQ lower than 50 (Emery 1993). Early studies attributed the low IQ
of DMD children to their physical condition or to impoverished economic and
residential problems which were thought to result in a lack of educational
opportunity. However, several studies and observations have made it clear that the
most likely explanation for the depression in IQ is due to the effect of the mutated
gene. Firstly, the educational problems with DMD affected boys are often observed
before physical symptoms become severe and the degree of cognitive impairment is
not related to the severity of the muscle symptoms (Hodgson et al. 1989). Secondly,
unaffected siblings have normal intellect, whereas there is a good correlation
between affected brothers (Kozicka et al. 1971). Moreover, 10% of Patients with
BMD have an IQ of less than 70 and many more perform in the low-average range
(Karagan and Sorenson 1981; Bushby and Gardner-Medwin 1993) and occasionally,
manifesting female carriers were found who suffered cognitive impairment (RabbiBortolini and Zatz 1986). Thirdly, in a study where children afflicted with spinal
muscular atrophy (SMA) were used as the control group so as to eliminate the effect
of the sever motor handicap on intellectual performance, the DMD patients were
shown to have lower verbal IQ and diminished reading ability and memory functions
that were not observed in the SMA patients (Billard et al. 1992). Hence external
factors can be excluded as a cause of DMD associated mental deficit.

Several studies have shown that on the whole, verbal IQ is more affected than
performance IQ in DMD patients and to a lesser extent in BMD patients. Delayed
speech was reported in 67 to 100% of DMD boys (Hodgson et al. 1989).
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Interestingly, it seems that boys with DMD who survive longest, tend to have the
least depression of verbal IQ (Miller et al. 1985).

Neuropathologic examination of brains from patients with DMD show no consistent
abnormality (Dubowitz and Crome 1969). Barwick et al. (1965) reported the
electroencephalography (EEG) of DMD patients to be normal. In contrast, several
other authors reported abnormal EEG findings with up to half of the cases being
considered abnormal in some non-specific way. These reports, however, fail to
identify a specific EEG abnormality and many of the patients reported to have
abnormal EEGs have normal IQ.

Computed tomography (CT) used in a study of 30 patients has detected mild cerebral
atrophy in 67% of cases. The atrophy was progressive with age and there was a
correlation between low IQ and abnormal CT findings (Yoshioka et al. 1980).

Phosphorus-31 magnetic resonance spectroscopy (31P-MRS) study of 19 DMD
patient showed them to have higher ratios of inorganic phosphate to ATP compared
with age matched controls. Furthermore, these patients were demonstrated to have
lower full scale, verbal and performance IQ (Tracey et al. 1995). Also, at autopsy,
affected brain of DMD patients showed abnormalities such as extensive Purkinje cell
loss, mononuclear perivascular cuffing with cortical and subcortical gliosis and
cerebral heterotopia. However these abnormalities were not consistent in all patients
examined and no data was given as to the particular type of mutation present in each
patient (Jagadha and Becker 1988).
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A Brazilian family in which schizophrenia spectrum disorders and BMD appear to
cosegregate has been reported. However linkage analysis was not sufficient to prove
the existence of linkage between BMD and schizophrenia (Zatz et al.1993). Also, 94
men with chronic schizophrenia were examined for deletions of exons 1-59 of the
dystrophin gene with none being found (Lindor et al. 1994). These studies seem to
indicate that the two disorders are not allelic. However, subtle mutations leading to
the reduction of a particular dystrophin brain isoform cannot be ruled out as a
potential cause of some cases of schizophrenia (Lindor et al. 1994).

Learning and memory processes have been studied in the mdx mouse through their
performance in the passive avoidance test in comparison with genetically matched
control mice which revealed that the mdx mice latency in re-entering the box is
significantly lower in comparison to controls (Muntoni et al. 1991). Furthermore,
mdx mice showed impaired retention in a T-maze delayed spontaneous alteration
task, 24 hours after acquisition and impaired acquisition of a bar-pressing task, 22
days after the last training session (Vaillend et al. 1995). These results suggest that
mdx mice may suffer from moderate and specific deficits at long retention delays
(Vaillend et al. 1995).

Although the mdx mouse does not suffer from degeneration, necrosis or loss of
neuronal cells, CA1 pyramidal neurons in a hippocampal slice preparation from mdx
mice are nevertheless more sensitive to hypoxia-induced loss of synaptic
transmission (Mehler et al. 1992). However, when the performances of mdx mice
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were compared with age-matched normal (C57BL/10) mice in a hippocampaldependent spatial learning task, the Morris water maze, no difference was found in
the acquisition or retention rates between the two groups. Moreover, no difference
could be discerned in the long-term potentiation (LTP) in the dentate gyrus or in the
CA1 area of the hippocampus between the two groups (Sesay et al. 1996). Metabolic
abnormalities have been detected in the brain tissue of mdx mice in vivo using

31
P-

MRS and in vitro using biochemical measurements. These abnormalities may be
indicative of erroneous development of the mdx brain (Tracey et al. 1996a; Tracey et
al. 1996b).

1.11.2 Expression of dystrophin and dystrophin associated proteins in the brain

Dystrophin mRNA is detected at 90% lower levels in the brain than in skeletal
muscle. Dystrophin transcripts are detected by in situ hybridisation in mouse
cerebellum from 13 days and at low levels in the thalamus and hypothalamus from
13.5 days. A strong signal is also detected in tissues underlying the olfactory
epithelium (Houzelstein et al 1992). Developmental expression of dystrophin in
crude rat brain extracts has shown that the protein can be detected at day 18 of
gestation which marks an early stage of brain development (Jung et al. 1991).
Immunoblotting with a monoclonal antibody directed to the C-terminus has detected
Dp71 in extracts of whole rat brain at low levels in 18 day embryos and newborns
(Jung et al. 1993).
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Dystrophin localizes to the postsynaptic membranes of neurons and does not display
the uniform membrane staining observed in muscle (Lidov et al. 1990). In mouse
brain, dystrophin was found to be most abundant in the cerebellum followed by
cerebral cortex, then brain stem and spinal cord (Lidov et al.1990). In the rat,
however, dystrophin was reported to be more abundant in the hypothalamus,
thalamus and hippocampus (Jung et al. 1991).

Immunostaining

with

various

anti-dystrophin

antibodies

show

punctate

immunoreactivity of dystrophin along cell bodies and dendrites of cerebral cortical
neurons and in the soma and dendritic tree of the cerebellar Purkinje cells (Lidov et
al. 1990; Lidov et al. 1993; Huard et al. 1992a; Uchino et al. 1994a-c). This staining
pattern is absent from both DMD patient (Uchino et al. 1994a,b) and mdx mice
brains (Huard et al. 1992b; Uchino et al. 1994c). Immunogold electron microscopy
studies have shown that dystrophin is found in discrete sub-plasma membrane
deposits that are consistent with synaptic contacts (Lidov et al. 1990). Similarly, Kim
et al. (1992) reported that dystrophin is more enriched in purified post synaptic
densities of cerebral, cerebellar and olfactory bulb neurons.

In a detailed immunocytochemical study using the polyclonal antibody 6-10 that is
directed to the distal part of the rod region, Lidov and colleagues have reported the
presence of dystrophin in a large population of neurons in the cerebral cortex which
included pyramidal, stellate and granular cells, whereas in the hippocampus they
noted the presence of a signal in the pyramidal cell layer but its absence from the
granule cells. They also noted a decrease in intensity of the signal moving from the
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CA1, CA2 and CA3 (Ammon’s horn) regions of the hippocampus that reflects the
decrease of packing density of pyramidal neurons (Lidov et al. 1993).

Dystrophin expression in the cerebellum appears to be exclusively confined to
Purkinje cells where no signal is detected in granule cells, synaptic glomeruli,
stellate or basket cells or glia. Furthermore, dystrophin expression can be detected in
the weaver mouse, a mutant lacking granule cells but possessing intact Purkinje
cells, whereas it is absent from the nervous and lurcher mice whose cerebellar cortex
is depleted of Purkinje cells (Lidov et al. 1990, 1993).

In situ hybridisation experiments using a cocktail of oligonucleotides that hybridise
to various parts of the DMD transcripts have provided a more detailed analysis of the
localisation of the various dystrophin transcripts in the brain as well as confirming
the results obtained by immunocytochemisty. Using oligonucleotides based on braintype first exon, this isoform was found to be expressed in the cerebellar cortex and
the CA1 to CA3 of the hippocampus. Similarly, oligonucleotides based on muscletype first exon detected this isoform in the same regions but at much lower levels
(Gorecki et al. 1992).

Using oligonucleotides based on the 3’ end of the dystrophin mRNA sequence
resulted in the labelling of the dentate gyrus and Purkinje cells of the cerebellum in
addition to the other regions labelled with the first exon probes. This suggested that
other isoforms are present which lack the C-type or M-type first exon. However
probes based on sequences of exons 2, 3 or 4 failed to label the dentate gyrus. This
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indicated that the transcript expressed in that region lacks the entire 5’ end of full
length isoforms. Recent analysis using oligonucleotide probes complementary to the
unique 5’ end of Dp71 localised its expression to mouse and rat hippocampal dentate
gyrus with weaker signals also detected in cerebral cortex and CA3 of the
hippocampus (Gorecki et al. 1995).

In the cerebellum, a unique dystrophin transcript was discovered and named P-type
dystrophin transcript to signify its expression in the Purkinje cells of the cerebellum.
The discovery of this transcript is discussed in detail in chapter 3.

The association of dystrophin with the various components of the dystrophin
associated protein complex has not been studied in the brain in the same detail as in
muscle, a-dystroglycan has been identified in the brain as a 120 kDa protein that
shares its high affinity binding for laminin with its muscle counterpart. The
difference in the detected protein sizes may be attributed to differences in the
carbohydrate content rather than polypeptide structure (Gee et al. 1993).

a-dystroglycan mRNA localises to Ammon’s hom and dentate gyrus of the
hippocampal formation, olfactory bulb, choroid plexus, the Purkinje cells of the
cerebellum and the thalamus of mouse adult brain (Gorecki et al. 1994). However it
was not found in the cerebral cortex, one of the prominent regions of dystrophin
expression in the brain. Hence, it has been suggested that dystrophin may be
associated with a different laminin binding proteins there (Gorecki et al. 1994).
Furthermore, immunostaining with a monoclonal antibody directed towards amino
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acid residues 572-604 of human dystroglycan sequence, which constitutes the Cterminus of a-dystroglycan, stained regions of synaptic contact upon the dendrites of
Purkinje cells in rat cerebellum (Smalheiser et al. 1995). a-dystroglycan also colocalises with Dp71 in the dentate gyrus of the hipocampal formation (Gorecki et al.
1994; Gorecki et al. 1995). Mice deficient in Dp71 have reduced levels of
dystroglycan in the brain (Greenberg et al. 1996).

Gorecki et al. (1997) found that there is a distinctive co-localization of specific
syntrophins with certain dystrophin isoforms in neurons. Thus, a-syntrophin and Ctype dystrophin are found in the CA region, whereas p2-syntrophin co-localizes with
Dp71 in dentate gyrus. However, syntrophin was also expressed in choroid plexus
and caudate putamen where utrophin is expressed (Schofield et al. 1993, 1995) and
is absent from Purkinje cells where P-type dystrophin is found.

A significant difference in the composition of the complex in the brain that
differentiate it from its counterpart in the muscle is the absence of a-sarcoglycan
(Roberds et al. 1994). This may explain why LGMD-2D patients do not suffer from
mental retardation (Matsumura and Campbell 1994).

Since dystrophin is produced in the brain, it has been postulated that the deficiency
of brain dystrophin might account for mental retardation found in DMD boys.
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1.12 Aims o this study

The aim o f t le w ork presented in this thesis w as the characterization o f the Purkinje
cell type (P type) dystrophin transcript and prom oter. The first part o f such a
characterization w as the analysis o f sites w here the transcript is expressed, not only
in tissues bu ; also in cell culture system s. The latter w as particularly im portant for
studying pro n o te r activfty since no Purkinje cell line is available. A spects o f this
work are de: cribed in (A apters 3 and 6. Secondly, specific characteristics o f the Ptype dystrop tin transcript have been studied. T hese include the identification o f the
transcript ca > site, the f jlJ T R region and the detection o f any alternative splicing
events that c an generate further transcript diversity. T his part o f the w ork is dealt
with in chap ers 4 and 5. The putative prom oter region itself has been studied in an
expression s; stem in order to delineate how the expression o f the transcript m ight be
regulated.

This w ork js described in chapter 6. Finally, the findings o f the

investigation are discussed in the context o f other findings regarding the full length
dystrophin transcripts.

I
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CHAPTER 2

MATERIALS AND METHODS

^riupietz.

2.1 Bacterial strains

The following strains of bacteria were used as host cells for plasmid growth:
XL-1-blue

genotype: supE44, hsdR17, recAl, thi-1,
gyrA96, endAl, relAl, lac, [F proAB,
laciq ZM15, TnlO (tetR)] The F ’ episome
of

the

XL-1-blue

transposon

contains

containing

a

TnlO,

a

tetracycline

resistance marker.
INVaF (Invitrogen)

Genotype: F end A l, recAl, hsdR17 (r^-,
mk+)

upE44,

thi

-1,

gyrA96,

<|)801acZ_M15_ (lac ZYA-arg F) U169 deo
RX-

2.2 Vectors

The following vectors were used for cloning or generating probes:
pCAT-Basic

(Promega)

Has a small multiple cloning site. The
plasmid was also used in transfection
experiments to determine background
CAT activity

pCAT-Promoter (Promega)

This plasmid contains SV40 early
promoter; it was used as a positive
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control in transfection experiments
pSV-p-Galactosidase (Promega)

Used as a co-transfectant to correct for
transfection efficiency.

pBluescript (Stratagene),
pCR™n (Invitrogen),
pCR-Script™ Amp SK(+) (Stratagene)

These vectors were used for PCR
cloning experiments

2.3 Media
LB (liquid and plates).

per litre: lOg bactotryptone, 5g yeast extract,
5g NaCl (pH 7.0). For plates: 15g of
bactoagar was added.

SOB

per litre: 20 g bactotryptone, 5 g yeast
extract, 0.584 g NaCl, 0.186 g KC1 (pH 7.0)

SOC

1 ml of 2 M Mg2+ stock and 1 ml of 2 M
glucose was added to 98 ml of SOB
Medium.

All media were autoclaved for 30 minutes at 120°C, 15 pounds per square inch,
with the exception of SOC which was prepared just prior to use. Antibiotics,
where relevant, were added to the media after it had cooled to 55°C.
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2.4 Molecular weight standards

1 Kbp ladder (BRL)

12.216, 11.198, 10.180,9.162,8.144,7.126,6.108,
5.090, 4.072, 3.054, 2.036, 1.635, 1.018, 0.517,
0.506, 0.396, 0.344, 0.298, 0.220, 0.201, 0.154,
0.134, 0.075 kbp.

lOObp ladder (BRL)

2.072, 1.500, 1.400, 1.300, 1.200, 1.100, 1.000,
0.900, 0.800, 0.700, 0.600,0.500, 0.400, 0.300,
0.200, 0.100 kbp.

2.5 Preparation of plasmid DNA

The amount of plasmid prepared depended on the application for which the
plasmid was required. Plasmid vectors used for clone analysis, double strand
sequencing, probe synthesis were prepared at a small scale (miniprep) which give
yields in the range of 10-25pg. For transfection and plasmid injection
experiments, larger amounts of DNA (maxipreps) were required.

2.5.1 Small scale preparation of Plasmid DNA

The Wizard plasmid miniprep system (Promega) was used (with some
modification) to provide small quantities of DNA suitable for digestion with
restriction endonucleses, probe preparation or sequencing. This is based on the
alkaline lysis protocol (Sambrook et al. 1989) coupled with a DNA binding resin.

-

75

-

Cells were grown overnight in 5 ml LB liquid with ampicilin (50|Lig/ml). 1.5-3ml
of the culture was then spun down in a microcentrifuge and the supernatant
discarded. The pellet was resuspended in 200|il of cell resuspension buffer
(50mM Tris-HCL, pH 7.5, lOmM EDTA, 100|ig/ml RNase A), vortexed briefly
to resolve any cell clumps. 200|il of cell lysis solution (0.2M NaOH, 1% SDS)
was added followed after some gentle mixing by 200pl of neutralisation solution
(2.55M Potassium acetate, pH 4.8) to precipitate bacterial chromosomal DNA.
The mixture was then kept on ice for 10 minutes to ensure complete
precipitation. Centrifugation was carried out in a microcentrifuge at 14,000 rpm
for 7 minutes at room temperature. The supernatant was then purified using the
Wizard resin according to the manufacturer’s recommendation. DNA was eluted
by the addition of 50}il of preheated (65°C-70°C) sterile water.

2.5.2 Large scale preparation of Plasmid DNA

The Qiagen plasmid maxiprep system (Qiagen) was used according to the
manufacture’s recommendation to provide large quantities of DNA suitable for
transfection experiments. This method is also based on the alkaline lysis
procedure with the DNA being subsequently purified using an anion-exchange
resin.

Yield, concentration and purity was determined by scanning the sample at 260
and 280 nm using an UV-160A spectrophotometer (Shimadzu). DNA
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concentration in solution was determined by the assumption that an absorbency
of 1 in a 1 cm path cuvette at 260 nm is approximately equivalent to 50|Lig/ml.
Purity of sample was determined by the OD 260/280 ratio. Acceptable values,
indicative of high purity, are in the range of 1.8 - 2.0. The DNA was digested
with restriction endonucleases which either linearise the plasmid or release the
particular insert contained in the recombinant plasmid. The digested product
were run along undigested samples on a 1% agarose gel to check for integrity of
the plasmid and to ensure that the plasmid was supercoiled.

2.6 Genomic DNA isolation

Genomic DNA was isolated from mouse, chicken and sheep skeletal muscle as
well as from pig liver. The method used was originally designed for isolating
DNA from mouse tail fragments for the purpose of screening potential transgenic
animals. However, it was found to be equally efficient for other tissues.

250-500 mg of tissue was cut into small pieces and placed in a 1.5ml eppendorf
tube containing digestion buffer (50mM Tris; pH 8.0, lOOmM EDTA, lOOmM
NaCl, 1% SDS). 25|il of lOmg/ml Proteinase K solution was then added and the
mixture was incubated in a shaking water bath at 55°C overnight.

0.7 ml of 1:1 phenol chloroform mixture was added and the tube shaken on a
bench top shaker for 15 minutes. Following a 10 minute spin at room
temperature, the aqueous phase containing the DNA was transferred to a second
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tube to be subjected to a second round of phenol extraction. The aqueous phase
produced was then extracted once with an equal volume of chloroform, shaken
for 15 minutes and spun for 5 minutes to separate the phases.

0.6 volumes of isopropanol with respect to the extracted aqueous phase was
added and mixed gently until the precipitated DNA became visible. The DNA
was hooked out using a flame sealed Pasteur pipette and dipped briefly into a
tube containing 1 ml of 70% ethanol and then into a tube containing absolute
ethanol. The DNA was allowed to dry briefly before being dissolved into 150 pi
of lOmM Tris-HCL pH 8.0. DNA yield, concentration and purity were checked
using a spectrophotometer. The integrity of the DNA was checked on 1% agarose
gel. No degradation was detected and most of the DNA travelled in a band of ~
20 Kb. The DNA was found to be of suitable quality for restriction enzyme
digests and PCR.

2.7 Total RNA isolation and first strand synthesis

For many experiments described in this study total RNA was isolated for the
purposes of PCR experiments. Total RNA was also isolated for usage in SI
nuclease protection, RNA hybridisation and primer extension assays.
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2.7.1 Total RNA isolation

Total RNA was isolated from cerebellum, skeletal muscle, cardiac muscle,
spleen, liver, lungs, kidney, and stomach of adult (8-10 weeks old) c57Bl/10
mice. Total RNA was also extracted from brains of mice at different
developmental stages of E12.5 , E15.5, P0, P6, P16, P24 as well as from the
whole body of a E l2.5 mouse embryo. Furthermore, total RNA was extracted
from human cerebellum, cortex and skeletal muscle and from C2C12 myoblasts
and myotubes.

After dissection the tissues were either used immediately for RNA extraction or
were frozen in liquid nitrogen and stored at -70°C until required. The method
used for total RNA extraction was based on a modified protocol derived from the
Chomczynski and Sacchi single-step method of RNA isolation (Chomczynski
and Sacchi 1987). The dissected tissue was homogenised at room temperature in
a suitable volume (1ml per mg of tissue) of solution D (4M guanidinium
thiocyanate;

25mM

sodium citrate, pH 7.0;

0.5%

sarcosyl, 0.1M

p-

mercaptoethanol) using a polytron homogenizer. 0.1 volume of 2M sodium
acetate, pH 4.0, 1 volume of water saturated phenol and 0.2 volume of
chloroform-isoamyl alcohol mixture (49:1) were added. The sample was
vortexed after the addition of each reagent, stored on ice for 15 minutes then
centrifuged in microcentrifuge at top speed for 20 minutes at room temperature.
The upper aqueous layer was removed to a fresh tube and mixed with a 0.5
volume of phenol, pH 8.0 and 0.5 volume of chloroform - isoamyl alcohol
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(24:1). After vortexing, the samples were spun in a microcentrifuge at top speed
for 20 minutes. The upper aqueous phase was removed to a fresh tube and
extracted again with chloroform alone to remove any traces of phenol. The RNA
was then precipitated with 1 volume of ice-cold isopropanol and the sample was
either precipitated for one hour or overnight at -70°C. The tube was spun at 4°C
for 30 minutes and the sample washed with ice-cold 70% ethanol. The tube was
then left to dry until all the alcohol evaporated. The total RNA was dissolved in
deionised water treated with 0.01% (v/v) DEPC (Sambrook et al.1989) and its
yield, concentration and purity were estimated by measuring OD at 260 and 280.
The RNA concentration in solution was determined by its absorbency at 260nm
based on the assumption that an absorbency of 1 in a 1 cm path cuvette at 260 nm
is approximately equivalent to 40pg/ml. The Ultraspec II RNA isolation system
(Biotecx) was also used on occasions according to the manufacturers’
instructions.

Total RNA was isolated from cells grown in culture. 100mm culture dishes were
placed on ice. The media was removed from the dishes and the cells were washed
once in PBS (w/o Mg and Ca). The plates were then placed at room temperature
and 1.8ml of solution D was added to the plate. The cells were scraped using a
sterile cell scraper and the lysed cells were removed to fresh tubes and total RNA
was isolated, as described above.
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2.7.2 First strand synthesis

Ten micrograms of RNA were reverse transcribed into first strand cDNA. Firststrand synthesis was carried out using MMLV reverse transcriptase (400U) and
random hexamers as primers. The following components were sequentially
added: RNasin (40U), 10|nl of 5 x reverse transcriptase buffer (250mM TrisHCL, 50mM MgCl2, 250mM KCL and lOOmM p-mercaptoethanol, pH 8.3),
IOjU 5mM dNTP (5mM dATP, 5mM dCTP, 5mM dGTP, 5mM dTTP) and 5\l\
0.1 M DTT . The volume was made up to 50|il with sterile DEPC treated water.
The tube was mixed well, briefly spun down and incubated at 37°C for 2 hours.
0.06-0.1 of the first strand reaction was used per PCR reaction. Alternatively the
First-Strand cDNA synthesis kit from Pharmacia was used according to the
manufacturers’ instructions.

2.8 Polymerase chain reaction (PCR)

The polymerase chain reaction was deployed for a wide variety of applications,
such as the detection of transcripts in tissues, the detection of the P-type
dystrophin transcription start site (5' RACE) and for the construction of
transfection and injection plasmids.
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2.8.1 Primers used for PCR amplification

PCR primers derived from the mouse and human cDNA sequences were 25-30
bases in length. Positions of primers are marked relative to consensus human
skeletal muscle cDNA sequence (Koenig et al. 1988). Forward primers
corresponding to the P-type first exon (the PT set of primers) were designated
positions relative to human putative translation start codon and / or mouse
putative translation start codon (Met-1). Where positions are indicated for a
single species, this signifies that the primer is species specific. The names of
individual primers are in brackets.

Primer set PT1-4:
Forward: [SEQ] 5 ’-AGCC AA AAGCTTTCCT ATG AAGTG-3 ’ (complementary
to -51 to -28 with respect to human Met-1 and -49 to -26 with respect to mouse
Met-1)
Reverse: [EC03] 5 ’-TTGTTC AGGGC ATGA ATTCTTGT AG ATCCC-3 ’
(complementary to 406-435)

Primer set PT1-5:
Forward: [SEQ]
Reverse:[EX5REV] 5’- GCCAGTGGAGGATTATATTCCAAAT-3’
(complementary to 539-563)
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Primer set PT-A:
Forward : [CAPF] 5'-GTTGGCAAAATGCTGTCTGTGAAGC-3'
(complementary to -271 to -247 with respect to mouse Met-1)
Reverse: [EX2/3] 5'-TAGATCGATGTGCATTTATCCATTTRGTGAATG-3'
(complementary to 267-299)

Primer set PT-B:
Forward: [INTRON-1] 5 ’-CTTTATCTGTGTTTGCCTATGACTC-3 ’
(complementary to -134 to -110 with respect to mouse Met-1).
Reverse : [EC03]

Primer set PT-C:
Forward: [SPLICE-1] 5 ’-GTGG AAG AAAC AGGTTTGTCCT ACC-3 ’ (nt. 1-13
complement the region -206 to -194 and nt. 14-25 complement -100 to -89 with
respect to mouse Met-1)
Reverse : [EC03]

Primer set PT-D:
Forward: [SEQ]
Reverse: [EX2/3]
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Primer set PTS1:
Forward: [INTRON-1]
Reverse: [W-6 ] 5’-GAATGGCTGTTGATTATCTGCAGCT-3' (complementary
to a sequence within the 82 bp intron-1 sequence present in a subset of P-type
dystrophin transcripts (see chapter 4))

Primer set PTS2:
Forward: [SPLICE-1]
Reverse: [W-6 ]
Primer set CT:
Forward: [BU-2] 5'-TGTTACAGCAGCCAACTTATTGGCATGATG-3' (C-type
exonl specific primer, complementary to 56-85 (Geng et al. 1991))
Reverse: :[EX5REV]

Primer set CT2:
Forward: [BU-2]
Reverse: [EC03]

Primer set MT:
Forward: [MT] 5 ’-TGCTTTGGTGGG AAG AAGT AG AGG AC-3 ’ (M-type exon
1 specific primer, complementary to 210-235 )
Reverse: :[EX5REV]
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Primer set MT2:
Forward: [MT]
Reverse: [EC03]

Primer set Dp71:
Forward: [Dp71] 5 ’-G AAACCCTT AC AACC ATGAGGG AAC-3 ’ (Dp71 exon 1
specific primer complementary to 636-660 (Lederfein et al. 1993))
Reverse : 5 ’-CTGCAGGATATCCATGGGCTGGTC-3 ’ (complementary to
9632-9655.)

Primer set 3'A:
Forward : 5 ’-GGCC AT AAA ATGC ACT ATCCC ATGGTG-3 ’ (10253 - 10279)
Reverse : 5 ’-GCTGCTTTAGACGGTCATATTCTGC-3 ’ (10771-10796)

Primer set 3'B:
Forward: 5-GAGCCATCTCGCCAAACAAAGTGCCCTACT-3’ (9396-9425)
Reverse : 5’-GCTGCTTTAG ACGGTC AT ATTCTGC-3’ (10771-10796)

2.8.2 PCR amplification

Amplification was carried out in a final volume of 25 or 50 jil, containing 1 x
PCR buffer (50mM KC1, lOmM Tris-HCL, pH 8.3), 1.5 mM MgCl2, 0.5 mM
dNTP and 20 pMol of each individual primer. 1.25 - 2.5 units of Taq polymerase
were used. The volume was made up with sterile autoclaved water.
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The cycling conditions varied according to the nature of the amplification
reaction. For amplification from first strands, the samples were initially
denatured at 95°C for 5 minutes then placed on ice before the addition of other
components. For genomic DNA, initial denaturation was carried out at 95°C for
10 minutes.

Denaturation was at 94°C for 1-1.5 minutes. Annealing at 60 - 65°C for 1-1.5
minutes for reactions where species-specific primers were used or where the
degree of homology across species was known to be sufficiently high. For
amplification where the degree of homology of the primers used with the target
DNA was unknown, lower annealing temperatures (45-50°C) were used. An
elongation temperature of 72°C was used. The duration of the elongation step
depended upon the expected length of the PCR product; typically 1.2 minutes
was used for product sizes from 200-500bp. A final elongation step at 72°C for 7
minutes was also incorporated in the cycling program. This step is of particular
importance for PCR products that are intended for cloning via the TA cloning
method

(see below) because it ensures that a sufficient amount of

deoxyadenosines are added at the 3’end of the product. Target DNA or one of the
primers used in the amplification were omitted in negative control reactions to
ensure that amplification was not the result of contamination. 0.3-0.6 of the PCR
Products were loaded on a 1-2% agarose gel made with 1 x TAE ( 0.04M
Tris.base, 0.04M glacial acetic acid and 0.004M EDTA) containing ethidium
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bromide (0.5 mg / ml). Electrophoresis was performed at 5-10 volts / cm for the
appropriate time. Products were run alongside molecular weight markers.

2.8.3 Rapid amplification of cDNA ends (RACE)

This was carried using the 5’RACE PCR kit from GIBCO. Briefly 5|ig of total
RNA from mouse or human cerebellum was hybridised to 12.5 pmols of SYN-I
Primer and first strand cDNA was synthesised using Superscript RT n. The first
strand was separated from excess dNTPs using GlassMax columns. 10|il of
purified first strand was then tailed using dCTP and terminal transferase. 5pl of
tailed first strand was then used for PCR amplification with anchor primer and Ptype

dystrophin

transcript

specific

W-18

primer

(5’-

CCTCAGACATTTCCAATTCTGCGG-3’ (Gorecki etal. 1992)).

Amplification was for 35 cycles (94°C for 1 minute, 60°C for 1minute, 72°C for
1.2 minutes) with a hot start performed by addition of Amplitaq DNA polymerase
following a 5 minutes denaturation at 94°C. Second step PCR was performed
using 2 . 5j l i 1 of first step PCR product under the same amplification conditions.
Appropriate controls, such as the use of non-tailed first strands, the exclusion of
reverse transcriptase and the use of a single primer for amplification, were
performed. The products were checked by analysis on agarose gels. Positive
products were purified using the QIAquick PCR purification kit (QIAGEN). They
were digested with HindSl and SpeI and purified following electrophoresis on
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1.5% agarose gels. The digested products were cloned in pBluescript (KS).
Positive clones were sequenced using the T7 sequencing kit (Pharmacia).
The major problem encountered with RACE is the production of nonspecific
products. Traditionally the cDNA used in RACE was modified by the addition of
polyA tail. The dT tail of the anchor primer would then bind to this tail for the
first round of RACE. This takes advantage of the relative weakness of the A-T
base pairing. Hence, relatively low annealing temperatures can be used in the first
round of RACE. This is particularly useful if the GSP1 being used has a degree
of degeneracy.

The 5’RACE PCR kit (GIBCO) used in the RACE experiments described in this
study relies on a slightly different strategy. The cDNA is tailed using dCTP and
the 3’ end of the anchor primer is a long tail of guanines and isoguanine. The
latter nucleotide is used because it forms a weaker base pair with cytosine.
Nevertheless the annealing of the anchor primer with the dCTP tailed c-DNA is
stable at high annealing temperatures (55°C-60°C). Indeed 60°C was the
annealing temperature used in this study for both rounds of RACE PCR.

2.9 Cloning of PCR products

Several methods were used depending on the application. Some PCR products
containing convenient restriction sites were cloned by directional cloning.
Otherwise TA cloning or blunt end cloning was utilised depending on the type of
polymersase used.

u napierz

2.9.1 TA cloning

This method of cloning PCR products utilises the ability of non-proofreading
DNA polymerases such as Taq to add single A overhangs to the 3’ ends of
amplified products. This enables the cloning of the PCR product into linearised
vectors with complementary T or U overhangs. Two different kits based on this
principle were used, the TA cloning kit (Invitrogen) and the LigAtor (Ingenius).

An aliquot of the PCR reaction was run on an analytical agarose gel (1-2%) then
depending on the results of the amplification a suitable purification method was
chosen. If a single band was produced with little or no trace of primer dimers
then the product was purified using the QIAquick PCR purification kit
(QIAGEN) to remove salt and the Taq polymerase . However, in cases where
multiple bands or primer dimers were present the QIAquick gel purification kit
(QIAGEN) was used where the desired PCR band was cut out from the agarose
gel and purified. The product was then concentrated in a speed vacuum and an
aliquot of the purified product ran on an agarose gel along DNA mass ladder
(GIBCO). The amount of PCR product was estimated and insert to vector molar
ratio of 3:1 was used. Ligation and subsequent transformation was carried out
according to the kit manufacturer’s recommendation.
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2.9.2 Blunt end cloning

This method of cloning is useful for PCR product made by proofreading
enzymes, such as Pfu, as well as PCR products that have been stored at -20°C,
which tend to lose their A overhangs upon thawing. However, this method
suffers from the low efficiency of the ligation reaction as well as the high
background of re-ligated vector which can only be avoided by the utilisation of
an optimal insert to vector ratio and/or dephosphorylation of vector ends.

A recent modification of the method has been designed to deal with this problem
specifically. The PCR product is incubated with a predigested plasmid bearing a
rare blunt end site recognised by the enzyme Srf I in the presence of T4 DNA
ligase and the Srf I enzyme. This ensures the maintenance of a high-steady-state
concentration of digested vector DNA and allows the use of nonphosphorylated,
unmodified PCR primers. The PCR-Script™ cloning kit (Stratagene) based on
this principle was used. The purification of the PCR product was carried out as
described in 2.7.1.

2.9.3 Incorporation of restriction sites in the PCR primers (directional
cloning)

This method relies on incorporating restriction enzyme sites in the PCR primers.
Thus the PCR product can be digested with the appropriate enzyme(s) prior to
cloning into a vector digested with the same enzyme(s). This method is
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particularly suitable for cloning known sequences, so as to avoid using restriction
sites that may fall within the target sequence and may result in fragmenting the
PCR product after digestion. It is a common method for generating deletion
constructs for transfection in the absence of appropriate restriction enzymes in
the insert.

Several factors must be taken into consideration when designing the PCR primers
for such a cloning experiment. The choice of the restriction site to be
incorporated is dictated by the available sites in the cloning vector to be used.
The positioning of the site within the primer demands a balance between
incorporating the site as far away from the 3’end of the primer as possible so as
to avoid false priming and also to have an appropriate number of 5’ flanking
nucleotides to allow the restriction enzyme to saddle the DNA sequence. For the
majority of restriction enzymes, three to five 5’ flanking nucleotides suffice.
Finally if two different restriction enzyme sites are to be used, then they may be
chosen on the basis of restriction buffer compatibility.

The PCR product was purified as described above. It was then digested with the
appropriate enzyme(s) for 1 hour at 37°C. If two enzymes were used that require
different buffer composition then universal buffers such as KGB (McClelland et
al. 1988) or OnePhorall (Pharmacia) were used. In cases where the buffer
composition was substantially different, the PCR product was digested with one
enzyme, purified then digested with the second enzyme.
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The cloning vector was digested with the same enzyme(s) as that used for the
PCR product and ran on 1% agarose gel. The single band of the linearised
plasmid was cut out and the DNA purified using the QIAquick gel extraction kit
(QIAGEN).

Ligation was carried out in a final volume of lOpl, containing 1 x ligase buffer
and 5U of T4 DNA ligase (Boehringer). The reaction was incubated for 1 hour at
RT. The ligation product was either stored at -20°C or used directly for
transformation.

2.10 Preparation of competent cells and transformation

Competent cells, made using a rapid and highly efficient method (Nishimura et
al. 1990), were used for general cloning purposes. XL-1 blue cells were made
competent by inoculating a 50ml of medium A (LB supplemented with lOmM
M gS0 4 7H20 and 0.2% glucose) with 0.5ml of over-night bacterial culture. The
culture was grown for 6 hours. The cells were then kept on ice for 10 minutes and
pelleted for 10 minutes at 4°C. The cells were resuspended gently in 0.5ml of pre
cooled medium A, then 2.5ml of storage solution B (36% glycerol, 12% PEG
(MW7500),12mM M gS0 4 7H20 added to LB broth and sterilised by filtration)
was added and mixed well. The cells were divided in aliquots of 0.11 ml each in
screw top tubes and stored at -70°C until use. The cells were handled on ice
throughout the whole procedure. Commercial XL-1 blue competent cells
purchased from Stratagene were occasionally used.
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For transformation, 1.7 |Lil of p-mercaptoethanol (1.44M) was added to 100 jlxI of
XL-1-Blue competent cells in pre-cooled Falcon 2059 polypropylene tubes and
the cells were incubated on ice for 10 minutes. 3-4|il of a IOjllI ligation reaction
was added to cells and the tubes were swirled gently and incubated for a further
30 minutes on ice. The cells were then heat shocked at 42°C for 45 seconds and
cooled on ice for a further 2 minutes. 900jxl of SOC medium equilibrated to room
temperature was added to each tube and the cells were incubated at 37°C with
shaking at 210 rpm for 1 hour. After this period, 50-100jil of each transformation
was spread on LB plates containing 50|ig / ml ampicillin. Where applicable the
plates were pre-coated with X-gal and IPTG solutions to facilitate positive colony
selection. The plates were incubated at 37°C overnight.

2.11 Southern blot hybridisation using labelled oligonucleotide or cDNA
probes

2.11.1 Southern blotting

Southern blotting was carried out according to the standard method (Southern
1975). For the verification of PCR product identity, 15(0.1 of the PCR product was
analysed on 1.5-2% agarose gel containing 0.2 mg/ml of ethidium bromide. The
gel was photographed under short wave ultra violet radiation, with a ruler along
one side, to allow for later size analysis. The DNA was denatured by soaking for
-
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30-60 minutes in denaturing solution (1.5M NaCl, 0.5M NaOH) with constant,
gentle shaking. The gel was rinsed in distilled water and soaked in neutralisation
solution (0.5M Tris-HCL, 1.5M NaCl; pH 7.4), for 30-60 minutes with constant
shaking.

Transfer of DNA onto nitrocellulose or nylon membranes (Hybond-N+;
Amersham) was carried out by capillary transfer as in Sambrook et al. 1989 using
10 x SSC (3M NaCl, 0.3M Sodium citrate; pH 7.0) as the transfer buffer.
Transfer was allowed to proceed for 20-24 hours. The gel with the membrane
was then placed on a glass plate and held up against a light source to mark the
position of the wells on the membrane.
The membrane was rinsed in 6 x SSC and placed on a dry sheet of Whatman
3MM. The DNA was cross-linked to the membrane by short wave ultraviolet
radiation (Stratalinker).

For genomic DNA Southern blots, digested genomic DNA was loaded onto 1%
agarose gels along side molecular weight markers. The gel was run overnight at
40 watts. The gel was then photographed under UV light with a fluorescent ruler.
The denaturation and hybridisation was carried out as described above. The gel
was blotted overnight on nylon membranes in 20 x SSC. After marking the
position of the wells, the membrane was rinsed in water and washed in 6 x SSC
then dried on Whatman 3MM. The DNA was crosslinked to the filter by baking
the membrane in an 80°C oven.
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For both PCR products and genomic DNA, the efficiency of transfer from the gel
to the membrane was estimated by ethidium bromide staining of the gel
(0 .2 mg/ml in water).

2.11.2 Labelling of probes

For PCR product southern blot hybridisation, 5' end-labelled oligonucleotides
probes were used. The labelling of oligonucleotides was carried out in a 20|il
final volume containing 50ng of oligonucleotide, 1 x polynucleotide kinase
buffer (50mM Tris-HCl, pH 7.6, lOmM MgCl2; 5mM DDT), [y-32P] ATP and
T 4 polynucleotide kinase (100U). The reaction was incubated at 37°C for 1.5-2
hour.
i

The probe was then purified on a Sephadex G-50 spin column prepared as
follows:
A lml disposable syringe was plugged with glass wool and filled with Sephadex
G-50 matrix equilibrated in TE buffer (lOmM Tris-HCL, pH 8.0, ImM EDTA).
This syringe was placed in a 15ml falcon tube and packed by centrifugation at
2000 rmp (Centra-4X centrifuge) for 90 seconds. The column was then placed in
a fresh Falcon tube with a 1.5 ml eppendorf tube placed at the bottom of it. The
labelled oligonucleotide was diluted to a final volume of 50|xl and loaded onto
the column and centrifuged at 2000 rpm for 90 seconds.
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For genomic Southern blot hybridisation a probe containing the mouse P-type
dystrophin promoter and first exon was labelled using the random hexanucleotide
method (Feinberg and Vogelstein

1984). A commercial kit, Rediprime

(Amersham), was used for this purpose. 25ng of DNA was diluted in a volume of
45pl of water, boiled for 5 minutes then spun down briefly in a table top
centrifuge. The denatured DNA was then added to the tube containing the
rediprime mixture and mixed by gentle tapping. After a second brief
centrifugation, 5|il of a -32P dCTP (3000Ci/mmol, lOpCi/jil, Amersham) was
added and the contents of the tube were mixed by gentle pipetting. The labelling
reaction was allowed to proceed for 1 hour at 37°C.

2.11.3 Hybridisation of Southern blots

For PCR blots, the filter was prehybridised for 4 hours at 42°C in
prehybridisation buffer (5 x SSC, 5 x Denhardt solution, 20% formamide, 50mM
sodium phosphate pH 6 .8 , ImM sodium pyrophosphate, 100 mg/ml yeast tRNA)
y-32P end-labelled oligonucleotide was added to the prehybridisation solution at
a concentration of 5-10 ng/ml. Hybridisations were performed at 42°C for 16-24
hours. Filters were washed at RT in 2 x SSC; 0.1% SDS followed by higher
stringency washes as necessary and exposed to Kodak X-OMAT AR film.

For genomic DNA blots, the Church and Gilbert method was used (Church and
Gilbert 1984). The nylon membranes were prehybridised in 30-50mls of Church
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buffer (0.5M NaHP04, pH 7.2; ImM EDTA; 7% SDS) at 50°C for 1-3 hours.
The cDNA probes were denatured by boiling for 7 minutes and added to lOmls
of Church buffer, thus forming the hybridisation solution. The membranes were
hybridised in the hybridisation solution at 50°C overnight. The membranes were
washed in 0.16M NaHP04, pH 7.2; ImM EDTA; 1% SDS for 15 minutes at
50°C. The membranes were then exposed to Kodak X-OMAT AR film at -70°C
with an intensifying screen.

2.12 Primer extension

Primer extension was performed using total human and mouse cerebellar RNA .
A 25-mer oligonucleotide, SYN-R (5’CACCTTCATAGGAAAGCTTTTGGCT-3’) and a 45-mer oligonucleotide,
SYN-I
(5 ’-TC ATC AG A AG AAACCTC AGAC ATTTC AA ATTCTGCGG AGGCTGGT3’) were end labelled to high specific activity with [y- 32p]ATP and T4
polynucleotide kinase (NEB). The primers were referred to as SR and SI
respectively in a previous study (Gorecki et al. 1992). 64 jig of total RNA were
mixed with 10 pmoles of primer and precipitated with sodium acetate and
ethanol on dry ice for 40 minutes. The primed RNA was centrifuged at 140000
rpm at 4°C and the pellet was washed with 70% ethanol. Two alternative
hybridisation buffers were used depending on the size of the primer deployed.
The pellet containing total RNA and SYN-I primer was resuspended in 1 x SI
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buffer (80% deionized formamide, 40mM PIPES, 400mM NaCl, ImM EDTA)
and hybridised at 45°C for 18-30 hours, whereas the pellet containing total RNA
and SYN-R was hybridised in 1 x aqueous buffer (1M NaCl, 0.167M HEPES,
0.3mM EDTA) at 30°C for the same duration. The hybridisation mixtures were
ethanol precipitated and resuspended in water. The hybridized primer was
extended by using MMLV reverse transcriptase in a reaction mixture containing
1.28pl RNasin, lOpl of 5 x reverse transcriptase buffer (250 mM Tris-HCL, 50
mM MgCl2, 250 mM KCL and lOOmM (3-mercaptoethanol, pH 8.3), 2.8jnl 5mM
dNTP (5mM dATP, 5mM dCTP, 5mM dGTP, 5mM dTTP) and 2.5pl of 0.1M
DTT. The volume was made up to 25pi with sterile DEPC treated water. The
reaction was carried out at 37°C for 90 minutes, lpl of 0.5M EDTA and lpl of
RNAse (lOpg/pl) was added to the reaction and incubated at 37°C for a further
10 minutes. lOOpl of 2.5 M ammonium acetate was added to each reaction. The
reaction was extracted with 1 volume of phenol/ chloroform/ isoamyl alcohol
(25:24:1) followed by precipitation with 300pl of ethanol on dry ice for 30
minutes. The pellet was washed in 500pl of 70% ethanol, dried in a Speed-Vac
for 2 minutes and resuspended in 3pl TE buffer and 4pl loading buffer (95%
Formamide, 20mM EDTA, 0.05% Bromophenol Blue, 0.05% Xylene Cyanol
FF), heat denatured and analyzed on 6 % polyacrylamide-urea gel. Sequencing
reactions were run alongside as markers. Dried gels were autoradiographed either
at -70°C with intensifying screen for 24 hours or at room temperature for 72
hours.

2.13 Quantitation of mRNA by solution hybridisation and SI nuclease
protection

SYN-I and control oligonucleotides specific to GAPDH (complementary to rat
sequence nt. 796-840 (Tso et al. 1985)) and (3-actin (Gorecki et al. 1997) were
end-labelled with y-32P ATP. Probes were suspended in hybridisation buffer
(0.4M NaCl, 40mM Pipes pH 6.4, ImM EDTA; probe concentration lpM / ml),
mixed with 30pg of RNA extracted from various tissues (brain, skeletal muscle,
cardiac muscle, spleen, kidney, lung, stomach and liver) or yeast tRNA used as a
control, heated at 90°C for 3 minutes and hybridised at 70°C for 2 hours. Excess
probe was removed by digestion with SI nuclease (120 U ml'1 SI nuclease in
4.5mM zinc sulphate, 50mM sodium acetate pH4.2, 0.3M sodium chloride and
10pg / ml single stranded DNA) for 15 minutes at 37°C. The reactions were
terminated by the addition of 4M ammonium acetate, 0.1M EDTA. The hybrids
were ethanol precipitated and dissolved in 3pl of DEPC treated water to which
4pl of formamide loading dye was added. The mixture was then denatured at
90°C for 2 minutes and run on 8-10% polyacrylamide-urea gel. Dried gels were
autoradiographed for 24 hours at -70°C with intensifying screen.

2.14 RNA-gel hybridisation

30 (ig of total RNA isolated from mouse cerebellum and skeletal muscle were
loaded onto formaldehyde (0.8%) agarose gels and run at 2V / cm for 20 hours.
Following electrophoresis, gels were rinsed in water, soaked in 10 x SSC and
dried under vacuum. Prior to hybridisation, gels were soaked briefly in water,
prehybridised in 5 x SSPE (150mM NaCl, lOmM NaPC>4 , ImM EDTA, pH7.4),
0.1% SDS, 20 p.g / ml yeast tRNA and 20 jig / ml sheared and denatured salmon
6

testes DNA at 55°C for 12 hours followed by hybridization with 5 x 10 cpm /
ml of SYN-I oligo labelled using TdT and a^^P dATP. Hybridization was for 20
hours at 55°C. The gel was subsequently washed (final wash: 2 x SSPE, 0.1%
SDS at 65°C) and exposed to Kodak XAR film at -70°C for 24 hours.

2.15 DNA sequencing

2.15.1 Primers used for sequencing

The mouse genomic fragment containing P-type dystrophin exon 1 and upstream
regions and the human genomic fragment containing part of the P-type
dystrophin exon 1 and upstream sequences were sequenced using the primers
listed in table 3. The sequencing strategy deployed will be discussed in chapter 4.
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Region with
respect to
translation
start codon
-1688 to
ASIL-1
Human GT ACG AC AATGTGT AATGATT AC AG
-1664
PURK-F
Human CCGCATCTGAAAAATTGAGAGTAGGG -1488 to
-1464
-1139 to
PCMID-F Human CAT ATGTTG AGC AC ATACTG
-1120
-1026 to
PCMID-R Human CCCCATCTGATCAAAGCATATAAAC
-1001
-802 to -778
PURK-R
Human GGAGATT AAGAACG AAACTTC ATCC
-576 to -552
ASIL-2
Human GAG ACTGG ACCT ATAAAGTTTGCGC
-261 to -237
HUM-1
Human CACAGATTCAGCTTCACAGACAGC
-876 to -854
Mouse F
Mouse GAGTACATTTCATCGATTATTC
Table 3 : A list of various primers based on genomic sequences and generated for
sequencing.

Primer
name

Species

Sequence (S’—> 3’)

2.15.2 DNA sequencing reaction

DNA sequencing was performed by the dideoxy

chain termination method

(Sanger et al 1977) using Sequenase kit (United States Biochemical). 5-8 pi of
plasmid DNA prepared by the Wizard miniprep system was denatured with 2 jllI
of 2N NaOH in a final volume of lOpl for 5 minutes at room temperature. 2 pi of
Primer (20pM / pi) was added to the denatured DNA which is then precipitated
by the addition of 3 pi of 2M ammonium acetate and 75 pi of ethanol. The
mixture was kept on dry ice for 10 minutes and then centrifuged at 4°C for 10
minutes. The pellet was washed with 70% ethanol, dried in a speed vacuum for 5
minutes and then resuspended in 9 pi of sterile water.
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The sequencing reaction contained lpl of 10 x DS buffer (70mM Tris- HC1, pH
7.5, 70mM MgCh, 50mM p-Mercaptoethanol, ImM EDTA), lp l of 0.1M DTT,
2 jli1 of a 1:5 dilution of dGTP labelling mix (USB), 0.5 pi of [a- 35S]-dATP and

2.125 U of T7 DNA polymerase. The reaction was carried out at 4°C for 7
minutes. Various modifications to this labelling protocol were adopted depending
on the desired distance away from the primer needed to be read. Hence a lower
dilution of the dGTP mix was used in conjunction with higher volumes of [a35S]-dATP when reading sequences that are further than 200 bp from the 3’end

of the primer. Whereas sequences < 200 bp from the primer were read most
effectively with 1:10-1:12 dilutions of dGTP labelling mix. Sequences very close
to the primer 3’end, i.e. 8-20 bp were possible to read by the inclusion of lpl of
Mn buffer (0.15M Sodium Isocitrate, 0.1M MnCl2). This reagent reduces the
average length of DNA synthesized in the termination step, intensifying bands
corresponding to sequences close to the primer.

3.5pl of the reaction was incubated with 2.5pl of various termination mixes
containing a particular dideoxynucleotide at 42°C for 5 minutes. The reaction was
terminated with 4pl of Stop solution (95% Formamide, 20mM EDTA, 0.05%
Bromophenol Blue, 0.05% Xylene Cyanol FF) and ran on 6 % polyacrylamideurea gel. Some sequences were also verified by automated sequencing at the
Microchemical Facility in the Cambridge Research Station (BabrahamCambridge).
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2.16 Cell culture

C2C12 myoblast cells were maintained in Dulbecco's modified Eagle's medium
(GIBCO) supplemented with 10% foetal bovine serum and Ampicilin (0.1
mg/ml). Cells were differentiated in Dulbecco's modified Eagle's medium
(GIBCO) supplemented with 5% horse serum and antimycotic solution (0.1
mg/ml). Cultures were incubated at 37°C in a humidified atmosphere of 5% CO2
-95% air.

2.17 Transient cell transfection assay

Transfections were performed using the LipofectAMINE™ reagent (GIBCOBRL). The Lipofectamine: DNA ratio was maintained at 1:5 as recommended by
Trivedi et (1995). 0.5 x 106 C2C12 cells were plated on 100mm tissue culture
plates (Nunc) and allowed to proliferate for 48 hours prior to transfection. lOpg
of test plasmid and 4pg of pSV-p-galactosidase plasmid were used for
transfection per plate. The DNA was mixed with 35 pi of Lipofectamine reagent
(70pg). The plasmids and the LipofectAMINE™ reagent were both diluted
separately in 800 pi of Opti-MEM I Reduced Serum Medium (GIBCO-BRL),
mixed together and incubated at room temperature for 30 minutes to allow DNAliposome complexes to form. The complexes were diluted in Opti-MEM to make
the final volume added per plate equal to 8 ml. The cells were washed in OptiMEM I reduced serum medium, prior to the addition of the DNA/Liposome
complexes.
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The cells were incubated with the complexes at 37°C in a 5% CO 2 incubator for
6 hours. Following incubation, growth medium was added and the cells were

incubated for a further 24 hours, after which they were switched to differentiation
medium (DMEM containing 5% horse serum) to induce fusion and myotube
formation. For some experiments, cells were maintained as myoblasts in growth
medium and harvested after 24 or 48 hours.

2.18 Intramuscular injection of DNA

Four week-old C57B16 mice were used. The hair of the skin overlying the tibialis
anterior (TA) muscle was clipped and the muscle was injected with 25 jil of
BCI2 ( 1.2 % solution) to induce degeneration / regeneration which dramatically
increases the number of fibres that take up and express the reporter gene (Wells
et al. 1998). After five days, the mice were injected with 30 pg of DNA
suspended in 25 pi sterile 0.9% saline solution. The injection was done using a
0.5 ml tuberculin syringe with 27G1/2 needle to which a plastic collar had been
adapted to maintain the depth of injection. The injection was performed by Dr.
Darek Gorecki.

Animals were sacrificed one week following injection of plasmid DNA and the
TA muscle was removed and flash frozen in liquid nitrogen. Muscle extracts
were prepared by grinding the frozen muscles on dry ice (cold mortar and pestle)
to a fine powder, and vortexed for 20 minutes, in 300 pi of 1 x RLB solution
(Promega), put on ice, spun at 4°C for 5 minutes and supernatants used for
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further assays..

2.19 Enzyme and protein assays

2.19.1 Estimating total protein concentration

This was carried out using the bicinchoninic acid method (Smith et al. 1985).
This assay was found to be superior to the more common Lowry assay in its
tolerance towards interfering substances particularly when using the Promega
reporter lysis buffer. The assay was modified to correct for any interference with
the buffer in which the cell extracts were collected.

10 pi of cell extracts were diluted in sterile water to a final volume of 50 pi.
Protein standards were set up using BSA to provide a protein concentration range
from 50-800 pg/ml. 10 pi of Promega reporter lysis buffer was added to the
standards in order to correct for interference in the measurements by the buffer.
Both standards and samples were mixed with 1 ml of Standard working solution
(S-WR) and incubated at 37°C for 30 minutes then OD was read at a wavelength
of 562nm. S-WR consisted of 50 parts Reagent A (1% BCA-Na2, 2%
Na2C 0 3.H20 , 0.16% Na2 tartrate, 0.4% NaOH, 0.95% NaHC03; pH 11.25) and
1 part Reagent B (4% CuS0 4 .5H 20 in deionized water).
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2.19.2 Chloramphenicol acetyltransferase assay

Chloramphenicol acetyltransferase (CAT) assay was performed using the thinlayer chromatography method (TLC) separation of [14C]chloramphenicol subtrate
and products (Gorman et al. 1982). Cell extracts adjusted for protein
concentrations were heated at 65°C for 10 minutes to inactivate endogenous
acetylases, then added to reaction mix containing 5pi of [ 14C]-chloroamphenicol,
30 mM acetyl-CoA, 83.3mM Tris-HCL pH 7.8 and volume made up to 150pl
with sterile water. The reaction was incubated for 2 hours at 37°C and terminated
by the addition of 1ml of ethyl acetate, which allows the acetylated form of
chloramphenicol

to partition

into the

organic

phase

and

unacetylated

chloramphenicol to remain in the aqueous phase. The samples were vortexed and
spun down for 5 minutes in a microcentrifuge. The organic phase was removed
and dried in a speed vacuum. The reaction products were redissolved in 25 pi of
ethyl acetate and spotted onto the origin of a 25-mm silica gel, TLC plate. The gel
was run in a mixture of chloroform : methanol (95:5) for approximately 1 hour to
separate the acetylated forms of chloramphenicol. The TLC plate was then dried
and exposed to X-ray film.

Quantitative CAT assays were carried out using the liquid scintillation method
(Seed and Sheen 1988). Cell extracts adjusted for protein concentrations were
heated at 65°C for 10 minutes to inactivate endogenous acetylases, cooled on ice
for 5 minutes then made up to a final reaction volume of 125 pi containing 5 pi of
[ 14C]-chloroamphenicol and n-butyryl coenzyme A (5mg/ml) respectively. The
-
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reaction was terminated by the addition of 300|il of mixed xylenes. The samples
were vortexed and centrifuged to achieve a good phase separation. 240p,l of the
upper phase was transferred to fresh tubes. A back extraction step using lOOpl of
fresh 0.25M Tris-HCL, pH 8.0 was incorporated to reduce background count.
200pl of upper xylene layer was transferred to scintillation vials. 4ml scintillation
fluid was added to all samples and analysed in a liquid scintillation counter.

2.19.3 p-galactosidase assay

This assay was conducted as described in Sambrook et al. (1989). 30pl of cell
extracts were mixed in a solution containing 1 x Mg solution (ImM MgCL,
45mM P-mercaptoethanol), o-nitrophenyl-P-d-galactopyranoside (ONPG) (0.8
mg / ml), 67.ImM sodium phosphate. Standards were also set up in a 30pl
volume, using E.coli p-galactosidase which was diluted in 0.1M sodium
phosphate to obtain a range of enzyme concentrations (0.013 U/ml-1.67 U/ml).
The reactions were incubated at 37°C, till a faint yellow colour developed in the
reactions containing the cell extracts. The reactions were terminated by the
addition of 500pl of 1M Na2C03 and OD was read spectrophotometrically at
wavelength of 420nm.
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2.20 Computer analysis

Genomic sequences of regions upstream of P-type first exon were fed into the
PC-GENE program and analysed using various programs in this package.
Restriction maps and homology comparisons were produced using the RESTRI
and NALIGN programs respectively. The sequences were also searched for
splice junctions using the program SIGNAL. The promoter region was searched
for eukaryotic regulatory elements using programs described in chapter 4.

CHAPTER 3

TISSUE AND DEVELOPMENTAL EXPRESSION OF
THE P-TYPE DYSTROPHIN TRANSCRIPT

\s fH A y i

C'

3.1 Introduction

It was in the course of an extensive in situ hybridisation study aiming to map
dystrophin transcripts expression in the brain that the P-type dystrophin transcript
was discovered (Gorecki et al. 1992). Dystrophin expression in the cerebellum
was found to be confined to Purkinje cells using probes complementary to 3’ end
and exons 2,3 or 4 . However, probes specific for M-type and C-type dystrophin
failed to label those cells. Thus, it was reasoned that a novel full length transcript
is present in Purkinje cells. In order to determine the exact point of divergence
between the Purkinje cell transcript and the reported M-type and C-type
transcripts, rapid amplification of cDNA ends (RACE) was used to amplify the
5’end of cDNA generated from mouse cerebellar mRNA. Cloning and
sequencing of the obtained product indicated the existence of a dystrophin
transcript with a unique first exon which was named the P-type dystrophin. This
unique first exon was found to be positioned in the middle of the large 240 kb
intron between muscle type exon 1 and 2 (Gorecki et al. 1992).

However, the study did not address the question whether this transcript is specific
to Purkinje cells of the cerebellum or if it is expressed in other tissues. This
question is particularly relevant in light of the expression pattern of the other full
length dystrophin transcripts. Although initially they were labelled as ‘muscle’
and ‘brain’ type dystrophins, it was subsequently revealed that their expression
pattern is not as specific as previously thought. For example the M-type (muscletype) transcript is also expressed in the cerebral cortex (Gorecki et al 1992), glial
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cells in culture (Bamea et al. 1990), fibroblasts (Hugnot et al. 1993a) and
lymphoblastoid cells (Nishio et al. 1993). The same is true of the C-type (braintype) transcript which is expressed not only in brain but also in the muscle and
the outer plexiform layer of the retina (Tamura et al. 1993; Pillers et al. 1993).

The dystrophin gene expression is activated early during development. The
dystrophin protein is found in the cytosol and as development proceeds, it begins
to associate with the cell membrane. In rats, dystrophin is detected in Embryonic
day (ED) 15 myofibers but the first appearance at the cell membrane is not until
ED. In the mouse, dystrophin transcripts are first detected in the myotomes of 9.5
days embryos (Houzelstein et al. 1992). In humans, from 8 weeks of foetal
development in limb muscle, dystrophin protein can be observed at the
myotendinous junction and is subsequently integrated into the sarcolemma
(Wessels et al. 1991).

In order to gain an understanding of the expression pattern of the P-type
dystrophin, its expression in adult tissues and during development was examined.
Furthermore, its expression in a fibroblast cell line from a patient lacking the M
and C-types promoters was also investigated.

-Ill-

3.2 Results

3.2.1 Expression of the P-type dystrophin transcript in human and mouse
tissues

The polymerase chain reaction was used to amplify the P-type dystrophin from a
variety of mouse and human tissues. Total RNA was isolated from mouse and
human cerebellum and cortex as well as mouse heart, diaphragm and TA muscle.
First strand cDNA synthesis was performed using random hexamers. At the 5’end, RT-PCR with a primer set PT1-5 amplified two fragments, the predicted one
of 396 bp and a larger one of ~478bp bp in adult mouse cerebellum. The nature
of the larger fragment will be discussed in detail in chapter 5.

The RT-PCR results show that the P-type dystrophin mRNA can be detected not
only in mouse and human cerebellum but also in skeletal muscle (diaphragm and
TA) and in cardiac muscle. It was not possible to detect the P-type dystrophin in
human frontal lobe, whereas it was readily detectable in mouse cortex (Figure
3.1).
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Figure 3.1
PCR amplification of dystrophin transcripts in various tissues.

P:

P-type dystrophin amplification using primer set PT1-5 amplifying between P-type

dystrophin first exon and exon 5 of the dystrophin gene (396bp).

C:

C-type dystrophin

amplification using primer set CT amplifying between C-type dystrophin first exon and
exon 5 of the dystrophin gene (384bp).

M:

M-type dystrophin amplification using primer set

MT amplifying between M-type dystrophin first exon and exon 5 of the dystrophin gene
(356bp).

Panel A:

human cerebellum.

Panel B:

Amplification from different regions of mouse and human brains.

HFL:

human frontal lobe.

MC:

mouse cerebellum.

MCX:

HC:

mouse cortex.

Amplification from different mouse muscles.

To further analyse the expression o f the P-type transcript in different m ouse
tissues we applied solution hybridisation w ith oligonucleotides follow ed by S I
nuclease digestion (O ’D onovan et al. 1991). T he sensitivity o f this m ethod is
high and different probes for several m R N A species can be quantified in several
tissues sim ultaneously relative to a reference probe in each o f the lanes (Figure
3.2). Q uantification o f the P- type dystrophin transcript and control ((3-actin)
m R N A using this m ethod confirm ed that this transcript is expressed not only in
the cerebellum but also in the skeletal and cardiac m uscle o f adult m ice.
M oreover, the levels o f expression in m ouse skeletal and cardiac m uscle are
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sim ilar. N o expression o f the P-type m R N A has been found in other tissues
tested, i.e.: spleen, kidney, lungs, stom ach and liver.

1

2

3

4

5

6

7

8

9

10

11 12

Figure 3.2
Tissue distribution of the P-type dystrophin transcript. The autoradiograph of mouse RNA
from various tissues was analysed simultaneously with 2 oligonucleotides using S1
nuclease protection assay. Yellow arrow: 45-mer specific for P-type exon 1 (or GAPDH in
lanes 2 and 3 used as a positive control), Red arrow: 24-mer specific for (3-actin. Lanes:
1. negative control tRNA; 2. skeletal muscle/GAPDH; 3. brain/GAPDH; 4. skeletal muscle;
5. brain; 6. spleen; 7. kidney; 8. lung; 9. stomach; 10. liver; 11. skeletal muscle; 12. heart
muscle.

3.2.2 Establishing the size of the P-type dystrophin transcript and the
expression of the transcript during mouse development

R N A gel hybridisation w ith a P-type specific oligonucleotide identified a single
band o f an estim ated 14 kb size in m ouse brain and m uscle sam ples (Figure 3.3).
T his is in agreem ent w ith other full length dystrophin transcripts.

B

M

P-type
specific

G A PD H
specific

Figure 3.3
RNA-gel hybridisation. Lane B - mouse brain; Lane M - mouse skeletal muscle.
Hybridisation with P-type exon 1 specific oligonucleotide probe and a GAPDH specific
probe to establish RNA loading levels. Arrows indicate specific bands in skeletal muscle
and the cerebellum.

The expression o f the P-type dystrophin during m ouse d evelopm ent w as also
exam ined. Total RN A was prepared from frozen em bryos at days 12.5 and 15.5

-

115

-

as well as from neonatal and postnatal mice. A gross increase in transcript lew is
can be seen in Figure 3.4 betw een em bryonic and postnatal tissues.

12 3 4 5 6 7 8

1234

5 6 7 8

%m m m

$

Figure 3.4
Analysis of the P-type mRNA expression in mouse embryonic tissues. Primer set PT1-5.

(A)

Amplification products were resolved by agarose gel electrophoresis and visualised

by ethidium bromide staining. Lanes: 1 1kb ladder (BRL); 2. E12.5; 3. E15.5; 4. Neonatal;
5. P6; 6. P16 ; 7. P24 ; 8. No cDNA.

(B)

Autoradiogram of the corresponding area of the

Southern blot hybridised with 32p labelled internal oligonucleotide probe M2nd (nt 266292 relative to human dystrophin sequence (Koenig et al. 1988)).
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3.2.3 P-type expression in a patient lacking the M-type and C-type promoter
regions

Previously a patient (DL52.6) was described who lacks both the M-and C-type
promoter sequences and shows a phenotype of initial rapidly progressing disease
to severe muscle atrophy with limited necrosis followed by a much milder
progression in adolescence (den Dunnen et al. 1991). This patient has normal
intellectual abilities. Using a P-type-specific probe to hybridize to Southern blots
of DNA obtained from the patient DL52.6, it was possible to discern that the
region containing the putative P-type promoter and exon 1 is not deleted (den
Dunnen, personal communication). Thus, rare patients suffering from milder
forms of Duchenne muscular dystrophy and having mutations in the M-type
and/or C-type promoter regions may have less severe symptoms due to expression
of the full length P-type transcript in their skeletal muscle. RT-PCR
(amplification between P-type exon 1 and exon 4) was used to analyse RNA
isolated from a fibroblast cell line (the only available source of RNA) from
patient DL52.6. The P-type dystrophin transcript was amplified from those
samples (Figure 3.5). Amplification of a fragment specific for the M-type
dystrophin (between M-type exon 1 and exon 4), which was used as a control,
gave a negative result (Figure 3.5).
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Figure 3.5
Analysis of the P-type transcript in patient DL52.6. Lane 1: amplification with primer set
PT1-4; lane 2: amplification with primer set MT; lane 3: amplification with primer set
Dp71.

(A)

Amplification products were resolved by agarose gel electrophoresis and

visualised by ethidium bromide staining. Bands of the expected size are visible in lane 1
(Purkinje-type specific) and 3 (Dp71-specific).
area of a Southern blot

(B)

Autoradiogram of the corresponding

hybridised with 32p labelled internal oligonucleotide probes:

lanes 1 and 2 probed with M2nd (nt 266-292); lane 3 probed with 3 ’-4 (nt 9589-9613
relative to human dystrophin sequence (Koenig et al. 1988)). Specific bands are
detected in lanes 1 and 3 only.
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3.3 Discussion

The results presented in this chapter show that the P-type dystrophin transcript is
a 14 Kb, full length transcript and that it is expressed not only in the cerebellum
as originally reported (Gorecki et al 1992) but also in skeletal and cardiac muscle.

This result is in agreement with previously published data. The mutation causing
muscular dystrophy in a feline model (Winand et al.1994) was found to be a
deletion encompassing both the M-type and P-type first exon and promoter
regions. P-type transcript expression in skeletal muscle of cats was assessed by
RT-PCR. It was possible to detect the transcript in muscle of control cats but not
in the dystrophic cats.

Along with this study, other groups have demonstrated the expression of P-type
dystrophin in human skeletal muscle in the course of studying patients with
deletions at the 5’ end of the gene (Muntoni et al. 1995; Milasin et al. 1996;
Nakamura et al.1997)

The expression of the P-type was examined in more detail by Holder and
colleagues. They found the expression of the transcript in skeletal muscle using
RT-PCR and RNAse protection (Holder et al. 1996). The authors in this study
claim to have quantified the levels of the P-type transcript in muscle and found it
to be approximately 20% of total muscle dystrophin transcripts. They generated a
probe spanning the region between muscle first exon and exon 4 of the
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dystrophin gene and hybridised it to total RNA from human skeletal muscle. A
band of the expected size was detected but also a smaller band of a size that
corresponds to deletion of the M-type first exon part of the probe. The authors
reasoned that this second band represents the P-type dystrophin. However, this
strategy does not take into consideration the presence of C-type dystrophin in
skeletal muscle (Figure 3.1b). Thus the figure of 20% may represent all full
length transcripts found in the muscle that are not transcribed from the M-type
promoter.

It is also interesting to note that in that same study, P-type dystrophin was
detected using RT-PCR from an unspecified human cortical region.

P-type

dystrophin could not be readily amplified from total RNA of human frontal lobe
(Figure 3.1 A) in spite of the fact that C-type could be detected easily from that
region. This could suggest that there might be other regions in the human brain
where P-type dystrophin is expressed at low levels. However, this also might be
the result of high sensitivity of RT-PCR; the P-type dystrophin mRNA could be
amplified from mouse cortex whereas in situ hybridisation did not detect this
transcript in that region.

The expression pattern of the individual full length dystrophin transcripts during
development has not been studied in depth. In situ hybridisation experiments
using a probe spanning exons 16-20 of the dystrophin gene detected dystrophin
expression in the developing mouse cerebellum at 13.5 days (Houzelstein et al.
1992). This is in agreement with the results shown in Figure 3.3, where P-type
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dystrophin is found to be expressed as early as 12.5 days in mouse embryonic
brain. This is interesting in light of the fact that Purkinje cells are reported to
become postmitotic by embryonic day 13 in the mouse. Thus, P-type dystrophin
may serve as a marker for Purkinje cells early in development in an analogous
manner to calbindin-D28.

The question that arises from the finding that the P-type (and also C-type)
dystrophin transcripts are expressed in skeletal muscle (albeit at low levels), is
whether these transcripts are functionally interchangeable or carry with them
specific properties that are manifested in the few amino acids encoded by the
various first exons or in the particular way the expression of these transcripts is
controlled. The answer may be provided from studies that examine patients
bearing a deletion of one or more of the promoters that drive the expression of
the various full length transcripts.

Muntoni et al. investigated the genetic defect causing X-linked dilated
cardiomyopathy in several members of an affected family. These patients were
found to have deletions at the 5’ end of the dystrophin gene, affecting the
expression of the M-type transcript. One mutation was found to be a deletion
removing the M-type promoter, first exon and part of the muscle first intron
(Muntoni et al. 1993). Another was a point mutation in the 5’ splice site of the
first muscle intron (Milasin et al. 1996). RT-PCR was used to examine the
expression of the P-type transcript from skeletal muscle biopsy samples of
control subjects as well as X-linked dilated cardiomyopathy patients and it was
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found that both groups expressed the C and P-type transcripts (Muntoni et al.
1995; Milasin et al. 1996).

An atypical BMD patient with a deletion affecting the first muscle exon and
intron regions and lacking cardiac symptoms has also been reported (Nakamura
et al. 1997). This patient was also found to express both C- and P-type
transcripts.

In spite of the fact that all these patients have deletions that either abolish or
reduce the expression of the M-type transcript which is the predominant
transcript in skeletal muscle, they nevertheless experience very mild skeletal
muscle symptoms. This suggests that the P and C-type transcripts expressed in
their muscle are compensating for the absence of the M-type transcript. However,
their expression in the cardiac muscle was insufficient to prevent damage due to
either insufficient amount or functional specificity.

The result shown in Figure 3.4, corroborates and expands this conclusion. It was
possible to amplify the P-type dystrophin from a fibroblast cell line of a DMD
patient that had deletions encompassing both the muscle and brain type promoter
but not the P-type promoter (den Dunnen et al. 1991). This mutation is highly
exceptional and only one other deletion of this nature has been reported
(Rapaport et al. 1992c). It is unfortunate that a muscle biopsy from this patient
was not available to directly examine the DMD transcripts expressed in his
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skeletal muscle and to study whether there was an increase of P-type dystrophin
transcript expression the®.

However, it is important to bear in mind that although dystrophin is expressed
predominantly in muscle and brain and that the major symptoms of muscular
dystrophy affects those tissues (muscle wasting and cognitive impairment
respectively), the role of dystrophin in other tissue remains to be explored.
Fibroblasts have been used in other studies to examine dystrophin expression
(Hugnot et al. 1993a). M-type transcripts can be detected in fibroblasts using RTPCR in normal subjects (Hugnot et al. 1993a). Cultured fibroblasts from
Duchenne patients are reported to display abnormal properties (Emery 1993).

It is important to note that this patient had a much milder phenotype than a
typical DMD patient. However, his condition is clearly more severe than patients
with 5’deletions affecting the M-type promoter and first exon only. This may
reflect the fact that D152.6 does not express the M-type and C-type transcripts in
his muscles and if he does express other full length transcripts such as P-type and
L-type, they are likely to be present at very low levels. It is, however, interesting
that he displayed an initial rapid progression followed by long term stabilisation
of disease symptoms. This may suggest accumulation of the P-type dystrophin or
a specific temporal expression pattern of the P-type dystrophin transcript in
muscle. This hypothesis can only be verified if other patients with similar
deletions are examined because of the high variability of phenotype that exists
between DMD patients bearing the same mutation.
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Alternatively patient D152.6 could be re-examined through the introduction of a
myogenic-regulatory factor gene, MyoD into his fibroblast cell line. This would
force the fibroblast cells into myogenesis under the appropriate culture
conditions, thereby inducing the expression of muscle-specific proteins. This
approach has already been utilised for a deceased patient who had a non-deletion
mutation. Sufficient RNA was extracted from such a cell line to determine that
he had a nonsense mutation in the region encoding the rod domain (Roest et al.
1996).

-

124

-

CHAPTER 4

ANALYSIS OF THE DYSTROPHIN P-TYPE FIRST
EXON AND UPSTREAM SEQUENCE IN DIFFERENT
SPECIES

4.1 Introduction

Promoters of different genes and even promoters within a given gene can
present their own unique challenges for those investigating them. Having said
that, there are factors that must be established in every case. An example of such
a factor is the identification of the transcription start site (also known as the cap
site) within that promoter region. If one has only the partial sequence of the 5'end
of a given transcript and then proceeds to isolate the genomic region containing
that exonic sequence, then one may end up looking in vain for a promoter
upstream of what may be the second or third exon rather than the first.

Of the eight known dystrophin promoters, only three have been characterised
thus far. These promoters drive the expression of the M, C and G (Dp71)
transcripts. The M-type transcript was isolated and sequenced by Koenig et al.
(Koenig et al. 1988). In order to characterise the 5’ end of this transcript, Klamut
et al. (1990), mapped the initiation site of the transcript using primer extension
and RNAse protection assays. The M-type cap site was found to be 32
nucleotides upstream from the estimated 5’ end of the cDNA isolated by Koenig
et al. (Klamut et al. 1990). The cap sites for the C-type and Dp71 transcripts were
similarly identified with RNAse protection assay and 5’RACE (Makeover et al.
1991; Lederfein et al. 1993).

Once the cap site is identified, then the genomic region containing the first exon
and upstream sequences can be isolated and used for promoter analysis. This
sequence can be cloned into a vector containing a reporter gene. A general
-
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practice is to avoid the inclusion of coding regions so a:s not to influence the
synthesis of the reporter gene product. The size of the required genomic region
upstream of the cap site varies from one promoter to another, ranging from under
lOObp to several thousand base pairs. The sequence of the putative promoter
region can provide some clues as to what elements contained in that regulatory
region might be of importance.

Regarding the known dystrophin promoter, several standard transcription
elements were found upon sequencing of the M-type. These include a TATA box
at -24 (in relation to the cap site) and an Spl-binding GC box at -61. In addition,
several muscle specific elements were found, such as a copy of the CArG box
(CC(A/T)6GG), the M-CAT heptamer (CATTCCT), and three MEF-1 binding
sites (Klamut et al. 1990). In another study, two E-boxes, one conserved and the
other partially conserved were also identified in this promoter region
(Gilgenkrantz et al. 1992). E-boxes are elements bound by helix-loop-helix
factors such as the myogenic MyoDl factor. However, those found in the M-type
dystrophin promoter were shown not to interact directly with MyoDl
(Gilgenkrantz et al. 1992).

The C-type promoter sequence, on the other hand, lacks a TATA box and other
recognised regulatory elements (Makover et al. 1991). The Dp71 promoter
differs again because it has a structure typical of ‘housekeeping’ genes that is GC
rich and contains a number of Spl binding sites but without a TATA box
(Lederfein et al 1993).
-
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In light of those results pertaining to the other dystrophin transcripts, it was
important to establish the sequence and the degree of conservation of the P-type
first exon and upstream sequence as well as the transcription start site(s).
Moreover, the determination of the cap site constitutes the first step in the study
of a promoter driving the expression of any given transcript.

4.2 Results

4.2.1 Comparison of the P-type dystrophin first exon and upstream sequence
from various species

A -1.8 kb human genomic Hindlll - Hindlll fragment was isolated from a
positive clone (4829) derived from cosmid library generated from human Xchromosome DNA using P-type dystrophin specific oligonucleotide*. It was
cloned into the pCATBASIC (Promega) vector. The ends of the fragment were
sequenced manually using primers based on the vector sequence. Subsequently
primers based on the genomic sequence obtained were synthesised and used for
further sequencing. The primers were positioned 50 - lOObp away from the end
of the known sequence so that a region of overlap between the new sequences
and established ones could be created. All together, 7 primers were needed to

*

The isolation of the human and mouse genomic fragments was carried out by Dr. Darek

Gorecki.
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cover the entire fragment. The cloned sequence was 1780 bp in length and the
accuracy of the sequence was confirmed by automated sequencing.

A -1.2 kb mouse genomic Hindlll - Pstl sequence isolated from a phage clone
with a P-type specific probe was cloned in pBluescript KS (Stratagene). It was
initially sequenced with primers T7 and T3 primers, based on the vector
sequence. Analysis of the sequence revealed a unique -EcoNI site that is 620 bp
away from the Pstl site. Thus two subclones were generated whereby either a
Hindlll - EcoNl or an £coNI - Pstl fragment was removed by double digestion
and the remaining part of the genomic sequence plus vector backbone was
religated. The two subclones were then sequenced with T7 and T3 primers
manually as well as with the aid of an automated sequencer. The length of the
Hindlll - Pstl fragment was found to be 1195 bp.

The sequence of human and mouse P-type first exon and upstream sequences
were aligned and analysed. In spite of the extensive sequence homology between
both sequences (87.1% and 75.3% nucleotide identity for exon 1 and upstream
sequence respectively), there was one major discrepancy between the two
species. In the human sequence there is only one potential ATG codon (Met-1)
that is in frame with the rest of the dystrophin sequence. Twenty one base pair
upstream of the human ATG start codon is a TAG stop codon. This stop codon is
not conserved in the mouse. In fact, there are two further potential ATG start
codons (Met-2 and Met-3 respectively) present in the mouse sequence upstream
of Met-1. A comparison of the sequence flanking all three methionine codons
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with the consensus Kozak formula shows that there are no major differences in
‘weight’ of each ATG codon (see table 4).

Consensus

G

C

c

G

C

C

-3
A
G

Human Met-1
Mouse Met-1
Mouse Met-2
Mouse Met-3

G
G
t
a

a
a
g
C

a
a
C
C

t
t
t
c

t
t
t
a

t
t
t
t

G
G
c
A

C

c

A

T

G

+4
G
A

a
a
C
g

a
a
t
a

A
A
A
A

T
T
T
T

G
G
G
G

t
t
A
t

Table 4
Alignment of the sequences surrounding the P-type dystrophin potential translation start
site(s) with the consensus Kozak sequence (Kozak 1987). The start codon is boxed. The
bold characters designate the nucleotide in the prevalent positions - 3 and +4, and the
capital letters in the P-type sequences mark the nucleotides that match the consensus
sequence.

The P-type first exon and putative promoter sequences were obtained from other
species, in order to further assess the degree of conservation of this genomic
region. PCR amplification was deployed for this using primer pairs based upon
mouse and / or human sequences.

Genomic DNA or total RNA was isolated from rat, dog, pig and sheep. A wide
range of primer sets were used to amplify the P-type first exon and, where
genomic DNA was available, upstream sequences. Sequences amplified from the
various species were either cloned and sequenced or sequenced directly. All
sequencing data was analysed using the PC/Gene and GeneJockey (Biosoft)
programs. Clustal W multiple alignment (version 1.7) of these sequences along
with the mouse and human P-type first exon and upstream sequence is shown in
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Figure 4.1. Clustal W is a multiple alignment program that compares all
sequences to each other (pairwise alignments) then constructs a dendrogram,
describing the approximate groupings of the sequences by similarity. Finally, it
carries out the best multiple alignment using the dendrogram as a guide.
(Thompson et al. 1994). This program is available on-line from the Baylor
College of Medicine Search Launcher [http://dot.imgen.bcm.tmc.edu:9331/]
(Smith et al. 1996).

The human sequence was also checked for the presence of a TATA box and
other transcription factor (TF) binding sites using the EUKPROM program as
well as the FINDPATTERNS program in the GCG package which compared the
sequence against the Eukaryotic Promoter Database (EPD). The TFSEARCH
software (ver.1.3; 1995 Yutaka Akiyama (Kyoto University)) was also used to
search for highly correlated sequence fragments versus the TFMATRIX
transcription factor binding site profile database. The TF binding sites found
were compared with those of other species. Some of the conserved elements are
shown in the alignment (Figure. 4.1).
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— TTC TG C CTC TCTT TCACTAACAT— GTT T — AC ATAAATGAGT GCACTGTCAAGTTCA CGT GAAGA C TAGACA AAAATACAGGTGTCC

(-4 4 6 )

H u m an GC TTC TTTTT C TTTT TCACTAACACCAGTT T — GC ATAAATGAGT GCACTGTCGAGTTCA CGT GAATA C CAGACA AAAATACAGGTGTCT

(-4 4 4 )

P ig

— TTC TG C TTC TCTT TC A -TA A CA TCA G TT TTTGCATAAATGAGT ACAGTGTCGAGTTCA CGIGAAAACTAGACA AAAATACAGGTGTCC

(-4 5 2 )

sheep

--T T C T G C T T C T C T T TTA -T A A C A T C A G TT C— GTGTCAATGAGT AC AGTGTC GAGTTC A CGTGAAGACTAGACA AAAATACAGGTGTCC

(-4 5 1 )

H u m an

MyoD-left

-

132 -

MyaD-right

y^nufrier^t

TATAI>«x
M ouse

-TCATAATAATCAGC TCTTCTATTTCTCCG CTCCA -G TG A -TG C T TCCGTCTTAGAGAAA TCCTACATAAAGCAG ATGACACAGTTATTA

(-3 5 9 )

H im a n

-TCATAATAATCAGC TC CT CTAAGTCTACT TTC CA- GTTTC TGCT TCAGACTCAGATAAA TCCTATATAAAGCAG ACGACACAGTTATTT

(-3 5 6 )

P ig

CTCATAATAATCAGC TCCTTTAATTCTCCT CCCCAAGTTTACGCT TCAGTCC CAGAGAAA TC CTACATJUUIGCAG GCGGCACAGTTATTA

(-3 6 2 )

sneep

- T L A iA A l UAl'UAGL T C L T iT A A iiL 'iC L T UTL AA - GTJTA GGUi GUAGTUTLAGAGAAA TU UTATAT AAAGLAG GUGGCAUAG IT Ai'lA

(-3 b 3 )

M ouse

CTGGAGGAACTGAGG TTACTGATTAGAGGG -AACGTAATCAGGTA GATTGGAGCCTGGAG GGA-GAAACCATTGC AGGAAGAGG GGAGTG

(-2 7 1 )
(-2 7 1 )

R at
H um an CTAGAGGAACTGAGG TTACTGATTAGAAGG -AACGTAATCAGGTA GATTGAG C CGGT GAG GGAAGAAACCATTGC TG --T G A G A GGAGTG

(-2 6 9 )

P ig

CT AGAGGAACTGAGG TTACTGATTAGAAGG GAACATAATCA GGTA GATTGAG C CTGT GAG GGAAGAAA C CATTG C TGAGAGAGGGGAGTG

(-2 7 2 )

sheep

CTAGAGGAACTGAGG TGACTGATTAGAAGG GAATGTAATCA GGTA GATTGAG C CTGT GAG GGAAGAAACCATTGC TGGGGAAAGGGAGTG

(-2 7 3 )

1

M o u s e T T GGCAAAATGCTGT CTGTGAAGCTG— AA TCTCTGAAGAACCCC TCACTCTTCACAGCA AC TGGAGT GGAAGAA ACAGGTGCAAAAAGA

(-1 8 3 )

T T GGCAAAATGCTGT CTGTGAAGCTG— AA TCTGT GAAGAA CAC C TCACTCTTTAGGGCA ACTGGAGTGGAAGAA ACAG GTGCAAAAAGA

(-1 8 3 )

H um an T T - GCAAAATGCTGT CTGTGAAGCTG— AA TCTGTG A--GACACC TCACTATTCACTCGA ACCGGAGTGGAAGAA ACAGGTGCAAAAAGA

(-1 8 4 )

P ig

TTTGCAAAATGCTGT CTGTGAAGCTG— AA TCTGGGCAGAATACC TCACTTTTCAAGGCA AC CGGAGTGGAAGAA ACAGGTGCAAAAAGA

(-1 8 4 )

sheep

TTTGCA AA AC-CTCT CTGG GAATCTGGGAA TCTGG GAAGAA CAC C TCACTTTTCAGGGCA AC CTGAGTGGAAGAA ACAGGTGCAAAAAGA

(-1 8 4 )

M o u se

CT CAGCATTTGTCT G CTTTTGTCA GGCTGC

GTAGA GATTAT GAAC TTG CTTT ATCTGTGT TTGCCTATGACTCTA C CTC CAGGTTTGTC C

(-9 3 )

R at

CTCAGCATTTGTCTG CTTTTGTGA GGCTGC TAAGAAATTATGAAC CTGCTTTATCTGTGT TTGGCTATGACTCTA CCTCCAGGTTTGTCC

(-9 3 )

H um an T T GTGTGTTTGTCTG CTTTTGTGAGGCTGG TCAGAGATTCTGTGC C TGCTTT ATCTGTGC TTGGCTATGACTCTA CCTCCAGGTTTACCA

(-9 4 )

T T GTGTGCCTGTCTG CTTTTGTGA GGCTGG TCAGAGATTATGTAC CTGCTTTATCTGTAC TTGGCTATGACTCTA CCTCCAGGTTTATCA

(-9 4 )

s h e e p TTGTGCATCTGTCTG CTTTTGTGA GGCTGG TCAGA GATCATAAAG TTGCTTTTTCTGTGC CTGGCTATGACTCTA CCTCGAGGTTTATCA

(-9 4 )

R at

P ig

Met-3

M et-2

M ouse

TACCCCATAGAATGT GTAAGAGAAAAGTAC C AAC AGGGAAATC AG CCAAATGCTTTCCTA TBAAGGTG— TCACC AGCCTCCGCAGAATT

R at

T A C C C C A T A G A A T G T GTAAGAGAAAAGTAC CAACAGGGAAATCAG CCAAATGCTTTCCTA TBAAGGTG— TTACC

(-5 )

AGCCTCTGCAGAATT

(-5 )

— AGAGGGAAATC AG CCAAAAAGCTTCCTA TGAAGGTG— TAGCC AGCC AC C GC A- AATT

(-5 )

H um an TACCCCATAGAATGT GTAAGAGAAAAGTAC CAACAGGGAAATCAG CAAAAAGCTTTCCTA TGAAGGTGTGTAGCC AGCCTCCGCA-AATT

(-5 )

P ig

GACCCCATAGAATGT GTAAGAGAAAAGTAC CAACAGGGAAAT------

(-5 2 )

sheep

GACCCCATAGAATGT GT AAGAGC AAAGTAT CAACAAGGAAAT------

(-5 2 )

M o u se

TGAAATGTCTGAGGT TTCTTCTGGTGAGT A AAAGCTGCAGA

(+ 3 7 )

R at

TGAAATGTCTGAGGT CTCTTCTGGTGAGTA AAAGCTGCAGA

(+ 3 7 )

D og

TGA AAT GTCTGAGGT CTCATCTGGTGAGTA AA AGC TTC ATA

(+ 3 7 )

D og

Met-1

H um an TGAAATGTCTGAGGT CTCATCTG---------------

( + 18)

Figure 4.1
Clustal W alignment of the P-type dystrophin first exon and upstream genomic sequences
from various species. Potential start and stop codons are shown in bold. The sequence
spliced out from some of the mouse RACE clones is underlined (see text). Transcription
factor binding sites are also indicated. The arrow indicates the major transcription start site.
The numbering is relative to the ATG start codon as in Gorecki and Barnard (1997).

The P-type prom oter region upstream o f the prim ary A T G site is not G C rich,
ranging from 34 -3 7 % in hum an and m ouse, w hereas the exon 1 sequences have
GC content o f 43 - 44% . N o C pG islands could be identified. In the hum an
sequence there is a region m atching the consensus T A T A box sequence.
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However it is >100 bp upstream from the established cap site (see section 4.2.3)
and it is not conserved in all species studied. Several transcription factor binding
sites were detected in the P-type sequence, the most interesting are two
conserved E-box elements. Also a cAMP-response element (CRE) was found in
the human genomic sequence (Figure 4.1).

The alignment shows that the conservation of the P-type region is high.
Dendrogram alignment of human, pig, sheep and mouse sequences shows that
the homology observes the phylogenetic relationship of the various species
(Figure 4.2). One notable difference was found in pig where a thymidine-rich 24
bp insert was present (-617 to -641). Furthermore, the TAG stop codon upstream
of Met-1 is conserved between human and dog sequences but is absent from rat
and mouse sequences.

HUMAN

PIG

SHEEP

------------------------------------------------------------------------------------ MOUSE

Figure 4.2
Dendrogram of the P-type dystrophin sequence from various mammals. The dendrogram
was generated using Clustal alignment in PC/Gene with default settings. The sequences
used were human (-992 to -18); mouse (-1018 to -18); pig (-1031 to -18); sheep (-1015
to -18).

4.2.2 Identification of a dystrophin P-type like transcript in chicken

The high conservation of the P-type dystrophin first exon amongst the
mammalian species studied lead to the question of whether the P-type dystrophin
transcript is present in non-mammalian species as well. Genomic DNA was
isolated from chicken and carp muscle as well as from xenopus blood. PCR
amplification using a wide range of PCR primer pairs based on human and/or
mouse sequences proved unsuccessful probably due to sequence divergence.
Another approach was utilised, namely zoo blot hybridisation. Genomic DNA
isolated from chicken, carp and xenopus was digested along with human cosmid
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clone 4829 using H in d lll . D N A w as run on an agarose gel and blotted onto
nylon m em brane. The zoo blot w as hybridised at 50CC w ith 32Pot-ATP labelled
1 195bp fragm ent co n taining the m ouse dystrophin P-type first exon and
upstream sequence. T he probe hybridised as expected to the - 1 .8 band from the
hum an cosm id as w ell as a sm aller band o f - 1.4 kb. The probe also hybridised to
a ~2.5kb band in chicken genom ic D N A (Figure 4.3A).

A-

1 2

3 4

C hicken 2.5 kb

H um an 1.8 kb

i

H um an 1.4 kb

1

. >

B.
P art of P-type Dystrophin 1st Exon

P art of Exon 2

► A-------------------------------- ►

A

C K : GCAGGGCACTGCAGTATCGGCAATGTCTGGTGATCTGTTGG|ATGACGG- GAAGATGTTCAAAAGAAAA
M S : ACCAGCCTCCGCAGAATTTGAAATGTCTGAGGTTTCTTCTGj ATGAAAGAGAAGATGTTCAAAAGAAAA
HU
GCCAGCCTCCGCAGAATTTGAAATGTCTGAGGTCTCATCTG ATGAAAGAGAAGATGTTCAAAAGAAAA

:

j

*

*

★

*

★★★*

★★

★
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*

*

* * * *

★

* * * * * * * * * * * * * * * * * * *

Figure 4.3
P-type dystrophin is expressed in chicken cerebellum. A. Zoo blot hybridised with the
mouse P-type dystrophin probe. 15pg of genomic DNA was digested with Hind\\\. Lane 1:
human cosmid clone 4829, Lane 2: chicken genomic DNA, Lane 3: Carp genomic DNA,
Lane 4: xenopus genomic DNA. B. A fragment of chicken P-type 1st exon and exon 2
aligned with corresponding mouse and human sequences.

This lead to the possibility that the P-type dystrophin exists in chicken. Thus total
RNA was isolated from chicken adult cerebellum. 10 (xg of total RNA was
reverse transcribed with chicken specific reverse primer based on chicken
dystrophin exon 4 (Lemaire et al. 1988a, 1988b). PCR amplification was
conducted using primer pair PT-D. The antisense annealing primer in this primer
pair was designed specifically so that it may hybridise to both mammalian and
chicken dystrophin sequence, spanning the exon 2 and 3 junction. The forward
primer, SEQ, was based on mouse and human P-type sequence whose
counterpart in chicken was unknown. Therefore a range of annealing
temperatures were attempted. A band of the expected size was obtained with
annealing temperatures in the range of 45°C-55°C and amplification at 50°C
gave a good yield without non specific bands. The products of several
independent reactions were pooled and sequenced directly (Figure 4.3B). The
sequence was compared against the EMBL and GENEBANK databases and its
3’ end was found to match perfectly the exon 2 sequence of the chicken
dystrophin cDNA (Lemaire et al. 1988a). However, the sequence upstream of
exon 2 did not match that of chicken M- or C-type dystrophins. It shows a 53.6%
homology to the 3’end of P-type mouse and human dystrophin exon 1 sequences.
The predicted amino acid sequence of the chicken P-type transcript is Met-SerGly-Asp-Leu-Leu-Asp. This matches exactly the number of amino acids encoded
in mammals (although longer N-termini may possibly be produced in rodents, as
mentioned earlier). Furthermore, three of these amino acids are identical to those
of other species (see Figure 4.4).

-

137

-

C H IC K E N :
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MAMMALS:
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E
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V

S

Figure 4.4
Alignment of the predicted amino acid sequences encoded by the P-type dystrophin first
exon in chicken and mammalian species (human, dog, mouse and rat). Boxes indicate
identical amino acids.

4.2.3 Identification of the transcription start site of the P-type dystrophin

There are several techniques used to map the initiation start site of a given
transcript. Two of these methods, primer extension and 5’ rapid amplification of
c-DNA ends (5’RACE) were utilised in this study.

SYN-I primer was used for primer extension from mouse and human cerebellar
total RNA. The products of the reaction were run on a denaturing polyacrylamide
gel. The size of the cDNA product was estimated with the aid of a sequencing
reaction run alongside it. Primer extension using mouse cerebellum total RNA as
a template gave several bands. However, the most abundant band migrated at
around 284 bp. Smaller bands of 256bp and 254 bp were also detected. Using
human cerebellar total RNA as a template, a single clear band, migrating at 287
bp was detected (Figure 4.5).

A.
E xon 2

P-type dystrophin first exon

E xon 3

SY N -I

B.

C.

Sequencing
reaction

Mouse cerebellar
total RNA

Human
cerebe|]ar total
rna.

Sequencing
reaction
—

1---------------------

-287 bases *
284 bases *

-256 bases *
*•>

Figure 4.5
Primer extension using total cerebellar RNA isolated from mouse and human cerebellum.

A.

Schematic diagram showing the relative positions of primer SYN-1 (45-mer) used for

primer extension with respect to the P-type dystrophin first exon.

B.

Primer extension was

performed using 5' labelled oligonucleotide SYN-I hybridised with 50 pg total RNA from
mouse cerebellum and extended at 37 °C using MMLV reverse transcriptase. Various
amounts of the final reaction were ran on polyacrylamide gel

C.

Primer extension was

performed using labelled SYN-I hybridised with 64 pg total RNA from human cerebellum.
Ail of the resultant product was ran. The sizes of the obtained products are indicated. The
coloured asterisks mark the bands that correspond to the 5’RACE products obtained (see
Figure 4.6).

U sing the m ouse and hum an genom ic D N A sequences, it w as p o ssib le to w ork
out the potential cap site positions. T he prim er extension results indicated that in
both m ouse and hum an cerebellum , the P-type dystrophin tran scrip t m ay be
initiated at the sam e point (black vertical arrow in Figure 4.1).

However, primer extension alone can not exclude the possibility of additional
exon(s) located further upstream from the known sequence and spliced to it. The
technique to eliminate this possibility is rapid amplification of cDNA ends
(RACE). The method produces the actual sequence of the 5’end of a transcript
which can be in turn compared with the genomic DNA sequence. In 5’RACE,
the synthesised 1st strand molecule is tailed using terminal transferase. The tailed
product is then subjected to a first round of PCR amplification with a primer
hybridising to the homopolymeric tail of the cDNA molecule (the anchor
primer), used in conjunction with a gene-specific primer (GSP1) that is internal
to the reverse primer used to synthesise the cDNA molecule. The product of this
reaction is then used as the template for a second round of PCR amplification
with a set of internal primers. The product of such a reaction can be visualised
directly by running on agarose gel. RACE products amplified from cDNA
reverse transcribed from human and mouse cerebellar RNA were resolved on
agarose gel, isolated, purified, cloned and sequenced. The products obtained are
shown in Figure 4.6.

Some of the mouse RACE clones contained a 93bp deletion (as determined by
comparison to the mouse genomic DNA sequence). This represents a novel
alternative splicing event in the P-type dystrophin transcript and will be
discussed in detail in chapter 5.

Two other mouse products were also identified. The longer of the two, starts at
base -266 with respect to the mouse ATG codon (Met-1). This is compatible with
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the 284 bases product obtained by primer extension. The second product
identified starts at base -241 and is compatible with the 256 bases product
obtained by primer extension.

Human RACE clones gave two products. The longer of the two, starts at base 265 with respect to the human ATG codon (Met-1). This is compatible with the
287 bases product obtained by primer extension. A shorter product which starts
at -128 bases was also identified.

Mouse 5 ’RACE products:

ATG

5 GAAA
(-296)

VC A A A
(-266)

5c t c t g
(-241)

ATG

&

ATG

&

ATG

&

Human 5 ’ RACE products:
5c a a a
(-265)

GTGCT

ATG

(-128)

Figure 4.6
5’RACE products obtained from amplification from mouse and human cerebellar RNA.
The numbers in parentheses correspond to the sequence numbers in Figure 4.1. The
asterisks highlight the products that correspond to those obtained with primer extension.

The m ain P-type dystrophin cap site sequence w as found to be relatively
conserved betw een species, how ever it deviates from consensus cap site
sequence as show n in table 5.

\ ^ r i u j j L c t ~r

Consensus

Dystrophin transcript:
P-type
M-type
C-type
Dp71

-2
T
G

C

0
A
T

G
a
T
G

C
a
C
C

A
T
A
A

-1

G
T
C

2
T
C
A

3
C
T

4
T
C
G

5
T
C

Bucher 1990

a
C
G
G

A
C
A
T

a
T
g
g

T
G
T
C

g
g
g
T

Present study
Klamut et al. 1990
Makover et al. 1991
Lederfein et al. 1993

1

References

Table 5
Alignment of the sequences surrounding the dystrophin main transcription start sites with
the consensus.

However in comparison with cap sites from other dystrophin transcripts, the cap
site for P-type dystrophin is more in agreement with the consensus than M-type
dystrophin, for example.

4.3 Discussion

The conservation of the P-type dystrophin first exon and upstream sequences as
well as the transcription start site of the P-type transcript in cerebellum were
examined.

In spite of the strong conservation of the P-type first exon, there is an interesting
divergence between rodents and other mammals. In the human and dog P-type
first exon there is only one ATG in frame with the remainder of the dystrophin
sequence. However, in mouse and rat, there are two other potential ATG start
codons further upstream. This implies that the P-type dystrophin exon 1 in
rodents may encode a 27 amino acids longer N-terminus in comparison with the
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first exons in other species (see table 6). The three rodent ATG start codons are
of equal weight in comparison to the Kozak consensus sequence. Thus,
translation may start from any one of those.

The P-type first exon coding sequence is not as strongly conserved between
mammals and birds as it is for the C-type first exon. However, the C-type
dystrophin encodes for only 3 amino acids, so one must be cautious when
making this comparison. It is important to note that the first two amino acids and
the last aspartic acid (Asp) are identical between chicken and other species and
that the number of amino acids is also conserved.

Transcript

Predicted amino acids encoded by the first Species
exon

P-type
P-type

P-type
C-type

Met-Ser-Glu-Val-Ser-Ser-Asp
Met-Cys-Lys-Arg-Lys-Val-Pro-Thr-Gly-Lys-Ser-AlaLys-Cys-Phe-Pro-Met-Lys-Val-Ser-Pro-Ala-Ser-AlaGlu-Phe-Glu-Met-Ser-Glu-Val-Ser-Ser-Asp
Met-Cys-Lys-Arg-Lys-Val-Pro-Thr-Gly-Lys-Ser-AlaLys-Cys-Phe-Pro-Met-Lys-Val-Lew-Pro-Ala-Ser-AlaGlu-Phe-Glu-Met-Ser-Glu-Val-Ser-Ser-Asp
Met-Ser-Gly-Asp-Leu-Leu-Asp
Met-Glu-Asp

M-type

Met-Leu-Trp-T rp-Glu-Glu-V al-Glu-Asp-Cys-T yr

M-type
Dp71 / Dp45

Met-Ser-Ala-His-Val-Leu-Trp-Tyr-Glu-Glu-Val-GluAsp-Asp-Tyr
Met-Arg-Glu-His-Leu-Lys-Gly

Dpi 16

Met-Leu-His-Arg-Lys-Thr-Tyr-His-Val-Lys

Dp260

Met-Ser-Ala-Arg-Lys-Leu-Arg-Asn-Leu-Ser-TyrLys-Lys

P-type

Human / Dog
Mouse

Rat

Chicken
Human,
rodents and
chicken
Human and
rodents
Chicken
Human and
rodents
Human and
rodents
Human and
mouse

Table 6
Amino acid sequences encoded by various dystrophin first exons. For mouse and rat Ptype dystrophin, the longest amino acid sequence is shown and the potential translation
start sites are shown in bold.
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Hence, it is possible that only the flanking amino acids are important or that the
length of the first exon encoded N-terminus may be important rather than its
actual amino acid composition.

However, if comparing the P-type dystrophin to the M-type transcript, the Mtype first exon in chicken also differs from that of mammals with 7 of its 15
amino acids conserved with respect to their mammalian counterparts and in
addition the chicken M-type coding sequence is longer (Lemaire et al. 1988).

The level of nucleic acid sequence identity of the P-type and M-type first exons
are similar. For example, the identity between mouse and human P-type first
exon sequence is 87.1% and the identity between mouse and human M-type first
exon sequence is 80% (Koenig et al. 1987). This contrasts sharply with the Ctype dystrophin, where the level of first exon sequence identity between mouse
and human is 99%. It has been suggested that this high conservation is expected
to reflect a functional significance for the C-type 5’UTR region, which may be
involved in regulation of stability or translation of the transcript or it may form a
part of the C-type regulatory region (Roberts 1995).

The length of the P-type first exon in humans is 282 bp of which 263 bp (93.3%)
are non-coding. Similarly in the mouse, the length of the first exon is 284 bp of
which 185 bp (65.1%) are non coding.

How does this compare with other dystrophin transcripts? The length of the Mtype dystrophin first exon was determined as 275 bp by primer extension and
-
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RNAse protection assay using clonal human myotubes amd H9C2(2-1) myotubes
respectively (Klamut et al.1990). Approximately 87% o f the M-type exon is non
coding. Furthermore, RNAse protection assay revealed the existence of minor
transcription sites, starting 3 and 10 bases downstream from the major start site
(Klamut et al.1990).

For the C-type dystrophin, primer extension experiments performed using total
RNA from human brain as well as from COS cells transfected with a construct
containing the C-type first exon and upstream sequence (Boyce et al. 1991)
resulted in no product obtained from human brain RNA. However several
products were obtained from the transfected cell line, suggesting that there are
two major transcription start sites that are 124 and 121 bases upstream of the
ATG codon as well as four other minor sites that are 150, 149, 123 and 120
upstream of the ATG codon. PCR amplification experiments using a series of
PCR primers, designed to complement genomic DNA sequences that are
upstream and downstream of known dystrophin cDNA sequences isolated from
human brain, consolidated the primer extension findings (Boyce et al. 1991).
This suggests that the maximal size of the first exon in the human C-type
dystrophin transcript is 157 bases and the minimum is 127.

However, this result is not consistent with results obtained in the mouse.
5’RACE experiments and RNAse protection assay showed that the size of C-type
dystrophin first exon in the mouse is 273 bp, of which 266 bases (97.4%) are
non-coding (Makover et al. 1991). This result is at odds with the high
conservation of the C-type exon which shows a staggering homology of 99-
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100% for mammals and 95% between mammals and birds (Hugnot et al. 1993b).
Both the putative human and mouse cap site sequences are 100% conserved.

Another full length transcript is the so-called L-type dystrophin. The human LI
first exon was identified by 5’RACE and is 47 bp in length. 43 bp of this exon
are non-coding, making it the shortest dystrophin transcript 5’UTR (Nishio et al.
1994).

The transcription start site for the short dystrophin transcripts has also been
determined. Dp71 is probably the most thoroughly investigated of all these
transcripts. 5’RACE was performed using an antisense primer spanning across
the junction of exon 65 and 66 of human dystrophin mRNA and human
hepatoma HepG2 cell line mRNA as a template. The length of the human Dp71
first exon was found to be 143bp. The 5’UTR region is 123bp (Lederfein et al.
1993). However, the rat Dp71 first exon is 40 bp shorter than its human
counterpart (Blake et al. 1992; Rapaport et al. 1992a).

Dpi 16 is the dystrophin transcript specific to peripheral nerve. The 5’ end of this
transcript was identified using RACE PCR. The length of the first exon is 96 bp.
The 5’UTR is 51 bp in length (Byers et al. 1993).

The first exon of the mouse Dp260 retinal specific dystrophin transcript is 239 bp
in length. 213 bp of the exon constitute the 5’UTR. The initiation start site as
determined by comparison of cDNA ends obtained by RACE show that the
human and mouse Dp260 transcripts are initiated from neighbouring but not
-
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identical sites (D'Souza et al. 1995, White 1995 (unpublished human sequence
(accession number U27203)).

The human Dp 140 first exon, also identified though 5’RACE was found to be
109 bp in length (Lidov et al. 1995). Due to the lack of a translation initiation
site in frame with the rest of the dystrophin sequence, it was reasoned that
translation would start from the first inframe ATG occurring in exon 51. Thus the
entire Dp 140 first exon as well as exons 45-50 and part of exon 51 constitute the
5’UTR of the Dp 140 transcript, amounting altogether to 1051 bp.

Taken together, the greater part of the first exon of the various dystrophin
transcripts is untranslated. The coding region of dystrophin first exons tend to be
relatively short or as in the case of Dpl40, non existent. The length of the 5’UTR
varies between the different dystrophin transcripts and may reflect the specific
role this part of the transcript plays in different tissues. Furthermore, the number
and position of minor transcription start sites for a given transcript may not be
conserved in spite of overall sequence homology in different species.

The conservation of the 5’end of the dystrophin gene has yet to be investigated
fully. One possibility is that all three full length transcripts were present in the
ancestor of birds and mammals, some 300,000,000 years ago (Lemaire et al.
1988a). However both the M-type and the P-type dystrophin first exons have
significantly diverged between those birds and mammals. This suggestion can
only be validated or refuted when more sequence data is available to assess the
conservation of the 5’ end of the dystrophin gene. Recent studies have shed some
-
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light on the evolution of the dystrophin gene. A sea urchin gene was isolated that
shows very strong homology with the DMD gene. The gene has the same level of
complexity as the mammalian DMD gene, having transcripts initiated from
internal promoters as well as possessing a long product (Wang et al. 1998).
Similarly, a dystrophin-like gene is expressed in Drosophila melanogaster that
not only possesses homology to the dystrophin C-terminal domain (as, for
example, DRP2 does) but also to the WWP domain and the distal part of the rod
domain, suggesting that it stems from an ancestral gene for the mammalian
dystrophin and utrophin genes (Roberts and Bobrow 1998). Although the 5’end
of these genes has not been identified yet, the strong homology detected thus far
with the mammalian genes suggests that the actin binding domain may be
conserved as well.

Consistent with the high degree of conservation of the P-type first exon between
mammalian species is the finding that in both mouse and human Purkinje cells,
the P-type transcript is initiated predominantly from the same site. However no
conserved TATA box can be found in the genomic sequence upstream of this cap
site at the expected distance which is between 20-30 bp. In the human genomic
sequence there is a sequence that matches perfectly the consensus TATA box
sequence, but this sequence is >100 bp away from the cap site and is not well
conserved in other species.This suggests that the dystrophin promoter operating
in Purkinje cells may be a TATA-less one, similar to the promoter driving the
expression of the C-type transcript in the brain cortex (Makeover et al. 1991).
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In both mouse and human there are other minor cap sites. This is not unusual
because although for many genes there is a single, fixed transcription start site,
there are several genes containing multiple cap sites. For example, there is a
tremendous structural diversity in the 5’-UTR region of the human inducible
nitric oxide synthase mRNA created in part by multiple transcription initiation
sites. Interestingly, although the major transcription initiation site was found to
be 30 bp downstream of the first nucleotide of the TATA box, several other
transcription initiation sites were found scattered over a region of up to 200 bp
downstream from the major transcription site. A few transcripts were also
initiated from a region upstream of the TATA box (Chu et al. 1995). Another
example is the 3 hydroxy-3 methylglutaryl coenzyme A (HMG) reductase gene,
where multiple initiation sites are found over a 93 bp region (Rynolds et al.
1985). Similarly to P-type dystrophin, the HMG- reductase promoter is a TATA
less one. In fact multiple initiation start sites and alternative splicing in the
5’UTR (such as the splicing out of the 93bp sequence detected in some of the Ptype mouse RACE clones discussed later) are a common feature of TATA-less
promoters.

Several transcription factor binding sites were detected in the P-type sequence.
The most interesting are two conserved E-box elements. These are very similar
to MyoD binding E-box elements found in the muscle creatine kinase promoter
(Lassar et al. 1989). However, the second E-box (right site) is in reverse
orientation to its creatine kinase promoter counterpart.
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Also a cAMP-response element (CRE) enhancer element was found in the
human genomic sequence. The CRE element is a feature of cAMP-responsive
gene promoters which all have in common the 8-base enhancer that contains the
conserved core sequence, 5’-TGACG-3’, first described in the somatostatin gene
(Montminy et al. 1986).

A number of other elements, partially matching sequences in the P-type genomic
sequence, were detected. However, it is difficult on the basis of sequence
homology alone to determine whether these represent real transcription factor
binding sites. Other typical transcription binding sites were absent such as GCbox and CCAAT- box.

Like other dystrophin first exons, the predominant part of the P-type exon is non
coding. If one assumes that in the mouse and rat, the coding region begins at
Met-3, that still leaves 65% of the exon forming the 5’UTR. If, however, the
predominant translation start site was Met-1, as is the case for human and dog,
then up to 94% of the first exon can be non-coding. Thus, it is possible that the
5’UTR, may contribute to the stability and / or translation efficiency of the Ptype transcript.

CHAPTER 5

ALTERNATIVE SPLICING OF THE P-TYPE
DYSTROPHIN TRANSCRIPT

5.1 Introduction

The extraordinary nature of the dystrophin gene with respect to size and number
of exons is coupled to an immensely complex level of transcriptional control.
Not only does the gene possess at least eight promoters that drive the expression
of dystrophin transcripts in a largely tissue specific manner but also the
transcripts are subjected to alternative splicing.

The early investigations into alternative splicing of the dystrophin gene, found
evidence for its occurrence at the 3’ end of the gene. The region between exon 68
and the penultimate exon of the dystrophin gene, exon 78, was found to be
subject to tissue specific alternative splicing (see Figure 5. IB). Alternative
splicing events of the dystrophin transcripts have been found to occur in almost
all tissues examined. However particular alternative splicing events display tissue
specificity. For example the splicing out of exons 71 and 78 occur in skeletal
muscle, heart and brain dystrophin transcripts, whereas the splicing of exons 71—
72 and exons 71-74 occurs in brain and heart only (Feener et al. 1989; Bies et al.
1992c). Specific splicing events have also been reported in a single tissue; for
example, the alternative splicing of exons 74 and 75 has so far only been
reported in the retina (Pillers et al. 1993).
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Figure 5.1
Schematic presentation of alternative splicing events identified in the dystrophin gene.

A.

Alternative splicing in the 5’region of the dystrophin gene. Black and red lines represent
alternative splicing that produces in frame and out of frame transcripts, respectively.
These events were detected in skeletal muscle. M1 refers to the muscle specific first
exon.

B.

Alternative splicing in the 3’region of the dystrophin gene. The individual splicing

events are colour coded. On the right hand side of the figure, the tissues where each
splicing event occurs are listed (Surono et al. 1997; Torelli and Muntoni 1996; Feener et
al. 1989; Bies et al. 1992c).
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Dystrophin transcript expressed in embryonic muscle lacks the penultimate exon
(exon 78) of 32 nucleotides resulting in a shift of the translational reading frame
that replaces the last 15 hydrophilic amino acids with 33 primarily hydrophobic
ones (Geng et al. 1991; Roberts et al. 1992; Bies et al. 1992c). This exact
alternative splicing was subsequently shown to occur in Dp71 (Morris et al.
1995; Austin et al. 1995) and considering that Dp71 is the predominant
dystrophin transcript expressed during development then it is likely that this
alternative splicing is specific for Dp71.

The dystrophin 3’-coding region where the alternative splicing occurs encodes
the syntrophins and dystrobrevin binding domains. The distal half of a l syntrophin binds to amino acids encoded by the 3’-half of exon 73 and the 5’half
of exon 74 (Suzuki et al. 1995; Yang et al. 1995a; Castello et al. 1996), whereas
pl-syntrophin and dystrobrevin bind to the region encoded by the 3’-half of exon
74 and 5’-end of exon 75 (Suzuki et al. 1995; Sadoulet-Puccio et al. 1997a).
However, the binding site for (31-syntrophin may be restricted to the 53 amino
acids encoded by exon 74 (Ahn and Kunkel 1995). Thus, a hypothesis emerged
that the alternative splicing might serve as a mechanism for modulating
dystrophin-syntrophin/dystrobrevin binding.

The alternative splicing of the P-type dystrophin was initially investigated in this
study to discern whether it was subject to some of the previously reported
alternative splicing events known to occur in the brain. Amplification at the
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5’end of the P-type dystrophin transcript also revealed some unique alternative
splicing.

5.2 Results

5.2.1 Alternative splicing at the 3’ end of the dystrophin transcript(s) in the
cerebellum

At the start of this work, the complexity of the dystrophin gene was not
appreciated to the extent that it is today. However, it was already known that the
3’end of the dystrophin transcript is subject to alternative splicing (Feener et
al. 1989). Furthermore, first exons for the full length dystrophin transcripts
present in muscle and brain cortex were shown to be different and thus the
initiation of these transcripts was under the control of different promoters.

In situ hybridisation results suggested that while C- and M-type transcripts
overlapped in their site of expression in the brain, they are nevertheless confined
to the cerebral cortex (Gorecki et al. 1992). Furthermore, although Dp71
appeared to be predominantly expressed in dentate gyrus, some C-type
expression was also detected in that site. However, the P-type dystrophin
transcript seemed to be the only transcript to account for dystrophin expression in
the cerebellum. Hence it was felt that examining specifically the 3’ alternative
splicing of dystrophin in the cerebellum was warranted because any alternative
splicing event detected could be attributed solely to the P-type dystrophin
transcript.
-
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As shown in Figure 5.2, amplification between exon 69 and 75 resulted in three
products of varying sizes. These products were cloned using the TA cloning
method. Sequencing with primers flanking the cloning site revealed that the
largest product of 544 bp contained all the exons between exon 69 and 75. The
second band, which was of a slightly smaller size as determined by agarose gel
electrophoresis and sequencing, was found to have exon 71 deleted. The final
product which was considerably smaller than the previous two was found to have
exons 71 to 74 deleted.

It was still possible that these deletions might be attributable entirely to the
smaller Dp71 transcript which can be detected by RT-PCR in the cerebellum
(data not shown). To eliminate this possibility, amplification was carried out
between exon 62 and 75. The Dp71 first exon lies in intron 62 and thus
amplification between exon 62 and 75 should amplify dystrophin transcript(s)
initiating from regions upstream of the Dp71 first exon. This amplification gave
two products of 1401 bp and 1071 bp in size. These were also cloned by the TA
cloning method and sequenced. The 1401 bp product was found to contain all the
expected exons between exon 62 and 75. However the 1071 bp product was
found to lack exons 71 to 74. This indicated that transcripts initiating upstream o f
the Dp71 exon can have the 330 bp deletion. It is possible that some of the
transcripts initiating upstream of the Dp71 promoter have a deletion of exon 71
alone. However the difference in size between such a product and the
predominant, non-spliced dystrophin form is beyond resolution by conventional
agarose gel electrophoresis.
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Figure 5.2
PCR amplification of the 3’ end of the dystrophin transcript in the human cerebellum.

A.

amplification using primer set 3'A that amplifies a region between exons 69 and 75 as
shown on the schematic diagram. Lane 1: The predicted size fragment (upper band) and
two additional fragments were amplified; Lane 2: 100 bp ladder.

B.

Amplification using

primer set 3'B that amplifies between exons 62 and 75 as shown in the schematic
diagram. The predicted size fragment (upper) and a smaller fragment were amplified.
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5.2.2 Alternative splicing at the 5’ end of the P-type dystrophin transcript

RT-PCR with primer set PT1-4 (Figure 5.3 C) amplified two fragments, the
predicted one of 268 bp and a larger one of -340 bp in adult cerebellum. Subcloning and sequence analysis showed that the alternative larger RNA form is
created by the insertion of 82 bp between the 3’ end of the P-type exon 1 and
exon 2. This insertion results in premature termination of translation of the
transcript after the first eight amino-acids. Sequence analysis of the genomic
clones containing P-type dystrophin exon 1 and the adjacent intron 1 revealed
that this 82 bp insertion is formed by an unspliced segment of the first intron
immediately adjacent to the 3’-end of the P-type exon 1. A consensus acceptor
site (intron/exon) is present in this sequence with a score above cut-off value of
-10.9 vs. -9.5 for the upstream donor (exon/intron) site, suggesting that cryptic
splicing is responsible for the creation of this transcript. The method used here
(Staden 1984) is based on “weight matrixes” for both acceptors and donors
junctions which were computed using the PC gene program. The weight matrices
are the natural logarithms of the probability of finding each base at each position
of the consensus sequences. The default settings of the PC gene program were
used i.e. cut-off value for acceptor site of -22 and cut-off value for donor site of
-15.

RACE-PCR experiments (see chapter 4) used to map the transcription start site
of the P-type dystrophin transcript in the mouse cerebellum revealed the
existence of a second alternative splicing event. A 93 bp region upstream of all
potential ATG start codon in frame with dystrophin sequence was found to be
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subject to alternative splicing. This indicates that this alternative splicing event
occurs in the 5’untranslated region of P-type dystrophin. The PC gene program
scored the acceptor splice site of that region to have an above cut-off value of 17.7 and its donor splice site to have an above cut-off value of -13.

Further RT-PCR experiments were conducted to confirm that this alternative
splicing really occurs and is not a peculiar RACE artefact. Two forward primers
were designed, one spanning the splice site and the other inside the 93bp
sequence. Amplification using these primers and a common reverse primer gave
products of the expected size with an additional band that might correspond to the
82 bp insertion described above (Figure 5.3 A and B). Thus, PCR amplification
was performed using primer pairs PTS1 and PTS2 to confirm the existence of
products that contain single and double alternative splicing events. The products
obtained were single bands of the right size (Figure 5.3 D and E) confirming the
existence of this alternative splicing in mouse cerebellum.
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Figure 5.3
Amplification of the P-type dystrophin transcript and its splice variants from mouse
cerebellar RNA. The schematic figure (top) shows the positions of the forward and
reverse primers used in the amplification (bottom).

B.

A.

amplification with primer set PT-B

amplification with primer set PT-C,C. amplification with primer set PT1-4.

amplification with primer set PTS1.

E.

D,

amplification with primer set PTS2. Amplification

products were resolved on 2% agarose gel and blotted. Reactions A-C were hybridised to
32P labelled oligonucleotide M2nd complementary to a sequence in dystrophin exon 2.
Reactions D and E were hybridised with 32P labelled oligonucleotide CRY complementary
to the 82bp P-type specific insert.
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Furthermore, amplification was also performed using primer pair PT-A consisting
of a forward primer that is complementary to a region 5’ to the 93 bp sequence,
and a reverse primer complementary to the exon 2 / exon 3 border of the
dystrophin transcript. Three products of different sizes were obtained (Figure
5.4). These products were either cloned and sequenced or sequenced directly. The
products contained the 82bp intron 1 sequence and / or the 93 bp 5’UTR
sequence. However, a product containing the 82bp intron 1 sequence but not the
93 bp sequence could not be isolated. This may be due to the low abundance of
this product. The position and sequence of the alternatively spliced 5’ regions are
shown in Figure 5.5.

93bp

82bp

Exon 2 and
3 ’end o f exon 3

[4 3 4 b p ]

93 bp

Exon 2 and
3 ’end o f exon 3

[3 5 2 b p ]

Exon 2 and
3 ’end o f exon 3
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Figure 5.4
Alternative splicing in the 5’UTR region of the P-type dystrophin transcript. A. The
schematic representation of the positions of the forward and reverse primers used in the
amplification represented in panel B. B. Amplification from mouse cerebellum total RNA
using primer pair PT-A. Lane 1 ,1 0Obp ladder; Lane 2, mouse cerebellum total RNA, Lane
3, no cDNA control. The PCR products were sequenced and the identities of the various
amplified products are depicted by the schematic diagrams on the right hand side. The
molecular weight of each product is in brackets.

GGAAGAAACAGGTGCAAAAAGACTCAGCATTTGTCTGCTTTTGTCAGGCTGCGTAGAGATTATGA

The 93bp spliced region
ACTTGCTTTATCTGTGTTTGCCTATGACTCTACCTCCAGGTTTGTCCTACCCCATAGAATGTGTA

Met-3
AGAGAAAAGTACCAACAGGGAAATCAGCCAAATGCTTTCCTATGAAGGTGTCACCAGCCTCCGCA

Met-2

1/2
GAATTTGAAATGTCTGAGGTTTCTTCTGlATGAAAGAGAAGATGTTCAAAAGAAAACA

Met-1

The 82bp insertion

Figure 5.5
The sequence and location of the 5’ alternative splicing events in the P-type dystrophin
transcript. The sequence shown is part of the mouse P-type first exon and the second
exon of the dystrophin gene. Possible initiation codons are underlined and named. The
initiation codon conserved with other species is shown in bold. The 93 bp region which
can be alternatively spliced out in a subset of P-type transcripts is underlined in bold. The
82 bp sequence which is inserted in a subset of P-type transcripts is boxed. The TAA stop
codon that this insertion creates is highlighted in bold.
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5.3 Discussion

Alternative splicing of exons 71-74 in the DMD gene produces combinations of
in-frame deletions varying in length. Such alternatively spliced mRNAs are
found in skeletal and cardiac muscle, heart Purkinje fibres and in the brain of
different species (Feener et al. 1989; Geng et al. 1991; Bies et al. 1992c).
Analysis of this region in cerebellar RNA revealed transcripts with deletions of
39 bp (exon 71) and of 330 bp (exons 71-74). This finding is in agreement with
previously published data. It is clear that transcripts bearing the alternatively
spliced exon 71-74 are found in dystrophin transcripts initiating upstream of the
Dp71 promoter region. However, since this experiment was conducted, two
shorter dystrophin transcripts Dp 140 and Dp260 have been discovered, which are
transcribed from promoters located upstream of the Dp71 first exon (Lidov et al.
1995; D’Souza et al. 1995). The possibility of the 71-74 alternative splicing
being a unique feature of one or both of these short transcripts as opposed to the
full length, P-type dystrophin transcript cannot be eliminated.

The importance of the 3’ alternative splicing of the dystrophin transcripts is not
entirely clear. The early studies claimed that the alternatively spliced transcript
predominates in the brain (Bies et al. 1992c). However, our recent data using SI
nuclease protection assay with oligonucleotides specific to spliced and non
spliced mRNA, and in situ hybridisation revealed that the unspliced transcript
was the predominant form in the brain. These findings were consolidated with
quantitative PCR with amplifications carried out between exons flanking the
alternatively spliced region. Once again the predominant transcript was the
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unspliced one (Gorecki et al. 1997). The ratio of spliced to non-spliced products
varies between mouse and human brains, however no evidence was found to
support the notion that the alternatively spliced product predominates (data not
shown). Moreover, Morris et al. (1995) showed using specific antibodies that the
unspliced isoform is more abundant in the brain. As mentioned earlier, this
alternatively spliced region encodes the syntrophin binding site, interestingly
immunostaining for syntrophin in muscle sections from a A71-74 transgenic mdx
mice expressing a dystrophin transgene lacking this syntrophin (but not the
dystrobrevin) binding site, revealed restoration of syntrophins and dystrobrevin
(Rafael et al. 1994; Rafael et al. 1996; Peters et al. 1997a). This has lead to the
suggestion that syntrophins might be associated with dystrophin primarily
through a lateral connection with other members of the DAPC. However, another
explanation would be that syntrophin is bound by dystrobrevin which in turn
could bind to dystrophin and result in apparent restoration of syntrophin in the
complex.

Analysis of the P-type dystrophin mRNA in the mouse cerebellum revealed
novel forms of splicing at the 5’-end. The insertion of an 82 bp sequence from
the intron-1 region of the dystrophin gene creates a stop codon. Thus,
presumably only an 8 amino acid peptide (or a 28 amino acid peptide depending
on the AUG codon utilised) would be translated from a P-type dystrophin
transcript containing the 82 bp intron 1 insertion. However, translation may
potentially resume further down the molecule, where the next in frame AUG start
codon is available. Exon 8 of the dystrophin cDNA contains such an ATG.
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In fact, it has been demonstrated previously that in DMD patients lacking exons
3-7, a deletion that disrupts the translational reading frame, dystrophin was still
being produced. Using monoclonal antibodies against amino-terminal regions
preceding those encoded by exon 8, immunocytochemical staining of muscle
sections from such a patient, showed no dystrophin staining. Furthermore, a
monoclonal antibody recognising the dystrophin region encoded by the 5’end of
exon 8 (upstream of the potential initiation codon in exon 8 but downstream of
the stop codon created by the deletion of exons 3-7) also failed to stain the
muscle of these patients. However, an antibody directed towards the region
encoded by exon 8 downstream from the potential initiation codon resulted in
clear, positive staining (Winnard et al. 1995).

Thus, in an analogous fashion, the 82 bp insertion found in a subset of P-type
dystrophins may serve to direct translation to start from the potential translation
start site of exon 8, thus producing a slightly truncated dystrophin protein in the
cerebellum. Although one can only speculate as to what would be the role of a
truncated product, it is important to bear in mind that the dystrophin gene gives
rise to several transcripts that effectively code for such ‘truncated’ dystrophins
and that dystrophins of different length can co-exist at any one time in a given
tissue.

The presence of an alternative splicing event in the dystrophin gene that creates
stop codons is not limited to the P-type dystrophin transcript. The presence of
extensive alternative splicing events at the 5’ region of the dystrophin gene in
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normal human skeletal muscle was described recently (Surono et al. 1997; also
see Figure 5.1 A). The majority of the novel transcripts that the study identified
(4/6) had a disrupted reading frame, that results in the appearance of a premature
stop codon in the immediate downstream exon. The authors suggest that in those
transcripts translation may start from downstream AUG codons or that this
disruption of the translation reading frame represents a post-transcriptional
system for the control of dystrophin expression.

The other P-type dystrophin specific alternative splicing that was detected
involved the removal of a 93bp region upstream of any potential AUG start
codon that is in frame with the rest of the dystrophin gene. This suggests that this
alternative splicing is occurring in the 5’UTR. This is the first example reported
to date of an alternative splicing event occurring outside of the coding region in
the dystrophin gene.

By virtue of its location, the possibility that the 93bp alternative splicing can
influence the dystrophin protein sequence can be eliminated. The function of this
splicing, if any, may be of a regulatory nature. In fact, a regulatory role was
attributed to a similar alternative splicing event that occurs in insulin-like growth
factor I.

Insulin-like growth factor I (also known as somatomedin C) is a 70 amino acid
long peptide expressed predominantly in the liver (Mathew et al. 1986). Its
expression is regulated by growth hormone. Several functions have been
attributed for this peptide that include growth modulation and neurological
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development. Two IGF-I cDNA molecules were isolated from a rat liver c-DNA
library. They differed within the 5’UTR by the insertion / deletion of a 186 bp
sequence with splice junctions conforming to the consensus splice signals
(Shimatsu and Rotwein 1987). In vitro translation experiments using synthetic
RNAs with IGF-1 5’UTR-ends revealed that a transcript lacking the 186bp
sequence was translated sixfold more efficiently than a full length transcript.
Similarly, when these two 5’-UTRs were fused upstream of a luciferase gene in a
CMV-driven expression vector and used for transfection, it was found that
translational efficiency of constructs lacking the alternatively spliced 186 bp
sequence within exon 1 was approximately 4 times higher than those with a full
length sequence (Yang et al. 1995). Thus, alternative splicing in the 5’UTR may
be a mean to control translation efficiency. Alternative splicing in the 5’UTR
region is, in fact, present in a wide range of genes of varying functions and the
finding of the P-type dystrophin specific, alternative splicing events may suggest
further the complexity of regulation of dystrophin expression.

It is also interesting to note that both the 93 bp splicing and the 82bp insertion
can occur in combination with one another. The predominant form of the P-type
dystrophin message is one that contains the 93bp 5’UTR sequence and lacks the
82bp insertion. The least abundant combination are transcripts lacking the 93bp
5’UTR sequence and retaining the 82bp insertion. Although specific primers
used to amplify such a product gave a band of the expected size (Figure 5.3E), it
was not possible to detect it using primers that flank the alternatively spliced
regions.

s^riuf/icr j

These uniqu ; alternative splicing events add to the em erging com plexity o f the
dystrophin \ m e and as they both contribute to the structure o f the 5 ’UTR, it is
possible th afth ey m ight play a regulatory role. This is in contrast to all the other
alternative sblicing events previously described for the dystrophin gene which
affect coding exons and result in changes of the protein itself.
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CHAPTER 6

FUNCTIONAL ANALYSIS OF THE PUTATIVE
PROMOTER REGION IN VITRO AND IN VIVO

x^riuyici yJ

6.1 Introduction

The dystrophin gene is regulated by at least eight distinctt promoters. The first
promoter region to be isolated and studied was the M-type promoter. Klamut et
al. (1990) isolated a cosmid containing sequences surrouniding the M-type first
exon. Several standard transcription elements were foumd upon sequencing.
These include a TATA box at -24 (in relation to the cap site) and an Spl-binding
GC box at -61. In addition, several muscle specific elements were found, such as
a copy of the CArG box (CC(A/T)6GG), the M-CAT heptamer (CATTCCT), and
three MEF-1 binding sites (Klamut et al. 1990). Furthermore, the study showed
that a 149 bp sequence immediately upstream of the M-type first exon is
sufficient to drive myotube-specific transcription of a CAT reporter gene.

In another study, two E-boxes, one conserved and the other partially conserved
were also identified in the M-type promoter region (Gilgenkrantz et al. 1992). Eboxes are elements bound by helix-loop-helix factors such as the myogenic
regulatory factor, MyoDl. However, these were not foumd to interact directly
with M yoD l. Using band shift assay, it was possible t<o identify a specific
retarded band using a 22-base pair duplex oligonucleotide spanning the CArG
box. Furthermore, transfection experiments into H9C2 myoblasts and myotubes,
3T6 fibroblasts and HepG2 cells using a series of 5’deleted M-type promoter
fragments driving CAT gene expression, showed that tlhe highest levels of
expression are detected in myotubes and that the promoter regions contain both
positive and negative regulatory elements (Gilgenkrantz et ad. 1992).

-

172

-

The C-type promoter has also been investigated in cultured neuronal cells
(Chelly et al. 1990b). A genomic sequence upstream of the C-type first exon was
found to constitute a promoter capable of directing transcription of a reporter
gene in transfected cells. (Makover et al. 1991).The C-type promoter sequence
lacks a TATA box and other recognised regulatory elements.

Of the short length transcripts, only the Dp71 promoter hias been studied. The
promoter has a structure typical for ‘housekeeping’ genes with a number of Spl
binding sites but without a TATA box (Lederfein et al 1993).

The results of functional analysis of the putative P-type promoter using in vitro
transfection and intramuscular injection of specific fragments in reporter gene
vectors are presented and discussed in this chapter.

6.2 Results

6.2.1 Plasmid construction

Chloramphenicol acetyltransferase (CAT) expression constructs were prepared
by inserting various genomic DNA fragments upstream from the P-type exon 1
in the commercially available pCATBASIC vector (Promega) designed for
promoter studies. The 1.78 kb Hindlll - Hindlll human genomic DNA fragment
containing the putative P-type promoter region was ligated into the Hindlll sitte
of pCATBASIC (see chapter 4). Clones containing this fragment in forward anid
reverse orientation were obtained and designated pl.8humpurk FD/ anid
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pl.8humpurk RV/ respectively. The known internal restriction sites were used in
order to obtain 5’ and 3’ deletion constructs (see Figure 6.1).

p-galactosidase expression constructs were prepared using a vector kindly
donated by Dr. Emmanuel Asante and Dr. Dominic Wells in which the pgalactosidase gene from the commercial vector, pCHl 10 (Pharmacia) was cloned
into pBluescript vector (Stratagene) under control of the actin promoter (Asante
et al. 1994). This promoter was replaced by specific P-type fragments.

6.2.1.1 5' deleted constructs

Taking advantage of the Pstl site present in the cloning site of pCATBASIC and
an internal Pstl site, a lkb Pstl - Pstl fragment of the putative promoter region
was removed by a restriction digest from pl.8humpurk FD/ CAT and subcloned
into the Pstl site of pCATBASIC, thus generating the construct P1.0humpurk FD/
CAT.

A PCR primer, SAL-F based on the region between -438 to -413 was made
which contained a single base pair substitution to introduce a Sail site. This wa.s
used in conjunction with a reverse primer based on the pCATBASIC vector
sequence (nt 2280 to 2263) to amplify a 433 bp fragment from the pl.8humpurk
FD/ CAT construct. This fragment was cloned into the Sal I site of the
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pCATBASIC vector thus generating the construct p0.4humpurk FD/ CAT. The
identity of this fragment was verified by sequencing.

6.2.1.2 3' end deleted constructs

Digestion of pl.8humpurk FD/ CAT with Pstl followed by religation of the
remaining vector and insert generated the construct p0.75Ahumpurk FD/ CAT.
Using pl.8humpurk RV/ CAT, the same strategy was deployed to generate a
construct in the reverse orientation, designated p0.75Ahumpurk RV/ CAT.

A PCR primer, SAL-RV based on the region between -500 to -474 was made
which contained a single base pair substitution to introduce a Sail site. This was
used in conjunction with the CATF2 forward primer based on the pCATBASIC
vector sequence nt: 2169 to 2193 to amplify a 1426 bp fragment from the
pl.8humpurk FD/ CAT construct. High fidelity Pfu DNA polymerase was used
for this amplification to prevent the introduction of PCR errors. This PCR
fragment, as well as the pCATBASIC vector, were double digested using HindUl
and Sail . The fragment was then cloned into the vector, thus generating the
construct pl.3Ahumpurk FD/ CAT. The final 3’end deleted construct was created
by digesting pl.8humpurk FD/ CAT with Xbal and removing a 336bp fragment.
The remainder was religated to create the construct pl.46Ahumpurk FD/ CAT.

P1.8hum purk FD/ CAT &
pl.8hum purk FD/ lacZ

-1819 to -39

CAT or lacZ
--------------------------- ►

P1.8hum purk RV/ CAT &
P1.8humpurk RV/ lacZ

pl.Ohumpurk FD/ CAT

-39 to -1819

CAT or lacZ

-1074 to -39

CAT
------------- ►

pl.Ohumpurk RV/ CAT

39 t o -1074

CAT

-422 to -39

p0.4humpurk FD/ CAT

CAT

p0.75Ahumpurk FD/ CAT &
p0.75Ahumpurk FD/ lacZ

1 8 1 9 to -1 0 7 4

CAT o r lacZ
-1074 t o -1819

p0.75Ahumpurk RV/ CAT &
p0.75Ahumpurk RV/ lacZ

CAT o r lacZ

-1819 to -478

P1.3Ahumpurk FD/ CAT

pl.46Ahumpurk FD/ CAT

CAT

-1819 to -352

CAT

Figure 6.1
Constructs used for in vitro transfection and in vivo injection studies. The beginning of the
arrow indicates the 5’ end of the cloned fragment and the end of the arrow indicates the 3’
end.

A set of constructs using some of the DNA fragments described above were
cloned into the p-galactosidase vector described earlier. These are indicated in
Figure 6.1.

6.2.2 Expression of the P-type dystrophin transcript in the C2C12 cell line

Due to the lack of any Purkinje cell line suitable for expression studies, an
alternative system had to be sought in order to test the putative promoter region.
As explained in previous chapters, the second site of expression of the P-type
dystrophin transcript is skeletal and cardiac muscle. This raised the possibility
that a myogenic cell line could be used in order to test the putative promoter.

The C2C12 cell line is a good in vitro model of skeletal muscle because the
myoblast cells can be induced to fuse into myotubes. C2C12 cells are a subclone
of the C2 cell line, which was established from primary culture prepared from a
thigh muscle of 2-month-old normal mice (Yaffe and Saxel 1977). The cell line
was shown to be suitable for transient and stable transfection experiments (Barr
and Leiden 1991; Schevzov et al. 1992). Its ability to contract and generate
measurable force makes them a suitable model for physiological muscle studies
(McMahon et al. 1994). Like most muscle cell lines, C2C12 myoblasts divide
under normal growth conditions (i.e. in the presence of 10% foetal bovine
serum). However, upon serum deprivation, they begin to fuse forming long
myotubes. Thus for promoter and expression studies, the dividing C2C12
myoblast cells can be transfected with plasmid constructs and subsequently
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differentiated into myotubes, which are in turn harvested and are used in assays
for the reporter gene product. Like all postmitotic cells, it is difficult to transfect
myotubes directly.

Before using the C2C12 cell line for promoter studies, it was checked for
endogenous P-type dystrophin transcript expression. Total RNA was collected
from C2C12 myoblasts and myotubes at various stages of differentiation. PCR
amplification was conducted using PCR primer pairs that amplify fragments of
the M-type (primer set MT2), C-type (primer set CT2) and P-type (primer set
PT1-4) transcripts. The products of these PCR reactions were run on agarose gel
and southern blotted. The blot was then hybridised with an internal
oligonucleotide specific to dystrophin exon 2 (Figure 6.2 A(top)).

None of the full length dystrophin transcripts were found in dividing C2C12
myoblasts. However, M-type and P-type dystrophins could be detected in 6 day
myotubes and all three transcript types were detected in 12 day myotubes.
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MT
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0.30 kb
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Figure 6.2
P-type dystrophin is expressed in C2C12. RNA was extracted from C2C12 myoblasts and
myotubes, reverse transcribed and used for PCR amplification. The products were
resolved on 2% agarose gel and transferred to nitrocellulose membrane for hybridisation
with internal oligonucleotides

A.

MB: myoblasts. MT: myotubes. Lanes 1,4,7 amplified

with primer set MT2 (M-type). Lanes 2,5,8 amplified with primer set CT2 (C-type). Lanes
3,6,9 amplified with primer set PT1-4 (P-type.). Top panel: products hybridised with M2nd
(complementary to exon 2). Bottom panel: products hybridised with CRY (complementary
to the 82bp P-type specific insert)

B.

PCR products amplified from day 12 myotubes,

hybridised with M2nd. Lane 1: product amplified with primer set PT1-4. Lane 2 product
amplified with primer set PT-C.

C.

Same blot as B but hybridised with CRY instead of

M2nd.
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PCR amplification with primer set PT1-4 specific to P-type dystrophin, detected
two bands. This raised the possibility that the 82 bp intron fragment that has been
identified in the mouse cerebellum (see chapter 5) is also present in the C2C12
myotubes. In order to verify this, the blot was stripped and rehybridised with an
oligonucleotide specific to the 82 bp insert. The probe hybridised specifically to
the upper band of the P-type amplified fragments (Figure 6.2 A(bottom)),
confirming the existence of the splicing in C2C12 myotubes. It was also possible
to detect the P-type dystrophin transcript that contains a deletion of a 93 bp
5’UTR region using the primer set that specifically amplifies transcripts with
such a deletion (Figure 6.2 B).

6.2.3 Analysis of the putative promoter region following transfection of
C2C12

Having established that C2C12 cells express P-type dystrophin upon
differentiation into myotubes, it was possible to use this cell line for transfection
experiments with the various CAT constructs containing the putative P-type
promoter region.

There are several well established transient transfection techniques available,
such as calcium phosphate co-precipitation, DEAE-dextran, electroporation,
lipofection and microinjection. The technique deployed in this study was
lipofection. It was selected on the basis of its convenience and relative low cell
toxicity. This technique utilises the property of cationic lipid vesicles, which
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spontaneously form complexes with DNA in solution. This complex formation is
due to ionic interactions between positively charged lipid groups and negatively
charged phosphate groups on the DNA. The lipid-DNA complexes then bind to
tissue culture cells and fuse with the membrane (Feigner et al. 1987). There are
several commercial lipid preparations available. The particular one that was used
in this study is LipofectAMINE™ (GIBCO-BRL),
formulation

of

the

polycationic

a 3:1 (w/w) liposome

lipid

2,3-dioleyloxy-N-

[2(sperminecarboxamido)ethyl]-N,N-dimethyl-1-propanaminium trifluoroacetate
(DOSPA) and the neutral lipid dioleoyl phosphatidylethanolamine (DOPE) in
membrane filtered water. It is suitable to use on a wide range of cell types,
including primary cultures and suspension cultures. The LipofectAMINE™
transfection procedure is illustrated in Figure 6.3.

Trivedi and Dickson published a study, whereby severed cationic lipid
preparations, including LipofectAMINE™ were tested on C2C12 cells (Trivedi
& Dickson 1995). They optimised the various transfection conditions, essential
for achieving high transfection efficiency. These included: lipid and DNA
concentrations, cell number and time of exposure of cells to DNA-liposome
complexes. They found that LipofectAMINE™ produced the highest transfection
efficiencies in C2C12 cells in comparison with other liposome preparations. The
optimal Lipid:DNA ratio was 5:1, producing efficiencies of up to 40%. The
optimal time interval for the C2C12 cells to be exposed to the lipid-DNA
complex was found to be 6 hours. The optimal cell plating density was found to
be 1.5 x 105 for a 35mm dish (i.e. 0.1875 x 105cells / cm2).
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DNA-lipid
complexes

form complexes
15 minutes RT

800 m]
OptiMEM I
& liposomes

0 o_o o

1600 Ml
transfection
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800 Ml
OptiMEM I
& DNA

Cells
100mm dish,
plated before
transfection

Rinse with
transfection
.medium,
aspirate

Incubate 24
hours then
replace media

Figure 6.3
LipofectAMINE™ transfection procedure for 100-mm culture dishes. OptiMEM I is the
serum free medium used for DNA and liposome dilutions, it is also the medium in which
the cells are incubated during the transfection procedure (adapted from GIBCO-BRL
protocol for LipofectAMINE™ use).

These transfection conditions were used as a start point in this study. Several
other factors influenced the design of the transfection experiment. As can be
appreciated from the results in chapters 4 and section 6.2.2 in this chapter, P-type
dystrophin transcript is expressed at low levels in skeletal muscles in vitro and in
vivo. Thus, it was expected that if the genomic fragment upstream of human Ptype first exon contains any promoter activity, then this activity may only be
manifested at low levels. This expectation dictated that a large number of cells
would need to be transfected so enough product would still be generated for
detection. Hence the parameters of Trivedi and Dickson which were established

using 35mm culture plates were modified for 100mm plates. For convenience,
instead of using a cell plating density of 1.03 x 106 (extrapolated from the cell
density used by Trivedi & Dickson) and plating the cells one day prior to the
experiment, half of that amount were plated two days before the experiment.
Furthermore, in order to account for plate-to-plate variation in transfection
efficiency, co-transfection of reporter gene had to be used. The various human
P-type dystrophin putative promoter fragments were placed in a CAT gene
vector, hence the second reporter gene had to code for a different reporter. The
construct PSV-p-Galactosidase (Promega) was used for that purpose. Moreover,
in every experiment a set of plates were transfected with pCAT-Promoter and
pCAT-Basic, which provided the positive and negative controls, respectively.

Several independent experiments using the construct containing the full length
1.78 kb human P-type fragment in both forward and reverse orientation
(P1.8humpurk FD/ CAT and P1.8humpurk RV/ CAT) as well as a 5’ deleted
constructs (pl.Ohumpurk FD/ CAT and pl.Ohumpurk RV/ CAT) were performed.
No significant CAT enzyme activity was seen. Figure 6.4, lanes 1, 3 and 4 show
a typical example of such an experiment.
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Figure 6.4
Transfection into C2C12 cells. Lane 1: p1.8humpurk FD/ CAT; Lane 2 mock transfection;
Lane 3 p1 .Ohumpurk FD/CAT; Lane 4; p1 .Ohumpurk RV/CAT; Lane 5; pCATBASIC; Lanes
6 and 7: p0.75Ahumpurk FD/ CAT; Lane 8: p0.4humpurk FD/ CAT; Lane 9: pCAT
ENHANCER (contains SV40 enhancer); Lane 10: pCAT PROMOTER.

A shorter, 5 ’ deleted construct, P0.4hum purk FD / C A T also failed to give
significant levels o f expression (Figure 6.4 lane 8). H ow ever, w hen 3 ’ deleted
constructs w ere m ade, significant C A T activity was detected w ith a 0.75 kb
fragm ent (construct: p0.75A hum purk FD/ CAT) (Lanes 6, 7 in Figure 6.4). T his
fragm ent spans the region -1 8 1 9 to -1069 w ith respect to the A TG translation
start codon. T he specificity o f this putative prom oter activity w as determ ined by
com paring the expression obtained using this construct to the expression
obtained using this fragm ent in reverse orientation (Figure 6.5).

CAT activity per unit o f p-galactosidase
(xlO4)

No.
1

Construct

Mean (xlO4)

SD ± (xlO4)

n=

pC A T B A SIC

3.49

0.34

6

2
3
4
5

P0.75A hum purk FD / C A T

2.4

6

P0.75A hum purk R V / C A T

25.27
5.76

p l.3 A h u m p u rk FD / CA T.

5.36

0.59
0.97

6

p 1,46A hum purk FD / C A T

4.47

1.02

6

6

Figure 6.5
Analysis of the 3’-deleted constructs of the putative P-type promoter in C2C12 myotubes.
The values shown on the graph are CAT activity per unit of (3-galactosidase.

As can be determ ined from Figure 6.5, the C A T construct containing the 0.75 kb
H in d lll - Pstl fragm ent in the correct orientation gave a four tim es higher
expression than the construct containing this fragm ent in reverse orientation. The
core prom oter elem ents are know n to function in orientation specific m anner.

y^riufnci vj

Interestingly longer 3’ deleted constructs, covering the region between -1819
and -478 (pl.3Ahumpurk FD/ CAT.) and the region -1819 and -352
(pl.46Ahumpurk FD/ CAT.) of the P-type putative promoter region gave
expression levels comparable to that obtained with the control constructs e.g.
containing the 0.75 Hindlll - Pstl fragment in reverse orientation.

6.2.4 Analysis of the putative promoter region following injection into mouse
skeletal muscle

The results of in vitro transfection experiments suggested the existence of a
promoter element in the genomic DNA region tested. However, the gene
expression pattern in cells in vitro often vary greatly from the in vivo situation.
Studying the activity of a putative promoter in vivo is invaluable because it
allows analysis of all the various levels of regulation that can be altered in tissue
culture. Therefore, a selected number of constructs were tested.

Intramuscular injection of plasmid expression vectors in rodents and non-human
primates has been shown to result in uptake of the plasmid and subsequent
expression of the protein encoded by the vector (Wolff et al. 1990; Acsadi et al.
1991, Jiao et al. 1992a, Jiao et al. 1992b). The injected DNA remains
extrachromosomal but can be expressed for considerable time (Wolff et al.
1992). The ability of skeletal muscle to take up DNA and express the encoded
protein is relatively unique (liver and thyroid are also reported to share this
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capability) and the exact mechanism of uptake and expression has not been fully
elucidated. It is interesting to note that up to two thirds of primary rat myotubes
that were cytoplasmically injected with a lacZ construct expressed nuclear pgalactosidase. It remains unclear why cytoplasmically injected DNA is expressed
to a greater extent in myotubes relative to other cell types (Dowty et al. 1995).

Various parameters of the injection experiment have been investigated. For
example the solvent in which plasmid DNA is suspended (Wolff et al. 1991), the
volume of injection, the speed at which the solution is delivered, the needle type
used.. .etc. can affect expression to a different degree (Wolff et al. 1991).

Moreover, Wells and Goldspink demonstrated that the uptake efficiency in mice
is dependent on age and sex. They found that 4-6 week old male mice showed
higher levels of CAT reporter than older mice (Wells and Goldspink 1992).

The mice used in the present experiment were 4 weeks old. They were injected
with barium chloride, five days prior to the actual DNA injections (see Figure
6.6). This treatment causes degeneration of the muscle fibres that is followed by
regeneration and results in better uptake of the DNA. The animals were
sacrificed and their injected muscle removed and processed for the Pgalactosidase assay.

Four week old C57B16 mice
received
an
intram uscular
injection of 1.2% barium chloride
solution to induce
muscle regeneration.

5 days later, they were injected
with DNA suspended in 0.9%
saline.
Control
muscle
were
injected with saline alone.

One week following injection of
plasmid DNA, the anim als were
sacrificed and the TA muscle (site of
injection) were removed and flashfrozen. Muscle extracts were prepared
from the frozen muscle and used for
estim ating protein concentration and
perform ing p-galaetosidase assay.

Figure 6.6
A brief outline of the DNA intramuscular injection procedure.
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w ith the construct p l.8hum purk R V / lacZ. This contrasts w ith the results
obtained in C 2C 12 m yotubes.
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Figure 6.7
Analysis of the putative P-type promoter in mouse skeletal muscle in vivo . The values
shown on the graph are units of (3-galactosidase per pg of protein (xlC T 5).
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6.3 Discussion

In this chapter, the putative promoter region of the P-type dystrophin was studied
in muscles cells, both in vitro and in vivo.

Ideally, such a study should be performed in Purkinje cells, where the P-type
dystrophin transcript is expressed at high levels. However, such a model was not
available and hence, alternative means of investigation had to be sought.

C2C12, a widely characterised muscle cell line, was chosen for this investigation.
The cells are capable of fusing and differentiating into myotubes under
appropriate culture conditions. Furthermore, the myotubes are capable of
survival for a long time in culture (at least 20 days (personal observation)) a
feature that was important for the purpose of this study. C2C12, has been shown
to be a good model for studying dystrophin in culture because it also expresses
dystrophin associated proteins, including aciculin and caveolin-3 (Belkin et al.
1995; Song et al. 1996). Furthermore, dystrophin mRNA has been shown to be
upregulated in this cell line in response to dibutyryl cAMP treatment (Usuki et al.
1995).

Another advantage of using the C2C12 cell line is that it does not undergo severe
apoptosis upon replacing the growth media with differentiation media. For
example, in the course of this study, transfection of the L8 cell line was
attempted. However, this cell line undergoes extensive apoptosis upon
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differentiation and a great number of the transfected myoblasts were lost making
it unsuitable for experiments.

The first step in determining the suitability of the C2C12 cell line for the present
study was to investigate whether it expressed the P-type dystrophin transcript.
This is important to determine because cell lines differ often greatly from the
parental cells or their counterparts in vivo. C2, the cell line from which the clone
C2C12 was derived has been reported to express dystrophin at very low levels
(Noursadeghi et al. 1993). However, when this cell line was fused with human
DMD myoblasts and the hybrid cells were made to differentiate into myotubes,
dystrophin protein was expressed. This means that the C2 cell line lacks some of
the factors required for dystrophin expression (Noursadeghi et al. 1993).

The results in the present study show that none of the full length dystrophin
transcripts can be detected in C2C12 myoblasts. However, upon differentiation
of cells into myotubes, both M-type and P-type dystrophin are readily detectable
in 6-day-old myotubes and all three types of the full length dystrophin transcripts
are detectable by 12 days.

This suggests that P-type expression is under myogenic regulation although the
levels of its expression are obviously at lower levels than M-type dystrophin.
Furthermore, the alternative splicing events of the P-type transcript, which were
found in the cerebellum (see chapter 5), are present in C2C12 myotubes.
Transfection of C2C12 cells using a range of constructs containing various
regions of the P-type putative promoter, showed that a region spanning nt -1819
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to -1069 (with respect to the conserved ATG translation start codon) is capable
of driving the expression of the reporter CAT gene in an orientation specific
manner. This result is somewhat surprising because that region is located a long
distance from the transcription initiation start sites established in the cerebellum.

The 0.75 kb fragment containing the region -1819 to -1069 was also able to
drive lacZ expression following its injection in mouse muscle. Interestingly, the
construct containing the full 1.78kb putative promoter region, gave significant
levels of expression following intramuscular injection. This is in contrast with
what was observed when a CAT construct containing the same putative promoter
region was used to transfect C2C12 cells.

This results raises the possibility that there may be a series of positive and
negative regulatory elements that determine the activity of this promoter. A
negative regulatory element may lie in the region -1069 to -39 that binds a factor
abundant in C2C12 myotubes but not in the mature mouse muscle. It is likely
that the P-type promoter would contain a combination of elements regulating its
expression because it is expressed specifically in two very different tissues.

Another possibility is the existence of a second promoter region driving the Ptype transcript in muscle. The 5’UTR sequence of the P-type transcript was not
examined in muscle and therefore this possibility cannot be eliminated. The
activity of such a secondary promoter could vary in cultured cells and in muscle
in vivo.
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An additional problem encountered in these transfection and injection
experiments was the low levels of reporter gene product driven by the putative
promoter fragments in comparison to the various positive controls driven by viral
promoters. This problem was not surprising considering low levels of
endogenous expression of the P-type mRNA in muscle combined with the need
to induce differentiation which further lowered the expression levels in cell
cultures. Some recently developed techniques could be used to optimise the
conditions. For the transfection experiments, it has recently been reported that
spinning the cells with lipid-DNA complex can increase the levels of expression
several folds (Boussif et al. 1996). For the injection experiments, the age of the
animals chosen was 4 weeks. This was based upon the optimised method of
Wells and Goldspink (Wells and Goldspink 1992). However, a recent study
showed that there is a time window at 2 weeks of age for achieving very high
levels of foreign gene expression from intramuscular injection in mice and rats
(Danko et al. 1997). Furthermore, the expression levels achieved varies
according to the strain of laboratory mouse used. For example, injected Balb/C
mice can show up to 10-fold higher levels of expression than C57/BL mice,
which incidentally were the strain used in the injection experiments presented in
this chapter (Danko et al. 1997).

As valuable as direct muscle injection models may prove for future studies of the
putative P-type promoter, it would be invaluable to investigate the putative
promoter region in Purkinje cells as discussed in the next chapter.

CHAPTER 7

GENERAL DISCUSSION

The P-type dystrophin transcript has not been studied as extensively as the other
full length transcripts i.e. the C- and M-type dystrophins, nor indeed as
extensively as some of the shorter transcripts i.e. Dp71, Dpi 16 and Dp 140 and
yet it is an intriguing element of the dystrophin gene. The aim of this study was
to elucidate the expression sites of this transcript, to characterise its structure and
to study the promoter region driving its expression in order to attain a more
comprehensive understanding of how the dystrophin gene is regulated.
Moreover, the Purkinje cell specific promoter would be a unique tool to study
various aspects of Purkinje cell biology.

After examining the expression of the P-type dystrophin in several tissues, it was
found to be expressed in skeletal and cardiac muscle as well as in Purkinje cells,
albeit at much lower levels. However, P-type dystrophin is absent from smooth
muscle. This investigation has found that Purkinje cells represent the primary site
of P-type dystrophin expression and that skeletal and cardiac muscle are the
secondary or minor sites of expression. The presence of a major and minor site of
dystrophin transcript expression is also characteristic of the M- and C-type full
length dystrophin transcripts e.g. the primary site of C-type expression is the
cerebral cortex and hippocampal CA regions, whereas the secondary site is
muscle.

One could argue that the expression of the P-type dystrophin found in mouse or
human muscle samples may not stem from muscle fibres themselves but from
some of the other cellular elements found in muscle such as nerves, fibroblasts,
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mast cells, endothelial cells and lymphocytes. However, the amplification of the
P-type dystrophin from human single muscle fibres as well as from the myogenic
cell line C2C12 make this possibility unlikely (data not shown).

The role of the C- and P-type dystrophin transcripts in muscle has not been
studied extensively. Muntoni et al. (1995) proposed the hypothesis that these
transcripts are not expressed in normal muscle but can be upregulated in the Xlinked dilated cardiomyopathy patients with M-type dystrophin mutations. The
result shown in this study indicate that both C- and P-type dystrophins are
present in normal muscle, thus agreeing with the findings of other groups (e.g.
Holder et al. 1996).

This still leaves the question of whether levels of the C- and P-type dystrophin
transcripts are elevated in the muscle of a subset of X-linked dilated
cardiomyopathy patients whose condition is the result of a mutation in the Mtype dystrophin promoter. In the course of this study, fibroblasts from an atypical
DMD patient with deletion of both M- and C-type dystrophin promoter regions,
were found to express the P-type dystrophin transcript. This patient has a
relatively mild phenotype which may be due to elevated levels of the P-type
dystrophin transcript in his muscle.

Promoter deletions are a rare phenomena in DMD patients, occurring in less than
1 in 115 cases (Vitiello et al. 1992). However, they may be the cause of milder
conditions such as a subset of X-linked dilated cardiomyopathy and some BMD
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cases. Development of methods leading to upregulating the levels of C- and / or
P-type dystrophin transcripts in the cardiac muscle of such patients could have
therapeutic potential. Indeed, a similar strategy has been proposed as a treatment
for DMD where elevating the levels of utrophin, the dystrophin homologue, may
have a potential therapeutic value. Transgenic mdx mice that over-express
utrophin show a restoration of all components of DAPC and normalisation of
serum creatine-kinase levels and muscle pathology (Tinsley et al.1996). Mice
deficient for both dystrophin and utrophin {mdx / utm'A mice) which exhibit a
more severe phenotype than mdx mice (they die between 6 and 20 weeks of age)
can be rescued by the expression of a truncated utrophin transgene in their
skeletal muscle (Rafael et al. 1998). The advantage of such therapy is that it does
not require gene replacement which may be immunogenic. However, screening
for drugs that selectively increase the expression of a given gene is laborious and
expensive. Increasing the levels of P-type transcript in cardiac muscle as a mode
of therapy for the X-linked dilated cardiomyopathy and other patients with
deletions of the M-type promoter will require a more comprehensive
understanding of how levels of this transcript are regulated in this tissue.

The function of individual dystrophin transcripts during development has not
been elucidated fully. It was interesting to note that P-type dystrophin can be
detected in the brain and body of mice embryos at E12.5. Earlier stages of
development were not examined because in situ hybridisation studies have
shown that full length dystrophin expression in the developing mouse cerebellum
is first detected at 13.5 days (Houzelstein et al. 1992). Yet in spite of the early
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expression of dystrophin in Purkinje cells, dystrophin patients and the various
DMD animal models do not suffer from motor impairment, the hallmark of
cerebellar damage. However, studies using normal human subjects as well as
patients with cerebellar damage, have lead to the view that the cerebellum may
also be involved in certain cognitive functions (reviewed in Barinaga 1996).
Patients with cerebellar lesions have been reported to have impaired verbal,
spatial and general intelligence measures but perform well on most tests of
memory (e.g. delayed recall) (Bracke-Tolkmitt et al. 1989). Although reduced
intelligence is not a feature of all patients with a cerebellar defect (Fiez et al.
1992), the cerebellum may help prepare a variety of brain systems to operate at
full efficiency (Barinaga et al. 1996).

In DMD patients, the contribution of full length dystrophins to the observed
cognitive impairment is not fully elucidated. There is a report of a patient of
normal intelligence who lacks the M-, C- and P-type promoter (Rapaport et al.
1992c). One possible explanation of this result would be that the dystrophin
isoform important for cognition might be encoded by one of the smaller
transcripts initiating from intragenic promoters such as Dp260, Dp 140 or Dp71.
This is plausible based on the fact that patients with 3' end deletions are more
prone to mental retardation (Rapaport et al. 1991; Lenk et al. 1993; Tuffery et al.
1995). Furthermore, immunoblot analysis revealed that the expression of pdystroglycan is reduced in brain membranes from DMD patients whereas no
such reduction is seen in mdx brain membranes (Finn et al. 1998). One
possibility is that p-dystroglycan is retained by the mdx mouse because it

-

198

-

associates with the short dystrophin isoforms unaffected by the mdx mutation.
However, a role for full length dystrophin transcripts in cognitive function should
not be ruled out. A study has shown an increase in choline-containing
compounds in the left cerebellum of DMD boys. This increase correlates with
better ability on the Matrix Analogies Test (MAT), a test of visuo-spatial ability
and non-verbal reasoning which requires neither manual dexterity nor a verbal
response for an adequate performance. This suggests that the increase in cholinecontaining compounds might be a compensatory mechanism (Rae et al. 1998).
Although it is possible that this ability is a reflection of the DMD brain as a
whole, it might also be due to the role the cerebellum plays in cognition. Further
studies are required to clarify whether the specific absence of dystrophin from
the cerebellum can cause or contribute to the cognitive impairment in DMD
patients. How the absence of dystrophin leads to cognitive impairment remains
unknown. The most widely accepted theory on the role of dystrophin in muscle is
the mechanical theory. Dystrophin by acting as the link between the actin
cytoskeleton and the extracellular matrix via the DAPC, could transmit the local
stress generated during contraction across the sarcolemma to the extracellular
matrix. Furthermore, there is recent evidence that dystrophin is part of a
mechanotransduction mechanism, the role of which is to produce autocrine
growth factors that induce local repair in normal cells when subjected to
mechanical stress (McKoy et al. 1999). This ability is missing in dystrophic
muscle (Goldspink et al. 1996). However, neurons are not under the same stress
as muscle and hence one would expect dystrophin’s role in the brain to be
somewhat different. It has been shown that brain sodium channels co-purify with
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syntrophins and dystrophins suggesting that syntrophins might play an analogous
role to rapsyn which is involved in the clustering of AChRs at the NMJ i.e.
syntrophins might cluster brain sodium channels (Gee et al. 1998). However, it is
important to bear in mind that there are areas in the brain where dystrophin and
syntrophins do not co-localise (Gorecki et al. 1997). The finding that in brain
synaptosomes, the dystroglycan complex is isolated with Grb2, an adapter
molecule involved in signal transduction and cytoskeletal organisation further
suggests that dystrophin might be involved in synaptic organisation (Cavaldesi et
al. 1999).

The conservation of the P-type first exon and upstream sequence was examined
in various species. In spite the high conservation of the first exon sequence, it
was interesting to note a point of divergence between rodents and other
mammals. Rodents have three ATG start codons that are in frame with the rest of
the dystrophin sequence, whereas humans, dogs, sheep and pigs have only a
single potential ATG start codon. This difference means that theoretically at
least, the N-terminus of the longest rodent P-type dystrophin isoform may be 27
amino acids longer than its counterpart in other mammals. These results could
suggest that there is a degree of flexibility in the composition and length of the Ptype N-terminus. On the other hand, the chicken P-type dystrophin transcript
codes for an amino terminus of exactly the same length as that in mammals with
3 out of 7 amino acids identical with other species.
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N-terminus composition flexibility extends to the M-type dystrophin which is
longer in chickens than in mammals (Lemaire et al. 1988b). This could suggest
the lack of functional significance of the amino acids encoded by the dystrophin
first exons. In the case of the full length dystrophin transcripts, the N-terminal
amino acids encoded by the various first exons do not form an actin binding site.
Even if they did contribute to actin binding in some way, this effect is very
unlikely to be of high significance because F-actin appears to be positioned
alongside the N-terminus and proximal part of the rod domain, perhaps binding
to multiple actin binding sites of varying affinity (Rybakova et al. 1996).
However, it is also important to bear in mind that an actin binding domain was
found to be formed by the first six amino acids out of the seven amino acids
encoded by the Dp71 first exon (Howard et al. 1998).

Assuming that the N-termini encoded by the various full lengths transcripts have
no functional significance, then why is there not a single dystrophin transcript
expressed in all the various tissues where full length dystrophin is found?

The answer to this question may stem from the various dystrophin promoters
utilised in specific tissues. Although there is some overlap in the tissue
expression of these transcripts, they nevertheless have distinct primary sites of
expression and specific regulatory elements. Thus, the three promoters may have
arisen as a response to the individual mode of regulation required for each site of
expression. The cortex, hippocampus, cerebellum and muscle contain their own

unique transcription factors capable of activating specific promoters when
required and at levels matching the requirements.

Several findings in this study lead to the conclusion that at least in the
cerebellum, the P-type transcript is driven by a TATA-less promoter. The TATA
box sequence present in the human genomic DNA sequence upstream of the Ptype dystrophin (-383 to -376 with respect to the human ATG translation start
site) is unlikely to be functional. This conclusion is based upon several findings.
Firstly, the sequence is not well conserved across species. Secondly, primer
extension and 5’RACE studies did not find a cap site that was within 25-30bp of
this element which is the most common configuration. Thirdly, in both human
and mouse cerebellum, multiple P-type dystrophin transcript start sites were
detected. This is characteristic of some TATA-less promoters, where initiation
occurs from any one of a cluster of start points. The TATA box aligns the RNA
polymerase (via the interaction with TFITD and other factors) so that it initiates at
the proper site. This explains why its location is fixed with respect to the
transcription start point. Finally, transfection studies in the myogenic cell line
C2C12 using the full length human genomic region spanning the region from 1819 to -39 with respect to the ATG translation start site of P-type dystrophin as
well as 3’ deleted construct containing the region from -1819 to -352, which
brings the TATA box element within closer proximity to the 5’ end of the
reporter CAT gene did not result in expression. Thus, in this respect the P-type
dystrophin putative promoter is similar to the C-type dystrophin promoter which
also lacks a TATA box. The Dp71 promoter is also a TATA-less promoters.
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However, it belongs to a different subcategory of G-C rich, house-keeping
promoters (Lederfein et al. 1993). Full length utrophin is transcribed from a
TATA-less promoter associated with a CpG island at the 5’ end of the utrophin
gene (Dennis et al. 1996). However, the presence of a DNA element termed the
i

N-box seems to confer synapse-specific expression upon the utrophin promoter
as demonstrated by direct injection of utrophin/gene reporter constructs into
muscle (Gramolini et al. 1997).

Apart from the possible difference in the P-type dystrophin coding region
between rodents and other mammals another difference was found. Two
alternative splicing events occurring in the P-type dystrophin transcript were
detected in transcripts from mouse cerebellum. The first alternative splicing
event detected involves the insertion of an 82bp sequence which forms a part of
intron-1. The second alternative splicing event involves the removal of a 93bp
sequence that forms a part of the 5'UTR of the P-type dystrophin transcript.
These alternative splicing events may also be present in humans, although at
much lower levels. Holder et al. (1996) reported the cloning of an 82bp insertion
from human cortex tissue. The sequence of their 82bp region is 100% identical
with the sequence of the 82bp region cloned in this study from mouse
cerebellum. However, they also reported differences in the human P-type
dystrophin transcript coding region with respect to the sequence published by our
laboratory (Gorecki et al. 1992). The human P-type coding sequence reported by
Holder et al. is identical to the mouse sequence cloned in our lab. Two possible
explanations may account for the discrepancy between our two groups. The first
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is that Holder et al. were amplifying the coding region from mouse rather than
human source. The second is that they were amplifying from a control subject
with a unique polymorphism. Therefore, the sequence of the coding region was
rechecked exhaustively by sequencing it either directly from human cDNA from
different individuals or from a human cosmid containing the P-type first exon
and the sequence published previously by our laboratory was confirmed.

The 82bp insertion introduces a TAA stop codon terminating the translation. This
means that a short polypeptide of eight amino acids (or 19 or 35) can be made in
rodents. The sequence of these peptides does not display significant homology to
any protein sequence deposited in the Swissprot database. Recently, an EST
isolated from a human fetal brain library was found to match a genomic DNA
sequence upstream of the M-type dystrophin promoter. Northern blot analysis of
the expression of this EST identified a mRNA approximately 1.0 kb in size,
expressed in human placenta and at low levels in the heart. The function of this
overlapping gene remains unknown (Patamello et al 1997). Thus, the promoter
regions of dystrophin gene may allow the expression of small polypeptides or
proteins.

As described in chapter 5, the 82bp insertion and the 93bp splicing can occur in
tandem or separately. Their presence or absence is very likely to influence the
structure of the P-type dystrophin 5'UTR. The contribution of the 5’UTR
sequence to the overall regulation of gene expression has been acknowledged in
many studies. The 5’UTR can affect mRNA translation by virtue of its length,
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secondary structure, and / or the presence of AUG codons upstream of the
reading frame. Between 53-100% of each dystrophin first exons’ sequence is
non coding and the 5’UTR region maybe as long as ~ lkb (as in the case of
Dp 140). However, no short ORF or 5’UTR alternative splicing were found in
any other dystrophin transcript. This suggests that P-type dystrophin expression
may be also regulated by post-transcriptional mechanism which is a new finding
for the dystrophin gene.

The detection of these alternative splicing events in C2C12 may be a reflection
of general high levels of P-type dystrophin transcript in that cell line, in
comparison with adult skeletal muscle. It is important to note that the levels of
the full length dystrophin transcripts in cultured myotubes is higher than those
present in adult skeletal muscle (Lev et al. 1987). One interpretation of this result
is that the gene may be strongly upregulated to provide an initial stock of
dystrophin with which to construct the new cytoskeletal network.

The study of the putative P-type dystrophin promoter region was hampered, as
explained, by the lack of a Purkinje cell system to use for transfection. However,
using skeletal muscle as a secondary site of P-type expression, it was found that
the region spanning nt: -1819 to -1069 is capable of driving the expression of
the reporter genes in an orientation specific manner both in vitro and in vivo. In
any given promoter, the net activity is dependent upon the interaction of a
number of positive, and in some instances, negative regulatory elements.
Deletion of negative regulatory elements may increase the expression derived
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from a given promoter. This may explain why in C2C12 myotubes, transfected
with constructs containing the regions from -1819 to -478bp, -1819 to -352, and
-1819 to -39 with respect to the ATG start codon, no detectable level of reporter
gene activity was observed, whereas the region spanning -1819 to -1069 gave
detectable activity. Thus a negative regulatory element that is active in C2C12
may be present between nt -1069 and -478. This element appears to be less active
in vivo because reporter gene product was detected with a construct driven by the
full length putative promoter fragment (nt: -1819 to -39). This may be due to the
low concentration of the inhibitory factor(s) in vivo.

It would be interesting to study the P-type promoter in Purkinje cells. One
method of studying Purkinje cell promoters is to generate transgenic mice with
constructs driven by the promoter in question. Such was the approach used to
study the L7 protein promoter whereby the entire gene was used to generate a
transgenic cell line. (3-galactosidase fragment was inserted in frame into the
fourth exon of the gene and the entire gene as well as the fused reporter gene
were used to generate the cell line (Oberdick et al. 1990). The transgenic mice
expressed the P-galactosidase in Purkinje cells and retinal bipolar neurons, the
sites of L7 protein expression (Oberdick et al. 1988).

The entire gene approach would be difficult to apply to the dystrophin gene due
to its large size. However, it would be possible to clone the putative promoter
region alone upstream of a reporter gene and use it for generating transgenic
mice. Such an approach was utilised for the rat calmodulin gene II (CaMII )
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promoter which is also active in Purkinje cells of the cerebellum (amongst other
places). The localisation of transgene expression was consistent with those of
endogenous CaMII (Matsuo et al. 1993).

A project of examining activity of the putative p-type promoter using transgenic
mice is underway in collaboration with Dr. Dominic Wells. The pl.8humpurk
FD/ lacZ was microinjected into fertilised mouse eggs. Transgenic mice were
identified by southern blot analysis of genomic DNA isolated from mice tails.
Genomic DNA of 40 mice was examined. Four of these mice were found to
incorporate the transgene at varying copy numbers. Three of these animals were
lost as a result a laboratory accident. The offspring of the remaining animal were
examined and six mice were found to have integrated the transgene (see
appendix I). Expression of p-galactosidase has been examined in the brain of two
such animals. They were found to have nonspecific expression upon
histochemical staining for p-galactosidase. This is not uncommon because
expression can be greatly influenced by the integration site. In a recent study
examining the cell-specific regulation of C-type dystrophin expression in mice,
transgenic lines were generated carrying a 2.1kb of 5'-fragment containing the
sequence upstream of C-type exon 1 fused to a lacZ reporter gene. Out of 5
transgenic lines, three showed expression in the cortex. However, of the
remaining two, one showed expression in Purkinje cells and the other in granule
cells of the cerebellum and in caudate putamen (Kimura et al. 1997). Thus, a large
number of animals must be examined in order to obtain lines with appropriate
sites of expression.
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Such transgenic murine lines would be very useful to analyse because they would
provide important information regarding the developmental regulation of the Ptype dystrophin transcript and could be used to study the role of dystrophin in the
cerebellum. Furthermore, they may serve as a source to obtain populations of
tagged Purkinje neurons. They would offer the possibility of examining whether
the levels of the P-type transcript can be artificially upregulated in a given organ,
which may benefit patients suffering from specific promoter deletions.
Transgenic mice would also offer the opportunity to study the effect of longer
DNA fragments upstream and downstream of the P-type dystrophin first exon.
Indeed, muscle specific transcriptional enhancer within intron-1 of the human
dystrophin gene has been found. It contains single adjoining M EF-l/E box and
MEF-2/AT-rich motifs. The mutation of one or both of these motifs resulted in
significant loss of enhancer activity (Klamut et al. 1996, 1997). Similarly, a
Purkinje-cell specific enhancer might exist which allows the P-type transcript to
be produced at maximal levels. Finally, the expression constructs driven by the
P-type dystrophin promoter could be a unique tool in more general studies on
cerebellar development and function.

v /l

In conclusion, this thesis describes the characterisation of the P-type dystrophin
transcript which is not only expressed in Purkinje cells but also in skeletal and
cardiac muscle. The transcript might play a role in patients lacking other full
length dystrophin transcripts. The P-type first exon and upstream region are
highly conserved amongst species which indicates the importance of those
regions probably in regulation of gene expression. The P-type dystrophin
transcript undergoes unique alternative splicing at the 5’end, including splicing
within the 5’UTR, previously unreported for the dystrophin gene. The thesis also
describes the characterisation of the P-type dystrophin promoter region which is
active in skeletal muscle both in vitro and in vivo. Future studies of the P-type
dystrophin promoter and transcript will help to shed light on the workings and
the complexity of the dystrophin gene.
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Appendices

APPENDIX I

Transgenic animal analysis

Construction of dystrophin P-type promoter-lacZ transgene and production of
transgenic animals.

A double digest o f X h o l-S p e l o f pl.8 h u m p u rk F D / lacZ, released a 5.54kb D N A
fragm ent representing dystrophin hum an

P-type p rom oter-lacZ chim eric gene

(Figure A), w hich was purified by gel electrophoresis and introduced into pronuclei
o f fertilised m ouse eggs by m icroinjection. T his w ork w as carried out by Dr.
D om inic W ells and colleagues.

H in d lll

The human P-type dystrophin promoter

lacZ

Figure A
A schematic representation of the dystrophin human P-type promoter-iacZ transgene. The
5.54kb Xhol-Spel fragment was excised from its vector sequence and used to generate
transgenic mice. Arrow marks the translation start site.

Identification of transgenic animals
T ransgenic m ice w ere identified by S outhern B lot analysis o f high m olecular w eight
D N A prepared from m ouse tail biopsies. T he 3.7kb H in d lU -B a m H l lacZ fragm ent
w as used as a probe for the incorporation o f dystrophin hum an P-type prom oter-lacZ
transgene.
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Figure B
Southern blot analysis of genomic DNA isolated from the tails of transgenic mice. Lanes 1-21
were genomic DNA samples from potential transgenic mice. Lanes 22-25 were genomic DNA
samples from non-transgenic mice digested along with p1.8humpurk RV/ lacZ to provide a
rough guide to transgene copy number; lane 22 (loopy); lane 23 (10 copies); lane 24 (100
copies); lane 25 (1 OOng of p la sm id ). The DNA was digested overnight with Sspl at 37°C and
resolved on 1% agarose gel and transferred to nylon membrane for hybridisation with probe.
Arrows indicate mice that have incorporated the transgene. On the right hand side of the
figure, the molecular weight of the various bands detected on the blot are displayed. The
molecular weights in black refers to the two bands observed from p1.8humpurk RV/ lacZ
digestion. The molecular weights in blue refer to the three bands observed in the mice that
have incorporated the transgene.
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Appendices
As explained in chapter 7, of 40 mice examined, only four had incorporate the
transgene at varying copy numbers. Three of these animals were lost as a result a
laboratory accident. The offspring of the remaining animal were examined and six
mice were found to have integrated the transgene (Figure B). The band pattern
observed in the mice that have incorporated the transgene indicate that multiple
copies of the transgene in a direct tandem arrangement were integrated at a specific
site. This is indeed the most common integration pattern (Bishop 1999).
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APPENDIX II
Publications

Abdulrazzak, H., Noro, N., Simons J. P., Barnard, E.A., Goldspink, G. and Gorecki,
D.C. Strong evolutionary conservation and structural diversity in the 5’-untranslated
region of the Purkinje-type dystrophin transcript, (manuscript in preparation).

Gorecki, D.C., Abdulrazzak, H., Lukasiuk, K., and Barnard, E.A. 1997. Differential
expression of syntrophins and analysis of alternatively spliced dystrophin transcripts
in the mouse brain. Eur JNeurosci 9:965-976.
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