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ABSTRACT

Dystrophin transcripts were shown to be alternatively
spliced in a pattern characteristic of both tissue type
and developmental stage. Multiple novel spliced forms
of dystrophin mRNA were identified in murine brain
tissue, skeletal and cardiac muscle, diaphragm, and
human cardiac Purkinje fibers. The transcript diversity
was greatest in adult, non-skeletal muscle tissues.
Sequence analysis revealed that four tandem exons of
the murine gene are differentially spliced in at least 11
separate patterns to generate distinct isoforms. Two
of these forms were observed in all tissues examined,
while several others were uniquely observed in cardiac
muscle and brain. Cardiac Purkinje fibers express an
isoform primarily observed in brain tissue. Several
spliced transcripts were observed only in postnatal
development. Differential utilization of a fifth exon
results in two mRNA splice forms that encode separate
embryonic and adult C-termini of dystrophin.
Comparison of murine with human dystrophin mRNAs
showed that similar isoform expression patterns exist
across species. These observations suggest that
functionally distinct isoforms of the dystrophin protein
are expressed in separate tissues and at different
stages of development. These isoforms may be of
significance in understanding the various tissue-
specific effects produced by dystrophin gene mutations
in Duchenne and Becker muscular dystrophy patients.

INTRODUCTION

Defective expression of the protein dystrophin results in the X-
linked recessive disease Duchenne/Becker muscular dystrophy
(DMD/BMD) (1). Phenotypic effects of dystrophin gene
mutations are primarily manifested in limb skeletal muscle,
although patient death usually results from respiratory failure,
cardiac conduction abnormalities, or cardiomyopathy (2-5).
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Dystrophin is also expressed in brain tissue, and one-third of all
patients display varying degrees of mental retardation (2,6,7).
Symptoms of DMD generally do not become apparent until
several years after birth, and the severity of cardiac and brain
dysfunction do not correlate well with the degree of skeletal
muscle impairment (2-4). A limited number of dystrophin
mRNA isoforms have been described by analysis of human
embryonic tissues, and transcription is known to occur from two
alternate promoters in muscle and brain (8,9). Aside from a

smooth muscle isoform, little qualitative differences in the 3'
mRNA splicing patterns have been observed in different human
embryonic tissues (9).
We have examined both mouse and human dystrophin mRNAs

for alternative splicing and have compared the pattern of splicing
not only in different tissues but also at separate stages of
development. Two tissues with phenotypic disease (cardiac
conduction system and diaphragm) that have not previously been
tested for dystrophin expression were also examined to explore
the potential clinical importance of dystrophin isoforms in these
tissues (3-5). Our results demonstrate that alternative splicing
of dystrophin transcripts generates a variety of tissue and
developmental-stage specific mRNAs that may encode
functionally distinct protein isoforms.

MATERIALS AND METHODS

Dystrophin transcripts were analyzed by PCR amplification of
reverse transcribed RNA isolated from a variety of embryonic and
adult tissues (Fig. 1). Isolation of RNA and reverse transcription
were performed as described (7, 10). PCR primers derived from
the murine (11) and human (12) cDNA sequences were 25 bases
in length. Table 1 lists the sequences of the relevant PCR primers
used in this study. With one exception identical primers were used
to amplify both mouse and human cDNAs. The reverse primer
for segment 1 corresponded to a region with three mismatches
between species, so separate human and mouse primers were used.
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The forward primer for segment 2 contained a single intemal
mismatch which did not affect amplification, and the mouse primer
was used for both species. PCR reactions (50t1s) utilized 40 ng
of cDNA, 2.5 units Taq polymerase, 0. 4M each primer, 200tM
each dNTP, in 10 mM Tris-HCl, pH 8.3, 50 mM KCL, and 1.5
mM MgC12. Amplification conditions were 94°C denaturation
(30 sec), 62°C annealing (30 sec), and 72°C extension (2 min),
for 30-35 cycles. 10 !dls of the reactions were analyzed on 3%
NuSieve agarose gels (FMC Bioproducts) containing 0.2tzg/ml of
ethidium bromide prior to photography. Similar PCR conditions
have been shown previously to produce efficient multiplex
amplification of at least nine separate DNA fragments within a
single reaction (13,14). Radioactive PCRs were performed as
described above but included 25 lzCi of o!-32P-dCTP. ltl of each
radioactive reaction was mixed with formamide loading buffer and
analyzed via autoradiography after electrophoresis on a 6%
denaturing polyacrylamide sequencing gel.
PCR products were subcloned by treating the completed

reactions with 5 units of T4 DNA polymerase for 15 mmn at 370,
followed by electrophoresis on a 1.5 % agarose gel, excision of
the appropriate bands, and ligation into HincII-digested pTZ19r
(Pharmacia). Transformed colonies were screened for the
appropriate insert via PCR by transferring a portion of each
colony (with a toothpick) into a 251I aliquot of PCR reaction
mix that contained primers specific for vector sequences flanking
the cloning site. PCR conditions for colonies were 940 (6 min)
followed by 30 seconds each at 620, 720, and 940 (25 cycles).
Clones were sequenced either from single-stranded phagemid
growths or following asymmetric PCR amplification from 5 ,ul
of an overnight growth of a bacterial colony. Asymmetric
reactions (35 cycles) contained 0.2AM of one PCR primer, and
2nM of the other, and the single-stranded DNAs were directly
sequenced with end-labelled primers using a Sequenase version
2.0 kit (US Biochemicals). Radioactive amplification products
from individual subclones were obtained following 15 cycles of
PCR from a bacterial colony. These latter reactions utilized
dystrophin PCR primers rather than vector primers.

RESULTS
We have explored whether dystrophin mRNA splicing displays
tissue-specific or developmentally regulated patterns of
expression, and whether these patterns are conserved in mice and
humans. Dystrophin mRNA splicing was analyzed via

polymerase chain reaction (PCR) amplification of reverse
transcribed RNA (Fig. 1). Alternative splicing of the murine
transcript was analyzed in the same regions reported to be
differentially spliced in human embryonic tissues (9). These
studies have identified a variety of previously unreported mRNA
isoforms. Some of the spliced forms were only detected in
postnatal tissues, and some minor species differences were
observed between mouse and human.

Alternate dystrophin carboxy-termini are encoded in fetal and
adult tissues
PCR amplification of reverse transcribed RNA isolated from
tissues at different stages of development was performed using
primers specific for the C-terminal region of the dystrophin
mRNA (region 3, Fig. 1). Two distinct spliced forms in this
region of the mRNA had previously been identified in embryonic
human tissues (9). Figure 2 shows that early in embryonic
development a smaller spliced product is expressed in all tissues
and appears to be the predominant transcript in mouse skeletal
muscle and mouse and human brain tissue. The relative amount
of the smaller compared to the larger transcript decreases during
development, and all the adult tissues examined express
predominantly the larger form. The magnitude of this isoform
switch varies among separate mouse and human tissues, and is
most dramatic in mouse skeletal muscle and human brain. 20
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Figure 1. Schematic illustration of regions of the mouse dystrophin transcript
that display differential processing and the location of the PCR primers used in
this study. Region 1 is transcribed from two promoters each linked to unique
first exons. Regions 2 and 3 are described in the text. Horizontal arrows indicate
the location of PCR primers used for analysis of the splicing. Numbers below
the vertical arrows indicate the location within the murine cDNA sequence of
the PCR primer binding sites (see also the legends to Figs. 2 and 4). The sequences
of the PCR primers are listed in Table 1. The number of alternatively spliced
exons identified in regions 2 and 3 are indicated by breaks in the solid horizontal
line. Also shown are the locations of the stop codons in the embryonic or adult
mRNA.

Figure 2. Developmentally regulated alternative splicing of dystrophin nmRNA
region 3 (see Fig. 1; human bases 10,945-11345 or mouse bases
10,936-11,336). Shown are the results of PCR amplification from the indicated
mouse and human reverse transcribed RNAs. lOIs of each PCR reaction was
electrophoresed through a 3% NuSieve agarose gel and photographed. PCR
primers were as indicated in Table 1. The results demonstrate that a 32 bp segment
is spliced from embryonic transcripts in mouse (bases 11,214- 11,245) and human
(bases 1 1,223 - 11254) tissues. Embry. refers to embryonic tissues isolated at
the indicated developmental stage (d = day, wk = week). PCR conditions were as
described in methods (30 cycles). OX 174: HaeIII-digested OX 174 DNA.
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week human embryonic skeletal muscle expresses a greater ratio
of the larger spliced transcript than does 14 day mouse skeletal
muscle, which may reflect the relatively greater developmental
stage of the human tissue sample analyzed. Similar results have
been obtained with multiple RNA preparations from a variety
of human and mouse fetal and adult tissue samples.

Sequence analysis of the subcloned PCR reactions demonstrated
that these two amplification products arose via differential
utilization of a 32 bp sequence. This sequence represents the
penultimate exon of the human and mouse dystrophin genes (JSC,

unpublished). The 32 bases spliced from the murine transcript
correspond to the 32 bases deleted from this portion of the human
mRNA (9). These are bases 11,222-11,253 of the murine
sequence (11). The mouse and human mRNA sequences are

identical for 30 of these 32 nucleotides. Removal of these 32
bases from the human and mouse transcripts alters the
translational reading frame to encode an alternate C-terminus in
which the final 14 amino-acids are replaced with an unrelated
32 amino acid sequence. These 32 amino acids are identical in
the embryonic mouse and human transcripts, while 13 of the 14
amino acids encoded by the adult transcripts are identical (11,12).
The alternate carboxy-terminus uses a stop codon 86 bps
downstream from the stop codon used in the longer (adult)
mRNA. A Kyte & Doolittle hydropathicity calculation reveals
that these alternate mRNAs encode a hydrophobic carboxy-
terminus in embryonic tissues that is switched to a hydrophilic
terminus in adult tissues (Fig. 3; [15]).

Tissue specific expression patterns of alternatively spliced
dystrophin mRNAs
Amplification of region 2 (Fig. 1) of the murine dystrophin
mRNA produced a complex pattern ofDNA fragments displaying
clear tissue differences (Fig. 4A). These results identified 10
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Figure 3. A Kyte-Doolittle hydropathicity calculation and plot of the adult and

embryonic C-terminal dystrophin peptide sequences (15). The amino acid

designation for the two sequences is displayed at the bottom of the graph, starting
with the last common residue (glycine) located at the 5' end of the splice junction.
Positive values denote hydrophobic residues and negative values denote hydrophilic
residues. The shorter adult sequence is hydrophilic while the extended embryonic
reading frame encodes a hydrophobic C-terminus.

separate spliced forms of the mRNA in mouse tissues (Figs. 4C
and 5). This contrasts with previous studies of this region of the
human dystrophin transcript which identified four spliced forms
of the mRNA in embryonic tissues that arose from differential
utilization of three segments of the mRNA (9). To enable a direct
species comparison we amplified adult human transcripts with
the identical conditions and primers used in Fig. 4A. These
experiments also produced a variety of products that displayed
qualitative differences when the separate tissues were compared
(Fig. 4B). Hybridization of Southern blotted PCR products with
oligonucleotides specific for each alternatively spliced exon
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Figure 4. PCR amplification of dystrophin mRNA region 2 (see Fig. 1; mouse
cDNA sequences 10,278-10,960, human sequences 10,287-10,969). Shown
are the PCR products obtained with the indicated adult mouse (A), or human
(B) reverse transcribed RNAs (35 cycles). PCR was performed with multiplex
PCR amplification conditions that enable efficient co-amplification of multiple
separate fragments (13). Arrows denote the migration of the major isoforms. A
refers to the deletion size (Fig. 5). Sk. Mus.= limb skeletal muscle;
diaph.=diaphragm. (C) Denaturing polyacrylamide gel electrophoresis of
radiolabelled dystrophin PCR products (30 cycles) obtained from adult mouse

RNAs. The tissue distribution of 9 splice forms in the mouse is demonstrated.
A 419 bp fragment (A264) is visible upon longer exposure of the gel. To the
right is shown the amplification products obtained from 8 subclones of the region
2 PCR products (15 cycles). Clones 17 and 11 correspond to each of the two
separate 225 deletion isoforms (see Fig. 5). This gel system eliminated heteroduplex
formation, but produced an aberrantly migrating hazy band below the A66

fragment. These aberrant bands are often observed even when the cloned dystrophin
cDNAs are PCR amplified and analyzed on acrylamide gels, and appear to result

from overloading of the 0.4mm sequencing-type gels (no corresponding bands

are observed when the same reactions are analyzed on agarose gels). (D) Analysis
of the dystrophin mRNA splicing pattern in mouse tissues at separate developmental
stages. Several of the spliced transcripts are present only postnatal tissues. E14=

embryonic day 14, 1D=newborn.
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demonstrated that each amplification product was transcribed
from the dystrophin gene (data not shown).
The data in Figure 4 display the dystrophin mRNA splicing

patterns in five separate tissues. Region 2 of the mRNA is
detected primarily as the 'full length' (683bp) form in both mouse
and human skeletal muscle and mouse diaphragm, while brain,
heart, and Purkinje fiber mRNAs display a more complex splicing
pattern giving rise to several smaller transcripts (Figs. 4A and
4B). Attempts to subclone each species indicated that at least some
of the fragments observed on agarose gels arose from
heteroduplex formation between separate amplification products
(unpublished observations). To eliminate heteroduplexes we
analyzed radiolabelled PCR products on denaturing
polyacrylamide sequencing gels (Fig. 4C). The major transcripts
produced in brain differ from the 'full-length' product by deletions
of 39 or 330 bps (Figs. 4C and 5). The 330 bp deletion transcript
is also observed in human heart tissue but not in skeletal muscle
(Fig. 4B). Some of this transcript in heart may arise from
Purkinje fibers which appear to express primarily the 330 bp
deletion transcript (Fig. 4B). In contrast, mouse heart tissue does
not express a significant amount of this isoform. The 66 bp and
291 bp deleted isoforms were observed almost exclusively in heart
(Fig. 4C).
Sequence and size analysis revealed that the murine mRNA

isoforms arose from differential utilization of four regions of the
mouse transcript that likely delineate individual exons of the gene
(Figs. 4C and 5). One of the two 225 deletions is an example
where splicing of two non-contiguous exons was proven by
sequence analysis. The faint bands representing the 198bp and
264bp deleted forms, detected in radioactive PCR reactions and
PCR southern blots, arise via the same mechanism (Fig. 5). Many
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of the smaller spliced transcripts are primarily observed in
neonatal and adult mouse tissues (Fig. 4D), which likely explains
why several of these isoforms were not detected in previous
studies of human embryonic tissues (9). For example, a mouse
isoform 159bp smaller than the full-length product is observed
in adult tissues, but not in mouse embryos (Fig. 4D, arrow).
Several of the other intermediate sized isoforms visible in heart
and brain also appear to be primarily expressed in the adult tissue
specimens. At least one species differences is apparent, as a
spliced human transcript missing 105 bps of sequence (9) is not
expressed in mice (Figs. 4B, 4C, and 5).
A segment of the human transcript immediately 5' of region

2 (Fig. 1) has been reported to be alternatively spliced in human
smooth muscle (9), but this isoform does not appear to be
expressed to a significant degree in the mouse tissues examined.
Only trace amounts of this transcript were detected in murine
skeletal and cardiac muscle, brain, or smooth muscle from the
aorta (unpublished observations). Alternative splicing was not
observed between exon 2 and mRNA base 10,000 in mouse
skeletal muscle (the region just 3' of region 2). This region was
not tested for alternative splicing in other tissues.

Specificity of alternate promoter utilization
PCR analysis demonstrates that the murine gene, like the human
and rat genes, contains two promoters each linked to unique first

Deletion PCR Species
Size Fragment Source
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Figure 5. Diagram of 11 spliced forms of dystrophin mRNA identified in mouse

(m; Fig. 4), human (h; 9, 12), or chicken tissues (c; 15). Ten of these forms
have been detected in mouse tissues, each of which has been subcloned and
sequenced. The structure of the 'full-length' (683bp PCR product) spliced form
is shown at the top, while the splicing pattern of the smaller products is illustrated
below. Also shown are the nucleotide sequence numbers of the murine ( 11) and
human (12) cDNA sequences immediately flanking the four differentially spliced
exons, the sizes of which are indicated (in base pairs) within the 'full-length'
fragment diagram. The first spliced exon thus begins at base 10,424 of the mouse
sequence, and ends at base 10,462. Listed to the right of each diagram is the
species from which each isoform was identified, the size of the PCR product,
and the difference in size from the 'full-length' product.

Figure 6. Analysis of the dystrophin promoter utilized in mouse and human tissues.
PCR amplification utilized specific oligonucleotides from muscle and brain exon

1. The muscle exon 1 transcript was amplified as a 591 bp fragment (human
bases 216-806 (12) and murine bases 230-820 (11)). The brain type segment

was amplified as a 587bp fragment using a 5' primer from the published rat brain
exon 1 sequence (8). Both reactions utilized a 3' primer derived from exon 7
of the murine and human genes; the 5' end of this primer was base 806 (human)
and 820 (mouse). The fragment containing brain exon I was amplified from all
tissues except human cardiac Purkinje fibers and mouse heart. The muscle first
exon was amplified from all tissues, although the product from the fetal brain
samples is faint. The lane displaying the muscle promoter analysis from mouse

skeletal muscle is from a separate gel.
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exons (Fig. 6; [8,9]). Both promoters are active in muscle, brain
and heart but display profound tissue differences in their pattern
of expression (Fig. 6). These experiments utilized RNA prepared
from whole tissues, so it cannot be determined whether the brain
promoter expression in muscle tissues arises within myofibers
or within non-muscle cells. Purkinje conduction fibers exclusively
utilize the muscle type promoter despite the observation of a
brain-like pattern of splicing in region 2 of the mRNA (Figs.
4B and 6) Expression of the brain exon 1 in heart tissue must
therefore be from non-Purkinje cell types (Fig. 6). Expression
of muscle exon 1 in brain tissue also illustrates the point that
both promoters may be active in a tissue. It is unclear whether
the low level of 'muscle' promoter expression in adult brain
derives from neuronal origin, from astro-glial cells previously
shown to express muscle exon 1 (17), or from capillary smooth
muscle. These experiments demonstrate that the 'muscle' and
'brain' promoters do not display strict tissue-specific expression
patterns.

DISCUSSION
This report expands upon the number of dystrophin mRNA
isoforms and defines their developmental pattern of expression
in brain, heart muscle, cardiac Purkinje fibers, skeletal muscle
and diaphragm. Dystrophin expression in these tissues is regulated
by developmental and tissue specific alternative splicing patterns
which have been observed in a number of other proteins
expressed in muscle (18-21). The dystrophin gene may provide
an interesting model to study tissue specific and developmental
factors which influence alternative splice site selection. Cis and
trans acting mechanisms have been proposed for regulation of
specific splicing formats (18). In this case, splicing events
observed at the 3' end of the dystrophin transcript do not appear
to be specified in cis by the promoter that is utilized. For example
such a correlation is absent in the analysis of Purkinje fibers,
where the active 'muscle' promoter is coupled with a 'brain' type
splicing pattern in region 2 of the transcript (Figs. 4B and 6).
In addition, the choice of promoter usage during development
can not be directly correlated with the varying pattern of splicing
observed at the 3' end of the transcript (Figs. 2, 4D, and 6).
These observations suggest that dystrophin mRNA isoform
generation is primarily regulated by different trans-acting splicing
factors produced in brain, heart, and skeletal muscle during
development. Furthermore, it is of interest that differential
splicing of the penultimate exon of the gene is greater in
embryonic tissues (Fig. 2), whereas alternative splicing of exons
further 5' is greater in adult tissues (Fig. 4D). The cis elements
that bind the various trans-acting factors remain to be determined.
Bar et al have recently described an additional isoform of

dystrophin that is expressed in non-muscle tissues (22). This
isoform appears to be transcribed from a third promoter internal
to the dystrophin gene and is detected on Northern blots as an
approximately 6.5 kb mRNA. Partial sequence analysis and
RNAse A cleavage experiments suggest that this transcript shares
the same exons as the muscle dystrophin transcript except for
a separate, truncated 5' end and the lack of the penultimate exon
(22). This non-muscle dystrophin includes regions two and three
of the dystrophin transcript (Fig. 1). It is therefore possible that
some of the alternatively spliced dystrophin isoforms are
transcribed from this internal promoter rather than from the
previously described muscle and brain promoters. However PCR

analysis of dystrophin mRNA isolated from liver and spleen
produces a pattern indistinguishable from that observed in skeletal
muscle, suggesting that most of the alternatively spliced isoforms
(Fig. 5) are not produced in these two non-muscle tissues (JSC,
unpublished observations). Regardless of the exact promoter used,
each of the alternatively spliced transcripts detected in figures
2 and 4 are transcribed from the dystrophin gene and represent
distinct isoforms of dystrophin mRNA.

Although the dystrophin gene is composed of more than 75
exons (23), alternative splicing was observed with a limited
number of exons that encode portions of the C-terminus of the
protein. The spectrin-like repeat region was not tested for splicing
in non-muscle tissues, and it is possible that additional splice
forms are present in this region of the gene. As noted by Feener
et al (9), splice forms involving alternate exons of the same size
would not have been detected with our methods. A variety of
different types of data suggest that the alternatively spliced C-
terminus is critical for functional activity. Frameshift mutations
that lead to production of a truncated protein lacking the C-
terminus almost invariably cause a severe disease phenotype in
humans (23,24). Such observations imply that the carboxy-
terminus could mediate attachment of dystrophin to integral
sarcolemmal glycoproteins (25,26). It has been postulated that
deletion of the C-terminus might generate a non-functional protein
(23,24,27), and the available data indicate that strong selective
pressure has preserved these sequences and their pattern of
splicing during evolution (11,12,16). The carboxy-terminal
portion of the mRNA and protein sequences represent the most
highly conserved region of the dystrophin molecule. The murine
(11) and human (12) dystrophin mRNA sequences in region 2
(Fig. 1) display 97% identity at the nucleotide level, and the
predicted amino-acid sequences are identical. The 330 base pairs
that are alternatively spliced within region 2 (see Fig. 5) differ
by only a single nucleotide substitution between the mouse and
human sequences. Region 3 of the mRNAs display 93.5%
sequence identity at the nucleotide level (375/401 bases) and
>98% amino-acid identity (105 of 107 amino-acids for the adult
isoform, 126/127 for the embryonic isoform). In contrast, the
overall mouse and human dystrophin sequences display 91.6%
amino acid identity (11,12).
The observation that alternative splicing is observed in the same

regions of the mouse and human dystrophin genes also argues
in favor of a functional role for these mRNA isoforms. The
pattern of splicing is extremely similar, although two minor
species differences were noted in region 2 (Figure 5). In most
cases the exact role that individual isoforms play in different
muscle types is not clear. Most alternatively spliced muscle genes
encode contractile proteins and it is generally assumed that the
separate isoforms provide a genetically efficient way to modulate
the function of contractile components in response to
physiological differences between or within individual muscle
types (18,28). Alternative splicing of the genes for troponin T
and ,-tropomyosin has been particularly well characterized. The
3-tropomyosin gene has been isolated from chickens and rats and
displays an identical pattern of alternative splicing when compared
between the two species (20,21). A number of troponin T exons
are alternatively spliced such that 64 separate mRNAs could be
produced, although only about 10 appear to expressed to a
significant degree (19,29). The concentration of calcium required
for half-maximal tension development as well as the degree of
cooperativity between calcium activated muscle contraction and
the degree to which tropomyosin moves along a-actin filaments
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are both directly correlated with the major troponin T isoforms
expressed in a particular muscle type (18).
Most of the dystrophin mRNAs produced via alternative

splicing of region 2 are not detected in skeletal muscle or
diaphragm (Figs. 4A-C). Shorter spliced forms of dystrophin
mRNA are predominantly observed in brain, heart, and cardiac
Purkinje fibers, tissues which are also clinically affected in
DMD/BMD. The pathological evidence of Purkinje fiber necrosis
(5) and clinical heart block in BMD (4) combined with the
association of mental retardation (2) suggest that dystrophin
isoforms may be important in these specialized tissues. The
identification of integral membrane glycoprotein(s) bound to
dystrophin in skeletal muscle is intriguing in terms of the
function of the isoforms (25,26). Increased calcium channel
activity has been correlated with elevated intracellular calcium
levels and increased proteolytic activity in mdx and DMD
myofibers (30,3 1). These observations suggest that calcium leak
channels may be directly modulated via an interaction with
dystrophin, and raise the possibility that dystrophin associated
glycoproteins in skeletal muscle could play a role in calcium
transport or binding.The potential for dystrophin isoforms to
display functional differences in separate tissues during
development raises further questions regarding its role in normal
muscle and brain physiology.

Several groups have observed that dystrophin is predominantly
localized in the sarcoplasm of early embryonic human skeletal
muscle, whereas later in embryonic development and in adult
muscle virtually all of the dystrophin is localized to the inner
face of the sarcolemma (32-35). It is tempting to speculate that
the differentially spliced carboxy-terminal isotypes of the mRNA
encode functionally distinct dystrophins that differ in their ability
to interact with sarcolemmal proteins. The isoform switch
observed during muscle development (Fig. 2) completely alters
the polarity of the carboxy-terminus and roughly parallels the
observed transition from sarcoplasmic to sarcolemmal dystrophin
(Figs. 2 and 3; [32]). Interestingly, embryonic heart tissues
express relatively lower amounts of the transcript lacking the
penultimate exon (Fig. 2). Cardiac muscle is the first tissue to
experience mechanical stress during embryonic development, and
is also the first to show membrane localization of dystrophin
(36,37). While the function of dystrophin isoforms may be
affected by the developmental expression of dystrophin associated
membrane glycoproteins (25,26,32), these results raise the
possibility that the embryonic isoform of dystrophin may play
a unique role in pre-contractile muscle.
Few patients have been reported who display deletions limited

to the C-terminal region of the dystrophin gene. Hoffman et al
have recently described a patient with an unusual phenotype that
is more severe than typical DMD, and who has a deletion of
the entire C-terminus (38). Despite this patient's severe
phenotype, the skeletal muscle dystrophin was found to be
localized to the sarcolemma (38). It is possible that dystrophin
is localized to the membrane via a variety of contact points,
including the presumptive N-terminal actin binding domain and/or
the triple helical spectrin-like repeat domain. Dystrophin deleted
for the C-terminal domain might still be able associate with the
sarcolemma, but might not be attached to the integral membrane
glycoprotein complex described by Ervasti et al (26). The
functional importance of regions 2 and 3 (Figure 1) is supported
by the severe phenotype in the patient lacking this region of the
gene (38). A second C-terminal deletion was reported by Towbin
et al in patient CM (39). This patient has a large C-terminal

deletion that begins near region 2 and extends a considerable
distance 3' to include the glycerol kinase and adrenal hypoplasia
genes (39). Patient CM display a mild BMD and presumably has
membrane-bound dystrophin. However the precise deletion and
splicing pattern in this patient remains uncharacterized at the
mRNA and protein levels.

Carboxy-terminal isoforms of dystrophin might mediate
interactions with a variety of membrane proteins. Cardiac
myocytes are known to display a calcium leak activity similar
to that observed in skeletal muscle (40), and cardiac muscle
expresses several spliced forms of dystrophin mRNA including
the 'full-length' isoform that predominates in skeletal muscle
(Fig. 4). In brain tissue dystrophin immunoreactivity displays a
discrete staining pattem localized to cortical postsynaptic neuronal
junctions, clearly distinct from the uniform sarcolemmal staining
observed in muscle (6). It will be of interest to determine whether
distinct dystrophin isoforms are differentially expressed in
separate types of neurons. The variety of additional isoforms
expressed in heart and brain suggests that dystrophin may function
via interaction with a number of tissue-specific and
developmentally regulated membrane proteins in these latter tissue
types. These proteins could be isoforms of those proteins already
identified in skeletal muscle, or might be other ion channels or
receptor proteins unique to each tissue. In an analogous manner
spectrin, which is structurally related to dystrophin (12), is linked
to specific ion channels and integral membrane proteins in a
variety of tissues via attachment to ankyrin (41 -43). The nature
of the proteins bound by the spectrin-ankyrin complex appears
to be specified by isoforms of ankyrin, some of which arise via
alternative splicing of the C-terminus (41 -43). The expression
of functionally distinct dystrophin isoforms during ontogeny may
complicate strategies for gene therapy of DMD that are based
upon delivery of cDNA containing mini-gene vectors to diseased
tissues (3, 44).

ACKNOWLEDGMENTS

RDB and MDC were supported by a Bugher Fellowship/
American Heart Association Grant for Molecular Biology of the
Cardiovascular System. This work was supported by grants from
the Muscular Dystrophy Association to JSC and to CTC, and
by grant ROI AR40864 from the National Institutes of Health
to JSC. CTC is a Howard Hughes Medical Institute Investigator.

REFERENCES
1. Hoffman, E.P,. Brown,R.H., and Kunkel,L.M. (1987) Cell, 51, 919-928.
2. Emery, A. E. H. (1987) Duchenne Muscular Dystrophy. Oxford Monographs

on Medical Genetics, No. 15. Oxford University Press, Oxford.
3. Chamberlain,J.S., and C.T. Caskey,C.T. (1990) In: Appel,S.H. (ed.) Current

Neurology, Vol 10, Yearbook Medical Publishers, Chicago. pp65 - 103.
4. Perloff, J.K. (1988) In:: Braunwald,E. (ed.), Heart Disease. Third Ed. W.B.

Saunders Co, Philadelphia. pp 1 782 - 1786.
5. Nomura H., and Hizawa,K. (1982) Acta Pathol. Jpn., 32, 1027-1033.
6. Lidov,H.G.W., Byers,T.J., Watkins,S.C., and Kunkel,L.M. (1990) Nature

348: 725-728.
7. Chamberlain,J.S., Pearlman,J.A., Muzny,D.M., Gibbs,R.A., Ranier,J.E.,

Reeves,A.A., Caskey,C.T. (1988) Science, 238, 1416-1418.
8. Nudel,U., Zuk,D., Einat,P., Zeelon,E., Levy,Z., Neuman,S., and Yaffe,D.

(1989) Nature, 337, 76-78.
9. Feener,C.A., Koenig,M., Kunkel,L.M. (1989) Nature, 338, 509-51 1.

10. Gibbs,R.A., Chamberlain,J.S., and Caskey,C.T. (1989) In: Erlich,H.A. (ed.),
PCR Technology: Principles and Applications of DNA Amplification.
Stockton Press, New York. ppl7l-191.



Nucleic Acids Research, Vol. 20, No. 7 1731

11. Chamberlain,J.S., Pearlman,J.A., Muzny,D.M., Civetello,A., Farwell,N.F.,
Malek,R., Powaser,P., Reeves,A.A., Lee,C., and Caskey,C.T. (1991).
Murine dystrophin cDNA sequence: Genbank accession # M68859.

12. Koenig,M., Monaco,A.P., and Kunkel,L.M. (1988) Cell, 53, 219-288.
13. Chamberlain,J.S., Gibbs,R.A., Ranier,J.E., Nguyen,P-N., and Caskey,C.T.

(1988) Nucleic Acids Res., 16, 11141-11156.
14. Chamberlain,,J.S., Gibbs,R.A., Ranier,J.E., and Caskey,C.T. (1990) In:

Innis,M., Gelfand,D., Sninsky,J., and White,T., (eds.), PCR Protocols: A
Guide to Methods and Applications. Academic Press, Orlando. pp272-281.

15. Kyte,J., and Doolittle,R.F. (1982) J. Mol. Biol., 157,105-132.
16. LeMaire,C., Heilig,R., and Mandel,J-L. (1988) Embo J., 7, 4157 -4162.
17. Chelly,J., Hamard,G., Koulakoff,A., Kaplan,J., Kahn,A., and Berwald-

Netter,Y. (1990) Nature, 344, 64-65.
18. Smith,C.W., Patton,J.G., Nadal-Ginard,B. (1989) Annu. Rev. Genet., 23,

527-77.
19. Bretibart, R.E., Nguyen, H.T., Medford, R.M., Destree, A.T., Mahdavi,

V., and Nadal-Ginard, B. (1985) Cell, 41, 67-82.
20. Helfman,D.M., Roscigno,R.F., Mulligan,G.J., Finn,L.A., and Weber,K.S.

(l990)Genes Dev., 4, 98-110.
21. Libri, D., Lemonnier,M., Meinnel, T., and Fiszman, M.Y. (1989) J. Biol.

Chem., 264, 2935-2944.
22. Bar,S., Barnea,E., Levy,Z., Neuman,S., Yaffe,D., and Nudel,U. (1990)

Biochem J., 272, 557-560.
23. Koenig,M., Beggs,A.H., Moyer,M., Scherpf,S., Heindrich,K., Bettecken,T.,

Meng,G., Muller,C.R., Lindlof,M., Kaariainen,H.,de la Chapelle,A.,
Kiuru,A., Savontaus,M.-L., Gilgenkrantz,H., Recan,D., Chelly,J.,
Kaplan,J.-C, Covone,A.E., Archidiacono,N., Romeo,G., Liechti-Gallati,S.,
Schneider,V., Braga,S., Moser,H., Darras,B.T., Murphy,P., Francke,U.,
Chen,J.D., Morgan,G., Denton ,M., Greenberg,C.R., Wrogemann,K.,
Blonden,L.A.J., van Paassen,H.M.B., van Ommen,G.-J.B., and
Kunkel,L.M. (1989) Am. J. Hum. Genet., 45, 498 - 506.

24. Bulman,D.E., Murphy,E.G. Zubrzycka-Gaarn,E.E., E.E. Worton,E.E., and
Ray,P.N. (1991) Am. J. Hum. Genet., 48,295-304.

25. Ervasti,J.M., Ohlendieck,K., Kahl, S., Gaver, M., and Campbell,K.P. (1990)
Nature, 345, 315-319.

26. Ervasti,J.M., and Campbell,K.P. (1991) Cell, 66, 1121-1132.
27. Bonilla,E., Samitt,C.E., Miranda,A.F., Hayes, A.P., Salviati, G., Dimauro,

S., Kunkel, L.M., Hoffman, E.P., and Rowland,L.P. (1988) Cell, 54,
447-452.

28. Epstein, H.F., Fischman,D.A. (1991) Science., 241, 1039-1044.
29. Briggs, M.M., Lin, J.J-C., Schachat, F.H. (1987) J. Muscle Res. Cell Motil.,

8, 1-12.
30. Fong,P., Turner,P.R., Denetclaw,W.F., Steinhardt,R.A. (1990) Science,

250, 673-676.
31. Franco,A., and Langsman,J.B. (1990) Nature, 344, 670-673.
32. Wessels,A., Ginjaar,I.B., Moorman,A.F.M., van Ommen,G.-J.B. (1991)

Muscle and Nerve, 14,1-7.
33. Prelle,A., Chianese,L., Gallnati, A., Mogio,M., Scarpini,E., Bonilla,E.,

and Scarlato,G. (1990) J. Neurol. Sci, 98 (supplement), 229 (Abstr.).
34. Strong,P.N., Clerk,A., Sherratt,T.G., Sewry,C.A. (1990) ibid, 231 (Abstr.).
35. Zubrzycka-Gaarn,E.E., Bulman,D.E., Karpati,G., Burghes,A.H.M.,

Belfall,B., Klamut,H.J., Talbot,J., Hodges,R.S., Ray,P.N., and
Worton,R.G. (1988) Nature, 333,466-469.

36. Bieber,F.R., Hoffman,E. P., Amos,J.A. (1989) Am J. Hum. Genet., 45,
362-367.

37. Arahata,K., Ishiura,S., Ishiguro,T., Tsukahara,T., Suhara,Y., Eguchi,C.,
Ishihara,T., Nonaka,I., Ozawa,E., and Sugita,H. (1988) Nature, 333,
861-863.

38. Hoffman, E.P., Garcia, C.A., Chamberlain, J.S., Angelini, C., Lupski, J.R.,
and Fenwick, R. (1991) Annals Neurol., 30, 605-610.

39. Towbin, J.A., Wu, D., Chamberlain, J.S., Larsen, P.D., Seltzer, W.K.
and McCabe, E.R.B. (1989) Hum. Genet., 83, 122-126.

40. Coulomb,A., Lefevre,I. A., Baro,I., and Coraboeuf,E. (1989) J. Membr.
Biol., 111,57-67.

41. Lux,S.E., John,K. M., and Bennett,V. (1990) Nature, 344,36-42.
42. Lambert,S., Yu,H., Prchal,J.T., Lawler,J., Ruff,P., Speicher,D.,

Cheung,M., Kan,Y., and Palek,J. (1990) Proc. Nat '. Acad. Sci (USA), 87,
1730-1734.

43. Bennett, V., and Lambert,S. (1991) J. Clin. Invest., 87, 1483-1489.
44. Lee,C., Pearlman,J.A., Chamberlain,J.S., and Caskey,C.T. (1991) Nature,

349, 334-336.


