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Progress in understanding the role of dystrophin raises promising hopes

for a treatment for Duchenne muscular dystrophy. In addition, great

improvements have been made in the ability to diagnose this disease using
simple molecular methods.
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Introduction

More than 4 years have passed since the gene responsible
for Duchenne/Becker muscular dystrophy (DMD/BMD)
was identified. Progress in understanding this gene and
its role in disease has followed at a breathtaking pace,
and the rapidly emerging information has been summa-
rized in at least three reviews in the past year alone [1-3].
This article is intended to highlight only the most sig-
nificant advances made in the past year, and focuses on
three specific areas: developing efficient and cost-effec-
tive methods for diagnosis and carrier detection of DMD;
understanding the role of the DMD gene product, dys-
trophin; and developing approaches to a treatment or
cure for the disease. In the absence of a treatment, dis-
ease diagnosis and genetic counseling remain the most
concrete example of how recent progress is of benefit to
patients. The understanding of how defects in the dys-
trophin gene lead to various manifestations of the dis-
ease is critical for an understanding of the role played
by dystrophin in various tissue types, which, in tum, is
important for an intelligent approach to developing and
implementing treatments for DMD.

Diagnosis of DMD

Deletion mutations account for the majority of all
cases of DMD, but the enormous size of the locus
(> 2.3 x 105bp) has prevented any simple assay of the
integrity of the gene or even a detailed understanding
of the gene structure. Den Dunnen ef al [4¢] have re-
ported a detailed analysis that has refined knowledge of
the gene structure, particularly in the deletion-prone cen-
tral region. Boyce et al. have localized and characterized
the extreme 5’ end of the locus, corresponding to the
promoter region used predominantly in brain tissue [5¢].
This additional knowledge of the gene structure is criti-
cal for DNA-based diagnosis of DMD. Two groups have
reported refinements of tests far the detection of dele-
tions using the polymerase chain reaction (PCR) [6°,7°].

These assays can be used to scan for deletions in the
gene, enabling direct detection of the majority of cases
with a simple assay requiring one day to perform. Partial
gene duplication mutations have been shown to account
for an additional 5-10% of DMD cases, and knowledge
of the gene structure has facilitated analysis of the effects
of these mutations and their likely origin [8¢].

Approximately 30% of DMD cases result from subtle mu-
tations not readily detectable with current methodolo-
gies, and family studies involving these cases are per-
formed using linkage analysis of polymorphic loci that
both lie within and flank the dystrophin gene. PCR
promises to greatly facilitate these assays, and is soon
likely to be the only technique needed for the diagno-
sis of the vast majority of cases. Two groups have re-
ported PCR assays that enable efficient haplotyping us-
ing highly informative microsatellite repeat markers at ei-
ther end of the locus [9¢,10¢]. The dystrophin gene has
been shown to be a very recombinagenic locus, which
increases the possibility of making an erroneous diagno-
sis based upon linkage analysis [11¢]. The identification
of additional microsatellite repeats throughout the central
region of the gene now makes it possible to track these
recombination events and to perform accurate haplotyp-
ing on most DMD families (J Chamberlain, P Clemens,
CT Caskey, unpublished data).

Two groups have reported an exciting alternative to DNA-
based diagnosis, whereby the dystrophin mRNA is am-
plified to allow assessment of its size, again using PCR
[12+,13]. These assays have the advantage of being able
to detect most structural rearrangements of the gene in
affected males as well as in many carrer females, but al-
though they require nothing more than a blood sample,
these tests are not as simple to perform as the DNA as-
says. Finally, tests that examine the integrity of the dys-
trophin protein directly have been refined, and antibod-
ies can now be used to identify the size of a defective pro-
tein species produced in dystrophic muscle [14¢]. This
information can also be used to understand the severity
of the disease in relation to particular mutations.
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The function of dystrophin

Perhaps the most exciting development of the past year
was the increased understanding of the role dystrophin
plays in normal muscle tissue. Ervasti et al reported
the identification of a protein complex associated with
dystrophin [15¢¢]. These data indicate that dystrophin
may play an important role in regulating the activity
or function of specific membrane proteins. Although
it is not yet clear what this function may be, two re-
ports of altered calcium channels in dystrophic muscle
strongly implicate a role for dystrophin in calcium trans-
port and/or homedstasis [16°¢,17+¢]. It will be exciting
to learn whether the membrane proteins identified by Er-
vasti ef al. [15¢] either regulate or act as calcium chan-
nels. It has been thought by many researchers that dys-
trophin plays a structural or mechanical role in reinforc-
ing the sarcolemma; now it seems likely that the protein
plays a dual role, regalating the activity of membrane pro-
teins'as well as acting as a structural component of the
membrane. Direct evidence for a structural role comes
not only from previous antibody experiments but also
from a recent report that demonstrated that dystrophic
muscle cells are unusually sensitive to osmotic shock
[18¢]. A detailed report on the likely structure of dys-
trophin supports the concept of a structural role [19¢],
and has implications for the effects of internal truncations
of the protein that lead to mild phenotypes. A patient
reported by England et al [20°] was found to lack al-
most 50% of the dystrophin amino acid sequence, yet
displayed a surprisingly mild phenotype. The ability to
correlate domains of the protein that are essential or non-
essential for proper functioning of dystrophin may fa-
cilitate the design of vectors for gene therapy (see be-
low). Finally, whereas studies of the role of dystrophin
have focused mainly upon skeletal muscle, Lidov et al
[21°¢] identified the location of at least one isoform of
dystrophin within brain tissue. The observed brain lo-
calization implies that dystrophin plays a unique role in
nerve cells, and it will be important to determine which
proteins are associated with dystrophin in non-muscle tis-
sues.

Therapy for DMD

Despite recent progress on many fronts, there is still no
treatment or cure for DMD. At least two areas of study
appear promising, and both aim at directly replacing
the synthesis of dystrophin in affected tissues. Myoblast
transplantation therapy has been extensively discussed as
a method to provide skeletal muscle with normal dys-
trophin, and was the focus of an intemational confer-
ence in 1989 that brought together many leading muscle
researchers. The proceedings of this meeting have been
published in a book that addresses the problems, hopes
and challenges facing investigators hoping to replace the
myogenic stem cell population with donor myoblasts in
dystrophic skeletal muscle [22¢]. Although these experi-
ments have been pioneered in mouse model systems, the

urgency of finding a cure has prompted several groups
to launch human trials with minimal animal experimenta-
tion. To date only preliminary results have been reported
[23¢], and it remains to be demonstrated whether this
technique is feasible.

An even more untested approach involves gene replace-
ment therapy. As the dystrophin gene is of such enor-
mous size, most efforts are focused upon developing
methods to deliver dystrophin ‘'minigenes’ to affected tis-
sues. Lee et al [24+*] have reported the construction
and expression of a dystrophin minigene vector that was
made using a full length cDNA clone, and that produces
normal dystrophin when transferred into a variety of cell
types. Directing the expression of such a vector will re-
quire appropriate tissue-specific.promoter elements, and
Klamut et al [25¢] have identified and characterized the
major dystrophin gene promoter, which is predominantly
used in muscle. This work raises the possibility of us-
ing the endogenous dystrophin promoter for minigene
expression in therapeutic trials. Development of meth-
ods by which minigenes could be delivered to patients
will require further research, although a surprisingly sim-
ple method was reported by Wolff et al. [26+¢]. These
authors showed that plasmid DNA injected directly into
muscle could be incorporated into the tissue and ex-
pressed for at least several months’ duration.

Although both myoblast and gene therapy are extremely
experimental approaches for treating DMD, research in
these areas is encouraging. Five years ago there was lit-
tle reason to expect a quick breakthrough, and years of
additional research certainly remain. In spite of this, how-
ever, continued study of the structure, function, and ex-
pression of the dystrophin gene, together with the devel-
opment of approaches for dystrophin delivery to affected
tissues, do raise hopes for the successful treatment of this
devastating and relatively common genetic disease.

References and recommended reading

Papers of outstanding interest, published within the annual period of
review, have been highlighted as:

. of interest

. of outstanding interest

1. CHAMBERLAIN JS, CASKEY CT: Duchenne Muscular Dystrophy.
In Current Neurology, Vol 10, edited by Appel SH. Chicago:
Yearbook Medical Publishers, 1990, pp 65-103.

2, DARRAS BT: Molecular Genetics of Duchenne and Becker
Muscular Dystrophy. J Pediatr 1990, 117:1-15.

3. BEGGS AH, KUNKEL LM: Improved Diagnosis of Duchenne/
Becker Muscular Dystrophy. J Clin [nvest 1990, 85:613-619.

4. DEN DUNNEN JT, GROOTSCHOLTEN PM, BAKKER E, BLONDEN LA,
GINJAAR [B, WAPENAAR MC, VAN PAASSEN MM, VAN BROECKHOVEN
C, PEARSON PL, vaAN OMMEN GJB: Topography of the
Duchenne Musuclar Dystrophy (DMD) Gene: FIGE and
cDNA Analysis of 194 Cases Reveals 115 Deletions and
13 Duplications. Am ] Hum Genet 1989, 45:835-847.
Detailed analysis of the gene structure with applications for diagnostic
methods.



Duchenne muscular dystrophy Chamberlain

5. BoYCE FM, BEGGS AH, FEENER CA, KUNKEL LM: Dystrophin

. is Transcribed in Brain from a Distant Upstream Promoter.
Proc Natl Acad Sci USA 1991, in press.

Characterization of the human brain-type dystrophin promoter. Delin-

eates the 5’ extent of the gene,

6. CHAMBERLAIN JS, GIBBS RA, RANIER JE, CasKEY CT: Multiplex

. PCR for the Diagnosis of Duchenne Muscular Dystrophy.
In PCR Protocols: A Guide to Methods and Applications edited
by Innis M, Gelfand D, Sninsky J, White T [book]. Orlando:
Academic Press, 1990, pp 272-281.

Describes a rapid PCR assay that detects deletions in nine dystrophin

exons. Enables one-day diagnosis of most deletion cases.

7. BEGGS AH, KOENIG M, BOYCE FM, KUNKEL LM: Detection of
98% of DMD/BMD Gene Deletions by Polymerase Chain
Reaction. Hum Genet 1990, 86:45-48.

Reports an additional nine PCR primer sets for dystrophin gene dele-

tion diagnosis. Together with [6°], this data enables rapid diagnosis of

virtually alt gene deletions, which constitute 60% of cases.

8. Hu XY, RAy PN, MuURPHY EG, THOMPSON MW, WORTON

. RG: Duplicational Mutation at the Duchenne Muscu-
lar Dystrophy Locus: its Frequency, Distribution, Origin
and Phenotype—Genotype Correlation. Am | Genet 1990,
46:682-695.

A detailed analysis of duplication mutations that lead to DMD. These

mutations cause up to 10% of DMD cases, and previously had not been

well studied.

9. OUDET C, HEILG R, MANDEL JL: An Informative Polymorphism

. Detectable by Polymerase Chain Reaction at the 3’ end of
the Dystrophin Gene. Hum Genet 1990, 84:283-285, and
85:677.

Reports the characterization of an informative PCR-detectable polymor-

phic marker flanking the gene.

10. FEENER CA, BOYCE FM, KUNKEL LM: Rapid Detection of CA

. Polymorphisms in Cloned DNA: Application to the 5’ Re-
gion of the Dystrophin Gene. Am J Hum Genet 1991,
48:621-627.

Description of very useful genetic markers flanking the dystrophin gene

and which can be detected via PCR. The method is generally applicable

to the identification of other microsatellite repeats.

11.  ABBs S, ROBERTS RG, MATHEW CG, BENTLEY DR, BOBROW

. M: Accurate Assessment of Intragenic Recombination Fre-
quency within the Duchenne Muscular Dystrophy Gene.
Genomics 1990, 7:602-606.

Reports an analysis of the frequency of recombination within the dys-

trophin gene. The observed rate is much higher than predicted, an im-

portant observation affecting linkage analyses for DMD families.

12. CHELWLY J, GILGENKRANTZ H, LAMBERT M, HAMARD G, CHAFEY

. P, RECAN D, KAtz P, DE 1A CHAPELLE A, KOENIG M, GINJAAR
IB, £7 AL: Effect of Dystrophin Gene Deletions on mRNA
Levels and Processing in Duchenne and Becker Muscular
Dystrophies. Cell 1990, 63:1239-1248.

Reports the amplification and sequencing of dystrophin transcripts from

genes with internal deletions. Provides the first direct examination of

exceptions to the reading frame theory of DMD.

13. ROBERTS RG, BENTLEY DR, BARBY TF, MANNERS E, BOBROW

. M: Direct Diagnosis of Carriers of Duchenne and Becker
Muscular Dystrophy by Amplification of Lymphocyte RNA.
Lancet 1990, 336:1523-1526.

A method for diagnosis of mRNA abnormalities that does not require

muscle biopsy and is also applicable to point mutation detection.

14, BUIMAN DE, MURPHY EG, ZUBRZYCKA-GAARN EE, WORTON RG,

. Ray PN: Differentiation of Duchenne and Becker Muscular
Dystrophy Phenotypes with Amino and Carboxy-Terminal
Antisera Specific for Dystrophin. Am J Hum Genet 1991,
48:295-304,

Demonstration that DMD patients produce low levels of dystrophin

molecules lacking the carboxy terminus, whereas BMD patients pro-

duce ‘abnormal’ dystrophin with a carboxy terminus. The most direct
evidence to date implicating the importance of a functional dystrophin
carboxy terminus.

15. ERvVASTI JM, OHLENDIECK K, KAHL SD, GAVER MG, CAMPBELL KP:
. Deficiency of a Glycoprotein Component of the Dystrophin

Complex in Dystrophic Muscle. Nature 1990, 345:315-319.
Identifies an integral membrane protein complex tightly associated with
dystrophin. A major discovery that could lead directly to the identi-
fication of the function of dystrophin. Also has implications for the
phenotype of DMD.

16.  FRANCO A JR, LANSMAN JB: Calcium Entry Through Stretch-

. Inactivated Ion Channels in mdx Myotubes. Nature 1990,
344:670-673.

Identifies stretch-inactivated calcium channels in dystrophin-deficient

muscle that are open and permeable to calcium in resting muscle a

much greater percentage of the time than in normal muscle.

17. FONG PY, TURNER PR, DENETCIAW WF, STEINHARDT RA: In-

. creased Activity of Calcium Leak Channels in Myotubes of
Duchenne Human and mdx Mouse Origin. Science 1990,
250:673-676.

Demonstration that calcium leak channels in dystrophic muscle are

more likely to be open than in normal muscle. Elevated calcium lev-

els are correlated with increased proteolysis in dystrophic muscle.

18.  MENKE A, JockuscH H: Decreased Osmotic Stability of

. Dystrophin-Less Muscle Cells from the mdx Mouse. Na-
ture 1991, 349:69-71.

Demonstration that dystrophin-deficient myofibers are hypersensitive to

osmotic shock. Provides direct evidence for a mechanical role for dys-

trophin in muscle.

19. KOENIG M, KUNKEL LM: Detailed Analysis of the Repeat

. Domain of Dystrophin Reveals Four Potential Hinge Seg-
ments that may Confer Flexibility. / Biol Chem 1990,
265:4560-4566.

The most detailed and complete analysis of dystrophin structure re-

ported to date. Has important implications for the function and evolu-

tion of the protein.

20. ENGLAND SB, NICHOLSON LV, JOHNSON MA, FORREST SM, LOVE
. DR, ZUBRZYCKA-GAARN EE, BUIMAN DE, HARRIS JB, DAVIES KE:
Very Mild Muscular Dystrophy Associated with the Dele-
tion of 46% of Dystrophin. Nature 1990, 343:180-182,
This report demonstrates that a major portion of dystrophin may not
be critical for its function.

21. Lipov HG, BYERs TJ, WATKINS SC, KUNKEL LM: Localization
. of Dystrohin to Postsynaptic Regions of Central Nervous
System Cortical Neurons. Nature 1990, 348:725-728.
Identifies the location of dystrophin in brain tissue. For years, many
groups had unsuccessfully tried to identify where dystrophin was pro-

duced and localized in the brain.

22, GRIGGS RC, KARPATI G (EDS): Myoblast Transfer Therapy. Adv
. Exp Med Biol 1990, 280.

Summarizes the thinking of avariety of neuromuscular researchers on
the promises and problems of myoblast therapy.

23, Law PK, BERTORINI TE, GOODWIN TG, CHEN M, FANG QW, LI

. HJ, KirBy DS, FLORENDO JA, HERROD HG, GOLDEN GS: Dys-
trophin Production Induced by Myoblast Transfer Ther-
apy in Duchenne Muscular Dystrophy [letter]. Lancet 1990,
336:114-115.

Preliminary discussion of myoblast therapy experiments.

24, LEE CC, PEARIMAN JA, CHAMBERLAIN JS, CASKEY CT: Expression

o of Recombinant Dystrophin and Its Localization to the Cell
Membrane. Nature 1991, 349:334-336.

Reports the construction of an intact, full length 14 kb cDNA clone for

dystrophin, and its expression in cultured cells. A step in the direction

of gene therapy for DMD.

25. KiamMuT HJ, GANGOPADHYAY SB, WORTON RG, RAY PN: Molecu-

. lar and Functional Analysis of the Muscle-Specific Promoter
Region of the Duchenne Muscular Dystrophy Gene. Mol
Cell Biol 1990, 10:193-205.

13



14

Genetics of disease

Characterizes the endogenous dystrophin promoter used predomi-
nantly in nfuscle tissues. Such a promoter could be used for regulated
expression of inserts cloned in gene therapy vectors.

26.  WOLFF JA, MALONE RW, WILLIAMS P, CHONG W, AGSADI G, JANI

we A, FELGNER PL: Direct Gene Transfer into Mouse Muscle In
Vivo. Science 1990, 247:1465-1468.

Describes a conceptually simple way to introduce genes into muscle

through direct injection of plasmids. May be extremely useful for gene
therapy.

JS Chamberlain, Department of Human Genetics, M4708 Medical Sci-
ences 11, Box 0618, University of Michigan Medical School, Ann Arbor,
Michigan 48190-0618, USA.



