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Preface

This book represents the proceeding of international workshop
between Japan and France entitled "Molecular Biology of Muscular
Dystrophy" held in Tokyo, 17-18 January, 1996. The antecedent of the
workshop dates back to 1995, when Robert G.Whalen and Hideo Sugita
organized a small workshop in Paris. Progress in the field of muscular
- dystrophy has clearly been facilitated by the international cooperation,
exchange of ideas and generous sharing of biological reagents. As such, we
would like to acknowledge our indebtedness to Drs. Whalen and Sugita for
setting these conferences in motion. All of us look forward to the next
meeting tentatively scheduled for France in the Autumn of 1997.

Progress in the field of muscular dystrophy over the past several years
has been impressive, and the contribution of Japan and France was becoming
bigger and bigger. Especially, the cloning of the sarcoglycan genes and the
subsequent identification of the mutations in some of the patients of limb-
girdle muscular dystrophy has been done by Japanese and French
researchers.  This finding was high-lighted in this meeting. After
identification of the causative gene of muscular dystrophy, most important
step is to verify underlying mechanism of muscle necrosis, nevertheless the
cause of muscle necrosis was deficiency of dystrophin, sarcoglycan, or
laminin molecule. |

One more important subject in this field is to develop gene therapy for
muscular dystrophy. In life-threatened disease such as Duchenne muscular
dystrophy, there is no more hopeful treatment than gene therapy. In this
meeting, some of the challenging approach using cell-mediated transfer as
well as using direct gene transfer, has been proposed. Progress next few
year should tell the advantage and disadvantage of gene therapy.

We gratefully acknowledge Science and Technology Agency(STA) and
Japan International Science and Technology Exchange Center(JISTEC) for
their sponsorship of this meeting.

Eijiro OZAWA
Organizer
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The localization of dystrophin and its
associated proteins on the sarcolemma of
mammahan strlated muscle cells

Harunori Ishikawa

Department of Anatomy, Gunma Umver51ty School of Medicine,
Maebashi, Gunma 371, Japan

Abstract

In confocal laser microscopy combined with indirect immuno-
fluorescence with a monoclonal anti-dystrophin antibody, dystrophin was seen to
be localized along the sarcolemma in a nonuniform and even discontinuous
pattern in normal guinea pig skeletal and cardiac muscle cells. Sections cut
tangential to the sarcolemma showed a lattice-like image of longitudinal and
transverse striations. The transverse striations were often regularly spaced
resembling the sarcomere pattern. An intense immuno-fluorescence staining
was seen at the myotendinous junctions in skeletal muscle cells and at the
intercalated discs in cardiac muscle cells. This staining pattern suggests that
dystrophin may also be localized in the adherens junctions where myofibrils
attach. 'When muscle cells were stained with both anti-dystrophin and anti-f3-
dystroglycan, the staining pattern was completely identical suggesting that both
proteins are colocalized along the sarcolemma. In contrast, the staining of
vinculin was not well superimposed on that of dystrophin.

To clarify the exact relationship between the sarcolemma and dystrophin
and other related proteins, crude sarcolemmal vesicles were prepared from
rabbit and rat skeletal muscles according to the methods described by Ohlendieck
et al.(1991). When such crude sarcolemmal vesicles were examined by
negative staining and thin section’ electron microscopy, they were found to be
heterogeneous in population varying in size and shape. Among them, large
vesicles of irregular shape contained fine filamentous structures and vesicular
fragments. Such filamentous structures formed networks which were closely
associated with the inner surface of the vesicle membrane. Interestingly, the



filamentous networks were restricted to the membrane domains where
particulate structures projected from the outer surface. Gold-labeled wheat
germ agglutinin (WGA) selebtively bound to such large vesicles. With some
other findings, the large vesicles were considered to be of sarcolemmal origin.
When the crude sarcolemmal vesicles were mounted on a grid and immunolo-
gically stained with anti-dystrophin antibody after brief Triton treatment,
immunogold particles were found only on the filamentous networks beneath the
vesicle membranes. Replica electron microscopy showed characteristic
granular structures on most of large vesicles. They seemed to correspond to
the particulate structures projecting from the outer surface of vesicles as seenin
thin sections. Exogenous laminin could be reconstituted on the sarcolemmal
vesicles in close association with such particulate structures, suggesting that they
may represent dystroglycan complexes.



Dystrophin: localization and regulatory
regions for expression

Teruhisa Miike!, MD, Miyatake M!, MD, Yoshioka K!, M.T,, Zhao J,
MD, Tamura T, MD,, Kimura S!, MD, Ogawa M!, MD. Ikezawa M,
MD,, Niikawa N?, M.D,, Jinno Y2, MD,, Uchino M?, MD. Yamamura K*,
MD.,, Abe K* MD. Suzuki M*, MD.

'Department of Child Development, Kumamoto University School of
Medicine, 2Department of Human Genetics, Nagasaki University School of
Medicine, *Department of Neurology, “Institute of Molecular Embryology
and Genetics, Kumamoto University School of Medicine, 1-1-1 Honjo,
Kumamoto 860, Japan

Introduction

Although the gene that, when defective, results in Duchenne muscular
dystrophy was isolated and called dystrophin gene'®, mechanism of muscle
degradation in this condition is still obscure, because of the unknown
physiological or mechanical function of the gene transcript. To determine the
localization and functional significance of dystrophin, we studied various
tissues from almost entire body of control and mdx mice, and control rats,
using polyclonal antibodies against dystrophin.. We also studied human
muscle biopsy specimens.

It is known that the muscle type promoter is involved in expression of
the dystrophin gene in skeletal, cardiac and smooth muscle as well as in glial
cells. It is conceivable that the muscle type dystrophin promoter contains the
different regulatory regions for skeletal, cardiac and smooth muscle in vivo,
but the detail is not well known. With this background we started to
investigate the mechanism of developmental and tissue-specific regulation of
the muscle type dystrophin gene, especially promoter region in mice, using
transgenic mice.



Materials and methods

Immunohistochemical study

All the tissues from mice and rats, including the cerebrum, cerebellum,
spinal cord, eye, tongue, nose, heart, lung, kidney, digestive organs, liver, spleen,
muscle, skin and blood vessels were obtained immediately after anesthetic death.
Indirect immunofluorescence and ABC method were used to stain cryostat sections
on gelatinized coverslips. We used several kinds of dystrophin antibodies(Fig. 1).

Transgenic mice

We generated transgenic mice carrying the 900bp genomic fragment from
the muscle type dystrophin promoter region, fused to the coding region of the
bacterial lacZ gene(Fig. 2). Inserts from pBlue dys promoter-lacZ were excised
by Xhol-BamHI1 digestion, purified with Gene Clean(Bio 101), and micro-
injectedinto 400 fertilized mouse eggs collected after mating(Fig. 3).

Results

Immunohistochemical study

We observed a immunohistochemical dystrophin reaction in synaptic regions
such as neuromuscular junctions, equatorial region of intrafusal fibers, myo-
tendinous junctions, outer plexiform layer of the retina, the taste buds, papillary
layer of the dermis, tactile nerve endings in the skin and neurons in the brain, as
well as on the surface membrane of skeletal, cardiac and smooth muscle fibers.
Then we analyzed mRNAs from the retina of mice with the use of the reverse
transcription and polymerase chain reaction (RT-PCR) method. The 5' sequences,
corresponding to the flrst exon, of dystrophm transcrlpts (DT) in the retina was
mainly the brain type(Flg 4) whereas in the 3' region of DT that corresponds to
the C-terminal domam of dystrophin, some additional RT-PCR products were
detected.

Base sequences in three of them showed homology to these for previously
reported human brain type dystrophm 1soforms(F1g 5).



Transgenic mice

Nineteen independent transgenic founder mice were identified, in six of
which the expression of lacZ was detected in the right heart. Fourteen of the
nineteen transgenic lines produced offspring. Various tissues of transgenic adult
mice were stained with X-gal to detect IacZ expression. Six of the fourteen
transgenic mouse lines showed lacZ expression only in the right heart(Fig. 6).
The reporter gene expression was detected first in the presumptive right atria and
ventricular myocardium of the embryos at 8.5 days post coitum.

We compared the promoter sequence to that of the previously reported the
human sequence of 850bp region upstream from the cap site” and reported the
mouse sequence of 400bp upstream from the cap site?. The homology between
the human and mouse 140bp regions upstream from the initiation codon reaches
the 93%. Upstream from this point, the mouse and human sequences look more
divergent (66.8% homology). Non-specific region, ATA and GC box, and muscle
specific regions, CArG box, are conserved in human and mouse.

Discussion

- We observe rather strong immunohistochemical reactivity in - synaptic
regions™ as well as on the skeletal, cardiac and smooth muscle fiber membrane.
It is well known that these synaptic regions, which showed immunohistochemical
dystrophin reaction, contain- -abﬁndant synapses and/or non-myelinated nerve
endings, as a common histological characteristics. ~With this background we
consider that the localization of dystrophin in the synaptic regions suggeéts its
physiological function in the conduction system rather than a mechanical one. In
1993, Pillers et al.'® reported abnormal electroretinogram in Duchenne and
Becker muscular dystrophy patients, that is markedly reduced amplitude of the b-
wave in the dark-adapted state. The results suggested that the dystrophin has some
function to keep normal function in the retina. Recently, D'Sauza et al.'"’ finally
reported a novel isoform of dystrophin (Dp260) present in the mouse retina and
that is required for normal function in the retina. So, we still don’t know the full
length brain type dystrophin has function or not.

But, anyway it is not likely that dystrophin plays a critical role in the
conduction system, because there has been no report of apparent retinal
abnormalities in DMD patients. Dystrophin may play a delicate role, acting as



only a trigger propagating contraction within the cell. Dysfunctioning of the
conduction system due to a defect in dystrophin is still an important factor in the
muscle degradation in DMD. As for the vascular system, no smooth muscle cells
receive nerve endings, which are usually several microns away from the cells.
This suggests that the vascular system may be one of the most vulnerable tissues to
a defect in dystrophin although it play a minor role in the conduction system due
to anatomical characteristics'”. I would like to emphasize that we should not
ignore the localization and function of dystrophin on the smooth muscle layer,
especially on the vascular system. As for the transgenic mice, by using the E.coli
lac Z reporter gene instead of the CAT assay, it has been possible to follow
visually the temporal and spatial expression of dystrophin both during embryonic
and postnatal mouse development. The lacZ gene has advantage of visualizing
expression in specific organs.

We found that the 900bp promoter region of mouse muscle type dystrophin
was active only in the right heart, i.e. not in skeletal smooth or left heart muscle.
On the other hand, Muntoni et al." reported family cases with only severe
cardiomyopathy, i.e. no clinical muscle symptoms, due to possible deletion the
muscle type dystrophin promoter, but the cardiac-specific region of the dystrophin
promoter has not been identified to date. Our data in this study may be
convenient to explain the cases reported by Muntoni et al.

These results suggest that several delicately divided elements for dystrophin
expression exist in muscle tissues, such as left heart, skeletal and smooth muscle
cell.



Fig. 1  Antidystrophin antibodies
Affinity-purified, region-specific dystrophin antibodies used in this study. kD=kDa
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Fig. 3
Scheme of the procedure for producing
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Fig. 4
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Fig. 5
10,431 10,471
Y
Human 5" GGACAACATGGAAACGCCTGCCTCGTCCCCTCAGCTTTCACACGATGATA

F X EFEFHEFXEFXFEFFXREEFFXEFFRFRREXREE FREXRXRXRXXREFREEXRR

Fragment II 5" GGACAACATGGAAACGCCTGCCTCGTCCCCCCAGCTTTCACACGATGATA

10,602 10,762

\J
Human 5" CTCTCCTAATGAGAGCATGAATCTGCAAGCAGAATATGACCGTCTAAAGC

F XX REXFEFFEFERERFEXFEREFRERXERRXERE XX XX EXEN

Fragment III 5' CTCTCCTAATGAGAGCATGAATCTGCAAGCAGAATATGATCGCCTGAAGC

10,431 10,762
\/
Human 5' GGACAACATGGAAACGAATCTGCAAGCAGAATATGACCGTCTAAAGCAGC
IZZZEZZZZEEZE SR E S E RS SRR R EE R R R R R R R R R B R SR R BEE L B S E S SR X
Fragment IV 5' GGACAACATGGAAACGAATCTGCAAGCAGAATATGACCGTCTAAAGCAGC
11,222 11,255
\J
Human 5" CAACAACTCCTTCCCTAGTTCAAGAGGACACAATGTAGGAAGTCTTTTCC

FRFEERFEREREEFXEFEEEREFRRRRRRRFFREFRXRERRFRE FEFREER

Fragment VI 5' CAACAACTCCTTCCCTAGTTCAAGAGGACACAATGTAGGAAGCCTTTTCC

Fragments I and IIT show the sense sequence of the mouse dystrophin cDNA, and
fragments IV and VI the antisense sequence. Arrowheads indicate borders of

deleted sequences. Asterisks show matched sequences between the human and
the mouse cDNA.

Fig. 6

Expression of the transgene is seen only in the right ventricle ot the hearrt.
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Modulation of splicing of intron by
modifying an intra-exon sequence
which is deleted from the dystrophin
gene in dystrophin Kobe

Masafumi Matsuo

Division of Genetics, International Center for Medical Research,
Kobe University School of Medicine, Kobe 650, Japan
e-mail: matsuo@icluna.kobe-u.ac.jp

Together, Duchenne and Becker muscular dystrophies (DMD and BMD,
respectively) are the most common inherited muscular disease. They are
caused by mutation in the dystrophin gene, is the largest known human gene (1).
Dystrophin, a large (427 kD) cytoskeletal protein localized to the sarcolemma, is
encoded by a 14-kb RNA transcript that is processed from 79 exons (2).
Results of a recent study conducted in our laboratory have extended this gene
region by more than 500 kb through the identification of a new promoter/exon
sequence upstream of the known 5' end of the gene and expanded the dystrophin
gene to around 3,000 kb (3). At least seven promoters including ours have
been identified in the dystrophin gene, and each promoter is expressed in a
tissue-or development -specific manner, giving rise to multiple isoforms of
dystrophin (4). Alternative splicing of introns further increases the number of
dystrophin isoforms, each of which may have a specific, unique function.
considering the Iarger number of both exons and alternative splicing sites,
splicing abnormality of dystrophin pre-mRNA is supposed to be more complex.
In one particular dystrophin gene mutation named dystrophin Kobe, we found
that exon skipping during splicing was induced by the presence of intra-exon
deletion mutation in the genome, although all of the consensus sequences known
to be requlred for splicing were unaffected. The deletion was detected by PCR
analysis, which ‘revealed that the product amplified from the exon 19
encompassing region from the DMD case was smaller than normal. This result
suggested the presence of a novel mutation within the amplified region.
Sequence analysis confirmed that this was the case by showing that 52 bp out of



88 bp of exon 19 were deleted from 2 to 3 bp upstream from the splice donor site
(5). This 52 bp deletion was considered to result in a frameshift mutation that
would cause DMD. The dystrophin transcript of dystrophin Kobe was then
analyzed using reverse-transcription PCR (RT-PCR). Surprisingly enough,
the product amplified from the region encompassing exon 19 was smaller than
predicted according to the results of the genomic DNA analysis. Sequence
analysis indicated that the whole of exon 19 was missing from the dystrophin
cDNA, causing an out-of frame mutation. In particular, this indicated that the
deletion mutation within an exon sequence could induce a splicing error during
maturation of messenger RNA, even though the known consensus sequences at
the 5' and 3' splice sites of exon 19 were maintained (6).

These data suggest that the deleted sequence of exon 19 may function as a
cis-acting element for exact splicing for the upstream and downstream introns.
To investigate this potential role of exon 19, an in vitro splicing system using
artificial dystrophin mRNA precursors (pre-mRNAs) was established. Pre-
mRNA containing exon 18, truncated intron 18, and exon 19 was spliced
precisely in vitro, whereas splicing of intron 18 was almost completely abolished
when the wild-type exon 19 was replaced by the dystrophin Kobe exon 19 .
Splicing of intron 18 was not fully reactivated when dystrophin Kobe exon 19
was restored to nearly normal length by inserting other sequences into the
deleted site. These results suggest that the presence of the exon 19 sequence
which is missing in dystrophin Kobe is more critical for splicing of intron 18
than the length of the exon 19 sequence. Characteristically, the efficiency of
splicing of this intron seemed to correlated with the presence of a polypurine
track within the downstream exon 19. More recently, several exons have been
shown to included purine-rich regions, called exon recognition sequences or
ERSs, which are necessary for splicing of the upstream intron (8). ERSs are
likely targets for splicing factors that identify exon sequences and promote their
inclusion in the mature mRNA.

'The possibility that oligonucleotides could be used as modulators of gene
expression, and hence as chemotherapeutic agents, is currently under intense
investigation: The modulation of splicing by antisense oligonucleotides has
recently attracted much attention (9, 10). Dominski and Kole recently
described an elegant experiment in which aberrant splicing induced by a
thalassemia mutation was corrected by an antisense 2'-O-methylribonucleotide



(2'-O-Me RNA) (10). This prompted us to test whether splicing of dystrophin
pre-mRNA could also be modulated by an antisense RNA as the first step
towards evaluating the potential therapeutic use of antisense RNA to correct
aberrant splicing reactions in patients with DMD. An antisense 31 mer 2'-O-
methyl ribonucleotide complementary to the 5' half of the deleted sequence in
dystrophin Kobe exon 19 inhibited splicing of wild-type pre-mRNA in a dose-
and time-dependent manner in vitro splicing system (7).

To simulated this inhibition in living cells, the antisense oligonucleotide
mixed with LipofectAmine (GIBCO BRL) was added to the culture medium of
EB-virus transformed lymphoblastoid cells. Resulting dystrophin transcript
was analyzed by RT-nested PCR and sequencing. The result revealed that
sequence of exon 19 disappeared from mRNA after a certain period of
incubation of lymphoblastoid cells with antisense oligonucleotide. This clearly
- showed that exon skipping can be induced by antisense oligonucleotide. |

This first in vitro evidence that dystrophin pre-mRNA splicing can be
modulated by an antisense oligonucleotide raised the possibility of a new
therapeutic approach for DMD. DMBD would be transformed to mild BMD by
changing a frame-shift mutation causing DMD into an in-frame mutation
characteristic of BMD by modifying the dystrophin mRNA splicing (11). For
example, the same antisense oligonucleotide will be used to treat a DMD case
with a 242 nucleotide deletion of exon 20 (Fig. 1). If we are able to induce
exon 19 (88 bp) skipping in vivo, the dystrophin transcript will lack both exons
19 and 20 but the translational reading frame will be restored.  As a result, this
modulation of splicing should transform DMD into BMD. Though this
strategy seems to be an alternative way to retard progression of the clinical
symptoms of DMD, more extensive studies are required before clinical trials can
begin; for example, we need to confirm modulation of splicing by antisense
oligonucleotide in an in vivo experiment. We also need to develop an efficient
method to deliver antisense oligonucleotides to the nucleus.



exon 18 exon 19 exon 20 exon 21

Deletion of exon 20
Reading frame: 242 bp /3 = 80 --- 2 e DMD
Deletion of exons 19 and 20

Reading frame: (88 bp + 242 bp )/ 3 = 110 0 —» BMD

Fig. 1 Theoretical use of antisense oligonucleotide for treatment of DMD. The DMD
phenotype of the patient With an exon 20 deletion would be transformed into a BMD
phenotype by inducing the exclusion of exon 19 from the matured transcript in the

presence of antisense 2'-O-Me RNA.
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Characterization of the Interaction
between the Schwann Cell Dystroglycan
Complex and Endoneurial Laminin

Kiichiro Matsumura, Hiroki Yamada, Hiroko Fukuta-Ohi,
Sachiko Fujita and Teruo Shimizu

Department of Neurology and Neuroscience, Teikyo University School of
Medicine, 2-11-1 Kaga, Itabashi-ku, Tokyo 173, Japan

Introduction

Dystroglycan is encoded by a single gene and cleaved into two proteins
o- and [B-dystroglycan by posttranslational processing (Ibraghimov-
Beskrovnaya et al.,, 1992). In skeletal muscle, o-dystroglycan with a
molecular mass of 156 kDa binds the basal lamina component laminin
(Ibraghimov-Beskrovnaya et al., 1992; Ervasti and Campbell, 1993), and j-
dystroglycan binds to cytoskeletal proteins dystrophin and utrophin (see
Ozawa et al., 1995). Laminin is a heterotrimer made up of three chains of
classes o, B and vy, and exists in numerous trimeric isoforms in different
tissues (see Burgeson et al., 1994). Laminin o chains have globular domain
(G) repeats at the C-terminus, and laminin-1, comprised of the a1, 1 and Y1
chains, binds to o-dystroglycan via the G repeats in the ol chain (Gee et al.,
1993). In peripheral nerve, laminin-2, comprised of the o2, f1 and vl
chains, is expressed in the endoneurium (Leivo and Engvall, 1988; Sanes et al.,
1990). Alpha-dystroglycan with a molecular mass of 120 kDa is expressed
surrounding peripheral nerve fibers in vivo and binds both laminin-1 and 2 in
vitro (Yamada et al., 1994). Recently, laminin a2 chain was shown to be
deficient in congenital muscular dystrophy and dy mice, which have muscular
dystrophy and peripheral dysmyelination (Arahata et al., 1993; Sunada et al.,
1994; Tomé et al., 1994; Xu et al., 1994). Furthermore, the expression of
laminin in the basal lamina is associated with Schwann cell development (Leivo
and Engvall, 1988; Obremski and Bunge, 1995). These findings suggest a
role for the interaction of dystroglycan with laminin in peripheral
myelinogenesis. The goal of our laboratory is to prove this hypothesis. As



an initial step towards this goal, we have characterized the dystroglycan-
laminin interaction in peripheral nerve (Yamada et al., 1996).

Characterization of the dystroglycan complex in peripheral
nerve |
The results of cLSM analysis of rabbit sciatic nerve are shown in Fig 1.

Immunoreactivities for -, B-dystroglycan and laminin-2 were localized
surrounding the outermost layer of myelin sheath of nerve fibers (Fig. 1).
On the other hand, immunoreactivities for utrophin and Dp116, a dystrophin
gene product specific to peripheral nerve (Byers et al., 1993), resembled that
for Schwann cell marker S-100 and was localized in the Schwann cell
cytoplasm (Fig. 1).

Membrane-associated cytoskeletal and peripheral membrane proteins,
but not integral membrane proteins, are known to be extracted from the
membranes by alkaline treatment (Ervasti and Campbell, 1991). Based on
this, we performed alkaline extraction of the crude bovine peripheral nerve
membranes. Alpha-dystroglycan of 120 kDa was extracted at pH 11, while j-
dystroglycan of 43 kDa was not extracted at pH 11 or 12 (Fig. 2). Together
with the fact that o-dystroglycan corresponds to the N-terminal half of the
dystroglycan precursor protein containing the signal peptide but no
transmembrane domain and [3-dystroglycan corresponds to the C-terminal half
containing a transmembrane domain (Ibraghimov-Beskrovnaya et al., 1992),
these results suggested that peripheral nerve o-dystroglycan was a peripheral
membrane protein, while peripheral nerve B-dystroglycan was an integral
membrane protein. The extracellular matrix protein laminin o2 chain of 320
kDa was partially extracted at pH 11 and almost completely extracted at pH 12
(Fig. 2), together with the Bl and yl chains (not shown). Dpll6 and
utrophin, of 116 and 395 kDa respectively, were both extracted at pH 11 (Fig.
2), in good agreement with the prediction from the primary structure that they
are cytoskeletal proteins (Byers et al., 1993; Tinsley et al., 1994).

We isolated, using WGA and laminin affinity chromatographies, o-
dystroglycan and its associated proteins from the digitonin extracts of the
crude bovine peripheral neer membranes. As expected, laminin-binding o-
dystroglycan was isolated by these procedures (Fig. 3). Beta-dystroglycan,
which did not bind laminin in blot overlay, was also isolated (Fig. 3),



suggesting that it was complexed with o-dystroglycan. On the other hand,
Dp116 and utrophin were not isolated by these procedures (Fig. 3).

The data presented here, taken together, indicate that (1) a-dystroglycan
is an extracellular peripheral membrane glycoprotein which links -
dystroglycan in the Schwann cell outer membrane with laminin-2 in the
endoneurial basal lamina, and (2) dystrophin homologues, Dp116 and utrophin,
are cytoskeletal proteins of the Schwann cell cytoplasm (see Fig. 7). It
remains to be determined if a fraction of Dp116 and utrophin are complexed
with -dystroglycan beneath the Schwann cell outer membrane (see Fig. 7).

Characterization of carbohydrate chains of Schwann cell o-
dystroglycan

We isolated, using WGA and laminin affinity chromatographies, o-
dystroglycan from the alkaline extracts of the crude bovine peripheral nerve
membranes. We tested its reactivity with monoclonal antibodies specific for
carbohydrate chains.  Alpha-dystroglycan was stained " intensely with
monoclonal antibody anti-HNK-1, indicating that it had 3-sulfated glucuronyl-
substituted oligosaccharide (Fig. 4a) (Chou et al., 1986). On the other hand,
it was not stained with monoclonal antibodies against heparan sulfate, keratan
sulfate, sialyl Tn, Lewis X, sialyl Lewis X (Fig. 4a) or sialyl Lewis A (not
shown).

The lectin-binding properties of Schwann cell a-dystroglycan are shown
in Fig. 4b. Schwann cell o-dystroglycan was stained positive with WGA
which recognizes cluster of sialic acids and/or bisecting GlcNAc (Fig. 4b), but
was not stained with PHA-E4, a lectin specific for bisecting GIcNAc (not
shown), indicating that it contained cluster of sialic acids. It was stained
positive with both Maackia amurensis agglutinin (MAA), a lectin specific for
sialic acid linked 02-3 to galactose, and peanut agglutinin (PNA), a lectin
specific for unsubstituted Ser/Thr-linked disaccharide Galf1-3GalNAc unit
(Fig. 4b). It was also stained positive with Jacalin which also fecognizes
GalpB1-3GalNAc (Fig. 4b). It was not stained with Sambucus nivalis
agglutinin (SNA) which recognizes sialic acid linked a2-6 to galactose (Fig.
4b). These results indicate that Schwann cell a-dystroglycan is sialylated o2-
3 to galactose in O-glycans. Schwann cell o-dystroglycan was stained positive
with VVAQB4 (Fig. 4b), indicating that it contained non-reducing terminal pB-
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GalNAc. It was stained positive with both Con A and Galanthus nivalis
agglutinin (GNA) (Fig. 4b), indicating that it contained N-linked mannose
residues. It was not stained with Datura stramonium agglutinin (DSA) which
recognizes Galf31-4GIcNAc in complex and hybrid N-glycans, in O-glycans
and GIcNAc in O-glycans (Fig. 4b). The results of staining with Con-A,
GNA, PHA-E4 and DSA, when combined, suggest that the N-glycan(s) of
Schwann cell a-dystroglycan could be high-mannose type. Schwann cell o-
dystroglycan was not stained with lectins-specific for various types of fucose
residues, AAL, UEA-1 (Fig. 4b), LCA or Lotus (not shown).

Role of carbohydrate chains of Schwann cell a-dystroglycan in
laminin binding
To see if carbohydrate residues of o-dystroglycan are involved in

laminin binding, we tested, by blot overlay assay, the binding of laminin to
Schwann cell a-dystroglycan treated with deglycosylation enzymes.
Treatment of a-dystroglycan with both A. ureafaciens neuraminidase (Fig. 5)
and V. cholerae neuraminidase (not shown) greatly reduced the binding of
laminin. Treatment with O-glycosidase, together with neuraminidase, did not
have further effects on the binding of laminin (Fig. 5). The binding of
laminin was not affected by treatment with N-glycosidase F, chondroitinase
ABC, heparinase, heparitinase or keratanase (Fig. 5). When nitrocellulose
transfers of o-dystroglycan were treated with neuraminidase, the binding of
laminin to o-dystroglycan was reduced (Fig. 6a). The presence of 0.1 M
sialic acid, but not 0.1 M GIcNAc, in the blot overlay medium inhibited the
binding of laminin to a-dystroglycan (Fig. 6b). Inhibition of laminin-binding
by sialic acid was quantified by ELISA. Two forms of sialic acid, N-acetyl
and N-glycolyl neuraminic acids, and colominic acid, polymer of sialic acids,
inhibited the binding of laminin (Fig. 6¢).

Our findings suggest a role for sialylation of «-dystroglycan in the
binding of laminin. The results thus far indicate that o-dystroglycan is a
mucin-type glycoprotein in brain (Smalheiser and Kim, 1995), cardiac muscle
(Brancaccio et al., 1995) and peripheral nerve (this study). A mucin-like
motif is detectable in the central region of o-dystroglycan, and, indeed,
cardiac muscle o-dystroglycan was shown to consist of two globular domains
connected by a rod-shaped segment (Brancaccio et al., 1995), consistent with



the prediction that a mucin domain is extended into arigid rod. The densely
clustered array of O-glycans in the mucin domain may present terminal sialic
acids in a polyvalent manner for the interaction with laminin (Fig. 7¢).

Besides o-dystroglycan, laminin binds a variety of glycolipids and
proteins (see Kennedy et al., 1983; Gee et al., 1993). At present, it is unclear
if sialylation alone is responsible for the binding of a-dystroglycan with
laminin, because laminin was suggested to recognize highly charged
oligosaccharides on proteins rather than monosaccharides (Kennedy et al.,
1983). In this respect, it is of interest to note that, similar to brain o-
dystroglycan (Smalheiser and Kim, 1995), Schwann cell a-dystroglycan is
HNK-1 positive. Furthermore, the HNK-1 carbohydrate epitope, found in a
number of neural cell adhesion molecules, plays important roles in cell
adhesion and has been implicated in the binding to laminin (Kiinemund et al.,
1988; Hall et al,, 1993). It would be thus interesting to see if this
carbohydrate structure is also involved in the interaction of a-dystroglycan
with laminin. |
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Components of Dystroglycan Complex in Peripheral Nerve

FIG. 1. cLSM immunofluorescent analysis of rabbit sciatic
nerve

Shown are the cLSM immunofluorescent images of rabbit sciatic nerve. Alpha-
dystroglycan (DG1), B-dystroglycan (DG2), laminin o2 chain (M), laminin f1
chain (B1), laminin ol chain (A), Dpl16, utrophin (UTR) and S-100 protein were
detected by antibodies anti-FPD, 43DAG/8D5, 2G9, 4E10, 11D5, VIA4,, DRP1 and
15E2E2, respectively. Bar, 10 pm.



Alkaline Extraction of Peripheral Nerve Membranes
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FIG. 2. Alkaline extraction of the crude bovine peripheral

nerve membranes

120 ul of the pH 11 extracts (first lane), the pH 12 extracts of the pH 11 pellets
(second lane) and the pH 12 pellets (third lane) of the crude bovine peripheral
nerve membranes were separated by 3-12% SDS-PAGE and transferred to
nitrocellulose membranes. Alpha-dystroglycan (a-DG), p-dystroglycan (B-DG),
laminin a2 chain (Lam «a2), Dp116 and utrophin (UTR) were detected by
antibodies IIH6, 43DAG/8DS5, 2D9, DYS2 and anti-DRP, respectively. The 30 kDa
band detected by 43DAG/8DS is presumed to be a proteolytic fragment or the
unglycosylated form of B-dystroglycan. Molecular weight standards (Da x 10?) are
shown on the left. o :



Components of Peripheral Nerve Dystroglycan Complex
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FIG. 3. Characterization of peripheral nerve a-dystroglycan

and its associated proteins

Alpha-dystroglycan and its associated proteins were isolated from the digitonin
extracts of the crude bovine peripheral nerve membranes by WGA and laminin
affinity chromatographies. 120 pul of the EDTA eluates of the laminin-Sepharose
were separated by 3-12% SDS-PAGE and transferred to nitrocellulose membranes.
Alpha-dystroglycan (a-DG), B-dystroglycan (B-DG), Dp116 and utrophin (UTR)
were detected by antibodies ITH6, 43DAG/8D5, DYS2 and anti-DRP, respectively.
Lam2 O/L indicates the identical nitrocellulose transfer overlaid with laminin-2,
Heavily-glycosylated a-dystroglycan was not identified clearly on the SDS gel
stained with Coomassie blue (CB) (Yamada et al., 1994). Molecular weight
standards (Da x 103) are shown on the left.



Monoclonal Antibody Reactivity of Peripheral Nerve
o~-Dystroglycan
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FIG. 4. Characterization of carbohydrate chains of Schwann cell
a-dystroglycan

(a) Alpha-dystroglycan (3 pg) was separated by 3-12% SDS-PAGE, transferred to
nitrocellulose membranes, and then reacted with monoclonal antibodies against
o-dystroglycan (IIH6), sialyl Tn (sTn), Lewis X (LeX), sialyl Lewis X (sLeX),
heparan sulfate (HS), keratan sulfate (KS), or monoclonal antibody anti-HNK-1.
(b) The identical nitrocellulose transfers as shown in (a) were reacted with
various lectins. Molecular weight standards (Da x 10%) are shown on the left.
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Binding of Laminin to Peripheral Nerve a-Dystroglycan
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FIG. 6. (a) Effect of neuraminidase treatment on the binding of

laminin to Schwann cell a-dystroglycan

Alpha-dystroglycan (3 pg) was separated by 3-12% SDS-PAGE and transferred to
nitrocellulose membranes. The nitrocellulose transfers were incubated with or
without neuraminidase (+ and-, respectively), andthen overlaid with laminin-1.
Molecular weight standard (Da x 103) is shown on the left.

(b) Effect of sialic acid on the binding of laminin to Schwann

cell o-dystroglycan (blot overlay)

Alpha-dystroglycan (3 pg) was separated by 3-12% SDS-PAGE, transferred to
nitrocellulose membranes, and then overlaid with laminin-1in the presence of
0.1 M sialic acid, 0.1 M GIcNAc or in the absence of these sugars (Control).
Molecular weight standard (Da x 103) is shown on the left.

(c) Effect of sialic acid on the binding of laminin to Schwann
cell a-dystroglycan (ELISA)

In the presence of various concentrations of N-acetyl neuraminic acid (NAcNA),
N-glycolyl neuraminic acid (NGlyNA), colominic acid, GIcNAc or Na(, laminin-1
was incubated with a-dystroglycan (1 pg) coated onto microtiter wells. Bound
laminin-1 was quantified by ELISA. Points are the percentage compared to the
values of the wells incubated in the absence of inhibitors. Points represent the
mean of triplicate wells in one experiment representative of three similar
experiments. '
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FIG. 7. Hypothetical model of dystrogllycan-laminin

interaction in peripheral nerve

(a), (b) Alpha- and B-dystroglycan are localized in the Schwann cell outer
membrane, while Dp116 and utrophin are localized in the Schwann cell cytoplasm.
(¢) Alpha-dystroglycan (a), which is an extracellular peripheral membrane
glycoprotein, links B-dystroglycan (b) in the Schwann cell outer membrane with
laminin-2 in the endoneurial basal lamina. The mucin domain of a-dystroglycan
is extended into a rigid rod. Clusters of sialic acid residues in O-glycans of a-
dystroglycan are presumed to be involved in the interaction with the G-domain of
laminin a2 chain.
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Dystrophin-associated protein, syntrophin (A1)

Mikiharu Yoshida®, Andrew H. Ahn¥, Atsushi Suzukif, MaryDilys S. Anderson¥, Chris A.
Feener®, Sara Selig¥, Yasuko Hagiwaraf, Louis M. Kunkel®> ahd Eijiro Ozawat

(TN ational Institute of Neuroscience, $Boston Children's Hospital)

Dystrophin, the protein responsible for Duchenne/Becker muscular dystrophy, is
purified as a complex with several proteins called dystrophin-associated proteins (DAPs) ffom
digitonin-solubilized rabbit skeletal muscle [1,2]. Among DAPs, the one with a molecular mass
- of about 60,000 is named Al or 59DAP. We have previously shown that this DAP is actually a
heterogeneous group of proteins consisting of an acidic (0-A1) and a distinct basic (B-A1)
component [3]. Here we report the cloning of a cDNA f§r a human basic isoform of Al and
demonstrate by comparison between our results and others that there are at least three Als (all
of which will be henceforth named syntrophins) , namely two basic ones (B1 and B2) and one

weakly acidic one (o). The heterogeneous natures of Al we found are thus mostly clarified.

c¢DNA Cloning of B-Al

Al is separated into triplet bands by 1-dimensional SDS/PAGE of purified rabbit
dystrophin-DAP complex [1,2]. For cloning we at first determined the internal amino acid
sequences of the triplet bands, respectively (Table 1) [4]. Oligonucleotides for probes were
designed on the basis of the sequence No. 1 (or No.4) and a library of human fetal muscle
Agt10 cDNA was screened by them. A single positive clone was plaque-purified, subcloned
into EcoRI-cut Bluescript II SK(+) vector and sequenced. The 2979-bp sequence encodes a
single large open reading frame, starting from an initiator ATG within the context of a Kozak
consensus. The clone had no poly (A) tail but contained the sequence which seems to be the
polyadenylation signal. The deduced protein is composed of 538 amino acids and considered to
be a cytoskeletal protein, because no signal sequence and no transmembrane sequence were

found. The calculated molecular mass of 58 kDa and the calculated pl of 9.0 agree well with the



electrophoretically determined size and charge of 3-A1[3]. The deduced human amino acid
sequence contains exact matches to the sequenced polypeptides 1-5 originated from the top two
bands (Table I), despite the fact that the partial peptide sequences were derived from rabbit. On

the contrary, the sequences 6-11 were not found in the deduced sequence.

Table 1. Partial polypeptide sequences of Al

Sequence
Band No. Amino acid sequence
Ala 1 ATPYVKKGSPVS
2 KDLLI
3 RKQ*KP*LVVL
Alb 4 Same as 1
5 SISNQK*GVK
6 Same as 7
Alc 7 AK*VPLKMAYVS***TPSDP
8 L*AGTGAGAGG
9 I*SADGQD
10 LLLYGGLPQTLIAT*L
11 LAA*T*QLVDG

Table 1. The DAP was resolved into a triplet Ala, -b, and -c by SDS/PAGE and digested with
V8 protease. The polypeptides released were then separated by HPLC and microsequenced. An
asterisk means the residue at that position was not determined. Oligonucleotides designed for this
study are reverse translations of sequence: 5'-GCI ACI CCI TAK GTI AAR AAR GG-3.
Positions with R were synthesized with a combination of both dA and dG and those with a K

were synthesized with a combination of dT and dG.

During the sequencing of this human -A1 cDNA, the sequences of other candidate Al
genes in mouse, rabbit, and Torpedo became available [5,6] and are aligned with our sequence.
The sequences 6-11, which are originated from the bottom band except No.6, were identical to

the deduced amino acid sequence of rabbit candidate S9DAP-1[6] and are close to that of mouse

syntrophin-1 [5]. These proteins are considered to be a-Al, because their calculated pls both



are 6.4. Interestingly, we realized mouse syntrophin-2 [5] to be a basic protein by the isoelectric
point calculated based on its partial published sequence (pI=9.4), but it did not match to our B-
A1l as described below.

As the cDNA was being sequenced, we identified a relative within the human EST data
base, a 210-bp EST from a human muscle cDNA library. Its deduced amino acid sequence had
48% identity at best to that of B-Al. However, we found that the EST is rather close to the
deduced mouse s'yntrophin-2 sequence, because the amino acid identity reached to 82 %
between them. We thus considered it most probable that the EST is the human homologue of
mouse syntrophin-2. Using this EST sequencee, we have now cloned the human homologue of
syntrophin-2, which is distinct from B-A1 [7]. We thus conclude that there are at least three
Als, two basic Als and one weakly acidic Al. So far, several names were used for these
proteins. To avoid confusion, we will hereafter use syntrophin as a standard name for Als. We
use B1- and B2- for the basic ones and - for the acidic one to discriminate those. B-A1 we
cloned and syntrophin-2 are thus named B1- and B2-syntrophins, respectively, while a-Al,
syntrophin-1 and 59DAP-1 are named a-syntrophin.

We determined the gene locations of human syntrophins including a-syntrophin which
we cloned by the use of published sequehces of mouse and rabbit a-syntrophin [5,6]. They

were 8q23-24, 16q23-24 and 20q11.2 for B1-, B2- and «-syntrophins, respectively [7].

Immunoblot Analysis of Syntrophins

We have now known the presence of B2-syntrophin by molecular cloning, but we have
not detected it yet on the protein level. Using anti-B1-syntrophin antibody which we prepared
and the other anti-syntrophin antibodies provided by Prof. S. C. Froehner of North Carolina
University, we examined the dystrophin-DAP complex purified from rabbit skeletal muscle by
immunoblot analysis [8]. In the blots separated by 1-dimensional SDS/PAGE (Fig.1), the
antibody against "B1" reacts with the top two of the triplets bands, while antibody against "o."
reacts with the bottom band. This result well agrees with the facts that the sequenced
polypeptides derived from the top two bands and those from the bottom band were found in the

deduced sequences of human 3-A1l and rabbit S9DAP-1, respectively. On the other hand, we
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Fig.1.  Immunoblot patterns of dystrophin-DAP complex with various antibodies. Dystrophin-
DAP complex was separated by 1-dimensional SDS/PAGE. From the left lane, 6.5, 4, 1.3, 0.1,
and 0.5 pg of samples were loaded. Anti-B1-Syn is the antibody against human B1-syntrophin [8].
Anti-a- and anti-B2-Syns are the antibodies against syntrophins "o" and "B2", respectively, which
were prepared based on the mouse syntrophin sequences [10]. ab 1351 is the monoclonal antibody

against Torpedo syntrophin [10].

found that the monoclonal antibody against Torpedo syntrophin (ab1351) reacted with all the
triplet bands, although the binding ability to a-syntrophin was much stronger than B1-
syntrophin. We barely detected 2-syntrophin with its specific antibody, when a large quantity
of sample is loaded on the gel, suggesting that B2-isoform is present in less minor fraction than
others. Therefore it is natural that we failed to detect the isoform on the protein level formerly.
Several bands were stained, most of which apparently overlap the other syntrophin bands, but

it seems that there is a slight difference between B1- and B2-syntrophins.

The blots separated by 2-dimensional PAGE are shown in Fig.2. As expected from the

above results, the antibody against "B1" reacts with the basic series of spots, while antibody






