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To determine if this protease activity degrades the extracel-
lular or intracellular domain of BDG, we prepared the
fusion proteins corresponding to the extracellular domain
(BDGext) and intracellular domain (BDGint) of BDG.
We incubated BDGext and BDGint with the total RT4 cell
homogenate as well as the RT4 cell culture medium con-
centrated to the same volume as the total cell homogenate.
When BDGext was incubated with the cell homogenate or
culture medium, it was degraded progressively (Fig. 2a).
However, the degradation of BDGext was more prominent
with the cell culture medium than cell homogenate
(Fig. 2a). These results indicate that the protease activity
that degrades PDGext is more abundant in the cell culture
medium than cells themselves. On the other hand, BDGint
was not degraded at all, when it was incubated with either
the RT4 cell homogenate or the concentrated culture medi-
um (Fig. 2b). To further confirm the specificity of degrada-
tion of the extracellular domain of BDG, we prepared
various fusion proteins, including oDG N-ter, oDG
C-ter, Dys, and GST. None of them were degraded, when
they were incubated with either the RT4 cell homogenate
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Fig. 2. Specific degradation of BDGext by RT4 cell homogenate and
culture medium. (a) PDGext was incubated with the total RT4 cell
homogenate as well as the RT4 cell culture medium concentrated to the
same volume as the total cell homogenate for various time periods, and
analyzed by immunoblotting using anti-GST-HRP conjugate. For con-
trols, PDGext was incubated with the cell homogenization buffer and the
concentrated control medium, respectively. The bands indicated by arrows
are presumed degradation products of PDGext, because they were
detected by anti-GST-HRP conjugate. (b) BDGint, aDG N-ter, aDG C-
ter, Dys, and GST were incubated with the RT4 cell homogenate and
culture medium for various time periods, and analyzed by immunoblotting
using anti-GST-HRP conjugate. Molecular mass standards (Da x 10°) are
shown on the left.

or the concentrated culture medium (Fig. 2b). Altogether,
these results indicate that the RT4 cell culture medium is
enriched with the protease activity that degrades the extra-
cellular domain of BDG specifically.

Effects of MMP inhibitors on the degradation of BDGext by
the concentrated RT4 cell culture medium

To see if MMPs are involved in the degradation of
BDGext, we incubated BDGext with the concentrated RT4
cell culture medium in the presence or absence of inhibitors
of MMP-2/MMP-9, MMP-1/MMP-8, MMP-3, and
MMP-13 [15-18]. The degradation of BDGext was signifi-
cantly reduced only by the inhibitor of MMP-2/MMP-9,
but not by the inhibitor of MMP-1/MMP-8, MMP-3 or
MMP-13 (Fig. 3).

Expression of MMP-2 and MMP-9 in RT4 cells and cell
culture medium

To see if MMP-2 and MMP-9 are expressed in RT4 cells
and cell culture medium, we performed zymographic anal-
ysis of MMP-2 and MMP-9. The 66 kDa band of activated
MMP-2 and the 83 kDa band of activated MMP-9 were
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Fig. 3. Effects of MMP inhibitors on the degradation of fDGext. PDGext
was incubated with the concentrated RT4 cell culture medium in the
absence or presence of inhibitors of various MMPs and analyzed by
immunoblotting using anti-GST-HRP conjugate. The bands indicated by
arrows are presumed degradation products of BDGext, because they were
detected by anti-GST-HRP conjugate. Molecular mass standards
(Da x 10% are shown on the left.
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Fig. 4. Expression of MMP-2 and MMP-9 in RT4 cells and RT4 cell
culture medium. (a) Zymography of RT4 cells and RT4 cell culture
medium. RT4 cell homogenate and culture medium, as well as active
human MMP-2 and recombinant human MMP-9, were applied for
zymography. Molecular mass standards (Da x 10%) are shown on the left.
(b) RT-PCR analysis of the total RNA from RT4 cells. mRNAs for
MMP-2 and MMP-9 were amplified in the presence or absence of reverse
transcriptase.

detected in the RT4 cell culture medium, while they were
not detected in the total RT4 cell homogenate (Fig. 4a).
We performed RT-PCR analysis of the total RNA from
RT4 cells. A single PCR fragment of the expected size
was detected for both MMP-2 and MMP-9 (Fig. 4b). We
excised and subcloned the PCR products and confirmed
that the products had the sequence of rat MMP-2 and
MMP-9 (data not shown). These results indicate the de
novo synthesis of MMP-2 and MMP-9 in RT4 cells and
their secretion into the culture medium.

Degradation of fDGext by MMP-2 and MMP-9

To see if MMP-2 and MMP-9 are involved in the pro-
cessing of BDG, we incubated PDGext with the active
enzymes of MMP-2 and MMP-9. BDGext was degraded
progressively by the incubation with either MMP-2 or
MMP-9 (Fig. 5). Moreover, the degradation of BDGext
was augmented significantly when it was incubated with
both MMP-2 and MMP-9 (Fig. 5).

Discussion

In this study, we found that the culture medium of RT4
cells was enriched with the protease activity that degrades
the fusion protein construct of the extracellular domain
of BDG specifically. This activity was suppressed by the
mnhibitor of MMP-2 and MMP-9, but not by the inhibitors
of MMP-1, MMP-3, MMP-8, and MMP-13, Zymography
and RT-PCR analysis showed that RT4 cells secreted
MMP-2 and MMP-9 into the culture medium. Finally,
active MMP-2 and MMP-9 enzymes degraded the fusion
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Fig. 5. Degradation of BDGext by active MMP-2 and MMP-9 enzymes.
Forty nanograms/microliter of BDGext was incubated with 2ng/ul of
active human MMP-2 and recombinant human MMP-9 for various time
periods. Samples were analyzed by immunoblotting using anti-GST-HRP
conjugate. The bands indicated by arrows are presumed degradation
products of BDGext, because they were detected by anti-GST-HRP
conjugate. The band indicated by the asterisk in the lane of Oh is an
overflow from the lane of 6 h. Molecular mass standards (Dax 10% are
shown on the left.

protein construct of the extracellular domain of BDG.
These results indicate (1) that RT4 cells secrete the protease
activity that degrades the extracellular domain of BDG spe-
cifically and (2) that MMP-2 and MMP-9 may be involved
in this process.

Disruption of the link between the ECM and cell mem-
brane via the DG complex is presumed to have a deleteri-
ous effect on the stability of cell membrane and viability of
cells {6]. MMPs are the candidate molecules that degrade
the components of the DG complex and disrupt this link
[6-13] In this context, it is noteworthy that MMPs have
been implicated in the molecular pathogenesis of muscular
dystrophies. von Moers et al. reported that gelatinolytic
activity of MMP-2 was increased in the skeletal muscle of
DMD [19]. Kherif et al. reported that both pro and active
forms of MMP-2 and MMP-9 were expressed in the skele-
tal muscle of mdx mice [20]. Lattanzi et al. reported the
aberrantly processed laminin o2 chain and increased activ-
ity of MMP-2/MMP-14 in the cultured skeletal muscle cells
of congenital muscular dystrophy [21]. Interestingly, it has
recently been reported that the processing of DG by MMP-
2 and MMP-9 may be involved in the leukocyte extravasa-
tion in experimental autoimmune encephalomyelitis [22].
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The present study, which demonstrates the secretion of the
protease activity that degrades the extracellular domain of
BDG by cultured cells and points to the roles of MMP-2
and MMP-9 in this process, would further help to broaden
our understanding of the complex mechanisms involved in
the processing of fDG.
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Abstract

Dystroglycan is a central component of the dystrophin—gly-
coprotein complex that links the extracellular matrix with
cytoskeleton. Recently, mutations of the genes encoding
putative glycosyltransferases were identified in several forms
of congenital muscular dystrophies accompanied by brain
anomalies and eye abnormalities, and aberrant glycosylation
of a-dystroglycan has been implicated in their pathogeneses.
These diseases are now collectively called a-dystroglycan-
opathy. In this study, we demonstrate that peripheral nerve
myelination is defective in the fukutin-deficient chimeric mice,
a mouse model of Fukuyama-type congenital muscular dys-
trophy, which is the most common a~dystroglycanopathy in
Japan. In the peripheral nerve of these mice, the density of
myelinated nerve fibers was significantly decreased and
clusters of abnormally large non-myelinated axons were
ensheathed by a single Schwann cell, indicating a defect of

the radial sorting mechanism. The sugar chain moiety and
laminin-binding activity of a-dystroglycan were severely re-
duced, while the expression of Bi-integrin was not altered in
the peripheral nerve of the chimeric mice. We also show that
the clustering of acetylcholine receptor is defective and neu-
romuscular junctions are fragmented in appearance in these
mice. Expression of agrin and laminin as well as the binding
activity of a-dystroglycan to these ligands was severely re-
duced at the neuromuscular junction. These results demon-
strate that fukutin plays crucial roles in the myelination of
peripheral nerve and formation of neuromuscular junction.
They also suggest that defective glycosylation of a-dystro-
glycan may play a role in the impairment of these processes in
the deficiency of fukutin.

Keywords: dystroglycan, fukutin, glycosylation, myelination,
neuromuscular junction.
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Dystroglycan (DG) is encoded by a single gene and cleaved
into two proteins, o- and B-DG, by post-translational
processing (Ibraghimov-Beskrovnaya et al. 1992). In skeletal
muscle, DG is a key component of the dystrophin-glycopro-
tein complex (DGC). o-DG is a highly glycosylated extra-
cellular peripheral membrane protein that binds to several
extracellular matrix (ECM) proteins, such as laminin, agrin,
and perlecan (Ervasti and Campbell 1993; Bowe et al. 1994;
Peng et al. 1998). The mucin-like domain of ¢-DG binds to
laminin G like domains of these ligands (Kanagawa et al
2004) and certain sugar chain structures of o-DG, including
Siao2-3Galp1-4GIcNAcB1-2Man-Ser/Thr, are involved in
this binding (Chiba er al. 1997). On the other hand, the
transmembrane protein B-DG anchors «-DG to the cell
membrane, and the cytoplasmic domain of B-DG interacts
with dystrophin, which binds to F-actin (Jung et al. 1995).

© 2007 The Authors

Dystroglycan is also expressed in various non-muscle
tissues including peripheral nerve. DG is expressed in
Schwann cells, where it localizes to the outer membrane
apposing the basal lamina (Saito efal 1999) and the
microvilli at the nodal axoglial interface (Saito ef al. 2003).
The Schwann cell DG interacts with laminin and agrin
(Yamada et al. 1996; Previtali er al 2003) and forms a
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DGC-like complex with Dpll6, utrophin, sarcoglycans,
dystrophin-related protein 2 (DRP2) and L-periaxin (Saito
et al. 1999; Imamura ef al. 2000; Sherman et al. 2001). We
have previously demonstrated that Schwann cell DG is neces-
sary for myelination of peripheral nerve (Saito et al. 2003).

Recently, primary mutations of the genes encoding known
or putative glycosyltransferases have been identified in
several forms of congenital muscular dystrophies, which
are characterized by muscular dystrophy with onset during
the neonatal period accompanied by variable brain and ocular
anomalies (Muntoni et al. 2004). In these diseases, laminin-
binding activity of o-DG has been shown to be greatly
reduced in skeletal muscle because of aberrant glycosylation
of a-DG (Michele et al. 2002), and they are now correctively
called o-~dystroglycanopathy (Toda ef al. 2003). Among
them, Fukuyama-type congenital muscular dystrophy
(FCMD), which is caused by the mutation of the fukutin
gene, is one of the most common autosomal recessive
disorders in Japan (Kobayashi et al 1998). Fukutin is a
ubiquitously expressed Goldi-resident protein shearing
homology with fringe-like glycosyltransferases (Aravind
and Koonin 1999). Because the constitutive fukutin knock-
out is embryonic lethal in mice, we generated fukutin-
deficient chimeric mice and demonstrated that these mice
developed severe muscular dystrophy, brain anomaly and eye
abnormality (Takeda et al. 2003; Chiyonobu et al. 2005;
Kurahashi et al. 2005).

Although involvement of the peripheral nervous system
has not been characterized in FCMD so far, it is intriguing to
hypothesize that the deficiency of fukutin may cause
abnormal myelination of peripheral nerve because of aberrant
glycosylation of Schwann cell o-DG. In addition, «-DG is a
receptor for agrin, a potent regulator of acetylcholine receptor
(AChR) clustering at the post-synaptic membrane of neuro-
muscular junction (NMJ) (Bowe et al. 1994). Several lines of
evidence have implicated DG in the formation and mainten-
ance of NMJ (Cote et al. 1999; Peng ef al. 1999; Grady
et al. 2000; Jacobson et al 2001). These observations
prompted us to hypothesize that the clustering of AChR at
NMIJ may be altéred in o-dystroglycanopathy. To test this
possibility, we investigated the status of miyelination of
peripheral nerve and clustering of AChR at NMJ in the
fukutin-deficient chimeric mice.

Materials and methods

Generation of fukutin-deficient chimeric mice

The design of the fukutin targeting construct and generation of
fukutin-deficient chimeric mice were reported previously (Takeda
et al. 2003). We used mice with more than 80% contribution of
fukutin™ cells judged by chimerism of coat color as fukutin-
deficient chimeric mice and those with 0% contribution as their
control.

© 2007 The Authors

Antibodies

Rabbit polyclonal antibody against 34 amino acids in the C-terminal
domain of human «-DG (DKGGLSAVDAFEIHVHRRPQGDRA-
PARFKAKFVG) was generated and affinity purified (AP1530).
Mouse monoclonal antibody IIH6 against sugar chain of 0-DG and
8D35 against C-terminal domain of B-DG were kindly gifted by Dr
K. P. Campbell (University of Iowa) and the late Dr L. V. B.
Anderson (Newecastle General Hospital), respectively. Mouse
monoclonal antibody 2D9 against laminin o2 chain was kindly
provided by Dr H. Hori (Tokyo Medical and Dental University).
Mouse monoclonal antibody against C-terminal end of dystrophin
(MANDRA 1) and affinity isolated rabbit anti-laminin were
obtained from Sigma (St. Louis, MO, USA). Rabbit polyclonal
antibody against synaptophysin and mouse monoclonal anti-dyst-
robrevin was purchased from Novocastra and BD Biosciences (San
Jose, CA, USA), respectively. Mouse monoclonal antibodies against
agrin, laminin Bl and Bl-integrin (clone MB1.2) were from
Chemicon (Temecula, CA, USA). Mouse monoclonal anti-laminin
vl antibody was purchased from Santa Cruz (Santa Cruz, CA,
USA). FITC- or Cy3-conjugated secondary antibodies were
obtained from the Jackson laboratory (Bar Harbor, ME, USA) and
horseradish peroxidase-labeled secondary antibodies were obtained
from Roche (Basel, Switzerland).

Histopathological, immunohistochemical and electron
microscopic analyses

Histopathological analysis was performed on the fukutin-deficient
chimeric mice and age matched control mice between the ages of
post-natal day 15 and 24 months using standard frozen section, epon
section, and electron microscopic techniques. Immunofiuorescent
microscopic analysis of peripheral nerve and skeletal muscle was
performed as described previously (Michele et al. 2002). To obtain
longitudinal images of NMlJs, sternocleidomastoid muscle was fixed
in 1% paraformaldehyde in PBS for 20 min and incubated with 30%
sucrose overnight. Then, the specimens were cryosectioned at
40 pum thickness, immmunostained and observed using LSM310
confocal microscope (Zeiss, Carl Zeiss, Géttfngen, Germany). For
the detection of NMlIs, tetramethylrhodamine-labeled a-bungaro-
toxin (BTX), Alexa fluor 488-labeled a-BTX (Invitrogen-Molecular
Probes, Carlsbad, CA, USA) or FITC-labeled fasciculin 2 was
employed. Fasciculin 2 (Sigma) was labeled with FITC using
Fluoreporter FITC protein labeling kit (Molecular Probe) according
to the protocol provided by the manufacturer. The density of
myelinated nerve fibers was calculated by counting the number of
myelinated fibers in a spinal root and dividing the number by the
area, using Image] software (NIH, Bethesda, MD, USA). The
density was calculated in 10 roots and the statistical difference was
evaluated by #-test.

In situ ligand overlay assay

Recombinant rat C-terminal agrin (R & D Systems, Minneapolis,
MN, USA) or mouse EHS laminin (Biomedical Technologies Inc.,
Stoughton, MA, USA) was labeled with FITC using Fluoreporter
FITC protein labeling kit (Invitrogen-Molecular Probe). Frozen
quadriceps muscle of fukutin-deficient chimeric mice and control
mice was cryosectioned at 8 pm thickness. After blocking with 3%
BSA in buffer A (10 mmol/L triethanolamine, pH 7.6, 140 mmol/L
NaCl, 1 mmol/L CaCl,, 1 mmol/L MgCl,), the cross sections were
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overlaid with FITC-labeled agrin or laminin in buffer A for 3 h.
Later the specimen were washed with buffer A and observed using
immunofluorescent microscope (Carl Zeiss). In some experiments,
they were double stained with tetramethylrhodamine-labeled
a-BTX.

Immunoblotting, blot overlay and solid-phase binding assays
For biochemical analysis, tissues were isolated and disrupted using
Polytron (Kinematica, Littau-Lucerne, Switzerland) followed by
Dounce homogenization in 50 mmolllL Tris~HCI, pH 7.4,
150 mmollL NaCl, 0.6 pg/mL pepstatin A, 0.5 pg/mL leupeptin,
0.5 pug/mL aprotinin, 0.75 mmol/L benzamidine, and 0.1 mmol/L
PMSF. Afier briefly spinning down debris, the homogenate was
applied to 3-12% SDS-PAGE and resolved under reducing
condition. Immunoblot analysis was performed as described
previously (Michele et al. 2002). Blot overlay assay was performed
as described previously (Michele et al. 2002), using EHS laminin,
human merosin (laminin-2) (Chemicon) and recombinant rat
C-terminal agrin as probes. Anti-agrin antibody (Chemicon) was
used to detect the bound agrin. Solid-phase binding assay was
performed as previously described (Michele et al. 2002).

Results

Myelination of peripheral nerve is defective in
fukutin-deficient chimeric mice

To see if the deficiency of fukutin affects peripheral nerve
architecture, we evaluated cross sections from various nerves
of fukutin-deficient chimeric mice using light microscope. In
the chimeric spinal roots, sciatic nerves and tibial nerves
from post-natal day 15 (P15) to 23 months of age, the
density of myelinated nerve fibers was decreased compared
with control (Figs 1a and b). Morphometric quantification
confirmed significant reduction of myelinated fiber density in
the chimeric mice (Fig. 1c). Remarkably, in the spinal roots
and sciatic nerves of P30 chimeric mice, there were
numerous abnormally pale-staining areas, which consisted
of clusters of densely packed non-myelinated axons (Figs 1d
and e). Moreover, in the spinal roots of the old chimeric mice
(>20 months old), nerve bundles in which myelinated fibers
were strikingly decreased or lost were occasionally observed
(Figs 1f and g).

We performed electron microscopic analysis of peripheral
nerve of the chimeric mice. Because the aforementioned
morphological abnormalities were most prominent in the
spinal roots of old chimeric mice, we analyzed the chimeric
mice of 20-23 months of age. In the spinal roots of the
chimeric mice, non-myelinated axons with abnormally large
caliber were frequently observed (Fig. 2a). Typically, these
non-myelinated axons were larger than 1 um in diameter and
surrounded by much smaller non-myelinated axons. In many
cases, ensheathment of these abnormally large non-myelinated
axons was incomplete and their cytoskeletal structures
were obscure, indicating they were degenerated (Fig. 2a).
Occasionally, Schwann cells that appeared to ensheath
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multiple myelinated axons were observed (Fig. 2b). In the
nerve bundles where severe decrement of myelinated fibers
was observed under light microscope (Figs If and g),
Schwann cells surrounding numerous degenerated axons with
or without myelin or myelin ovoids were found (Fig. 2c).
Many non-myelinated axons were very large in diameter and
their cytoskeletal structures were obscure (Fig. 2¢). In the
Schwann cell cytoplasm, numerous degradated mitochondria
and other cell organelles were accumulated (Fig. 2¢). On the
other hand, the outer membrane of Schwann cells in these
degenerated nerve bundles were normally surrounded by
typical mature basal lamina (Fig. 2d).

Aberrant glycosylation and reduced laminin-binding
activity of a-DG in the peripheral nerve of
fukutin-deficient chimeric mice ‘
To see if the deficiency of fukutin affects the expression of
the components of the DGC in peripheral nerve, we
examined the sciatic nerve of fukutin-deficient chimeric
mice by immunofluorescent microscope. The immunoreac-
tivity of a-DG revealed by antibody against sugar chain
moiety of «-DG (IIH6) was localized to the outermost layer
of myelin sheath in the control mice, whereas the signal was
severely decreased in the chimeric mice (Fig. 3). In sharp
contrast, the immunoreactivity of 0-DG revealed by antibody
against core protein of u-DG (AP1530) was localized to the
outermost layer of myelin sheath in both control and
chimeric mice, and was indistinguishable between them
(Fig. 3). Other components of the DGC, including B-DG,
utrophin, dystrobrevin, and ECM proteins, such as laminin
o2, Bl and vyl chains were all localized to the outer
membrane of myelin sheath or endoneurial basal lamina in
both control and chimeric mice, and their expression was
indistinguishable between them (Fig. 3).

Consistent with these results, immunoblotting with anti-
body against sugar chain moiety of «-DG (ITH6) revealed
severe reduction of immunoreactivity of 120 kD o-DG in the
chimeric sciatic nerve compared with control (Fig. 4a). In
contrast, antibody against core protein of a-DG (AP1530)
demonstrated only slight reduction of 120 kD o-DG in the
chimeric sciatic nerve (Fig. 4a). Interestingly, this antibody
detected an additional band of 80 kD, suggesting that
considerable portion of 0-DG might be aberrantly hypogly-
cosylated and migrate faster in the chimeric sciatic nerve
(Fig. 4a, arrowhead). On the other hand, the expression of B-
DG, laminin B1, vyl chain and Dpll6, a Schwann cell
specific isoform of dystrophin, was indistinguishable be-
tween the control and chimeric mice (Fig. 4a). As sugar
chain structure of a-DG plays an essential role in the binding
of laminin, we assessed the laminin-binding activity of ¢-DG
in sciatic nerve. Blot overlay assay demonstrated that
the binding of laminin-2 to a-DG was greatly reduced in
the chimeric sciatic nerve (Fig. 4b). To further confirm the
reduction of laminin-binding activity in the chimeric sciatic
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nerve, we performed quantitative solid-phase assay. The fotal
laminin-binding activity of chimeric sciatic nerve was
decreased to 20% of control (Fig. 4b).

Preservation of Bl-integrin in the peripheral nerve of
fukutin-deficient chimeric mice

We also analyzed the expression of Pl-integrin, which has
been shown to play a role in peripheral myelination (Feltri
et al. 2002). Immunohistochemical analysis revealed that B1-
integrin was equally localized to the outermost layer of
myelin sheath in both control and chimeric mice (Fig. 5a).
Immunoblot analysis also confirmed that the expression of
Bl-integrin was indistinguishable between the control and
chimeric mice (Fig. 5b).

© 2007 The Authors

Fig. 1 Defects of myelin formation and
radial sorting of axons in the peripheral
nerve of fukutin-deficient chimeric mice. (a
and b) Toluidine blue-stained epon sections
of spinal roots from the post-natal day 15
(P15) control (a) and chimeric mice (b). In
the chimeric nerves, the density of myeli-
nated nerve fibers was decreased com-
pared with control. (¢} Morphometric
quantification revealed significant reduction
of myelinated fiber density in the spinal
roots of P15 chimeric mice. (d and e) In the
roots and sciatic nerves of P30 chimeric
mice, there were numerous abnormally
pale-staining areas, which were clusters of
densely packed non-myeiinated axons. (f
and g) In the spinal roots of old chimeric
mice, nerve bundles in which myelinated
fibers were strikingly decreased or lost,
were occasionally observed. (f) 20-month
old mouse; (g) 23-month old mouse.

Architecture of neuromuscular junction is defective in
fukutin-deficient chimeric mice

To evaluate AChR clustering, quadriceps muscle was
stained with Alexa fluor 488-labeled o-bungarotoxin (o~
BTX), a specific marker for AChR. Interestingly, NMJs of
the chimeric mice were much smaller than control
(Fig. 6a). We also analyzed the en face topology of
NMJ labeled with o-BTX in longitudinal sections of
sternocleidomastoid muscle. In the control mice, the
pattern of AChR staining was smooth and continuous in
appearance (Fig. 6b). On the other hand, NMIJs of the
chimeric mice showed a fragmented and discontinuous
pattern of AChR staining defined by some discrete cups
(Fig. 6b).
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Fig. 2 Ultrastructural abnormalities of peripheral nerve in fukutin-
deficient chimeric mice. Electron microscopic analysis of the spinal
roots was performed using chimeric mice of 20 (a, ¢, d) and 23 (b)
months of age. (a) Non-myelinated axons with abnormally large caliber
were frequently observed. They were surrounded by much smaller
non-myelinated axons. Ensheathment of these abnormally large non-
myelinated axons was incomplete and their cytoskeletal structures
were obscure, indicating that they were degenerated. N: degenerated
large non-myelinated axons. (b) A single Schwann cell appeared
to ensheath multiple myelinated axons and a non-myelinated axon
(arrow). Arrowheads indicate the outer membrane of a Schwann cell.

Control

Fig. 3 Abnormal expression of «-DG in
the peripheral nerve of fukutin-deficient
chimeric mice. Immunohistochemical ana-
lysis revealed that the immunoreactivity for
sugar chain moiety of u-DG recognized by
monoclonal antibody 11H6 was localized to
the outermost layer of myelin sheath in the
control sciatic nerve, whereas the signal
was severely decreased in the chimeric
sciatic nerve. In contrast, the immunoreac-
tivity of «-DG revealed by antibody against
its core protein (AP1530) was localized to
the outermost layer of myelin sheath in both
control and chimeric mice, and was indis-
tinguishable between them. 8-DG, utrophin,
dystrobrevin, laminin o2, 81 or y1 were
normally expressed at the outer membrane
of myelin sheath or endoneurial basal lam-
ina in both control and chimeric sciatic
nerves. UTR, utrophin; LAM, laminin; DB,
dystrobrevin. Scale bar indicates 50 pm.

w-DG
{sugar)
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(c) Schwann cells surrounded many degenerated axons with or with-
out myelin or myelin ovoids. Many of the non-myelinated axons were
very large in diameter and cytoskeletal structures inside of the axons
were obscure. In the Schwann cell cytoplasm, numerous degradated
mitochondria and other cell organelles were accumulated (arrow).
M: degenerated myelinated axons or myelin ovoid, N: degenerated
abnormally large non-myelinated axons, SN: Schwann cell nuclei.
Arrowheads indicate the outer membrane of a Schwann cell. (d) The
Schwann cell outer membrane of degenerated nerve bundles was
normally surrounded by mature basal lamina (arrowhead). Scale bar
indicates 1 um.

Chimera

Control

Chmera
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Fig. 4 Hypoglycosylation and reduced laminin-binding activity of
o-DG in the peripheral nerve of fukutin-deficient chimeric mice. (a)
Immunoblot analysis revealed severe reduction of immunoreactivity of
120 kD «-DG in the chimeric sciatic nerve when probed with 1iH6, an
antibody against sugar chain moiety of o-DG. In contrast, antibody
against core protein of «-DG demonstrated only slight reduction of
120 kD o-DG in the chimeric sciatic nerve, Interestingly, an additional
band of 80 kD was observed (arrowhead), suggesting that consider-
able fraction of a-DG was hypoglycosylated in the chimeric sciatic
nerve. The expression of B-DG, laminin g1, y1 or Dp116 was not
altered. (b) Blot overlay assay demonstrated that the binding activity of
a-DG to laminin-2 was greatly reduced in the chimeric sciatic nerve
(teft). Solid-phase binding assay demonstrated that the binding activity
of o-DG to laminin-2 was quantitatively decreased in the chimeric
sciatic nerve (right). LAM, laminin; O/L, overlay assay.

To see if the deficiency of fukutin affects the expression of
o-DG at NMJ, we performed double immunostaining
analysis using antibodies against o-DG. The immunoreac-
tivity of o-DG with antibody against core protein of a-DG
(AP1530) was localized to the NMJ as well as extrajunc-
tional sarcolemma in both control and chimeric mice
(Fig. 62). When o-DG was probed with antibody against
sugar chain moiety of o-DG (IIH6), the immunostaining of
the NMJ as well as extrajunctional sarcolemma was severely
reduced in the chimeric mice, indicating aberrant glycosy-
lation of 0-DG not only at the extrajunctional sarcolemma
but also NMJ (Fig. 6a).

© 2007 The Authors
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Fig. 5 Preservation of Bi-integrin in the peripheral nerve of fukutin-
deficient chimeric mice. Immunohistochemical analysis revealed that
B1-integrin was equally localized to the outermost layer of myelin
sheath in both control and chimeric mice (a). Immunoblot analysis
confirmed that the expression of Bi-integrin was indistinguishable
between the control and chimeric mice (b). Scale bar indicates 50 pm.
INT, integrin.

Quadriceps muscle was double-stained with a-BTX and
fasciculin 2, which specifically labels acetylcholinesterase
(AChE) (Peng et al. 1999). In the control mice, the labeling
with fasciculin 2 was co-localized with 0-BTX at the NMJ
(Fig. 7a). In the chimeric mice, in contrast, the fasciculin 2
staining of NMJ was much smaller than control, although it
was co-localized with o-BTX (Fig. 7a). Quadriceps muscle
was also double-stained with «-BTX and antibody against
synaptophysin, a marker for pre-synaptic nerve terminal. In
the control mice, the immunoreactivity of synaptophysin was
co-localized with o-BTX at the NMI (Fig. 7b). In the
chimeric mice, in contrast, the synaptophysin staining of
NMJ was much smaller than control, although it was co-
localized with o-BTX (Fig. 7b).

Agrin is not stably expressed and agrin-binding activity
of «-DG is decreased at the neuromuscular junction in
fukutin-deficient chimeric mice

To investigate the mechanism of defective NMJ formation in
the fukutin-deficient chimeric mice, we assessed the expres-
sion of agrin, a key molecule involved in the clustering of
AChR. Immunofluorescent analysis demonstrated that agrin
was expressed at the sarcolemma in the control mice,
whereas its expression was significantly reduced in the
chimeric mice (Fig. 8). Furthermore, agrin was enriched at
the NMJ in the control mice, where it was co-localized with
AChHR as probed by a-BTX (Fig. 8). In sharp contrast, agrin
was not clearly detected at the NMJ in the chimeric mice
(Fig. 8). Apart from agrin, laminin has also been implicated
in the clustering of AChR at the NMJ (Sugiyama et al.
1997). Therefore, we studied the expression of laminin at the
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Fig. 6 Small and fragmented neuromus-

cular junctions (NMJ) in fukutin-deficient

chimeric mice. (a) Double staining of ) o
Control 8

guadriceps muscle with anti-a-DG core
protein (red) and Alexa fluor 488-labeled o-
BTX (green). Chimeric NMJs were small
and fragmented in appearance compared
with control. When o-DG was probed with
antibody against sugar chain moiety of «-
DG (lIH6), immunostaining of the NMJ as
well as extrajunctional sarcolemma was
severely reduced in the chimeric mice.
Scale bar indicates 50 um. (b) Longitudinal
sections of sternocleidomastoid muscle
stained by «-BTX. In the contral mice, the
pattern of AChR staining was smooth and
continuous in appearance. In contrast,
NMJs of the chimeric mice showed a dis-
continuous and fragmented pattern of
AChR staining. Scale bar indicates 10 pm.

sarcolemma and NMIJ. Although laminin was localized to the
NMJ as well as extrajunctional sarcolemma in the control
mice, its expression was severely reduced in these locations
in the chimeric mice.

Next, we evaluated the agrin and laminin-binding activity
of a-DG at the NMJ. First, we overlaid the blots of the total
homogenate of skeletal muscle with agrin or laminin. The
binding of both agrin and laminin to «-DG was greatly
reduced in the chimeric mice compared with control (Figs 9a
and b, left panels). Then, to assess the agrin and laminin-
binding activity of «-DG at the NMJ and extrajunctional
sarcolemma separately, we performed in situ ligand overlay
assay. The cross sections of skeletal muscle were overlaid
with extrinsic agrin or laminin labeled by FITC. The FITC-
labeled agrin bound to both NMJ and extrajunctional
sarcolemma in the control skeletal muscle (Fig. 9a, right
panel). The binding of agrin was stronger at the NMJ than
extrajunctional sarcolemma as revealed by double staining
with o-BTX (Fig. 9a, right panel). In sharp contrast, agrin
bound only weakly to the NMJ and did not significantly bind
to the extrajunctional sarcolemma in the chimeric mice
(Fig. 9a, right panel). We also performed in sifw laminin
overlay assay. When the skeletal muscle was overlaid with
FITC-labeled extrinsic laminin, laminin bound strongly to

the NMJ as well as extrajunctional sarcolemma in the control -

mice (Fig. 9b, right panel). However, laminin did not
significantly bound to the NMJ or extrajunctional sarcolem-
ma in the chimeric mice (Fig. 9b, right panel).

Discussion

In the present study, we have shown the decreased density of
myelinated nerve fibers in the peripheral nerve of fukutin-

© 2007 The Authors
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deficient chimeric mice. This was observed from P15 to
23 months of age. By electron microscopy, numerous non-
myelinated axons with abnormally large caliber were
observed. These large non-myelinated axons were surroun-
ded by small calibered non-myelinated axons and ensheathed
by the same Schwann cell. During the normal development
of peripheral nerve, individual Schwann cells either ensheath
multiple small non-myelinated axons or sort larger axons into
1 :1 relationship, forming a myelinated axon. Typically,
axons with a diameter of 1 um or greater are myelinated
(Peters et al. 1991). In our chimeric mice, however, many
axons larger than 1 um in diameter were left unmyelinated
and ensheathed together with much smaller axons by the
same Schwann cell. These findings indicate that the radial
sorting mechanism is defective in the chimeric mice, In
support of this notion, Schwann cells that appeared to
ensheath multiple myelinated axons were also observed. In
the spinal roots and sciatic nerves of young chimeric mice
(P30), furthermore, large clusters of ‘non-myelinating
Schwann cells were observed.

These findings resembled those reported in dystrophic
mice (dy/dy, dy¥/dy¥), which have mutations in the gene
encoding laminin o2 chain (Sunada er al. 1595). The
defective myelin formation in these mice is characterized
by the clusters of juxtaposed non-myelinated axons, which
are most prominent in the nerve roots (Bradley and Jenkison
1973). Similar clusters of non-myelinated axons were also
observed in the mice with targeted disruption of laminin y1
or laminin o4 chain (Chen and Strickland 2003; Wallquist
et al. 2005; Yang er al. 2005). Interestingly, myodystrophic
mice (myd) and enervated mice (enr), in which mutations of
the Large gene result in the reduction of laminin-binding
activity of skeletal muscle o~DG, exhibit similar defects in
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Fig. 7 Defective expression of acetylcholinesterase and synapto-
physin at the neuromuscular junction (NMJ) of fukutin-deficient chi-
meric mice. (a) Quadriceps muscle was double-stained with
rhodamine-labeled o-BTX (red) and FITC-labeled fasciculin 2 (green),
a marker for AChE. In the control mice, the labeling with fasciculin 2
was co-localized with AChR. In the chimeric mice, the labeling with
fasciculin 2 was much smaller than control, although it was co-locali-
zed with «-BTX staining. (b) Quadriceps muscle was double-stained
with rhodamine-labeled o-BTX (red) and antibody against synapto-
physin (green), a marker for presynaptic nerve terminal. Although the
immunoreactivity of synaptophysin was co-localized with AChR in both
control and chimeric mice, the staining was much smaller in the chi-
meric than control mice. BTX, bungarotoxin; Fas2, fasciculin 2; SYP,
synaptophysin. Scale bar indicates 50 um.

Control

Chimera

Fig. 8 Decreased expression of agrin and laminin at the neuro-
muscular junction (NMJ) in fukutin-deficient chimeric mice. immu-
nohistochemical analysis demonstrated that agrin (red) was
expressed in the sarcolemma in the control mice (a), whereas its
expression was significantly reduced in the chimeric mice (b). Agrin
was enriched at the NMJ of the control mice where it was co-localized
with AChR probed by FITC-labeled «-BTX (green) (c). In contrast,

© 2007 The Authors

radial sorting (Rayburn and Peterson 1978; Kelly et al. 1994,
Levedakou et al. 2005).

In the present study, we have found that the sugar chain
moiety and laminin-binding activity of a~DG were severely
reduced in the peripheral nerve of fukutin-deficient chimeric
mice, suggesting that hypoglycosylation of o—~DG might play
a role in the pathogenesis of the aforementioned phenotype
of the chimeric mice. We have previously demonstrated that
the selective disruption of the DG gene in Schwann cells
results in defective myelination in mice (PO-DG null mice).
However, the hallmarks of the pathological findings of these
mice were somewhat different from those of the fukutin-
deficient chimeric mice, and irregular thickening and exten-
sive folding of myelin sheath of peripheral nerve fibers were
the major findings (Saito et al. 2003). Interestingly, in this
respect, it was proposed that substrates of Large in addition
to o~DG might be involved in the pathogenesis of the
phenotype of myd and enr mice (Levedakou and Popko
2006). At present, target glycoproteins of fukutin, Large and
related glycosyltransferases remain unidentified except o-
DG. Under these circumstances, we analyzed the expression
of Bl-integrin in the chimeric sciatic nerve, because (1) its
ablation has been shown to result in the formation of bundles
of non-myelinated axons (Feltri ez al. 2002) and (2) there is a
possibility that B1-integrin, which is a glycoprotein, could be
a target of fukutin and related glycosyltransferases. However,
we did not find a significant abnormality in its expression,
suggesting that dysfunction of Bl-integrin may not play a
significant role in the pathogenesis of impaired radial sorting
of axons in the fukutin-deficient chimeric mice.

Recently, mutations of the gene encoding L-periaxin, a
Schwann cell cytoplasmic protein that interacts with f-DG
via DRP2, were identified in Charcot-Marie-Tooth disease
type 4F (Boerkoel et al. 2001; Sherman ef al 2001).

agrin was severely reduced in the sarcolemma and not clearly
detected at the NMJ in the chimeric mice (d). Laminin o2 (red) was
localized to the NMJ as well as extrajunctional sarcolemma in the
control mice (e, g). However, its expression was severely reduced at
both NMJ and extrajunctional sarcolemma in the chimeric mice {f, h).
AGR, agrin; BTX, bungarotoxin; LAM, laminin «2. Scale bar indicates
20 pm.
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Fig. 9 Decreased ligand-binding activity
of «-DG at the neuromuscular junction
(NMJ) of fukutin-deficient chimeric mice. (a)
Blot overlay assay demonstrated that the
binding activity of o-DG to agrin was re-
duced in the skeletal muscle of chimeric
mice (left). In situ ligand binding assay

280 -
1506 i

100 ~

showed that FITC-labeled agrin (green) 4,0\ S
bound to both NMJ and extrajunctional
sarcolemma in the control mice. The bind-
ing of agrin was stronger at the NMJ than
extrajunctional sarcolemma as revealed by
double staining with rhodamine-labeled -
BTX (red). In sharp contrast, agrin bound o)
only weakly to the NMJ and did not bind

significantly to the extrajunctional sarco-
lemma in the chimeric mice (right). (b) Blot
overlay assay revealed that the binding
activity of ¢-DG to laminin was reduced in
the skeletal muscle of chimeric mice (left).
FITC-labeled laminin bound strongly to the
NMJ as well as extrajunctional sarcolemma

in the control mice. However, laminin did N
not bind to the NMJ or extrajunctional sar- <&
colemma in the chimeric mice (right). AGR,
agrin; BTX, bungarotoxin; LAM, taminin; O/
L, overlay assay. Scale bar indicates
50 pm.

Peripheral nerve of the patients and its mouse mode]
exhibited hypermyelination and in/out-folding of myelin
sheath as well as demyelination/remyelination, which were
very similar to those observed in the PO-DG null mice
(Gillespie ez al. 2000; Boerkoel ef al. 2001; Guilbot er al.
2001). Taken together, it would be intriguing to postulate that
disruption of the extracellular linkage of DG may lead to the
impaired radial sorting of axons, while disruption of the
cytoplasmic linkage of DG may result in extensive myelin
folding or hypermyelination. The other Intriguing possibility
would be that glycoconjugates other than o-DG and B1-
integrin might be hypoglycosylated in the fukutin-deficient
chimeric mice and that this might lead to the impaired radial
sorting of axons.

In addition to the impaired radial sorting, degradation
of cytoskeletal structure and cell organelles was observed in
the axon and Schwann cell cytoplasm in the older chimeric
mice. These observations suggest that impairment of radial
sorting which occurred during the late embryonic to early
post-natal stages may eventually lead to degeneration of these
cells and result in the formation of abnormal nerve bundles
seen in the old chimeric mice over a long period of time.

In the fukutin-deficient chimeric mice, the architecture of
NMJ was abnormal. The NMJs were fragmented in
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appearance and the normal continnous pattern of AChR
staining was lost. These observations are consistent with
our tecent report of aberrant NMJ in the patients with
FCMD and myd mice (Taniguchi et al 2006). In the
formation of NMJ, agrin derived from motoneurons plays a
cracial role in the clustering of ACHR at the post-synaptic
membrane. The neural agrin activates MuSK, a muscle-
specific receptor tyrosin kinase and leads to the clustering
of AChR (Sanes ef al. 1998; Borges and Ferns 2001). o-
DG was suggested to be involved in this agrin induced
clustering of AChR (Jacobson et al 1998; Kahl and
Campanelli 2003). Apart from agrin, laminin also induces
the clustering of AChR through a MuSK-independent
pathway and DG has been implicated in this process
(Sugtyama et al. 1997; Montanaro ef al 1998; Jacobson
et al. 2001). Furthermore, DG is also known to mediate the
localization of AChE at synaptic basal lamina by interacting
with perlecan (Peng ef al 1998, 1999). Altogether, these
findings suggest that the NMJ fragmentation in the chimeric
mice may be caused by disruption of the linkage between
o-DG and its ligands, agrin and laminin, because of
aberrant glycosylation of a-DG.

To confirm this, we assessed the agrin and laminin-
binding activity of «-DG and the expression of agrin and
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laminin at the NMJ of the chimeric mice. We found that o-
DG was hypoglycosylated at the NMJ of the chimeric mice
as revealed by immunohistochemical analysis using anti-
bodies against the core protein (AP1530) and the sugar
chain moiety (IIH6) of o-DG. Because several distinct o-
DG glycoforms exist in the skeletal muscle and glycosy-
lation of skeletal muscle o-DG is controlled by innervation
(Leschziner et al. 2000; McDearmon et al. 2001), it is also
possible that the glycan structures of a-DG at the NMJ may
differ from those of extrajunctional sarcolemma. Under
these circumstances, it was important to assess the binding
activity of o-DG to agrin or laminin at the NMJ
exclusively. For this purpose, we performed in situ ligand
overlay assay using FITC-labeled agrin or laminin. In the
control mice, the FITC-labeled extrinsic agrin and laminin
bound to the sarcolemma clearly, indicating that the agrin/
laminin-binding sugar chain moieties on a-DG are not fully
occupied or saturated by the intrinsic agrin/laminin in the
basal lamina in vivo. Interestingly, the binding of these
fluorescent extrinsic ligands to the NMJ and extrajunctional
sarcolemma was greatly reduced in the chimeric mice,
indicating that the ligand-binding activity of «-DG was
defective at the NMJ as well as extrajunctional sarcolemma
in the chimeric mice. We also found that the expression of
agrin and laninin was decreased at the NMJ and extrajunc-
tional sarcolemma of the chimeric mice. Defective ligand-
binding activity of a-DG may explain for the decreased
expression of agrin and laninin at the NMJ and extrajunc-
tional sarcolemma of the chimeric mice, because it may
destabilize the proper localization of these ligands in the
basal lamina. Taken together, our results indicate that
disruption of the linkage between o-DG and its ligands
leads to the aberrant clustering of AChR at the NMIJ. In
support of this notion, it was reported recently that the
extracellular domain of o-DG modulates agrin-induced
AChR aggregation in myotubes (Tremblay and Carbonetto
2006).

We have also found that the expression of synaptophysin,
a marker for pre-synaptic nerve terminal, is disturbed at the
NMIJ in the chimeric mice. At present, we do not have
definite explanations for this finding. One possibility is that it
may simply reflect the disturbed NMJ formation in the
chimeric mice. Another intriguing possibility is that it may be
secondary to the defective myelination of peripherall motor
nerve fibers in the chimeric mice.

In conclusion, we have demonstrated that fukutin plays a
crucial role in the myelination of peripheral nerve and
formation of NMJ. We propose that these effects of fukutin
are at least partially exerted by regulating the sugar chain
structure of o-DG involved in the interaction with laminin
and agrin. It would be interesting, in the future, to evaluate
the status of peripheral nerve and NMJ in the patients with a-
dystroglycanopathies and to clarify the roles of their defects
in the expression of the phenotype of theses disorders.

© 2007 The Authors
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Abstract

Facioscapulohumeral muscular dystrophy (FSHD) is a common muscular disorder, but clinical and genetic complications make its
diagnosis difficult. Southern blot analysis detects a smaller sized EcoRI fragment on chromosome 4q35 in most facioscapulohumeral
muscular dystrophy patients, that contains integral number of 3.3-kb tandem repeats known as D4Z4. The prob]ems for the genetic diagnosis
are that southern blotting for facioscapulohumeral muscular dystrophy is quite laborious and time-consuming, and the D474 number is only
estimated from the size of the fragment. We developed a more simplified diagnostic method using a long polymerase chain reaction (PCR)
amplification technique. Successful amplification was achieved in all facioscapulohumeral muscular dystrophy patients with an EcoRI
fragment size ranging from 10 to 25 kb, and each patient had a specific polymerase chain reaction product which corresponded to the size
calculated from the number of D4Z4. Using southern blot analysis, more than 90% of facioscapulohumeral muscular dystrophy patients have
a smaller EcoRI fragment than 26 kb in our series, and the number of D4Z4 repeats is precisely counted by this polymerase chain reaction
method. We conclude that this long polymerase chain reaction method can be used as an accurate genetic screening technique for

facioscapulohumeral muscular dystrophy patients.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Facioscapulohumeral muscular dystrophy (FSHD) is a
common autosomal dominant muscular disorder character-
ized by its distinct clinical presentation. It often involves
weakness and atrophy of facial muscles, followed by
shoulder-girdle, the scapula fixators, and the upper arm
muscles. Subsequently, pelvic girdle and lower limbs are also
affected. About 20% of the patients eventually become
wheelchair-bound by 40 years of age [1]. Difficulties of
whistling, eye closure, or arm raising are common initial
symptoms. Prominent scapular winging and horizontally
positioned clavicles are also observed. Facial or shoulder
girdle weakness usually appears during adolescence, but
signs may be apparent on examination even in early
childhood. Asymmetry of muscle involvement is often
observed in apparently affected patients, but this is unrelated

* Corresponding author. Tel.: 481 42 341 2712; fax: +81 42 346 1742.
E-mail address: hayasi_y@ncnp.go.jp (Y.K. Bayashi).

0960-8966/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
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to handedness [2]. Weakness is relatively mild and the
progression is usually slow with frequent association of
subclinical hearing loss and retinal vasculopathy. The
clinical diagnosis of FSHD is sometimes difficult because
the onset of illness and the phenotypic expression is
extremely variable, both within and between families [3,4].

The gene locus for FSHD has been identified on
chromosome 4q35 wherein an array of tandem repeat
units is located. Each repeat is a 3.3-kb Kpnl digestable
fragment designated as D4Z4 (Fig. 1) [5-7]. The disease is
usually associated with a deletion of this repeated region,
however the responsible gene has not yet been identified,
and the underlying molecular mechanism is still enigmatic.
Southern blot analysis using the probe p13E-11 (D4F104S1)
[6] is usually performed in the genetic diagnosis of FSHD.
Normal individuals have EcoRI digested fragments contain-
ing D474 repeats which varies from 40 kb to more than
300 kb in size, however, most of the FSHD patients have a
smaller sized fragment from 10 to 35kb. The clinical
severity is often correlated to the fragment size, and patients
with the smallest EcoRI fragment show very early onset and
can be associated with epilepsy and mental retardation [8,9].
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Fig. 1. A schematic diagram of the FSHD gene region on chromosome 4q35 showing the relative locations of primers and the probes used in this study. The
primer set has been designed in the non-repeated region, and is expected to produce a 5.2 kb PCR amplified product when template genomic DNA contains one
DA4Z4 repeat. Cen, centromeric side of the gene; ter, telomeric side of gene; E, EcoRI; B, BInL; K, Kpnl; S, Sall.

Presently, the accuracy of the molecular diagnosis for
FHSD using southern blotis up to98% [10], however, several
factors make this method cumbersome, and more than a
week-length of time is required to obtain the results. In the
conventional southern blotting method, it is difficult to
resolve fragment size over 50 kb, and pulsed-field gel
electrophoresis (PFGE) is sometimes taken together to
increase resolution. Somatic and germline mosaicism is
frequently observed in which more than three different sized
EcoRI fragments on chromosome 4q are identified [11,12].
Furthermore, homologous 3.3-kb repeat-like sequences are
also identified on many other chromosomes such as
chromosomes Y and 3p [13,14]. In addition, chromosome
10926 also contains 3.3-kb Kpnl digestable tandem repeats
with 98% nucleotide identity to D4Z4 on chromosome 4
[15,16]. Consequently, there is a high incidence of inter-
chromosomal exchange between 4935 and 10q26, which is
observed in about 20% of normal individuals [17,18]. In
southern blot analysis, the probe p13E-11 used is not specific
only to recognize EcoRI fragment from chromosome 4q but
can also identify EcoRI fragment on chromosomes 10g26 and
Y. This would require double restriction enzyme digestion
using EcoRI and Bnl to be performed to distinguish 4¢35-
derived D474 (Binl-resistant) from 10g26-derived repeated
units (BinI-sensitive) [19]. From these complexities, there is
an urgent need to develop a more simplified and reliable
method for the diagnosis of FSHD.

Here, we introduce a new method to count the numbers
of D4Z4 repeats on chromosome 4q35 by using long PCR
amplification, which is quite useful for the rapid and
accurate genetic diagnosis of FSHD.

2. Materials and methods

All clinical materials used in this study were acquired
with informed consent. One hundred and five patients with a
4q-linked small EcoRI fragment from 10 to 35 kb (Table 3),

and seven healthy individuals were examined. Genomic
DNA was carefully and gently extracted from blood
lymphocytes using a standard method. Southern blot
analysis using the probe pl13E-11 was performed as
previously described [12].

For a long PCR amplification, a 50 pl reaction mixture
was used. This mixture contains 400-600 ng of genomic
DNA, 25 pl of 2 X GC Buffer I (TAKARA BIO INC. Japan),
7.5 w1 dATP/dTTP/ACTP mixtre (10 mM each), 2.5 pl
dGTP/7-deaza-dGTP mix (2:3), 1 pl (10 pM/pl) of each
primers, and 0.5 pl (5 U/ul) LA Taq HS (TAKARA BIO).
The primers were designed based on the human genomic
sequences from GenBank (Accession Numbers D38025 and
U74497). The primer sequences are F: 3'-GGCCAGAGTTT-
GAATATACTGTGGTCATCTCTGCTCCAG-5', R: 3'-
CAGGGGATATTGTGACATATCTCTGCACTCATC.
Amplification was performed using GeneAmp PCR System
9700 (PerkinElmer Japan Co., Ltd, J apan) with the following
conditions; 1 min at 94 °C for the initial denaturation,
followed by 10 cycles of 10 s at 98 °C and 20 min at 64 °C,
and an additional 23 cycles of 10s at 98 °C, 20 min with
autoextension of 20 s per cycle at 64 °C, and 10 min at 72 °C
for final elongation. The PCR products were separated by
electrophoresis using 0.4% SeaKem HGT agarose gel (FMC
BioProducts, ME) in 1X TAE with 0.5 pg/ml ethidium
bromide at 3 h. High Molecular Weight DNA Marker (8.3~
48.5 kb) (Invitrogen Japan K K., Japan) and 1 kb plus ladder
(Invitrogen) were used. The number of the 3.3 kb Kpnl
repeated units in the FSHD gene region was calculated by the
sequence data from GenBank (Accession Numbers D3 8024,
D38025, and U74497).

In order to ascertain the specificity of the amplified
products, we transferred the gels to Hybond N (Amersham
Biosciences, Japan) and overnight hybridization at 65 °C
was performed with the 3?P-labeled probes of p13E-11 and
pMAI13 (1.3 kb Stul fragment within a D474 unit). The
membrane was washed in a stringency of 2X SSC/0.1%
SDS for 20min at 65°C for two times, followed by
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Table 1
Comparison of long PCR and southern blot (SB) analyses
PCR SB
Template DNA (ng) 04 40
Enzyme digestion No EcoR1, Binl

Gel size, concentration 11X14cm, 04% 20X20cm, 0.3%

Required time (h)

PCR 11 0
Electrophoresis 3 68
Transfer 0 18
Hybridization 0 18
Detection EB R1
Total time required <1 day 7-10 days
Accuracy (%) 90.1* 98 [10]

EB, ethidium bromide; RI, radio isotope.
* Estimated from the distribution of FcoRI fragment size in our series as
described in Table 2.

autoradiography for 2h using BAS2500 image analyzer
(Fiji Photo Film, Japan).

3. Results

Table 1 shows the comparison of our newly developed
long PCR method and the conventional southem blot
analysis. This long PCR method is quite simple, requiring
only a small amount of genomic DNA (1/100 of the quantity
for southern blotting) and results are rapidly acquired
overnight.

The long PCR method amplified five different sized
products of 5.2, 8.5, 11.8, 15.1 and 18.4kb which

(a)
M123545678910M

Repeat

L
w
-

N, Size ()
5 (sS4
4 Q51)
3 (18)

233

162

corresponded to the calculated size from the sequence data
of the FSHD region containing one to five D474 repeats,
respectively (Fig. 2a, Table 3). These PCR products were not
digested by Binl, and were exclusively hybridized by the two
probes of p13E-11 and pMA13 (data not shown). The same
PCR method was performed on 10 individuals with a small
EcoRI fragment (from 10 to 25 kb) on chromosome 10q26
but no amplified product was identified (data not shown).

Table 2 shows the distribution of the size of small EcoR1
fragment on chromosome 4q of 263 FSHD families in our
series. Table 3 shows the size of the PCR products, the
calculated size of the EcoRI fragment, the range of the
fragment size detected by southern blot analysis, and
number of the patients. A 5.2 kb PCR product that contains
one D474 repeat was observed in eight patients with a
EcoRI fragment from 10 to 11kb. Sequence analysis
confirmed that this 5.2kb fragment contains one D474
repeat on chromosome 4q35. An 8.5 kb band corresponding
to the size with two D4Z4 repeated units was detected in 23
patients with 13-17 kb EcoRI fragment. An 11.8 kb product
(three D474 repeats) was seen in 26 patients with 16-19 kb
fragment, a 15.1 kb fragment (four D4Z4 repeats) was seen
in 24 patients with 18-22kb fragment, and a 18.4kb
product (five D4Z4 repeats) was observed in six patients
with 23-25kb EcoRI fragment. The PCR products were
amplified from all 87 DNA samples of the patients with an
EcoRI fragment of 25 kb or less. However, DNA from
normal individuals and FSHD patients with larger (226 kb)
EcoRI fragments were not successfully amplified/detected
by this long PCR method.

1 a

4 5 6 7 8 9 10

Fig. 2. Long PCR amplification and conventional southern blot analysis using genomic DNA from FHSD patients. (a) A 5.2 kb PCR product was detected on
two patients with an EcoRI fragment of 10-kb (lane 1), or 11-kb (lane 2) as interpreted from our previous southern blot study. An 8.5-kb band was detected from
two patients with a 13-kb (lane 3) or a 14-kb (lane 4) fragment, an 11.8-kb product from two patients with a 16-kb (lane 6) or a 17-kb (lane 7) fragment, a 15.1-
kb product from a 20 or a 22 kb fragment, and an 18.4 kb fragment was identified from patients with a 24 and a 25 kb EcoRI fragment. These PCR products
correspond to the size containing one to five D4Z4 repeated units. (b) Southern blot analysis using the same 10 samples in (a). The samples with the same size
of the PCR products showed no difference of the EcoRI fragment size, although variable fragment size was previously interpreted.
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Distribution of EcoRI fragment size on chromosome 4q of 263 families in our series
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EcoRI fragments of <26 kb (dot line) can be amplified by long PCR analysis.

Estimated fragment size from the previous southern blot
was not identical among the patients with same numbers of
D474 repeats. To determine the inter-individual variability
of the fragment size, conventional southern blot analysis
was repeated simultaneously. Notably, after the repeated
southern blot technique, the EcoRI fragment size was
similar when the D4Z4 number was the same and this result
was consistent with the calculated size (Fig. 2b).

4. Discussions

In this study, we have successfully developed a new
method for rapid and specific diagnosis of FSHD by
counting the number of D4Z4 repeats via a long PCR
amplification technique. This long PCR method can
specifically amplify the repeated region from chromosome

Table 3

Comparison of the results of long PCR and southern blot (SB) analysis

Number PCR Calculated Range of Number of

of D474 product  size of EcoRI EcoR1 patients

repeats size (kb)  fragment (kb) fragment by  examined by
SB (kb) PCR

1 52 10.2 10-11 8

2 8.5 13.5 13-17 23

3 11.8 16.8 16-19 26

4 15.1 20.1 18-22 24

5 184 234 23-25 6

6 217 26.7

7 25 30 26-35 18

8 283 333 (No

9 316 36.6 amplification)

4qup to 18.4 kb in size and countable from one to five D474
repeated units.

D4ZA repeat has highly GC-rich sequence up to 73%
[20]. Difficulties in PCR amplification often arise when GC
content of the template DNA exceeds 50%. This difficulty in
PCR amplification was overcame in our study by using
thermo-stable long accurate Tagq, 7-deaza-dGTP, and a
higher denaturing temperature (98 °C) followed by a
relatively higher annealing/extension temperature (64 °C)
for 20 min with autoextension of 20 s per cycle. Therefore
73% of GC-containing repeated region of more than 18 kb
in size was amplified with ease. The specificity of each PCR
amplified product was ascertained by several ways. First,
both probes (p13E-11 and pMA-13) that were used in the
hybridization of the PCR products exclusively recognize
fragments containing D4Z4 repeats. Second, the restriction
enzyme Blnl did not digest the amplified fragments and
confirmed that the product is apparently different from the
repeats derived from chromosome 10926, wherein 98%
homologous Kpnl repeated units and franking sequences are
known. Third, this long PCR method did not amplify Kpnl
repeats from 10q26 even though the only difference is one
different nucleotide from each of the primer region on 4q35.
We also designed 10g-specific primer set and confirmed that
only the 10g-derived repeats could be amplified by using
this primer set.

The diagnosis of FSHD is sometimes difficult. Clinical
symptoms and severity are quite variable between the
patients even within the same family. Up to date, genetic
diagnosis of FSHD is solely depended on the southern blot
analysis since no responsible gene is yet identified within
the candidate region. However, such procedure requires a
large amount of DNA and would necessitate at least a week-
time period to produce results. The requirement for such
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amount of time for analysis dwells on the complexity of the
experimental protocols in detecting the various fragments,
the sizes ranging from 10 to 300kb, as well as the
determination of the existence of homologous regions on
the other chromosomes. Determination of the size of EcoRI
fragment is important since it is usually correlated to the
clinical severity. However, identification of the precise
fragment size is often difficult in the conventional southern
blotting, since only very low concentrated gels of 0.3% is
used to detect large sized fragment, and even minor changes
in the experimental conditions would produce different
results. In fact, in our very own series, DNA samples
containing the same number of D474 repeats showed the
same EcoRI fragment size on one membrane although the
estimated size in our previous analysis detected by different
membranes were variable. Therefore, the number of D474
units estimated from the EcoRl fragment size using
Southern blotting could be misinterpreted from its actual
number. From the result of the long PCR analysis, we
concluded that the number of D474 is countable from the
size of PCR products, and the deletion of the FSHD region is
certainly caused by the deleted integral number of D4Z4.

The number of D4Z4 is specifically countable up to
five, which corresponds to the estimated EcoRI fragment of
10-25 kb in size. When no amplified product was obtained,
southern blot analysis is required. In our series, 9.9% of the
4q-linked small EcoRI fragments have 26-35 kb as shown
in Table 2, but the percentage may be greater in other
countries. In the cases having deletion of pl13E-11, no
product can be obtained in this PCR analysis, since the
forward primer is designed within this region. However,
considering the complexity of the southern blot technique,
this long PCR analysis is useful for the initial screening of
the FSHD patients, and also the genetic test for the other
family members with a known D474 repeat numbers from 1
to 5 in an index patient. Obtaining accurate results rapidly is
always beneficial for the patient, especially during prenatal
test. From the economical point of view, PCR analysis is
also beneficial since it costs 1/30-40 for the southern blot
analysis.

Both primer sequences we used in this study are 4qg-
specific, and can amplify fragments even those with zero
D474 repeat, if any, producing an estimated 1.9-kb product.
We also designed a primer set that can specifically amplify
the repeated region on chromosome 10q. Theoretically, by
using several combinations of these primers, we should be
able to distinguish rare cases with short hybrid repeats on 4q
or non-FSHD Binl-resistant fragments on 10q. We
concluded that the long PCR method could be used as an
accurate genetic screening technique for FSHD.
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