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Fig. 2. Wnt10a is localized in the apical ecto-
dermal ridge (AER) in chick and mouse em-
bryos. A-l: Chicken embryo. J-L: Mouse em-
bryo. A,B: Expression of Wnt10a at stage (St.)
10 (A) and 12 (B), respectively. Dorsal view of
the whole embryo. The expression is observed
broadly in the surface ectoderm and strongly in
the surface ectoderm along the neural folds of
the closing neural tube (A, arrowheads) and
around the tail bud (B, arrowhead). C: Expres-
sion of Wnt10a at stage 15. A cross-section at
a prospective forelimb level, showing dorsal on
the top. The expression is observed in the sur-
face ectoderm overlying the lateral plate meso-
derm. D,E: Expression of Wnt10a and Wnt3a,
respectively, at stage 16. E: Wnt3a is also ex-
pressed in the dorsal neural tube. Lateral view
of the prospective forelimb region, showing
dorsal on the left. F,G: Expression of Wnt10a
and Fgf8, respectively, at stage 18. Wnt10a
expression becomes strong at the region be-
tween arrowheads. Lateral view of the forelimb
and the trunk regions. H,l: Expression of
Wnt10a and Fgf8, respectively, at stage 21.
Lateral view of the forelimb. H, window: A
cross-section through the AER. H: Wnt10a ex-
pression is observed in the AER and weakly in
the nonridge ectoderm (arrowheads) but is not
detected in the limb mesenchyme (window).
J,K: Expression of Wnt70a at 10.5 days post
coitum. Wnt10a expression is localized in the
forelimb and hindlimb AER (arrowheads). J:
Lateral view of the whole embryo. Ventral view
of the forelimb bud. K: Dorsal on the right. L:
Expression of Wnt10a at 11.5 days post coitum.
Ventral view of the forelimb bud. Dorsal on the
right.

Fig. 3. Wnt10a can induce ectopic Fgf8 expres-
sion and activate the Wnt/B-catenin signaling.
A-F: Misexpression of chick Wnt10a (cWnt10a,
A-C) or mouse Wnt3a (mWnt3a, D-F) using rep-
lication-competent retroviral vector in the de-
veloping chick limb bud. Expression of Fgf8 in
the injected limb bud. Dorsal is on the left. In
cWnt10a misexpression, ectopic Fgf8 expres-
sion is observed in the ectoderm lateral to the
apical ectodermal ridge (AER,A,B) or distant to
the AER (C, 8/13), as well as in mWnt3a misex-
pression (D-F). G: Western blot analysis of
B-catenin in the cytoplasmic and membrane
fractions of chicken embryonic fibroblasts
(CEFs), expressing excess Wnt proteins. Cyto-
plasmic B-catenin levels are elevated in CEFs
overexpressing chicken Wnt10a and mouse
Whnt3a, compared with in those overexpressing
chicken Wnt5a and control CEFs. Left, position
of a molecular weight marker protein. ¢10a,
chicken Wntf10a; m3a, mouse Wnt3a; c5a,
chicken Wnt5a; (—), control CEFs alone. H-J:
Detection of nuclear B-catenin on CEFs ex-
pressing Wnts. H,I: In Wnt10a (H) or mouse
Wnt3a (I} misexpression, B-catenin (green) is
observed in the nucleus (red) in addition to ac-
cumulated cytoplasmic B-catenin. The arrow-
heads indicate the areas of B-catenin and nu-
cleus colocalization (yellow). J: In contrast,
B-catenin is undetectable in the nucleus in con-
trol CEFs.
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Wntl10a Induces Ectopic Fgf8
Expression in the Chick
Limb Bud

During AER formation, Wnt10a sig-
nals were first detected intensely in
the surface ectoderm of the presump-
tive limb field, and subsequently in
the AER, suggesting that Wnt10a is
involved in AER formation during
chick limb development. To test this
possibility, we carried out Wnt10a
misexpression studies in the chick
limb bud using the replication-compe-
tent retroviral vector (RCAS). RCAS-
Wntl0a viruses were injected into the
presumptive limb field of stage 11-13
embryos. Exogenous Wntl0a was
misexpressed in the developing limb
bud and led to ectopic Fgf8 expression
in the limb ectoderm adjacent or dis-
tant to the AER (Fig. 3A-C, 8/13).
Similar results were obtained by
misexpressing mouse Wnt3a in the
chick limb bud (Fig. 3D-F).

Wntl0a Activates the Wnt/p-
Catenin Signaling Pathway

The B-catenin signaling is known to be
critical for AER formation during ver-
tebrate limb development. To test
whether Wntl0a can activate the
B-catenin signaling pathway, we ex-
amined accumulation of cytoplasmic
B-catenin in chicken embryonic fibro-
blasts (CEFs). Overexpression of
Wntl10a triggered an increase in cyto-
plasmic B-catenin levels, compared
with the control (Fig. 3G). The in-
creasing levels of B-catenin induced by
Wntl0a were approximately equal to
those induced by mouse Wnt3a (Fig.
3G). Wntba, which does not activate
B-catenin signaling, did not accumu-
late pB-catenin in CEFs, as previously
reported (Shimizu et al, 1997
Kawakami et al., 2001).

Cytoplasmic B-catenin is translo-
cated into the nucleus and in associa-
tion with LEF/TCF transcriptional
factors regulates transcription of the
target genes. We examined whether
Wntl0a promoted translocation of
B-catenin into the nucleus. RCAS con-
structs were transfected into CEFs,
and then anti—B-catenin antibody and
propidium iodide were added to detect
B-catenin protein and the nucleus, re-
spectively. Distributions of B-catenin
protein (green) and the nucleus (red)

into the cells were analyzed using a
confocal laser-scanning microscope. In
CEFs expressing Wntl0a or mouse
Wnt3a, B-catenin protein was detected
within the nucleus (yellow, Fig. 3H,I,
arrowheads). In contrast, no B-catenin
protein was detected within the nu-
cleus in control CEFs (Fig. 3J). These
results indicated that WntlOa acti-
vated the B-catenin signaling path-
way in AER formation.

DISCUSSION

In this study, we isolated the Wnt10a
gene in chicken embryo and identified
Wnt10a expression pattern in both
chicken and mouse embryos (Figs. 1,
2). We also found that Wntl0a pro-
motes cytoplasmic accumulation and
nuclear distribution of 8-catenin (Fig.
3G-J), indicating that it triggers the
B-catenin signaling pathway. We
showed that WntI0a misexpression
leads to ectopic Fgf8 expression (Fig.
3A-C). We also discussed the roles of
Wnt10a in AER formation in the chick
and mouse.

Wntl0a and Wnt3a in
Chicken Embryo

Wnts and Fgfs play a key role in the
genetic cascade that controls limb
development. First, Wnt2b/8c¢ is ex-
pressed in the lateral plate meso-
derm of the presumptive limb fields
and induces Fgf10 expression in the
lateral mesoderm (Kawakami et al.,
2001). Fgf10 induces Wnt3a expres-
sion in the overlying ectoderm
(Kawakami et al.,, 2001). Then,
Wnt3a promotes Fgf8 expression in
the surface ectoderm, which main-
tains Fgf10 expression in the under-
lying mesenchyme (Ohuchi et al.,
1997a; Kengaku et al., 1998).

We found that Wnt10a expression
started with the same timing as
Wnt3a. Although we tested whether
Wnt10a expression is induced by the
implantation of cells expressing Fgfl10
in the flank region, Wnt10a was not
detected after 24 hr (data not shown).
Wnt3a induction, on the other hand,
was observed after 24 hr (data not
shown). Therefore, Wnt10a expression
may be regulated directly by a more-
upstream factor such as Wnt2b/8¢ or
Thx5/4, which is involved in induction

of the forelimb/hindlimb (Kawakami
et al.,, 2001; Takeuchi et al., 2003).

On the basis of an analysis of its
overexpression and expression pat-
terns, Wnt3a is considered a candi-
date of AER inducers, because mouse
Wnt3a was able to induce ectopic Fgf8
expression when misexpressed in the
chick limb bud (Kengaku et al., 1998).
Wnt10a as well as Wni3a leads to ec-
topic Fgf8 expression. During AER
formation, Wntl0a expression over-
laps that of Wnt3a. Wntl0a expres-
sion becomes strong in the presump-
tive limb ectoderm at stage 16 before
Fgf8 expression. Wnt3a expression is
first detected in the region at stage 16
(Kengaku et al., 1997). The expression
of Wnt10a and Wnt3a is maintained
until stage 27. However, there is a
difference in the duration of Wntl0a
and Wnt3a expression in the AER. Al-
though Wnt10a expression continues
until stage 32, Wnt3a expression be-
comes undetectable at stage 29. In ad-
dition, WntI0a is not expressed in the
dorsal neural tube, proximal otic ves-
icle, and feather buds, whereas Wnt3a
is detected in these regions (Hollyday
et al., 1995; Chang et al., 2004). These
observations suggest that Wntl0a
function is redundant with that of
Wnt3a in induction of Fgf8 expres-
sion.

Wntl10a and Wnt3 in Mouse
Embryo

Mouse Wnt3, an AER inducer, is ex-
pressed ubiquitously in the limb ecto-
derm (Parr et al., 1993; Barrow et al.,
2003). Because the AER is localized at
the dorsal-ventral border, this means
that other Wnt members and/or more
factors, such as bone morphogenetic
protein signaling molecules, are also
involved in AER formation (Barrow et
al., 2003; Soshnikova et al., 2003).
Wnt10a expression is localized in de-
veloping AER in both mice and chick-
ens. In addition, overexpression of
mouse Wntl0a led to ectopic Fgf8 ex-
pression in chicken embryos (data not
shown). These data suggest that
Wntl0a is also involved in AER for-
mation. To elucidate the role of
Wntl0a in AER formation, analysis of
the targeted disruption of the Wnt10a
gene in mice is needed.
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EXPERIMENTAL
PROCEDURES

Chicken Embryos

Fertilized chicken eggs were incu-
bated at 38°C. The embryos were
staged according to Hamburger and
Hamilton (1951). Chicken embryo fi-
broblasts were cultured in Dulbecco’s
modified Eagle medium (D-MEM) con-
taining 2% fetal bovine serum (FBS)
and 1% chicken serum.

Cloning of Chicken Wnti0a

To isolate chicken Wnt10a cDNA, we
first screened genomic libraries using
mouse Wnt10a as a probe. To isolate
full-length ¢cDNA, we performed 5'-
RACE (Invitrogen). The sequence was
determined and deposited to the Gen-
Bank/DDBJ with the accession num-
ber AB177400.

Plasmid Constructions

To carry out misexpression in CEFs
and in the developing limb bud, the
full coding regions of chicken Wnit10a
and mouse Wnt3a were subcloned into
RCAS L14 or L44 (Kawakami et al.,
1996). The RCAS construct for
chicken Wnt5a has been reported pre-
viously (Kawakami et al., 1999).

In Situ Hybridization

A plasmid containing the entire cod-
ing region of chicken Wnt10a was di-
gested with Nsil followed by blunting
and was transcribed with T3 RNA
polymerase to prepare the antisense
probe. Antisense RNA probes for
chicken Fgf8 (Ohuchi et al., 1997b)
and chicken Wni3a (Kawakami et al.,
2000) had been synthesized previ-
ously. Embryos were fixed in 4% para-
formaldehyde (PFA) in PBS at 4°C
overnight and dehydrated in ethanol.
Whole-mount in situ hybridization
was performed, as described previ-
ously (Kawakami et al., 1996).
Stained embryos were embedded in
0.5% gelatin/30% albumin and sec-
tioned with a Vibratome at 3050 pm.

Western Analysis

Cytoplasmic B-catenin accumulation
assay was carried out using a method
previously described (Shimizu et al.,
1997; Kawakami et al., 2001). CEFs

were transfected with the RCAS con-
structs. Samples containing 50 pg of
total protein were subjected to electro-
phoresis through sodium dodecyl sul-
fate-polyacrylamide (7.5%) gels. The
primary antibody against f-catenin
(BD Transduction Lab.) was used at a
dilution of 1:2,000. The protein was
detected using the ECL Plus System
(Amersham Pharmacia Biotech) with
a 1/10 dilution of the reagent mixture.

Detection of Nuclear
$-Catenin

CEFs were transfected with the RCAS
constructs and cultured on cover
glasses until the cultures became con-
fluent. After fixation in 4% PFA in
PBS at room temperature for 15 min,
cells were treated with 50% methanol
in PBS at 4°C for 5 min. After incuba-
tion with 20 pg/ml RNase A in PBS at
37°C for 30 min, cells were treated
with 1% bovine serum albumin in PBS
at room temperature for 60 min. The
primary antibody against B-catenin
(BD Transduction Lab.) was used at a
dilution of 1:2,000 at 4°C overnight.
The secondary antibody (fluorescein
isothiocyanate conjugate) against
mouse-IgG was used at a dilution of
1:1,000 at room temperature for 60
min. The nuclei were stained with 50
p.g/ml propidium iodide at room tem-
perature for 2 min. The cells were ob-
served using a confocal laser-scanning
microscope.

Misexpression in Chick Limb
Buds

Preparation of the retroviruses bear-
ing the Wnt genes was performed ac-
cording to the method of Fekete and
Cepko (1993). The RCAS construct
was transfected into DF-1 cells
(ATCC; #CRL-12203) using Lipo-
fectamine 2000 (Invitrogen). Cells
were grown in the culture medium
(5% FBS and 1% chicken serum in
D-MEM). After confluence in a 15-cm
culture dish, the medium was re-
placed with 20 ml of fresh medium
(2% FBS and 0.5% chicken serum in
D-MEM). On the next day, the me-
dium was harvested and replaced.
The medium was pooled after four re-
placements. To concentrate the virus
particles in the culture medium, the
medium was centrifuged at 4°C for 10

min at 3,000 X g. The supernatant
was filtered through a membrane with
a pore size of 0.45 pm (Whatmann;
6896-2504). After the medium was
centrifuged again at 4°C for 3 hr at
70,000 X g, the major part of the me-
dium was discarded by decantation
and the virus particles in the bottom
pellet were resuspended in a small
volume of the remaining medium (ap-
proximately 200 pl). The final titer of
the virus was usually 180- to 240-fold
concentration.

Virus infection was carried out us-
ing Line M, retrovirus-free, fertilized
chicken eggs (Nisseiken). The retrovi-
rus was injected into the presumptive
limb fields on the right side of stage
10-13 embryos. After 1.5-2 days of
reincubation, the embryos were fixed
in 4% PFA in PBS and the gene ex-
pression pattern was determined us-
ing in situ hybridization.
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Expression Pattern of the Wnt Family During Orofacial Development
in the Chicken Embryo
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The expression pattern of the secretion glycoprotein Wnt family during orofacial development
in the chicken embryo was observed by in situ hybridization. From among the 19 members of the
Wnt family, Wnt-3a, Wnt-5a, Wnt-10a, and Wnt-11 were expressed in the processes during
orofacial development in the embryo. Wnt-5a was strongly expressed in the mesenchymal cells in
the distal region of the facial processes. Expression of Wnt-11was restricted to the region where

. the processes fuse with each other at later stage. Wnt-3a and Wnt-10a were expressed broadly in
the surface ectoderm of the processes. These spatio-temporal expression patterns suggest that

these Wnt proteins play important roles in skeletal and muscular differentiation.(Accepted on
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Fig. 1. Facial prominences of the chicken embryo.
(A) Frontal view. (B) Side view. Abbreviations : MXP,
maxillary prominence ; MDP, mandibular prominence ;
FNP, frontonasal prominence ; LNP, lateral nasal promi-
nence ; MNP, medial nasal prominence.
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1. Wnt-ha
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Z\» (Fig. 2A, B).
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THREZ SR X D, Wnt-5a O FEE
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WidA LN eWnWZ L35 Hh 5 (Fig 2F).
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2. Wnt-11
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w5 (Fig. 3A, B).
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LTw5 (Fig. 3C, D). Stage 26/ 5k
BBIUCTEEREZSCUH LD, Wi-111d,
EHERE L THREREOEFROMFIHICTH C 5
BLTwa, —7F, LE GHEE) TORBA,
A b (Fig. 3F).

X HIZEEEAHEFT L stage 28124 B &, BB
mER ORI, HEL TS (Fig. E).

3. Wnt-3a B L F Wnt-10a
mEE Y, HEEmTELIGAREY B L TEE
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Fig. 2. Expression of the Wnt-5a gene in the facial prominence of the chicken embryo.
(A, B) Frontal view (A) and side view (B) of a day 4 (stage 23) embryo. (C, D) Frontal view (C) and side view (D) of a
day 5 (stage 25) embryo. (E) Frontal view of a day 6 (stage 28) embryo. (F) Frontal section of a day 5 (stage 26) embryo
after Nuclear fast red staining. (X 20). (A-D) Wnt-5a is expressed in the frontonasal prominences (white arrows), the
maxillary prominences (black arrows) and the mandibular prominences (black arrowheads) of embryos at stages 23 to 25.
(E) Wnt-5a expression decreases in the distal region of the maxillary and mandibular prominences at stage 28 embryo,
while strong expression continues at the tip of the frontonasal prominence. (F) Wnt-5a is expressed in mesenchymal cells
of the maxillary and mandibular prominences, but not in the surface ectoderm.

RIZBWTHWRBTM 2 EIIE 2w, WE 2
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Fig. 3. Expression of the Wnt-11 gene in the facial prominence of the chicken embryo.
(A, B) Frontal view (A) and side view (B) of a day 4 (stage 23) embryo. (C, D) Frontal view (C) and side view (D) of a
day 5 (stage 25) embryo. (E) Frontal view of a day 6 (stage 28) embryo. (F) Frontal section of a day 5 (stage 26) embryo
after Nuclear fast red staining. (% 20). (A-D) Wnt-11 is expressed at stages 23 to 25 in the restricted region where the
maxillary prominence and the mandibular prominence become contacted (black arrows), in the region where the maxillary
prominence and the lateral nasal prominence become contacted (white arrows), and in the region where the maxillary
prominence and the medial nasal prominence become contacted (white arrowheads). Wnt-11 is expressed in the
mesenchymal region surrounding the optic vesicle. (E) Expression becomes faint during orofacial development. (F)
Expression of Wnt-11 is observed in the mesenchymal region where the maxillary and mandibular prominences become

contacted (black arrows).
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Fig. 4. Expression of Wnt-3a and Wnt-10a in the facial prominence of the chicken embryo.

DAL e el AT AT

(A. B) Wnt-3a. (C, D) Wnt-10a. (A) Frontal view of a day 6 (stage 28) embryo. (B) Frontal section of a day 5
(stage 26) embryo after Nuclear fast red staining. (X 20). (C) Frontal view of a day 6 (stage 28) embryo. (D) Frontal sec-
tion of a day 5 (stage 26) embryo after Nuclear fast red staining. (X 20). (A, C) Wnt=3a and Wnt-10a are weakly ex-
pressed in the ectoderm of the maxillary and frontonasal prominence. (B, D) Expression of Wnt-3a and Wnt-10a are de-

tected in the ectoderm of the mandibular prominence.
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Abstract We examined whether pathogenesis in dystrophin-
deficient (rmdx) mice and laminin-a2-deficient (dy) mice is
ameliorated by bone marrow transplantation (BMT). Green
fluorescent protein (GFP) mice were used as donors. In mdx
mice, BMT failed to produce any significant differences in mus-
cle pathology, although some GFP-positive fibers with restored
dystrophin expression were observed. In contrast, in the dy mice,
BMT led to a significant increase in lifespan and an increase in
growth rate, muscle strength, and respiratory function. We con-
clude that BMT improved outcome in dy mice but not mdx mice.
© 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.

Keywords: Bone marrow transplantation; Muscular dystrophy;
mdx mouse; dy mouse; Laminin «2; Basal lamina

1. Introduction

The muscular dystrophies are groups of inherited myogenic
disorders characterized by progressive muscle wasting and
weakness of variable distribution and severity. Two major
types of severe muscular dystrophy, Duchenne muscular dys-
trophy (DMD) and congenital muscular dystrophy, have been
identified [1]. DMD is caused by mutations of the dystrophin
gene [2]. Most cases of congenital muscular dystrophy are
caused by mutations in the laminin-o2 chain (merosin) gene.
This disease has been termed merosin-deficient congenital
muscular dystrophy (MCMD) or MDCI1A [3]. Pathogenesis
of dystrophin-deficient or laminin-a2-deficient muscular dys-
trophy can be studied in mouse models [4]. Loss of dystrophin
protein is observed in the mdx mouse, the mouse model of
DMD [5]. The dystrophia muscularis (dy) mouse has spontane-
ous mutation in the Lama2 gene encoding laminin-o2 and is
used as a model of MDCIA [6,7]. Although some potential
treatments including pharmacologic methods, gene therapy,

*Corresponding author. Fax: +818 6462 1199.
E-mail address: ysunada@med kawasaki-m.ac jp (Y. Sunada).

Abbreviations: BMT, bone marrow transplantation; DMD, Duchenne
muscular dystrophy; MDCIA, congenital muscular dystrophy type
1A; SpO.,, arterial hemoglobin saturation

and cell therapy have been tried, there are no effective thera-
peutic approaches for muscular dystrophy at present [8].

Bone marrow transplantation (BMT) is an established clin-
ical procedure used to treat various human diseases. Adult
bone marrow (BM) cells contain mesenchymal stem cell pro-
genitors, which can give rise to osteocytes, chondrocytes, adi-
pocytes, and myocytes [9,10]. BM is also a promising source of
myogenic stem cells [11]. Recently, several investigators have
reported that transplanted BM cells participate in the muscle
regeneration process in irradiated recipient mice [12-15] or
DMD patient [16]. However, analyses of these studies are often
limited to histopathologic assessments.

In the present study, we examined the therapeutic eflect of
whole BMT on muscular dystrophy model mice by evaluating
clinical phenotypes such as body weight, lifespan, muscle
strength, and respiratory function as well as histopathology.
We also compared the therapeutic effect of whole BMT on
two distinct models of muscular dystrophy, mdx and dy mice.
Our results showed that BMT improved outcome in dy mice
but failed to affect pathology of mdx mice. Thus a therapeutic
approach of transplanting BM cells could be considerable
benefit in MDCIA.

2. Materials and methods

2.1. Mice

The C57BL/6 (wild-type) mice were purchased from Clea Japan
(Tokyo, Japan). The mdx mice (of CS7TBL/10 background) were pro-
vided by Central Institute for Experimental Animals (Kanagawa,
Japan). The laminin-a2-deficient Lama2—/— mice (dy) mice and the
EGFP transgenic (GFP-Tg) mice with a C57BL/6 background (17]
were purchased from Jackson Laboratory (Bar Harbor, Maine,
USA). All experiments involving animals were performed under the
guidelines of the Institutional Animal Care and Research Advisory
Committee, Kawasaki Medical School.

2.2. Bone marrow reconstitution

BM chimeras were established by following the method of Fukada
et al. [15] with modifications. Briefly, adult (8-week-old) wild-type,
mdx or dy mice received 9 Gy TBI (X-ray), split into two doses sepa-
rated by 3 h to minimize gastrointestinal toxicity. BMT was performed
according to a standard protocol described previously [18,19]. Recipi-
ent mice were injected with 5x 10° T cell-depleted BM cells. T cell
depletion of donor BM cells was performed using anti-CD90-Micro-
Beads and an AutoMACS system (Miltenyi Biotec, Auburn, CA,
USA) according to the manufacturer’s instructions. No unfavorable
results such as GVHD were observed in recipient mice received BM
cells from GFP mice.

0014-5793/$32.00 © 2006 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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2.3. Histology and immunohistochemistry

Cryosections of diaphragm muscle were prepared as described previ-
ously [20]. For immunohistochemical analysis, sections were immuno-
stained with a rabbit polyclonal antibody against GFP (MBL, Nagoya,
Japan) or a monoclonal antibody against C-terminus of dystrophin
(NCL-DYS2; Novocastra, Newcastle, United Kingdom), laminin-a2
(merosin) (clone 4H8-2; Sigma-Aldrich, St. Louis, MO, USA) fol-
lowed by fluorescein isothiocyanate-conjugated secondary antibodies
according to the MOM procedure (Vector Laboratories, Burlingame,
CA, USA). The slides were mounted with VECTASHIELD plus DAPI
(Vector Laboratories). The fluorescence images were recorded photo-
graphically using a microscope (Nikon, Tokyo, Japan) and analyzed
with Lumina Vision software (Mitani Corporation, Fukui, Japan).

2.4. Grip strength test and pulse oximetry

Peak grip strength (g) was measured using an MK-380S automated
grip strength meter (Muromachi Kikai, Tokyo, Japan) as described
previously [21]. Arterial hemoglobin saturation (SpO,) was measured
with Masimo SET (Masimo Corp., Irvine, CA, USA) [22].

2.5. Statistics

Statistical analysis was performed on paired observations using Bon-
feroni’s test after one-way ANOVA.

3. Results

3.1. BMT promotes survival and growth of laminin-o2-
deficient mice

We first examined whether BMT affects lifespan in the mdx
mice and dy mice. Kaplan—Meier survival curves revealed that
a large percentage of control dy mice died around the first 20
weeks after birth (Fig. 1), whereas dy mice that received
BMT survived up to 40 weeks, or almost double the lifespan
. of control dy mice. In mdx mice, we kept both groups of mice
up to 2 years and found no difference for lifespan between

H. Hagiwara et al. | FEBS Letters 580 (2006) 4463—4468
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Fig. 1. Kaplan-Meier survival curves for BMT or non-treated control
groups of each model of mice (n = 10, each). Arrow indicates 8 weeks
of age at the time of BMT was performed. BMT (-), control group;
BMT (+), treated group.

BMT and control groups. These results indicate that BMT
eliminated early death of dy mice.

We further examined progressive changes in body weight of
these models. BMT did not affect the growth rate of mdx mice
in both males and females (Fig. 2A). The dy mice that received
BMT lost weight right after BMT but gained weight more
quickly and grew significantly larger than non-treated litter-
mates (Fig. 2B). This tendency was found in both males and
females. Thus, in addition to increasing lifespan, BMT im-
proved the growth of dy mice.

3.2. BMT dose not significantly alter pathology in mdx muscle
We then questioned weather BMT improves muscle pathol-
ogy of mdx mice. We examined diaphragm muscle, known to
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Fig. 2. (A) Growth curves for mdx mice between the control and BMT groups in males or females up to 16 weeks after BMT (n = 5, each). (B)
Growth curves for dy mice until 12 weeks after BMT (n = 5, each). Data are expressed as means * S.D. * P < 0.05, Bonferoni’s test after one-way

ANOVA. BMT (-), control group; BMT (+), treated group.
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the most severely damaged muscle in mdy mice [23]. H&E
staining of diaphragm muscles both in BMT and control
groups showed characteristic of dystrophic change including
fiber size variability, central nucleus, fibrosis and fatty replace-
ment. There is no detectable difference in gross pathology
between both groups (data not shown). Next, diaphragm mus-
cle sections of wild-type, control, and BMT group were stained
for GFP and dystrophin immunoreactivity and DAPI (Fig. 3).
We successfully obtained GFP-positive muscle fiber generation
in irradiated BM chimeras. The frequency of GFP-positive fi-
bers in diaphragm muscle was 4.9 + 2.2%, of total muscle fibers
(n=3). The frequency of dystrophin-positive fibers in dia-
phragm muscle was 0.9 £ 0.1% (n = 3). Merge images of mdx
mice that underwent BMT revealed few GFP-positive fibers
with dystrophin expression restored. Although some GFP-po-
sitive BM-derived skeletal muscles were observed, dystrophin
expression was limited in mdx mice. These results indicate that
muscle pathology was not significantly improved by BMT in
mdx mice.

3.3. BMT improves pathology and significantly restores laminin-
o2 expression in dy muscle

We next examined muscle pathology of dy mice. H&E stain-
ing of diaphragm muscles of dy mice in control group showed
degenerative changes and atrophy in comparison with wild-
type mice. Although degenerative changes are still observed,
thickness of diaphragm muscles of dy mice is restored close
to that of wild-type mice after BMT (Fig. 4A). We immuno-

WT BMT ()

dystrophin

merge

+
DAPI

mdx BMT (=)
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stained muscle sections of wild-type and dy mice (both control
and BMT groups) with GFP and laminin-o2 antibodies and
DAPI (Fig. 4B). The frequency of GFP-positive fibers in dia-
phragm muscle was 61.7%5.9% of total muscle fibers
(n=3). The frequency of laminin-a2-positive fibers.in dia-
phragm muscle was 82.6 £3.9% (n=3). The merge image
showed a significant number of GFP-positive fibers with lam-
inin-a2 expression. Of particular importance, laminin-o2
expression was restored not only in GFP-positive fibers but
also in GFP-negative fibers. In contrast to mdx mice, BM cells
engrafted into skeletal muscle of dy mice with robust GFP-
positive cells and laminin-a2 expression was significantly
restored.

3.4. BMT improved muscle strength in dy mice

We measured the peak force of grip strength of mice. The
grip strength of the dy mice that underwent BMT was signifi-
cantly stronger (P < 0.05) than the dy control mice at 12 weeks
after BMT (Fig. 5B). On the other hand, there were no sub-
stantial differences between the two groups of mdx mice
(Fig. 5A). The ratio of grip strength per body weight revealed
that BM transplanted dy mice had restored the ratio close to
that of wild-type and mdx mice (Fig. 5C).

3.5. BMT improved respiratory function of dy mice

The SpO, measurements of mdx mice revealed no significant
differences between control and BMT groups (Fig. 6A). In
contrast, dy mice underwent BMT retained higher oxygen

BMT (+)

Fig. 3. Immunohistochemistry of diaphragm muscle sections of wild-type (WT-control, left column), control (mdx-control, middle column) or BMT
group (mdx-BMT, right column). Merge image of mdx-BMT revealed that some GFP-positive fibers with dystrophin expression were restored (arrow
heads). Bottom row is higher magnification of merge image. Bars: 100 um. BMT (-}, control group; BMT (+), treated group.
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Fig. 4. BMT improved histopathology of dy muscles. (A) H&E staining of diaphragm muscle sections of wild-type (WT-control, left column),
control (dy-control, middle column), or BMT group (dv-BMT, right column). (B) Immunohistochemistry of diaphragm muscle sections of wild-type
(WT-control, left column), control (dy-control, middle column), or BMT group (dy-BMT, right column). Note that merge image of dy-BMT revealed
a significant number of GFP-positive fibers with laminin-a2 expression. Of particular importance, laminin-a2 expression was restored not only in
GFP-positive fibers but also in GFP-negative fibers (arrow heads). Bottom row is higher magnification of merge image. Bars: 100 um. BMT (=),

control group; BMT (+), treated group.

saturation and control dy mice showed decreased hypoxia at
20 weeks of age (12 weeks after BMT) (Fig. 6B).

4. Discussion

We found that BMT led to no significant improvements in
muscle pathology of mdx mice. This result is consistent with re-
cent reports [12-15]. We also found there was some discrep-
ancy between GFP and dystrophin expressions in mdx mice
that received BMT. This discrepancy is similar to that of a re-
cent report describing that up to 5% of total muscle fibers ex-
pressed GFP, whereas dystrophin restoration after BMT was
always <% of total muscle fibers [24]. We also demonstrated
that BMT failed to affect lifespan, growth rate, grip strength,
and respiratory function of mdx mice. Taken together, BMT
is unlikely to significantly ameliorate pathogenesis in dystro-
phin-deficient muscle.

In contrast to mdx mice, BMT led to a significant increase in
lifespan and an increased growth rate of dy mice. Diaphragm
muscle pathology of dv mice was also improved by BMT. Of
particular significance is that laminin-a2, which is deficient in
dy mice, was restored not only in GFP-positive myofibers
but also GFP-negative myofibers. Additionally, BMT im-
proved muscle strength and respiratory function of dy mice.
This is the first report to demonstrate that BMT improves clin-
ical symptoms of a mouse model of muscular dystrophy. Our
study indicates that muscular dystrophy due to loss of laminin-
a2 can be significantly ameliorated by BMT. Thus BMT couid
be an effective therapy for laminin-o2-deficient muscular dys-
trophy.

The reason why BMT was effective in dy mice but not mdx
mice remains to be clarified. Two possible mechanisms to
correct dystrophic pathology in dy mice by BMT are consid-
ered. First, the circulating BM-derived cells more easily fuse
into host dystrophic cells through disrupted basal lamina in
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Fig. 5. Peak force measurement (g) of grip strength. (A) mdx mice before, 4, 8, 12, and 16 weeks after BMT (n = 7, each). (B) dy mice before, 4, 8, and
12 weeks after BMT (n = 7, each). Note that the grip strength of dy-BMT mice was significantly stronger than dy-control mice at 12 weeks after BMT.
(C) Representation of grip strength per body weight of each group. Data are expressed as means + S.D. * P < 0.05, Bonferoni’s test after one-way

ANOVA. BMT (-), control group; BMT (+), treated group.
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dy skeletal muscles. Second, laminin-o2 molecules produced
by BM-derived cells diffuse in the vicinity to form normal
laminin-2 networks even in GFP-negative myofibers. In con-
trast, in mdx mice, the basal lamina is so well-preserved that
foreign BM-derived cells could not integrate into recipient
cells.

In addition to MDCIA, BMT could be effective for other
types of dystrophy including Fukuyama congenital muscular
dystrophy, muscle-eye-brain disease, and Walker—Warburg
syndrome in which partial laminin-a2 deficiency and disrup-
tion of basal lamina are commonly observed [25].

In conclusion, on the basis of our results, BMT may be more
successful in the treatment of muscle diseases such as MDCI1A
than DMD.

<

Fig. 6. SpO, measurements. (A) mdx mice before and 12 and 32
weeks after BMT (n =15, each). (B) dy mice before BMT and 12
weeks after BMT. Note that SpO, of dy-BMT group retained higher
oxygen saturation whereas the dy-control group showed a decrease in
hypoxia (n = 5, each). Arrow indicates 8 weeks of age at the time of
BMT was performed. BMT (-), control group; BMT (+), treated
group. .
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Muscular atrophy of caveolin-3—deficient
mice is rescued by myostatin inhibition
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Caveolin-3, the muscle-specific isoform of caveolins, plays important roles in signal transduction. Domi-
nant-negative mutations of the caveolin-3 gene cause autosomal dominant limb-girdle muscular dystrophy
1C (LGMD1C) with loss of caveolin-3. However, identification of the precise molecular mechanism leading
to muscular atrophy in caveolin-3-deficient muscle has remained elusive. Myostatin, a member of the mus-
cle-specific TGF-f superfamily, negatively regulates skeletal muscle volume. Here we report that caveolin-3
inhibited myostatin signaling by suppressing activation of its type I receptor; this was followed by hypophos-
phorylation of an intracellular effector, Mad homolog 2 (Smad2), and decreased downstream transcriptional
activity. Loss of caveolin-3 in P104L mutant caveolin-3 transgenic mice caused muscular atrophy with increase
in phosphorylated Smad2 (p-Smad2) as well as p21 (also known as Cdkn1a), a myostatin target gene. Introduc-
tion of the myostatin prodomain, an inhibitor of myostatin, by genetic crossing or intraperitoneal administra-
tion of the soluble type Il myostatin receptor, another inhibitor, ameliorated muscular atrophy of the mutant
caveolin-3 transgenic mice with suppression of p-Smad2 and p21 levels. These findings suggest that caveolin-3
normally suppresses the myostatin-mediated signal, thereby preventing muscular atrophy, and that hyper-
activation of myostatin signaling participates in the pathogenesis of muscular atrophy in a mouse model of

LGMD1C. Myostatin inhibition may be a promising therapy for LGMDI1C patients.

Introduction

Caveolins are 21- to 24-kDa integral membrane proteins and are
principal components of flask-shaped invaginations of the plas-
ma membrane known as caveolae. These proteins play important
roles in signal transduction and vesicular trafficking (1-3). They
directly bind to and regulate specific lipid and lipid-modified
molecules including cholesterol, G proteins, G protein-coupled
receptors, Src family protein kinases, Ha-Ras, and nitric oxide syn-
thases (1, 2). The interaction between caveolin and lipid-modified
proteins is mediated by a specific caveolin-binding motif on the
target protein and by a scaffolding domain in caveolin (3). There
are 3 mammalian caveolin genes, namely, caveolin-1, -2, and -3.
Caveolin-1 and -2 are coexpressed and form heterooligomers in
nonmuscle cells whereas caveolin-3 is muscle specific and forms
homooligomers in muscle cells (1, 2).

Loss of caveolin-3 resulting from dominant-negative mutations
of the caveolin-3 gene causes autosomal dominant limb-girdle mus-
cular dystrophy 1C (LGMD1C) (4). We previously generated Tg
mice overexpressing the Pro104Leu mutant caveolin-3 (CAV-37104)
as a model for LGMD1C (5). The skeletal muscle pathology of the
Tg mice includes myopathy characterized by severe skeletal muscle
atrophy and a deficiency in caveolin-3. We also found a significant
increase in neuronal nitric oxide synthase activity in their skeletal
muscle. Other groups have demonstrated mislocalization of Src

Nonstandard abbreviations used: ActRIIB, activin receptor IIB; ALK4, activin
receptor-like kinase 4; Cav3P104L mice, Tg mice overexpressing the P104L mutant
caveolin-3; CDK, cyclin-dependent kinase; LGMDI1C, limb-girdle muscular dystrophy
1C; MstnPr mice, Tg mice overexpressing the myostatin prodomain in skeletal muscle;
p-, phosphorylated; Smad2, Mad homolog 2; TA, tibialis anterior.
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and dysferlin to the Golgi apparatus (6, 7). Despite these findings,
the precise molecular mechanism leading to muscular atrophy in
caveolin-3-deficient skeletal muscle remains to be elucidated.

Myostatin is a member of the TGF-B superfamily and plays an
essential role in the negative regulation of skeletal muscle volume (8).
Overexpression of myostatin causes severe muscular atrophy (9, 10)
whereas targeted disruption of myostatin markedly increases muscle
mass in mice (8, 11). We also generated Tg mice overexpressing the
myostatin prodomain in skeletal muscle (Mstn™®) (12), an inhibitor
of myostatin activation (13-17). Like other TGF-f superfamily mem-
bers (18), myostatin is synthesized as a precursor protein and under-
goes proteolytic processing to generate an N terminal prodomain
and a biologically active, C terminal disulfide-linked dimer (19). In
the inactive state, the prodomain binds to the C terminal myostatin
dimer and strongly inhibits its biological activity (13). The circulat-
ing active form of myostatin directly binds to and activates activin
receptor IIB (ActRIIB}, a type Il serine/threonine kinase receptor (19).
This, in turn, activates the type I serine/threonine kinase receptor
activin receptor-like kinase 4 (ALK4) or ALKS at the plasma mem-
brane (20, 21). The activation of a heteromeric receptor complex con-
sisting of type Il and type I serine/threonine kinase receptors induc-
es the phosphorylation of intracellular effectors Mad homolog 2
(Smad2) and Smad3 (20, 21). Phosphorylated Smad2 and Smad3
translocate from the cytoplasm to the nucleus, where they regulate
the transcription of specific target genes (20-22).

Recently, caveolin-1 was reported to inhibit the activation of
the type I receptor for TGF-B1, which induces growth arrest in
nonmuscle cells (23). Upon consideration of molecular analogy
and tissue distribution, we hypothesized that caveolin-3 inhibits
myostatin signaling in muscle cells in a similar manner. Accord-

ingly, an increase in myostatin activity resulting from loss of
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