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Figure 6. Defects in myotube formation in C2C12 cells caused by overexpression of LARGE. (A) C2C12 cells were transfected with LARGE, and two stable trans-
fectants, clones 1 and 2, were obtained, On western blotting analysis with antibody against the N-terminal domain of LARGE (LARGE-N), clone 1 migratedat 75 kDa
(white arrow), whereas clone 2 migrated at 90 kDa (black arrow) in both myoblast and myotube. Using antibody against the C-terminus of LARGE (LARGE-C), clone
2 migrated at 90 kDa (black arrow), whereas clone 1 was not detected. The asterisk represents a nonspecific reaction of antibody. 11H6 antibody recognized hypergly-
cosylateda-DG at 130--250 kDa in clone 2, whereas, inclone 1, [IH6 detected a fainter band at a lower position than in the control, indicating hypoglycosylated a-DG.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. (B) Cell numbers of clones 1 and 2 of the C2C12 myoblast were significantly
less than those of the control 2 days after plating, indicating suppressed proliferation. 2 < 0.001 is represented by ***. (C) C2C12 myoblasts were allowed to form
myotubes by switching the growth medium to differentiation medium. Vigorous myotube formation was observed in both control and clone 1; however, smaller myo-
tubes were only occasionally observed in clone 2. Scale bar represents 100 wm. (D) The fusion index of clone 2 was significantly lower than that of the control and

clone 1. NS = not statistically significant. £ < 0.001 is represented by ***.

the defective myoblast fusion caused by the overexpression of
LARGE.

DISCUSSION

The interaction between a-DG and laminin plays a critical role
in stabilizing the sarcolemma against muscle contraction.
Disruption of this linkage results in a high susceptibility to
contraction-induced damage, eventually followed by muscular
cell degeneration. This mechanism is hypothesized to underlie
the pathogenesis of dystroglycanopathy (12). In the case of
laminin o2 chain-deficient MDCI1A, the main cause of muscle
cell degeneration seems to be a defect in polymerization of
laminin-211; however, in some cases where mutations reside
in the G domain of laminin &2, the defective interaction of
laminin with «-DG may also play an important role (37,39,42).
LARGE is a glycosyltransferase that catalyzes addition of the
repeating disaccharide -3Xyla1-3GlcUAB 1- to the O-mannosyl
glycan of a-DG (10). Because LARGE facilitates the glycosy-
lation of «-DG and highly enhances its laminin-binding activ-
ity irrespective of the gene involved (38), the overexpression of

LARGE is considered one of the most promising possible ther-
apies for muscular dystrophies such as dystroglycanopathy and
MDCIA. In the present study, we generated transgenic mice
that overexpress LARGE to evaluate the effects on skeletal
muscles. To date, several LARGE transgenic mouse lines
have been reported. First, Brockington er al. reported
LARGE Tg mouse lines, in which the CAG promoter drove
the expression of LARGE, exhibited hyperglycosylation of
a-DG in skeletal and cardiac muscles but not in the brain,
kidneys, liver or intestines (48). A second mouse line described
by Gumerson et al. expressed LARGE under control of the
MCK promoter, and a-DG was hyperglycosylated in the skel-
etal and cardiac muscles (49). In contrast to these transgenic
lines, our LARGE Tg mouse exhibits hyperglycosylation of
a-DG widely in most tissues, including skeletal and cardiac
muscles, the brain, peripheral nerves, kidney and liver. As dys-
troglycanopathy and MDCI1A are multi-organ disorders in-
volving brain, eye and peripheral nerves as well as skeletal
and cardiac muscles, our LARGE Tg mouse represents a
powerful tool to test the effect of overexpression of LARGE
in these tissues.
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Table 1. Change in gene expression relating to skeletal muscle regeneration, myoblast and satellite cell

Keyword Symbol Genbank accession Description Z-score Ratio
Skeletal muscle regeneration Igfl NM_010512 Insulin-like growth factor 1 (Igf1), transcript variant 1 —2.42 0.33
1gf1 NM_184052 Insulin-like growth factor 1 (Igf1), transcript variant 2 —2.59 0.31
Myoblast Thbs4 NM_011582 Thrombospondin 4 (Thbs4) 3.43 4.07
Itgb1bp3 NM_027120 Integrin beta 1 binding protein 3 (ltgb1bp3) 3.23 3.56
Thbs4 NM_011582 Thrombospondin 4 (Thbs4) 2.75 295
Plg NM_008877 Plasminogen (Plg) 223 15.10
Neol AK052439 13-day embryo lung cDNA, RIKEN full-length enriched 2.02 11.48
library, clone:D430023D05
Caspl NM_009807 Caspase 1 (Caspl) —2.05 0.31
1gf1 NM_010512 Insulin-like growth factor 1 (Igf1), transcript variant 1 —2.42 0.33
1gfl NM_184052 Insulin-like growth factor 1 (Igf1), transcript variant 2 —2.39 0.31
Btgl NM_007569 B-cell translocation gene 1, anti-proliferative (Btg1) —2.76 0.33
Satellite cell 1gfl NM_010512 Insulin-like growth factor 1 (Igf1), transcript variant 1 —242 0.33
1gfl NM_184052 Insulin-like growth factor 1 (Igf1), transcript variant 2 ~2.59 0.31

We crossed the LARGE Tg mice with two distinct mouse
models, dy* and FKTN cKO mice, the former is a model for
MDCIA and the latter for FCMD (39,40). Contrary to expecta-
tions, the muscular dystrophy was worsened in both mouse
models. The features of the worsened phenotype was common
to these two lines and characterized by decreased or unchanged
central nucleation and reduced diameter of muscle fibers, sug-
gesting the insufficiently activated regeneration. Because fibro-
sis is a result of muscle fiber necrosis, regeneration should be
activated to replace the damaged tissue. However, in both
dy*’/LARGE and FKTN ¢KO/LARGE mice, the central nucle-
ation was not accelerated and the diameter of myofibers
remained small, suggesting that the regeneration was insuffi-
ciently activated. Very recently, Whitmore et al. have reported
that the muscular dystrophy of FKRPy;p mouse, a model of
another dystroglycanopathy (LGMD2I), was exacerbated
when these mice were crossed with their LARGE Tg mice.
However, they did not investigate the cause leading to the wor-
sened muscular dystrophy in these mice (50). The present
report is the first to describe that the worsened phenotype is
related to the defective regeneration of skeletal muscle.

To gain further insight into the regeneration process in v
LARGE and FKTN cKO/LARGE mice, we assessed satellite
cells and regenerating fibers in these mice. Satellite cells are
muscle stem cells located in a niche on the surface of myofiber
beneath the ensheathing basement membrane (51). Upon activa-
tion, they rapidly generate myoblasts. After proliferation and mi-
gration, the myoblasts further differentiate and eventually fuse
together to form myotubes (51,52). We labeled the satellite
cells with M-cadherin and the regenerating fibers with embryon-
ic MyHC. Because M-cadherin stains satellite cells and actively
proliferating myoblasts, whereas embryonic MyHC stains
newly formed myotubes, immunolabeling of the former reflects
an early stage and the latter a late stage of regeneration (44,52).
However, neither the M-cadherin-positive cells nor the embry-
onic MyHC-positive myofibers were consistently increased
in either the dyZJ/LARGE or the FKTN cKO/LARGE mice.
These should increase if the regeneration process proceeds prop-
erly (44,45). Therefore, our findings provide strong evidence that
both the early and the late stage of regeneration are impaired in
dy”’/LARGE and FKTN cKO/LARGE mice. The embryonic
MyHC-stained area was slightly increased in FKTN cKO/LARGE

mice. This may be accounted for by the existence of a limit of re-
generation, which was exceeded in dy*/LARGE mice but not in
FKTN cKO/LARGE mice. In a previous study, we injected car-
diotoxin into LARGE Tg mice to induce an acute muscle injury
and observed a reduction in muscle fiber diameter as compared
with controls, suggesting a defect in myoblast fusion (41). Our
current data are consistent with this observation and further
support the notion that the overexpression of LARGE results
in suppression of the skeletal muscle regeneration, regardless
of whether the involved injury is acute or chronic.

Prompted by these results, we further examined whether the
overexpression of LARGE affects the myotube formation of
C2C12 cells, an established in vitro model for the muscle regen-
eration. In agreement with the data obtained using model mice,
the overexpression of LARGE in C2C12 cells led to defects in
both proliferation and fusion of myoblasts. The proliferation
and fusion of C2C12 cells represent the early and the late stage
of the myotube formation, and the overexpression of LARGE
affected these both stages. This recapitulates the defect in
the muscle regeneration of mice where both the M-cadherin-
positive satellite cells (early stage) and the embryonic MyHC-
labeled newly fused myotubes (late stage) were affected. Inter-
estingly, the clone 1 of C2C12 cells, in which a-DG was hypo-
glycosylated, exhibited suppressed proliferation, but normal
fusion of myoblasts. In a previous paper, we showed that the
coordinated up-regulation of LARGE and the extension of the
repeating disaccharides on o-DG are necessary for adequate
muscle regeneration (41). In the present study, we provide the
first data showing that both the hypo- and hyperglycosylation
of a-DGresult in defective regeneration, the former by suppres-
sing myoblast proliferation and the latter by reducing prolifer-
ation and fusion of myoblasts.

To dissect the mechanism underlying the suppression of re-
generation by LARGE, we conducted a DNA microarray ana-
lysis and identified a significant reduction in the expression of
IGF-1. This reduction was confirmed at the protein level both
in LARGE Tgmice and clone 2 of C2C12 cells. IGF-1 is an auto-
crine/paracrine peptide growth factor with primary roles in
promoting myoblast proliferation, differentiation to myofibers
and the hypertrophy of skeletal muscles (47). Muscle injury
up-regulates the expression of IGF-1 by satellite cells, and
after secretion, it binds to the IGF-1 receptors on the muscle
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Figure 7. Reduced expression of IGF-1 by overexpression of LARGE and restoration of C2C12 myoblast fusion by IGF-1 supplementation. (A) Western blotting
analysis demonstrated that expression of IGF-1 was reduced in both quadriceps and gastrocnemius muscles of LARGE Tg mice as compared with the controls
(n = 3 of each strain). Myosin light chain 2 (MLC2) was used as an internal control. (B) Quantitative measurements by ELISA revealed that IGF-1 was significantly
decreased in the skeletal muscle of LARGE Tg mice (n = 3, for all genotypes). P < 0.05 is represented by *. (C) Western blotting showed that expression of IGF-1 in
C2C12 myotube was reduced in clone 2 but not in clone 1, indicating that the reduction of IGF-1 is associated with hyperglycosylation of a-DG. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as an internal control. (D) Clone 2 of C2C12 myoblasts was supplemented with IGF-1 and allowed to differentiate
into myotubes. Counting nuclei at 6 days after plating revealed that the number of nuclei in the IGF-1-treated clone 2 was slightly increased as compared with the
untreated clone, whereas it was significantly less than that of the control. (E) The fusion index of IGF-1-treated clone 2 was markedly increased and exhibited no
significant difference from the control. NS = not statistically significant. "P < 0.05, "P < 0.01 and """ P < 0.001.

cell surface (47). Transgenic overexpression of IGF-1 in mice
demonstrated the maintained regeneration efficacy in aged
mice and the reduced muscle pathology in dystrophic mice
(53-55). Remarkably, the supplementation of IGF-1 fully
restored the fusion of myoblasts in C2C12 cells, implying that
the impaired fusion of myoblasts was caused, at least partially,
via the reduced expression of IGF-1. In the present study, the

number of C2C12 nuclei was not restored after the supplementa-
tion of IGF-1. The IGF-1 supplementation favors proliferation of
myoblasts in some cases and facilitates myotube formation in
others, depending on its concentration and the timing of the sup-
plementation (56,57). This biphasic effect of IGF-1 may explain
why the number of nuclei was not fully rescued in the C2C12
cells.
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The mechanism leading to the reduction of IGF-1 expression
by the overexpression of LARGE is still unclear. One possibility
is that alteration of the signal transduction through DG might
affect the expression of IGF-1. It is known that a tyrosine
residue in the C-terminal PPxY motif of B-DG is phosphorylated
in an adhesion-dependent manner (58). This phosphorylation
regulates the interaction of B-DG with dystrophin, utrophin
and SH2 domain-containing signaling proteins (58—60). More-
over, the interaction of laminin with a-DG propagates signals
through the PI3K/AKT and Racl/JNK pathways (61,62). The
increased interaction of laminin with @-DG by LARGE may
alter these or still unknown signaling pathway and eventually
affect the expression of IGF-1. Another possibility is that un-
identified proteins other than «-DG might be modified by
LARGE and cause the alteration of the IGF-1 expression (63).
Finally, it should be considered that factors or processes unre-
lated to decreased IGF-1 expression might also contribute to
the regeneration defect. It has been shown that the interaction
of a-DG with laminin inhibits the migration of cultured cells
by attenuating the integrin signal that activates the ERK/AKT
pathway (64). As myoblasts must migrate to the damaged site
during muscle regeneration (51,52), increased glycosylation
by LARGE might suppress regeneration by inactivating this
pathway. In addition, mechanisms not involving muscle regen-
eration might also underlie the worsened muscular dystrophy es-
pecially in FKTN cKO/LARGE mice, in which the regeneration
defect was not so striking as dy”’/LARGE mice.

In conclusion, we generated LARGE Tg mice and crossed
them with dv® and FKTN ¢cKO mice to investigate the effect
of overexpression of LARGE. In both resulting strains, the mus-
cular dystrophy was worsened. We identified suppressed muscle
regeneration, which at least partially resulted from the reduced
IGF-1 expression, as the cause of the deterioration seen in mus-
cular dystrophy. In our study, as well as others (50), the transgen-
ic overexpression of LARGE led to the exacerbation of muscular
dystrophy, whereas adeno-associated virus-mediated transfer of
LARGE has been reported to ameliorate the phenotype of mus-
cular dystrophy in LARGE™ and POMGnT1 KO mice (65).
Although the reason for this discrepancy remains unclear, the ex-
pression level, timing of expression and/or transduced cell type
may be different between these two gene delivery systems. In
order to develop a therapeutic strategy using the overexpression
of LARGE, its adverse effects on skeletal muscle should be care-
fully investigated.

MATERIALS AND METHODS
Generation of mice

Generation of LARGE Tg mice and MCK-fukutin conditional
knockout mice (FKTN cKO mice) were reported previously
(40,41). B6.WK-Lama2dy-2J/J (Dy*) mice were obtained
from Jackson laboratory (Bar Harbor, Maine, USA). Mice het-
- erozygous for the Lama2dy-2J mutation were crossed with
mice hemizygous for LARGE Tg, and mice heterozygous for
Lama2dy-2J carrying LARGE were further crossed with mice
heterozygous for Lama2dy-2J to generate mice homozygous
for Lama2dy-2J carrying LARGE hemizygously 05l
LARGE). To generate FKTN cKO/LARGE mice, we first
crossed heterozygous FKTN"** mice carrying MCK-Cre

hemizygously with mice hemizygous for LARGE Tg. Then,
FKTN"** mice carrying both MCK-Cre Tg and LARGE Tg
were crossed with homozygous FKTN™ mice to obtain
FKTN"*"* mice carrying both MCK-Cre Tg and LARGE Tg
hemizygously (FKTN cKO/LARGE). Genotyping of FKTN'**,
MCK-Cre Tg and LARGE Tg was performed using PCR. To
identify the single base substitution in the LamaZ2dy-2J allele,
we used DNA sequencing. The experiments were approved by
the living modified organism safety committee and animal
ethics committee of Teikyo University School of Medicine,
and the mice were maintained in accordance with the animal
care guideline of Teikyo University School of Medicine.

Antibodies

Rabbit polyclonal antibodies against 40 amino acids in the
N-terminal domain (a.a. 61—100) and 31 amino acids in the
C-terminal domain (a.a. 726—756) of human LARGE were gen-
erated (Supplementary Material, Fig. S4A). Goat polyclonal
antibody, GT20ADG, against core protein of a-DG (12) was a
kind gift from Dr K. P. Campbell (University of lowa, lowa
City, lowa, USA). In addition, the following antibodies were
used in this study: mouse monoclonal antibody ITH6 against gly-
cosylated a-DG (Millipore), rabbit polyclonal antibody against
C-terminal domain of B-DG (Sigma—Aldrich), rabbit poly-
clonal antibody against EHS-laminin (Sigma—Aldrich), rat
monoclonal antibody against laminin &2 chain (Enzo), rat mono-
clonal antibody against laminin 1 chain (Millipore), rat mono-
clonal antibody against laminin y1 chain (Millipore), rabbit
polyclonal antibody against M-cadherin (Life Technologies),
goat polyclonal antibody against IGF-1 (R&D systems),
mouse monoclonal antibody against FLAG (Sigma—Aldrich),
mouse monoclonal antibody against o-actinin (Sigma-—
Aldrich), rabbit polyclonal antibody against GAPDH (Santa
Cruz Biotechnology), mouse monoclonal antibody F1.653
against embryonic MyHC (Developmental Studies Hybridoma
Bank), mouse monoclonal antibody MF-20 against MyHC
(Developmental Studies Hybridoma Bank), Alexafluor 488-
and 594-conjugated secondary antibodies (Life Technologies)
and horseradish peroxidase-labeled secondary antibodies (GE
Healthcare).

Histology, immunofluorescence and electron microscopy

Histological and immunofluorescent microscopic analysis was
performed on Dy?’, Dy* /LARGE, FKTN cKO, FKTN cKO/
LARGE and their age-matched control mice between the ages
8 to 27 weeks. Muscles were removed and frozen in liquid
nitrogen-cooled isopentane, and cryosections of 8 pm in thick-
ness were prepared. The standard technique was used for hema-
toxylin—eosin (H-E) staining. For immunofluorescence
analysis, the sections were blocked with 5% bovine serum
albumin in phosphate-buffered saline (PBS), followed by incu-
bation with primary antibodies for 1 h and then incubated with
Alexafluor 488- or 594-conjugated secondary antibody for 1 h.
Subsequently, the sections were mounted with Vectashield
(Vector Laboratories) and observed under a FSX100 fluores-
cence microscope (Olympus) or a confocal laser microscope
Al (Nikon). For immunofluorescent analyses of C2C12 cells,
myoblasts and myotubes were fixed in 4% paraformaldehyde,
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permeabilized with 0.2% Triton X-100 and stained with anti-
MyHC for 1 h using a mouse on mouse (M.O.M.) kit (Vector
Laboratories). After washing with PBS, the cells were incubated
for 30 min with Alexafluor 488-conjugated anti-mouse LgG anti-
body. The slides were mounted with Vectashield with DAPI
(Vector Laboratories), and the fluorescent images were taken
using a FSX100 fluorescence microscope (Olympus). The base-
ment membranes of the quadriceps muscles were observed with
a transmission electron microscopy H-7650 (Hitachi High-
technologies) using the standard techniques. The in sifu ligand
overlay assay was described elsewhere (66).

Cell culture and transfection

C2C12 cells were obtained from ATCC and HEK293 cells from
the Human Science Research Resource Bank (Osaka, Japan).
C2C12 myoblasts were plated at a density of 1.9 x 10%ml on
poly-D-lysine/laminin-coated coverslips (Corning) and grown
in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum (ATCC), 100 U/ml penicillin G and
100 pg/ml streptomycin (Life Technologies) (growth medium).
Next day, cells were induced to differentiate into myotubes by
lowering the serum concentration to 2% horse serum (differenti-
ation medium). Five days after replacing the medium, cells were
stained for immunofluorescent analysis or harvested for bio-
chemical assay. In some experiments, 10 ng/ml of mouse recom-
binant IGF-1 (Cell Signaling Technology) was added to both the
growth and the differentiation mediums. HEK293 cells were
plated on plastic culture dishes (DB Bioscience) and grown in
the growth medium described earlier. All cells were grown in a
humidified 37°C incubator with 5% CO, and 95% air. Human
LARGE c¢DNA was obtained from OriGene and cloned
into pCMV-FLAG-MAT-Tag-2 (Sigma- Aldrich) for transient
transfection of cells. C2C12 and HEK293 cells were transfected
using Effectene (Qiagen). For stable transfection of C2C12
cells, the CAG promoter and human LARGE cDNA were
cloned into pLenti6/R4R2/V5-DEST using Gateway BP reac-
tion and lentivirus expression vector was generated according
to the standard protocol. Stable transfectants were selected in
growth medium supplemented with 2.5 pg/ml of Blastcidin S
(Life Technologies). Expression vectors for the deletion and chi-
meric mutants of human LARGE were constructed using the
KOD-Plus-Mutagenesis Kit according to the manufacturer’s
protocols (Toyobo).

Morphometric analysis

For morphometric analysis of skeletal muscles, 5 x 5 stitching
images of gastrocnemius muscles, captured at a magnification
of 20 x using a FSX100 fluorescence microscope (Olympus),
were used. Three mice from each genotype were analyzed
(n=3), at ages of 16—22 weeks for dy*, dy*/LARGE mice
and their controls and 24-27 weeks for FKTN ¢KO, FKTIN
cKO/LARGE mice and their controls. For the evaluation of
fibrosis, the area stained by anti-mouse IgG, which nonspeci-
fically labels connective tissues and fibrosis, was quantitatively
measured by the ImageJ software. For assessment of size vari-
ation in muscle fibers, minimal Feret’s diameter of individual
muscle fiber stained by anti-laminin o2 was measured using
Image] software. For quantitative evaluation of centrally
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located nuclei, the total nuclei number was counted using
Imagel software and internal nuclei were assessed by visual in-
spection of images double-stained by anti-laminin «2 and DAPL
Satellite cells stained by M-cadherin located just beneath the
basement membrane labeled with anti-laminin o2 were
counted. Regenerating fibers were immunolabeled by embryonic
MyHC, and the area was measured using ImagelJ software. For
morphometric analysis of C2C12 cells, 5 x 5 stitching images
of at least five visual fields were captured at a magnification
of 20x. Number of DAPI-stained nuclei was counted with
Imagel software, and the fusion index was calculated by dividing
the nuclei numberin MyHC-stained cells by total nuclei number.
The same experiment was repeated three times. Statistical differ-
ences were evaluated by 7-test, and P-values << 0.05 were con-
sidered statistically significant.

Western blotting, blot overlay assay and ELISA

For western blotting and laminin blot overlay assay, tissues were
isolated and disrupted with a polytron followed by Dounce hom-
ogenization in 50 mm Tris—HCI, pH 7.4, 150 mm NaCl, 0.6 mg/ml
pepstatin A, 0.5 mg/ml leupeptin, 0.5 mg/ml aprotinin, 0.75 mm
benzamidine and 0.1 mm PMSF. Proteins were then extracted by
boiling in sample buffer (65 mm Tris—HCI, pH 7.4, 0.115 ™M
sucrose, 3% SDS, 1% B-mercaptoethanol) for 3 min., After
briefly spinning down debris, the homogenate was applied to
4-15% SDS~PAGE. In some experiments, dissected skeletal
muscles were homogenized and then incubated with 1% Triton
X-100 to solubilize the membrane proteins, and «a-DG was
enriched by WGA (wheat germ agglutinin) chromatography.
Western blotting and laminin blot overlay assay was performed
as described previously (12), and images were captured using
LAS-3000 software (Fujifilm). For pH 12 extract overlay, skel-
etal muscles of dyZJ and control mice were homogenized, centri-
fuged at 35 000g for 20 min, and the pellets were incubated at pH
12 for 1 h and centrifuged at 140 000g for 35 min. The super-
natant, which included endogenous laminin, was incubated
with blots overnight, and the laminin bound to o-DG was
detected with anti-laminin antibody. Mouse gastrocnemius
muscles and C2C12 myotubes were homogenized as described
earlier, centrifuged at 20 000g for 10 min, and the concentration
of IGF-1 in the supernatant was measured using a Quantikine
ELISA kit for Mouse/Rat IGF-1 (R&D Systems).

DNA microarray analysis

Gastrocnemius muscles of LARGE Tg mouse and control
mouse at 16 weeks of age were dissected and stored in RNAla-
ter (Life Technologies). Total RNA was isolated from the
muscles using RNeasy Fibrous Tissue Midi Kit (Qiagen).
Microarray analysis was performed using Whole Mouse
Genome Oligo Microarray 4 x 44 k (Agilent Technologies).
Microarray data were extracted from scanned images and ana-
lyzed using GeneSpring software (Agilent Technologies).
Gene ontology search was performed within the genes that
exhibited a significant change in expression, i.e. z-score > 2
and ratio > 1.5 (increase in LARGE Tg) or z-score < —2
and ratio < 0.66 (decrease in LARGE Tg).
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Miscellaneous

Body weights of male and female dy*’, dy*’/LARGE and control
mice (n = 4—15) were measured at 4 and 8 weeks of age. Gri})
strength was measured for 10 consecutive trials for dy™, dy*’/
LARGE and control mice (n =4-6) at the age of 8 weeks
using a grip strength meter (Panlab). Kaplan—Meier estimates
of survival probabilities were calculated for dy* and dy*/
LARGE mice (n = 11 and 15, respectively) using survival ana-
lysis add-on software to Excel (NAG).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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: Abstract

Defects in dystroglycan glycosylatlon are assocrated with a group of muscular dystrophles, termed dystroglycanopathles

that include Fukuyama congenital muscular dystrophy (FCMD). It is widely believed that abnormal glycosylation of -
dystroglycan leads to dlsease-causmg membrane fragility. We previously generated knock-in mice carrying a founder:
retrotransposal insertion’in fukutin, the gene responsible for FCMD, but these mice did not develop muscular dystrophy,
‘which hindered exploring therapeutic strategies. We hypothesized that dysferlin functions may contribute to muscle cell
viability in the knock-in mice; however, pathological interactions between glycosylatlon abnormalities and dysferlin defects:

remain unexplored. To investigate contributions of dysferlin deficiency to the pathology of dystroglycanopathy, we have
crossed dysferlin-deficient dysfer/in?’?' mice to the fukutin-knock-in fukutin"®~ and Large-deficient Large™%™ mice,
which are phenotyplcally dlstmct models of dystroglycanopathy The fukutin™~ mice do not show a ¥stroph|c phenotype
however, (dysferlin®/; fukutin"® ") mice showed a deteriorated phenotype compared with (dysferlin® 79; fukutin™'P’*) mice.
These data indicate that the absence of functional dysferlin in the asymptomatic “fukutin® HP/~ mice triggers disease
manifestation and aggravates the dystrophic phenotype. A series of pathological analyses using double mutant mice for
Large and dysferlin indicate that the protective effects of dysferlin appear diminished when the dystrophlc pathology is
severe and also may depend on the amount of dysferlin proteins. Together, our results show that dysferlin exerts protective
effects on the fukutin'®~ FCMD mouse model, and the (dysferlin®/*" fukutin”p/ ). mice will be useful as a novel model for a
: recently proposed antisense oligonucleotide therapy for FCMD. g
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Introduction

Muscular dystrophies are a heterogeneous group of genetic
disorders characterized by the progressive loss of muscle strength
and integrity. Several lines of evidence have established that the
structural linkage between the muscle extracellular matrix and the
cytoskeleton is essential in preventing the progression of muscular
dystrophy [1]. The dystrophin-glycoprotein complex (DGC) forms
the structural linkage, and mutations in components of this
complex cause several forms of muscular dystrophy, including
Duchenne and limb-girdle muscular dystrophies (LGMDs) [2].
Within the DGC, a- and B-dystroglycans (DG) act as a molecular

PLOS ONE | www.plosone.org

bridge between the extracellular matrix and the cytoskeleton. o-
DG is a highly glycosylated extracellular subunit that functions as
a receptor for extracellular matrix proteins such as laminins. O-
mannosyl glycosylation and a novel phosphodiester-linked mod-
ification of O-mannose, termed post-phosphoryl modification, are
necessary for o-DG to serve as a functional laminin receptor [3,4].
a-DG is anchored on the plasma membrane through non-covalent
interaction with a transmembrane-type B-DG, which in turn binds
to the dystrophin-actin cytoskeleton.

Fukuyama congenital muscular dystrophy (FCMD: MIM
253800) is an autosomal recessive disorder characterized by severe
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muscular dystrophy, abnormal neuronal migration associated with
mental retardation and, frequently, eye abnormalities [5]. We
identified fukutin, the gene responsible for FCMD, and a 3-kb
SINE-VNTR-Alu (SVA) retrotransposon insertion into the 3’
UTR of fukutin as the founder mutation in FCMD [6]. This
insertion causes abnormal splicing that leads to the production of
non-functional fukutin protein [7]. The introduction of antisense
oligonucleotides that target the splice acceptor and splicing
enhancers prevented the pathogenic abnormal splicing by SVA
in the cells of FCMD patients as well as model mice that carry the
retrotransposal insertion [7]. Point mutations in fukutin have been
reported in patients both inside and outside Japan, and recent
studies have revealed a broad clinical spectrum for fukutin-
deficient muscular dystrophies [8]. In FCMD, «-DG is abnormally
glycosylated, and its laminin-binding activity is decreased [3].
Several other forms of muscular dystrophy are caused by
abnormal glycosylation of a-DG; collectively, these conditions
are termed “dystroglycanopathies”. More than 10 genes have
been identified as causative genes in dystroglycanopathies [9-14],
some of which encode products that possess enzyme activities
involved in synthesizing O-mannosyl sugar chains on o-DG [15~
18]. Fukutin, LARGE, and Fukutin-related protein (FKRP)
participate in forming the post-phosphoryl moiety [4,19]. Overall,
dystroglycanopathy gene products appear to be involved in O-
mannosyl chain synthesis and post-phosphoryl modification;
mutations in these pathways commonly result in abnormal
glycosylation of a-DG and reduced ligand-binding activity,
disrupting the DG-mediated linkage between the extracellular
matrix and the cytoskeleton [2].

Defects in DGC components or a-DG glycosylation disrupt the
linkage between the extracellular matrix and the cytoskeleton, thus
rendering the sarcolemma more susceptible to contraction-
induced damage. This is thought to trigger an increase in
intracellular Ca”* concentration, eventually leading to necrosis
and myofiber degeneration. Myofibers possess an intrinsic
mmechanism for repair of damaged membranes, and dysferlin plays
a pivotal role in the skeletal muscle membrane repair pathway. In
humans, dysferlin deficiency leads to LGMD2B, Miyoshi myop-
athy or a distal myopathy with anterior tibial onset [20]. Dysferlin-
deficient mice show defective membrane repair and also develop
rnuscular dystrophy [21]. Several proteins are known to interact
wwith dysferlin [20], and it is expected that these proteins also
participate in membrane repair. For example, mitsugumin 53
(MG53, also known as TRIM72) has been implicated in vesicle
trafficking to the damage site during the membrane repair process
[22].

We previously described a new FCMD mouse model that
«<arries the retrotransposal insertion in the mouse fukutin ortholog
[23]. These knock-in mice exhibit hypoglycosylated a-DG but do
ot develop muscular dystrophy. Therefore, these mice are not
suitable for testing effectiveness of the antisense oligonucleotide
therapy for FCMD. Although skeletal muscle-selective fukutin
«<onditional knock-out mice, namely MCK-fukutin-cKO and
Myf5-fukutin-cKO, show dystrophic phenotype [24], they are
ot applicable for the examination of the antisense oligonucleotide
therapy because they do not possess the retrotransposal insertion.
We previously reported that the small amount of normally
glycosylated o-DG remaining in the skeletal muscle of the
kenock-in mice prevents muscular dystrophy [23]. However, it is
rot clear whether this residual glycosylation alone is sufficient to
rmaintain skeletal muscle membrane integrity. We hypothesized
that dysferlin functions compensate for presumed membrane
tragility caused by a reduced interaction between o-DG and
laminin. Furthermore, the exact contribution of dysferlin and
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dysferlin-interacting proteins to the pathology of dystroglycano-
pathy is not known. To investigate this question, we crossed
dysferlin-deficient mice with two distinct dystroglycanopathy
mouse models and analyzed the resultant phenotypes. In addition,
if the double mutant mice carrying the retrotransposal insertion
show worse dystrophic phenotype than those of dysferlin mutant
mice, they can be the first model for the novel antisense
oligonucleotide therapy for FCMD.

Materials and Methods

Animals

Dysferlin-deficient SJL/J mice, a strain with a large deletion in
the Dysf gene [25], were purchased from Charles River Japan.
The transgenic mouse carrying a neo cassette disruption of one
fukutin allele (fukutin®’7) [26] and the transgenic knock-in
homozygous mutant mouse carrying the retrotransposal insertion
in the mouse fukutin ortholog (fukutin™"?) have been described
previously [23]. Genotyping for the Dysf mutant allele and the
fukutin mutant allele was performed as described previously
[23,25]. All animal procedures were approved by the Animal Care
and Use Committee of Kobe University Graduate School of
Medicine (P120202-R2) in accordance with guidelines of Ministry
of Education, Culture, Sports, Science and Technology (MEXT)
and Japan Society for the Promotion of Science (JSPS). The
animals were housed in cages (2—4 mice per cage) with wood-chip
bedding in an environmentally controlled room (25°C, 12 h light-
dark cycle) and provided food and water ad libitum at the animal
facility of Kobe University Graduate School of Medicine. Well-
trained and skilled researchers and experimental technicians, who
have knowledge of methods to prevent unnecessary excessive pain,
handled the animals and carried out the experiments. Euthaniza-
tion was done by cervical dislocation. At sacrifice, the muscles
were harvested and snap-frozen in liquid nitrogen (for biochem-
istry) or in liquid-nitrogen-cooled isopentane (for immunofluores-
cence and histology). The number and ages of animals used in
each experiment is indicated in Figure legends and graphs.

To generate double mutant mice for dysferlin and fukutin
deficiency, we crossed dysferlin-deficient SJL/] mice [25]
(dysfertin®”¥'; SJL background) with two different lines of fukutin
mutant mice. One is a transgenic mouse carrying a neo cassette
disruption for a single fukutin allele (fukutin®’~; 129-C57BL/6
background) [26] (Fig. 1A, line A). The other is a transgenic
knock-in homozygous mutant mouse carrying the retrotransposal
insertion in the mouse fukutin ortholog [23] (fukutin™P/HP; 129-
C57BL/6 background) (Fig. 1A, line B). Heterozygous F1 mice in
both lines were intercrossed to obtain the following four genotypes
F2): (dysferlin® S fukutin®™ ™), (@dysferlin®™*: fukutin®™ ), (dys-
ferlin?*: fukutin™® ), and (dysferlin® Y fukutin*PP). We
further crossed (dysferlin®9". fukutin™ ™) with (dysferlind/*:
fukutin™" ™) mice or (dysferlin®*: fukutin®’' ") with (dysfer-
lin39: fukutin™’MP) mice (Fig. 1A, highlighted with gray) to
produce four genotypes (F3): (dysfertin®™: fukutin™'*); (dysfer-
1nV*: fukutin™ 7Y, (dysferlin/ fukutin™*’*); and (dysferlin®”
9 fukutin™*’ 7). To generate double mutant mice for dysferlin
and Large deficiency, we crossed dysferlin-deficient SJL/] mice
(C57BL/6 backcross 7) with Large-deficient Large™° mice
(Large™/™, C57BL/6 background) [27,28]. Heterozygous F1
mice were intercrossed and the following four genotypes were used
for the analyses (F2): (c:}vsfe7"linsjl/+: Lm;gemyd/*); (dysferlind/9".
Large™ ™, (dysferlin®™: Large™Y™9); and  (dysfertin®/9"
Large™™9. For more effective breeding, we crossed (dysfer-
lin™*: Large™*) mice with (dysferlin®’9: Large™%™*) mice
(Fig. 1B). (Dysferlin®™*: Large™ ™) mice were obtained from
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Figure 1. Generation of double-mutant mice exhibiting both abnormal ¢-DG glycosylation and reduced dysferlin expression. (A, B)
Breeding strategy for the generation of double-mutant mice. sjl represents the dysferlin mutant allele, myd represents the Large mutant allele, and Hp
represents the transgenic allele carrying the retrotransposal insertion in fukutin. Hp/+ represents a carrier with the insertion in fukutin. Hp/—
represents a compound heterozygote carrying the insertion and a neo-disrupted allele. For the dysferlin/fukutin double mutant line, we used mice
carrymg dysferlin”* and fukutin"™™* as the normal control (dysferlin"*: fukutin"™™*); d &sferlm‘"’f”' and fukutin™"* as the dysferlin-mutant (dysfertin/*"
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(dysfer/mSJ a0, s fukutin™ ). For theUc{ysferlm/Largedsﬁoubie mutant line, we used mice carrytng dysferlin™* and Large™%" as the normal control
sjl/s myd/+

(dysferlin™V*: Large"’yd’ ) dysferhn and Large as the dysferlln -mutant (dysferlin®¥; Large™Y*); dysferlin®'* and Large™¥™* as the Large-
mutant (dysferlmsﬂ” Large™¥™9); and dysferlin®? and Large™¥™ as the double mutant (dysferlin®’#; Large™¥™%).(C, D) Abnormal a-DG
glycosylation and reduced dysferlin protein expression. Solubilized skeletal muscle samples from each genotype were subjected to Western blot
analysis for dysferlin protein expression (left panel). Tubulin was used as a loading control. The solubilized fractions were further enriched for DG by
WGA-beads, and the DG-enriched fractions were subjected to Western blotting with the monoclonal IIH6 antibody, which recogmzes glycosylated o-

DG (right panel). B-DG was used as a loading control. The (dysferlin®*: fukutin"P"*), (dysferlin™" fukutin"™"), (dysferlin¥": fukutin"™~), and

(dysferlin™: fukutin"®~) mice are abbreviated as (SJI/+ Hp/+),

M, (a’ysferllns"/Sjl Large™%", (dysferlin®*: Large™ ™), and (dysferlin®"
myd/myd), and (sjl/sjl: myd/myd), respectively.
doi:10.1371/journal.pone.0106721.g001

the dysferlin/Large double mutant line and Large™"

colonies.

mouse

Antibodies

Antibodies used in Western blotting and immunofluorescence
were as follows: mouse monoclonal antibody 8D5 against B-DG
(Novocastra); mouse monoclonal antibody ITH6 against o-DG
(Millipore); affinity-purified goat polyclonal antibody against the a-
DG core protein (AP-074G-C) [23]; mouse monoclonal antibody
NCL-Hamlet against dysferlin (Novocastra); rat monoclonal
antibody against mouse F4/80 (BioLegend); rabbit polyclonal
antibody against collagen I (AbD serotec); rabbit polyclonal
antibody against albumin (DAKO); mouse monoclonal antibody
against caveolin-3 (BD Transduction Laboratories); rabbit poly-
clonal antibody against caveolin-3 (Abcam); and rabbit polyclonal
antibody against Trim72 (MG53) (Abcam).
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/+), (sjl/+: Hp/ ), and (sji/sjl: Hp/—), respectively. The (dysferhnsW+ Large

(sji/sjl:
’5 : Large™ ¥ ™) mice are abbreviated as (sjl/+ myd/+), (sji/sjl: myd/+), (sjl/+:

myd/

Protein preparation and Western blotting

DG was enriched from solubilized skeletal muscle as described
previously [23]. Briefly, skeletal muscles were solubilized in Tris-
buffered saline (TBS) containing 1% Triton X-100 and protease
inhibitors (Nacalai). The solubilized fraction was incubated with
wheat germ agglutinin (WGA)-agarose beads (Vector Laborato-
ries) at 4°C for 16 h, and then DG was eluted with SDS-PAGE
loading buffer. For detection of dysferlin and dysferlin-interacting
proteins, RIPA buffer (1% NP-40, 0.5% DOC, and 0.1% SDS in
TBS with protease inhibitors) was used for protein extraction from
skeletal muscle. For this experiment, we used fukutin™ ™~ mice
and litter control fukutin™* mice that were backcrossed to
(C57BL/6 mice more than 10 times. Protein concentration of the
solubilized fractions was measured by Lowry methods, using BSA
as a standard. Proteins were separated using 3-15% linear
gradient SDS-gels. Gels were transferred to polyvinylidene fluoride
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(PVDF) membrane (Millipore). Blots were probed with antibodies
and then developed with horseradish peroxidase (HRP)-enhanced
chemiluminescence (Supersignal West Pico, Pierce; or ECL Plus,
GE Healthcare). Protein bands were detected using the LAS-4000
system (Fujifilm), and band intensities were quantified using Multi
Gauge V3.2 software (Fujifilm). Statistical analysis was performed
with a two-tailed unpaired ¢ test. A p value of <0.05 was
considered to be significant.

Histological and Immunofluorescence analysis

For H&E staining, cryosections (7 pm) were stained for 2 min in
hematoxylin, | min in eosin, and then dehydrated with ethanol
and xylenes. For Masson trichrome staining, sections were fixed
with Bouin’s solution (Sigma) for 1 hour at 60°C. The slides were
incubated in solution A (5% trichloroacetic acid, 5% potassium
dichromate) for 30 min, and then stained with Weigert’s iron
hematoxylin (Muto Chemical Co Ltd) for 15 min. After a rinse
with 0.5% HCl in 70% ethanol and a subsequent rinse with warm
water, the slides were incubated in solution B (0.5% phospho-
tungstic acid, 2.5% phosphomolybdic acid) for 1 min, and then
stained with FUCHSIN-PONCEAU solution. The slides were
washed with 1% acetic acid, incubated in 2.5% phosphomolybdic
acid for 5 min, washed with 1% acetic acid, stained with aniline
blue, washed with 1% acetic acid, dehydrated, and mounted.

For immunofluorescence analysis, sections were treated with
cold ethanol/acetone (1:1) for 1 min, blocked with 5% goat serum
in MOM Mouse Ig Blocking Reagent (Vector Laboratories) at
room temperature for 1 h, and then incubated with primary
antibodies diluted in MOM Diluent (Vector Laboratories)
overnight at 4°C.. The slides were washed with PBS and incubated
with Alexa Fluor 488-conjugated or Alexa Fluor 555-conjugated
secondary antibodies (Molecular Probes) at room temperature for
30 min. Permount (Fisher Scientific) and TISSU MOUNT
(Shiraimatsu Kikai) were used for H&E staining and immunoflu-
orescence, respectively. Sections were observed under fluorescence
microscopy (Leica DMR, Leica Microsystems).

For quantitative evaluation of muscle pathology, the percent-
ages of myofiber with centrally located nuclei were counted for at
least 1,000 fibers for each genotype (n>4). For evaluation of the
F4/80-positive and the collagen I-positive area, the immunoflu-
orescence signal was quantitatively measured using Image J
software. Statistical analysis was performed using values represent
means with standard deviations, and p values <0.05 were
considered significant (Student’s {-test and Mann-Whitney U test).

Results

Generation of double mutant mice exhibiting both
abnormal glycosylation of a-DG and dysferlin deficiency
To generate double mutant mice, we crossed dysferlin-deficient
SJL/L mice (dysferlin®’% [25] with two distinct dystroglycano-
pathy models, fukutin-deficient or Large-deficient mice. Previously
we reported a transgenic knock-in homozygous mutant mouse
carrying the retrotransposal insertion in the mouse fukulin
ortholog (fukutin™™?) [23]. Compound heterozygous mice
carrying the retrotransposal insertion and a neo cassette fukulin
disruption (fukutin™ ~) showed more abnormal glycosylation of
-DG than did mice homozygous for the insertion (fukutin™?/P
mice), although fukutin™~ mice did show a detectable amount
of residual 0-DG glycosylation [23]. For the current study, we
generated double mutant mice with the (dysferlin®/¥: fukutin™’
73 genotype (Fig. 1A). The other dystroglycanopathy model,
Large-deficient Large™® mouse (Large™™% [27,28] show
abnormal glycosylation with no detectable amount of properly
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glycosylated @-DG. The ligand binding activity of a-DG in
Large™9™ mice is greatly reduced compared with that in
fukutin®?’” mice [23]. Breeding strategies, genotypes, and
abbreviations for these double mutant mice and their controls
are shown in Figure 1A and 1B.

To confirm reduced protein expression of dysferlin and
abnormal glycosylation of o-DG in these mice, we prepared
solubilized fractions from skeletal muscle extracts and enriched for
a-DG  using wheat germ agglutinin (WGA)-agarose beads.
Western blot analysis showed a dramatic reduction of dysferlin
protein in skeletal muscle from (dysferlin®/¥; fukutin™P’*),
(dysfertin®9: fukutin™' ™), (dysferlin™"; Large™%™), and
(dysferlin® <. Large™ ™ mice (Fig. 1C and D). We also
confirmed a significant reduction of reactivity against the
monoclonal antibody ITH6, which recognizes glycosylated epitopes
on o-DG that are necessary for laminin binding activity, in
(dysferlinsj]/ o fukutin™P 7Y, (dysferlin® 9 fukutin™ "), (dysfer-
Iin*: Large™%™9), and (dysferlin®/*; Large™ ™) (Fig. 1C
and D). Overall, these data confirmed the production of model
mice with four biochemically distinct genotypes in each double
mutant line.

More severe muscular dystrophy in (dysferlin®*"
fukutin'®'~) than in (dysferlin®": fukutin""*) mice

We examined the histopathology of (dysferlin®’S": fukutin™® ™)
mice by hematoxylin and eosin (H&E) staining. The (dysfertin®/*:
fukutin™P’ ") mice showed no obvious pathological features of
muscular dystrophy (Fig. 2). The (dysferlin™"; fukutin™’*) mice
showed mild dystrophic changes such as the presence of necrotic
fibers and centrally located nuclei (Fig. 2). The phenotypes of
(dysferlin®™: fukutin™ 7 and (dysferlin®™. fukutin™***) mice
are similar to those described previously for retrotransposon
knock-in fukutin mutant mice and dysferlin-deficient SJL/J mice,
respectively {23,25]. These results also indicate that disruption of
one dysferlin or one fukutin allele does not affect the phenotype of
fukutin®* ™ or dysferlin?9 single mutant mice, respectively.
H&E staining showed that the (dysferlin®/% fukutin™ ™) mice
showed further progressed and more severe dystrophic features
than did the (dysferfin®/¥". fukutin™*"*) mice in quadriceps
(Quad), gastrocnemius (Gast), and tibialis anterior (TA) muscles
(Fig. 2A and Fig. 3A). Comparison of the percentage of muscle
fibers with centrally located nuclei confirmed a more severe
dystrophic phenotype in the (dysferlin/¥"; fukutin™** ™) mice than
that in the (dysferlin®’9: fukutin™"*) mice (Fig. 2B).

To compare the pathological severiy in (dysferlin®¥, fuku-
17y and (dysferlin®9; fukutin?’*) skeletal muscle more
precisely, we counted the percentage of muscle fibers (TA) with
centrally located nuclei at different ages (Fig. 3A and B). In 8-
week-old mice, we observed a few fibers with centrally located
nuclei and necrotic fibers in both the (dysferlin®/%: fukutin™"*)
and the (dysferlin®/S". fukutin™?' ") mice, but no significant
differences were seen between the two (data not shown). At 15
weeks and 30 weeks of age, the (dysferlin®’™: fukutin™ ™) mice
show significantly more fibers with centrally located nuclei than do
the (dysferlin®’; fukutin™"*/*) mice (Fig. 3B). The proportion of
fibers with centrally located nuclei in the (dysfertind/ 9" fukutin™P/
) mice increased with age. These results indicate more frequent
cycles of muscle cell degeneration and regeneration in the
(dysferlin®S; fukutin™"7) mice. We next compared infiltration
of macrophage and connective tissue as indicators of disease
severity. Immunofluorescence analysis using the monoclonal F4/
80 antibody, a marker for macrophages, indicated that macro-
phage infiltration was increased in (dysferlin®/9: fukutin™*’ ™)
skeletal muscle compared with (dysferlin®/9"; fukutin™'*’") skeletal

September 2014 | Volume 9 | Issue 9 | e106721



Dysferlin in Dystroglycanopathy Pathology

(sjif+ : Hp/+) (sjl/+ : Hp/-) (sjl/sjl : Hp/+) (sjl/sjl : Hp/-) Quadriceps

>

5

B .
[
g
8
£ w
&
o :':gm ofo k £
2, s o, 15
W, %‘f& ﬁ%’fy&%’f}f
By oy, Yorey, sy

Gastroonernius

% i

~

e

T

W

© £

a® . s

PR SO .
1, % 15, 13,
/zf,ﬁw%‘g %7~‘/vi/‘§”*ff
Q’ﬁ) f’k/ ﬁf.‘/ i?AJ

Figure 2. Histological analysis of skeletal muscle from dysferlin/fukutin double mutant mice. (A) Quadriceps (Quad) and gastrocnemius
(Gast) muscle tissues from the four mouse genotypes at 15 weeks were analyzed by H&E staining. Bar, 50 pm. (B} Myofibers with centrally located
nuclei were counted and quantitatively compared between (dysferlin®" fukutin"®"y and (dysferlin*"; fukutin""" ) mice (*, p<<0.05). Data shown are
mean = s.e.m. for each group (n is indicated in the graph). The (dysferlin™*: fukutin™"), (dysferlin®*: fukutin™'~), (dysferlin™*": fukutin"’"), and

(dysferlin™"; fukutin® ") mice are abbreviated as (sjl/+: Hp/+), (sjl/+: Hp/—), (sil/sjl: Hp/+), and (sjl/sjl: Hp/—), respectively.

doi:10.1371/journal.pone.0106721.g002

muscle (Fig. 4A). Quantification of F4/80-immunofluorescence
signals confirmed significant increases of macrophage infiltration
in (dysferlin® S fulutin™’ 7y skeletal muscle (Fig. 4B). Masson
trichrome staining revealed that the fibrotic area was increased in
(dysferlin P fulatin™ ) skeletal muscle (Fig. 4C). Quantifica-
tion of immunofluorescence signals for collagen 1 further
supported significant increases of connective tissue infiltrations in
(dysferlin® . fulutin™" ) skeletal muscles (Fig. 4D). These data
are indicative of further progressed and more severe dystrophic
phenotypes in (dysferlin™ ¥ fubutin™ ™) skeletal muscle. Impor-
tanty, although the (dysferlin®™*: fukutin™'*' ") mice do not show
muscle pathology, the (dysferlin/ " fukulin'”“’/”} mice show a
more severe phenotype than do the (dysferlin®™; fulutin™'v*)
mice, suggesting that dysferlin plays a protective role in preventing
disease manifestation in the (dysferlin®™*: fukutin™ ™) mice.
Our previous data and those of others suggest that muscle cell
membrane fragility due to loss of DG or its functional
glycosylation triggers disease manifestation [24,29]. However, we
have not observed evidence indicating membrane fragility in
fukutin™ ™ skeletal muscle [23]. To investigate whether mem-
brane fragility is associated mechanistically with the deteriorated
phenotype of the (dysferlin™ 9 fukutin™" ") mice, we analyzed
the population of albumin-positive muscle fibers. Intracellular
albumin staining often is used as an indicator of muscle fiber
damage or increased membrane permeability [30]. Immunofluo-
rescence analysis suggested that the albumin-positive myofibers
were almost absent in both (dysferlin®*: fukutin™"*) and
(dysjérlz’n"’” *: fukutin™’ ") and only sparsely observed in (dysfer-
lin Y fuletin™P7) skeletal muscles, whereas they appeared
increased in (dysferlin® ™, fukutin™?’ ") skeletal muscle (Fig. 5A).
Quantification of albumin-positive fibers also confirmed significant
deterioration of the myofiber membrane fragility in the (dysfer-
L9 fukutin™* 7y mice (Fig. 5B). These data suggest that
skeletal muscle fibers in (dysferlin®™: fukutin™~) mice have
latent membrane fragility, which is protected partially by dysferlin
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functions, and membrane fragility caused by synergy of reduced o-
DG glycosylation and dysferlin-deficiency underlies the deterio-
rated phenotype of the (dysferlin® . fulkutin™’ ™) mice.

We examined whether dysferlin itself and/or its interacting
proteins, caveolin-3 [31] and MG53 [22], are compensatory
upregulated in fukutin™’ ™ mice. Western blot analysis showed
that levels of dysferlin, caveolin-3, and MG33 were not
significantly different between fukwtin™" ™ and  fukutin™""*
skeletal muscle (Fig. SIA and B). Immunofluorescence analysis
also showed no obvious change in dysferlin expression pattern
between fukutin™ ™ and fukutin*™** skeletal muscle (Fig. S1C).

Characterization of muscular dystrophic changes in
(dysferlin®"". Large™%™9) mice

We subsequently analyzed the histopathology of (dysferlin
Large™*™% mice. Large™*™* mice show severe muscular
dystrophic phenotypes such as infiltration of connective and fat
tssues and marked variation in fiber size [28]. Almost all o-DG is
hypoglycosylated in Large™ ™% mice [23]. We confirmed that
the pathology of (dysferlin‘*jv. " Lan, ¢™ V™Y mice was more
severe than that in (dysferlin®¥: Large™"™) mice (Fig. 6). To
examine whether the dysferlin functions have protective roles in
Large™Y™9 skeletal muscle, we compared the pathology in
(dysferlin®™*: Large™™% and (dysferlin®¥: Large™ ™
mice. The (dysferlin®™*: Large™% ™% mice showed necrotic
and centrally nucleated fibers, indicating frequent cycles of muscle
degeneration and regeneration (Fig. 6C). In addition, some
animals showed signs of advanced muscular dystrophic changes
such as variations in fiber size and connective tissue infiltration
(Fig. 6D). The (dysferlin®’/®"; Large™ ™% mice exhibited severe
pathology, including marked variation in fiber size and large areas
with infiltration (Fig. 6E and F). We evaluated these pathologies
quantitatively by measuring the areas of macrophage or connec-
tive tissue infiltration and the population of albumin-positive

sil/sjl,
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Figure 3. Pathological comparisons between (dysferlin®/"; fukutin"'®’*) and (dysferlin"/*"" and fukutin~) mice. (A) H&E staining of TA
muscle from (dysferlin™™: fukutin™™), (dysferlin®*: fukutin™ ™), (dysferlin®/s"; fukutin™®"*) and (dysferlin®"; fukutin"® ™) mice at 8, 15 and 30 weeks.
Bar, 50 um. (B) Myofibers with centrally located nuclei were counted and quantitatively compared between (dysfer/ins": fukutin"®"*) and (dysferlin"
s fukutint™® ™) mice at 15 and 30 weeks (*, p < 0.05). Data shown are mean = s.e.m. for each group (n is indicated in the graph). The (dysfer/in™"*:

fukutint®*), (dysferlin™*: fukutin® ™), (dysferlin®’="; fukutint®*), and (dysferlin®®": fukutin™™ ™) mice are abbreviated as (sjl/+: Hp/+), (sjl/+: Hp/—), (sji/

sjl: Hp/+), and (sjl/sjl: Hp/—), respectively.
doi:10.1371/journal.pone.0106721.g003

muscle fibers (Fig. 61, J, and K). Both the macrophage-infiltrated
area and the population of albumin-positive muscle fibers tended
to be larger in (@ysferlin®’¥; Large™% ™% than in (dysferlin?"/™:
Large™%™9); however, we did not observe statistically significant
differences between the two groups. Furthermore, quantification
of collagen I immunofluorescence showed no significant difference
in connective tissue infiltration between (dysferlin®’™; Large™%
™% and (dysferlin®*: Large™ ™ skeletal muscles. These

PLOS ONE | www.plosone.org

results suggest that dysferlin function produces limited protective
effects against the progression of severe muscular dystrophy in
Large™% ™9 mice. Interestingly, however, when compared with
the (dysferlin®™™*: Large™Y ™% mice, the (dysferlin?’ ", Large™?
™9 mice showed significant increases in F4/80, collagen 1 and
intracellular albumin staining (Fig. 61, J, and K). The amount of
dysferlin protein in total lysates from (dysferlin®/9; Large™/ ™)
and (dysferlin®’*: Large™%™9) skeletal muscles was estimated to
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Figure 4. Macrophage and connective tissue infiltration in dysferlin/fukutin double mutant mice. (A) Macrophage infiltration was
determined by immunofluorescence analysis using the F4/80 antibody (red). The sarcolemma and nuclei were stained by laminin (green) and DAPI
(blue), respectively. TA muscle sections from 30-week-old mice were used. Bar, 50 um. (B) F4/80-positive immunofluorescence signals were quantified
using Image J software. (C) Connective tissue infiltration was determined by Masson-Trichrome staining. TA muscle sections from 30-week-old mice
were used. Bar, 50 um. (D) Quantitative analysis of connective tissue infiltration, determined by immunofluorescence analysis using anti-collagen |
antibody. The collagen I-positive area was quantified using Image J software, For quantitative analysis (B and D), data shown are mean * s.e.m. for
each group (n is indicated in the graph; *, p<0.05). The (dysferlin™"*: fukutin"®’*), (dysferlin®"*: fukutin™ ™), (dysferlin®¥": fukutin""'*), and (dysferlin"
s fukutin™ ™) mice are abbreviated as (sjl/+: Hp/+), (sjl/i+: Hp/—), (sjl/jl: Hp/+), and (sjl/sjl: Hp/—), respectively.
doi:10.1371/journal.pone.0106721.g004

be ~20% and ~60% of that from (dysferlin™*: Large™ ™) Large™ ™% mice. Overall, our results suggest that the protective
muscle, respectively (Fig. 6L). These results suggest that the effects of dysferlin on dystroglycanopathy phenotype appear to be
dramatic reduction in the amount/activity of dysferlin protein diminished when the dystrophic pathology is severe and progres-
may be associated with a worse phenotype in the (dysferlin/9" sive and also may depend on the amount of dysferlin proteins.
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Figure 5. Myofiber membrane fragility in dysferlin/fukutin double mutant mice. (A) Intracellular albumin was determined by
immunofluorescence (red). Myofibers are marked by laminin staining (green). Arrows indicate myofibers with intracellular albumin. Images were
taken from quadriceps muscle sections of 15-week-old mice. Bar, 100 um. (B) Myofibers with intracellular albumin were counted and statistically
compared between (dysferlin9"; fukutin"®*) and (dysferlin®"; fukutin"®~) mice. Quadriceps and TA muscle sections from 15-week-old mice were
analyzed. Data shown are mean * s.e.m. for each group (n is indicated in the graph; *, p<<0.05). The (dysferlin®*: fukutin™P"*), (dysferlin®"*: fukutin"*’
"), (dysferlin®9"; fukutin®®’), and (dysferlin®/s"; fukutin™"®~) mice are abbreviated as (sjl/+: Hp/+), (sjl/+: Hp/=), (sjl/sjl: Hp/+), and (sjl/sjl: Hp/—),

respectively.
doi:10.1371/journal.pone.0106721.9005

Discussion

Here we have characterized the contribution of dysferlin-
deficiency to the pathology of dystroglycanopathy using double
mutant mice for dysferlin and o-DG glycosylation. To date, several
dystroglycanopathy model mice have been established. Large™*
mice [28] and knock-in mice carrying the FKRP P448L mutation
[32] show no detectable amounts of functionally glycosylated a-DG,
no laminin binding activity, and progressive muscular dystrophy.
On the other hand, other dystroglycanopathy mouse models do not
show a muscular dystrophy phenotype [23]. We previously reported
that a small amount of intact o-DG in fukutin™ ™ mice is sufficient
to maintain muscle cell integrity, thus preventing muscular
dystrophy [23]. These results and others suggest that the presence
of functionally glycosylated o-DG can decrease disease severity
[33,34]. In the present study, however, we showed that although

PLOS ONE | www.plosone.org

(dysferlin®™: fubutin™ ™) mice did not exhibit a muscular
dystrophy phenotype, (dysferlind’s"; fukutin™’ ™) mice developed
a more exacerbated phenotype than did the dysferlin single-mutant
(dysferlin®’"; fulutin™®"*) mice. It has been widely accepted that o~
DG glycosylation plays an important role in preventing disease-
causing membrane fragility by maintaining a tight association
between the basement membrane and the muscle cell membrane,
and its defects produce muscle membrane that is susceptible to
damage [24,29]. The synergically exacerbated phenotype of the
(dysferlin™ 3" fukutin™®’ ™) mice suggests latent membrane fragility
in fukutin-deficient fukutin®*’~ skeletal muscle. Indeed, the
increased number of intracellular albumin-positive fibers in the
(dysferlin®’9"; fukutin™ ™) mice also supports this hypothesis. It is
assumed in the fukutin™~ myofiber that interaction between the
basement membrane and the cell membrane may be weakened, and
therefore disease-causative membrane damage could occur during
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Figure 6. Histopathological analysis of skeletal muscle from dysferlin/Large double mutant mice. (A-H) H&E staining of TA muscle from
Udysferlin®*: Large™*), Al, [(dysferlin®'; Large™%™), B], ((dysferlin™*: Large™% ™), C and D}, {(dysferlin®*: Large™¥ ™), E and F], and [(dysferlin*’
* Large™¥™9), G and H] mice at 15 weeks. Bar, 50 um. (I) Quantitative analysis of macrophage infiltration, determined by immunofluorescence
analysis using F4/80 antibody. (J) Quantitative analysis of connective tissue infiltration determined by immunofluorescence analysis using
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anti-collagen | antibody. (K) Quantitative analysis of the proportion of myof‘ ibers containing intracellular albumin. For quantitative analysis (I-K), data
shown are mean = s.e.m. for each group (n is indicated in the graph; *, p<<0.05; n.s., not significant). (L) Western blot analysis and quantification of

dysferlin expression in the total skeletal muscle lysate from (dysferlin

s]l/sjl

Large’“yd/ rnyd) (dysferlin®*; Large

rnyd/myd) rnyd/myd)

and (dysferlin*™'*: Large’

mice. A representative two individual samples are shown in the blot. Data shown are the avera?e of three individual mice with standard deviations.

The (dysferlin™*: Large™*), (dysferlin®*"; Large™™), (dysferlin®"*: Large™%™9), (dysferlinV"

Iy myd)

Large’ and (dysferlin™*: Large™Y™% mice

are abbreviated as (sjl/+: myd/+), (sjl/sjl: myd/+), (sjl/+: myd/myd), (sji/sjl: myd/myd), and (+/+: myd/myd), respectively.

doi:10.1371/journal.pone.0106721.g006

muscle contractions. However, such presumable membrane fragility
may be protected in part by the dysferlin functions.

It is known that dysferlin plays a role in membrane repair
pathway and several proteins are known to interact with dysferlin,
suggesting that dysferlin forms a protein complex during the
membrane repair process. MG53 has been shown to interact with
dysferlin and participate in membrane repair, and genetic
disruption of MG53 in mice results in muscular dystrophy [22].
Caveolin-3 is known to interact with dysferlin and MG53 [31,35].
In the present study, however, we did not observe compensatory
upregulation of these proteins in fukutin™’ ™ mice, suggesting that
dysferlin functions other than membrane repair may play
protective roles in the fukutin™ ™ mice. Recently, accumulating
evidence has suggested new dysferlin roles other than membrane
repair, such as T-tubule formation, maintenance, and stabilizing
stress-induced Ca®" signaling [36,37]. In addition, it has been
reported that dysferlin deficiency leads to increased expression of
complement factors and that complement-mediated muscle injury
is associated with the pathogenesis of dysferlin-deficient muscular
dystrophy [38]. Therefore, it is possible that such impairments
independently or synergically contribute to the pathology of the
double mutant mice.

Our results showed, rather unexpectedly, that the double-mutant
(dysfertin®; Large™%™% mice did not exhibit significant
deterioration of muscle pathology compared with the single-mutant
(dysferlin®*: Large™* ™ mice. These data suggest that the
protective effects of dysferlin in Large™% ™ mice were shghtly or
much reduced compared with those in fukutin® ™ mice. Since
Large™*™ mice showed severe and rapid progressive pathology
while fukutin™’~ mice were asymptomatic, our data suggest that
the protective effect of dysferlin may be less when disease pathology
is advanced and/or severe. It has been reported that a double
mutant of dysferlin and dystrophin produced a more exacerbated
phenotype than did either single mutant [39]. In our colony,
Large™*™ mice show much more severe and rapid progressive
pathology than do dystrophin-deficient mdx mice, supporting our
hypothesis of a limited protective effect of dysferlin in dystrophic
pathology. Interestingly, the (dysferlin®’¥: Large™% ™% mice,
however, showed a significantly worse phenotype that did the
(dysferlin®*: Large™*™% mice. In addition, there is a tendency
toward a worse phenotype in the order of dysferlin amount, .e.
(dysferlin™™*: Large™™9), (dysferlin®*: Large™* ™), and
(dysferlin®Y; Large™ m’d). These data support the possibility
that the protective effect of dysferlin is present even in the severe
dystrophic Large™" ™ mice. We conclude that dysferlin has the
potential to protect muscular dystrophy progression; however, its
effect may depend on disease severity and the amount/activity of
dysferlin proteins.

Recently, we showed that the retrotransposal insertion in the 3'-
UTR region of fukutin causes abnormal mRNA splicing, which is
induced by a strong splice acceptor site in SVA and a rare
alternative donor site in the last exon, to produce an aberrantly
spliced fukutin protein [7]. The introduction of antisense
oligonucleotides that target the splice acceptor, the predicted
exonic splicing enhancer, and the intronic splicing enhancer
prevented the pathogenic exon trapping by SVA in the cells of

PLOS ONE | www.plosone.org

FCMD patients as well as model mice (fukutin™"" and
fukutinﬂp/-) [7]. This therapeutic strategy can potentially be
applied to almost all FCMD patients in Japan, and can therefore
be the first radical clinical treatment for dystroglycanopathies.
However, there was no animal model to test the effectiveness of
the antisense oligonucleotide therapy. Since fukutin™ ™ mice do
not exhibit any signs of muscular dystrophy [23], they are not a
great model for examining therapeutic effects of this strategy.
Skeletal muscle-selective fukutin ¢cKO mice, MCK-fukutin-cKO
and Myf5-fukutin-cKO, showed dystrophic pathology [24], but
they do not possess the retrotransposal insertion, and thus they are
not applicable for testing the antisense oligonucleotide therapy.
Our present study demonstrates more severe dystrophic pheno-
type of (dysferlin®9. fukutin™®'~) mice compared with (dysfer-
i3S fukutin™®*) mice. Since the (dysferlin®™"; fukutin™*' ™)
mice possess the retrotransposal insertion and show dystrophic
phenotype, they will be used as the first model for evaluation of the
antisense oligonucleotide therapy for FCMD. There is a possibility
that the absence of dysferlin could add hurdles on how to interpret
the results of the antisense oligonucleotide treatments; however,
our quantitative assessments established in this study could
overcome this issue. For example, macrophage infiltration
(Fig. 4B), connective tissue infiltration (Fig. 4D), and membrane
fragility in quadriceps muscles (Fig. 5B) were significantly
increased only in the (dysferlin®¥: fukutin*’ ™) mice. These
parameters in the (dysferlin®/9 fukulme/ ™) mice were not
changed compared with those in the (dysferlin®/™; fukutin'?’*)
and the (dysferlin®’*: fukutin™ ™) mice, and therefore can be
used for quantitative evaluation for therapeutic effects of the
antisense oligonucleotide treatments. We hope that generation of
this novel FCMD model and establishment of the quantitative
evaluation for disease severity will accelerate the future transla-
tional researches to overcome FCMD.

Supporting Information

Figure S1 Expression of dysferlin and dysferlin-inter-
acting proteins in fukutin™®~ mice. (A) Western blot
analysis of dysferlin, caveolin-3, and MG53 in skeletal muscle
extracts from fukutin-deficient fukutin™’~ (Hp/—), and control
fukutin™P* (Hp/+) mice. A representative two individual samples
for each mouse line are shown in the blots. (B) Quantification of
protein expression (panel A) was shown in graphs. Data shown are
the average with standard deviations (n = 4 for dysferlin, n = 3 for
caveolin-3 and MGH53). (C) Immunofluorescence analysis of
dysferlin in fukutin™’~ (Hp/—) and fukutin™’* (Hp/+) mice.
Bar, 50 um.
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Abstract

Background: Limb malformations are rare disorders with high genetic heterogeneity. Although multiple genes/loci
have been identified in limb malformations, underlying genetic factors still remain to be determined in most
patients.

Methods: This study consisted of 51 Japanese families with split-hand/foot malformation (SHFM), SHFM with long
bone deficiency (SHFLD) usually affecting the tibia, or Gollop-Wolfgang complex (GWC) characterized by SHFM and
femoral bifurcation. Genetic studies included genomewide array comparative genomic hybridization and exome
sequencing, together with standard molecular analyses.

Results: We identified duplications/triplications of a 210,050 bp segment containing BHLHAY in 29 SHFM patients,
11 SHFLD patients, two GWC patients, and 22 clinically normal relatives from 27 of the 51 families examined, as well
as in 2 of 1,000 Japanese controls. Families with SHFLD- and/or GWC-positive patients were more frequent in
triplications than in duplications. The fusion point was identical in all the duplications/triplications and was
associated with a 4 bp microhomology. There was no sequence homology around the two breakpoints,
whereas rearrangement-associated motifs were abundant around one breakpoint. The rs3951819-D1751774
haplotype patterns were variable on the duplicated/triplicated segments. No discernible genetic alteration specific to
patients was detected within or around BHLHAY, in the known causative SHFM genes, or in the exome.
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