Dystrophin Exon 51-skipping in mdx52 Mice

correct the dystrophic histology and muscle function in the mdx52
mouse.ll,23,27,34

Here, we showed the efficient restoration of dystrophin func-
tion: the reading frame was restored by exon 51-skipping, and we
observed considerable amelioration of the skeletal muscle patho-
logy and function in mdx52 mice. We describe the first success-
ful effort at systemic rescue of in-frame dystrophin lacking hinge
3 and recovery of muscle function by AO-mediated exon 51-
skipping in a mouse model.

RESULTS

Two AOs targeting the 5’ and 3’ splice sites achieved
efficient exon 51-skipping in mdx52 mice

Skipping exon 51 of the murine Dmd gene in the mdx52 mouse
corrects the open-reading frame, resulting in the production of
truncated dystrophin that lacks two-thirds of the hinge 3 region
and resembles human dystrophin following exon 51-skipping
(Figure 1a).!*?7 We first identified effective AO sequences by
intramuscular injection into the tibialis anterior (TA) muscles of
mdx52 mice." To optimize the screening dose in the TA muscle,
Murine B30 (mB30) AO was injected into 8-week-old mdx52 mice
at doses of 1-10 ug.’ The mB30 AO designed to skip murine exon
51 was based on human B30 (ref. 11), which targets human exon
51 (Figure 2a). Mice were euthanized 2 weeks after the injection;
the TA muscles were isolated and analyzed by reverse transcrip-
tion (RT)-PCR and immunohistochemistry. Using RT-PCR with
primers flanking exons 50 and 53, the cDNA band equivalent to
the mRNA missing exons 51 and 52 was detected. We found that
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mB30 restored dystrophin expression in a highly dose-dependent
manner (Supplementary Figure S1). Then, we designed 13
AQ sequences targeting either exonic sequences or exon/intron
junctions of murine dystrophin exon 51 (refs. 9,11,35,36). The
sequences and compositions of these AOs are described in
Table 1 and Figure 2a. We then directly injected one or two of
the 14 AOs into the TA muscle of mdx52 mice. Two weeks after
the injection, we analyzed RNA fractions by RT-PCR and cryo-
sections by immunohistochemistry and western blotting. Among
the AOs examined, 51D, mB30, and 511 were shown by RT-PCR
to be capable of inducing exon 51-skipping at a level approaching
50% (Figure 2b,c). 51D and 511 were designed to target the 5’
splice site and an exonic site of exon 51, respectively. It has been
reported that a combination of two AOs directed at appropri-
ate motifs in target exons induces more efficient exon skipping
than that induced by a single injection.**¥” We therefore injected
combinations of two AQOs into the TA muscles of mdx52 mice,
and found that a combination of two AOs, 51A plus 51D, showed
~75% skipping efficiency, the highest among the combinations
that we examined by RT-PCR (Figure 2d,e). 51A is targeted to the
3’ splice site of exon 51. We then showed by immunohistochem-
istry that the combination of 51A plus 51D rendered 50-70% of
the fibers dystrophin-positive in cross-sections (Figure 2f), and
produced ~50% dystrophin expression on western blots com-
pared with the normal control (Figure 2g). Taking these results
together, we concluded that the co-injection of two AOs, 51A plus
51D, was the optimal combination to skip exon 51 of the murine
Dmd gene.
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Figure 1 Strategy for exon 51-skipping in mdx52 mouse. (a) Exon 51-skipping by appropriate phosphorodiamidate morpholino oligomers,
indicated by a black line, can restore the reading frame of dystrophin in the mdx52 mouse, which lacks exon 52 in the mRNA of the murine Dmd
gene, leading to out-of-frame products. (b) The molecular structure of in-frame dystrophin lacking hinge 3 induced by exon 51-skipping is shown
below the full-length dystrophin. The protein contains the actin-binding domain 1 (ABD1) at the N-terminus, the central rod domain containing
24 spectrin-like repeats (R1-24), four hinge domains (H1—4), a 20-amino acid insertion between spectrin-like repeats 15 and 16 (segment 5), the
cysteine-rich domain (CR), and the C-terminal domain (C-term). The hinge 3 is encoded by exons 50 and 51; therefore, most of this region is lost after
exon 51-skipping in the mdx52 mouse. (¢) Predicted nested repeat model with one long helix, one short helix, and overlap between the “a” helix of
the following repeat with the “b” and “c” helices of the preceding repeat, forming the triple helix. The predicted structure of full-length dystrophin
(upper) and in-frame dystrophin with exon 51 and 52 deletion (lower).
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Figure 2 Local intramuscular injection into mdx52 mice. The restoration of dystrophin in the tibialis anterior (TA) muscles was examined 2 weeks
after the injection of 10ug of one or a combination of two antisense oligonucleotides (AOs). (a) Fourteen different AOs designed to skip exon 51
of the murine Dmd gene. Each AO targets either an exonic splicing enhancer (ESE) or the 5’ or 3’ splice site, indicated by black lines. The certainties
of ESE sites according to ESEfinder 3.0 are indicated by colored boxes. Candidates for splicing enhancer-binding proteins are shown (red, SF2/ASF;
purple, SF2/ASF (IgM-BRCAT1); blue, SC35; green, SRp40; yellow, SRp55). A murine B30 AO (mB30) corresponding to human B30 was designed.’
(b) Effectiveness of the 14 different AOs for exon 51-skipping detected by RT-PCR. Representative data are shown. Skipped products (50-53) are
compared with unskipped products (50-51-53). WT, wild-type mouse. (¢) Quantitative analysis by RT-PCR of exon 51-skipping by 14 different AOs.
The percentages of in-frame transcripts in each lane of b are shown. The data (n = 3) are presented as mean + SEM. (d) Effectiveness of 13 different
combinations of two AOs targeting exon 51 of the murine Dmd gene. Representative data are shown. Skipped products (50-53) are compared with
unskipped products (50-51-53). mdx52, untreated mdx52 mouse. (e) Quantitative analysis of exon 51-skipping by 13 different combinations of two
AOs. The percentages of in-frame transcripts in each lane of d are shown. The data (n = 3) are presented as mean + SEM. (f) Immunohistochemical
staining of dystrophin in TA muscle of WT, untreated and treated mdx52 mice. The results for AOs 51A plus 51D, 511, mB30 and 51D are indi-
cated. Dystrophin was detected with a rabbit polyclonal antibody P7. Bar = 100 um. (g) Western blotting to detect expression of dystrophin in WT,
untreated and treated mdx52 mice. Representative results for 10 single AOs and three combinations of two AOs. A quantitative analysis (see Materials
and Methods) normalized to the expression of B-actin (upper panel), and western blotting to detect B-actin expression (lower panel) are shown.
Dystrophin was detected with the Dys2 monoclonal antibody. Note that additional bands between the unskipped and skipped products are visible
in some analyses. This is due to heteroduplex formation and has been described previously.' bp, base pair.
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Table 1 Length, annealing coordinates, sequences of all AOs
targeting mouse exon 51

Length Annealing

AO (bp) coordinates Sequences
51A 25 ~18+7 CTGGCAGCTAGTGTTTTTGAAAGAA
51B 25 +171+195 TCACCCACCATCACTCTCTGTGATT
51C 25 +184+208  ATGTCTTCCAGATCACCCACCATCA
51D 25 +10-15 TTGTTTTATCCATACCTTCTIGTTTG
S1E 25 +66+90 ACAGCAAAGAAGATGGCATTTCTAG
51F 25 +3+27 TCACTAGAGTAACAGTCTGACTGGC
51G 25 +24+48 CCTTAGTAACCACAGATTGTGTCAC
51H 25 +47+71 TTCTAGTTTGGAGATGACAGTTTCC
511 25 +125+149  CAGCCAGTCTGTAAGTTCTGTCCAA
51] 25 +130+154 AGAGACAGCCAGTCTGTAAGTITCIG
51K 25 +135+159 CAAGCAGAGACAGCCAGTCTGTAAG
51L 25 +162+186  TCACTCTCTGTGATTTTATAACTCG
mA20 20 +68+87 GCAAAGAAGATGGCATTTCT
mB30 30 +66+95 CTCCAACAGCAAAGAAGATGGCATT
TCTAG

AQs restored body-wide dystrophin expression

in a highly dose-dependent manner in mdx52 mice

To examine the effect of systemic delivery, we intravenously
injected a single dose of 51A plus 51D into 8-week-old mdx52
mice, at 80 (ref. 15), 160 or 320mg/kg. Mice were euthanized
2 weeks after the injection; the muscles were isolated and analyzed
by RT-PCR and the cryosections by immunohistochemistry. We
found that the AOs restored body-wide dystrophin expression in
a highly dose-dependent manner, with the 320 mg/kg dose show-
ing ~45% skipping efficiency by RT-PCR (Figure 3a,b) and 45%
dystrophin-positive fibers by immunohistochemistry (Figure 3c)
in the gastrocnemius (GC) muscle.

Repeated systemic delivery of AOs induced highly
efficient in-frame dystrophin in skeletal muscles
body-wide

Next, we intravenously injected 320 mg/kg/dose of 51A plus 51D
into 8-week-old mdx52 mice, seven times at weekly intervals.
Two weeks after the final injection, whole-body skeletal muscles
and the heart were examined. By RT-PCR, we identified cDNA
bands corresponding to exon 51 having been skipped in nearly all
skeletal muscles of treated mice (Figure 4a). The levels of skipping
efficiency were variable: ~67% in the quadriceps (QC), 64% in
the GC, 63% in the abdominal, 54% in the paraspinal, 43% in the
triceps, 29% in the TA, 24% in the deltoid, 21% in the intercostal,
18% in the diaphragm, and 3% in the heart muscles (Figure 4b).
Dystrophin expression was also evaluated by quantitative western
blotting (Figure 4c). The expression levels in the QC, GC, and
triceps muscles were the highest at 30-40% of normal levels. Those
in the TA, intercostal, paraspinal, and diaphragm muscles showed
modest expression at 10-20% of normal levels, whereas the dys-
trophin expression level in the heart was only 1% of normal levels
(Figure 4d). We detected 60-80% dystrophin-positive fibers in all
skeletal muscles by immunohistochemistry, most prominently in
the QC, GC, and paraspinal muscles (Figure 4e). Furthermore,

1998

© The American Society of Gene & Cell Therapy

a Treated mdx52 mouse

Saline 80 160 320 Total mgfkg dose

| Marker

188 bp

40 4
g
3 30 9
€
@
o
kS
2 20
ke
@

10 4

320 Total mg/kg dose
Treated mdxS2 mouse

¢

mglkg/dose

Figure 3 Dose-escalation study of systemic delivery of antisense
oligonucleotides (AOs) to mdx52 mice. Restoration of dystrophin in
the gastrocnemius muscle 2 weeks after single intravenous co-injections
of 80, 160, or 320mg/kg/dose of AO. Intravenous saline injection into
Mdx52 mice was used as a control. (a) Detection of exon 51-skipped
dystrophin mRNA by RT-PCR. Representative data are shown. Skipped
products (50-53) are compared with unskipped products (50-51-53).
The additional bands between the unskipped and skipped products
is due to heteroduplex formation. (b) Quantitative analysis of exon
51-skipping by AO. The percentages of in-frame transcripts are shown.
The data (n = 3) are presented as mean + SEM. (€) Immunohistochemical
staining of dystrophin in the quadriceps muscles of a treated mdx52
mouse. Dystrophin was detected with rabbit polyclonal antibody P7.
Bar = 100 pym. bp, base pair.

most of the nonpositive fibers in our study showed weak dystro-
phin signals.

We examined the expression of components included in
the dystrophin-glycoprotein complex in the QC by immuno-
histochemistry. The expression of a-sarcoglycan correlated
well with that of dystrophin (Figure 4f). We also observed the
recovery of B-dystroglycan and al-syntrophin expression at
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Figure 4 Repeated systemic delivery of antisense oligonucleotides (AOs) to mdx52 mice. The restoration of dystrophin in various muscles after
seven weekly intravenous co-injections of 320mg/kg/dose of AOs was examined. (a) Detection of exon 51-skipped dystrophin mRNA by RT-PCR.
Representative data are shown. Skipped products (50-53) are compared with unskipped products (50-51-53). The additional bands between the
unskipped and skipped products is due to heteroduplex formation. (b) Quantitative analysis of exon 51-skipping by AOs. The percentages of in-frame
transcripts are shown. The data (n = 3) are presented as mean + SEM. (c) Western blotting after AO injections to detect the expression of dystrophin
(upper panel) and B-actin (lower panel) in the TA, diaphragm, gastrocnemius, quadriceps, triceps brachii, intercostal, heart, and paraspinal muscles
of a treated mdx52 mouse. Representative results are shown. Dystrophin was detected with the Dys2 monoclonal antibody. (d) Quantitative analysis
of dystrophin expression after AQ injection. The data (n = 4) are presented as mean + SEM. TA(1/10): 10% of WT samples. (e) Immunohistochemical
staining of dystrophin in the TA, diaphragm, gastrocnemius, triceps brachii, intercostal, and heart muscles of a treated mdx52 mouse. Dystrophin was
detected with rabbit polycional antibody P7. Bar = 100 pm. (f) Immunohistochemical staining of dystrophin, o-sarcoglycan, neuronal nitric oxide
synthase (nNOS) and utrophin in the quadriceps muscle of an untreated mdx52 mouse (upper panel) and a treated mdx52 mouse (lower panel).
Bar = 100 ym. mdx52, untreated mdx52 mouse; TA, tibialis anterior; WT, wild-type mouse.

the sarcolemma (data not shown). On the other hand, utro-
phin expression was diminished in dystrophin-positive fibers

(Figure 4f).

In-frame dystrophin largely lacking hinge 3
ameliorated skeletal muscie pathology

The mdx52 mice skeletal muscle shows hypertrophy and an
increased ratio of centrally nucleated fibers.” Two weeks after
seven consecutive weekly iv. injections of the combination of
AOs, the wet weight of the extensor digitorum longus muscle

Molecular Therapy vol. 18 no. 11 nov. 2010

tended to be slightly lower in treated mice than in untreated mice
(Figure 5a). We observed less muscle degeneration and fewer
cellular infiltrates in the treated TA muscle compared with the
untreated TA muscle (Figure 5b). We then evaluated the detailed
histological changes in the treated muscles and compared them
with the changes in the untreated muscles. The fiber size varia-
tion in the treated TA muscle was less than that in the untreated
TA muscle (Figure 5¢). We found a significant decrease in the
mean cross-sectional area of muscle fibers in treated mice com-
pared with those in untreated mice (Figure 5d). The percentages
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Figure 5 Amelioration of pathology in body-wide muscles of mdx52 mice after seven weekly intravenous co-injections of 320mg/kg/dose
of antisense oligonucleotides. (a) Wet weight of the extensor digitorum longus (EDL) muscles of wild-type (WT), untreated and treated 16-week-
old mdx52 mice. The data (n = 4) are presented as mean + SEM. **P < 0.01. (b) Hematoxylin and eosin staining of cryosections in tibialis anterior
(TA) muscle of WT, untreated and treated mdx52 mice. Bar = 100 pm. (¢) Histogram of muscle fibers in the TA muscle of WT, untreated and treated
16-week-old mdx52 mice. (d) Cross-sectional area of EDL muscles of WT, untreated and treated 16-week-old mdx52 mice. The data (n = 4) are
presented as mean + SEM. **P < 0.01. (e) The ratio of centrally nucleated fibers in the quadriceps, gastrocnemius, TA, triceps brachii, abdominal,
and diaphragm muscles of untreated 8-week-old (dark gray), 16-week-old mdx52 mice (light gray), and treated 16-week-old mdx52 mice (black).
The data (7 = 4) are presented as mean = SEM. *P < 0.05; **P < 0.01. mdx52, untreated mdx52 mouse.

of centrally nucleated fibers were lower in the triceps, GC, QC,
and abdominal muscles than in the diaphragm and TA muscles
(Figure 5e). These changes reflect the amelioration of muscle
fiber hypertrophy and dystrophic changes in the treated mdx52
mice.

In-frame dystrophin largely lacking hinge 3 restored
skeletal muscle function

To examine the function of the AO-induced dystrophin, we
evaluated skeletal muscle function with a battery of tests after
seven weekly i.v. AO injections. The protection of muscle fibers
against degeneration was supported by a significant reduction
in serum creatine kinase levels in the treated mice (Figure 6a).
Significant improvements in treadmill endurance (Figure 6b),
maximum forelimb grip force (Figure 6c), and specific tetanic
force of the extensor digitorum longus muscle (Figure 6d) were
observed in treated mdx52 mice compared with nontreated
mdx52 mice.

Efficacy of repeated AO injection in mdx52 mice
confirmed by gene expression array

Gene expression array analysis has been widely used to profile
gene expression for disease diagnosis and therapy due to its
ability to interrogate every transcript in the genome simultane-
ously. Dystrophic TA muscle has been compared with normal
TA muscle in human and mdx mice at various stages of the

2000

disease.” To evaluate the gene expression profile of TA muscles
following exon 51-skipping, we performed genome-wide gene
expression analysis (Figure 7a). Gene expression array analysis
showed that the gene expression profiles of TA muscles corre-
lated well between the treated and untreated mdx52 mice (1 =
0.97), and there was no unexpected downregulation of house-
keeping genes or upregulation of stress-related proteins. We
found that dystrophin-associated proteins such as dystrophin,
neuronal nitric oxide synthase, and al-syntrophin were upregu-
lated, a-sarcoglycan and B-dystroglycan levels were unchanged,
and utrophin was downregulated. We also found that inflam-
matory cytokines were downregulated in treated mdx52 mice.
Quantitative RT-PCR following gene expression array analy-
sis showed that dystrophin and neuronal nitric oxide synthase
expression levels were 3.4 and 1.9 times higher than those in
the untreated mdx52 mice, respectively; however, they were still
only 33 and 40% of the normal levels, respectively (Figure 7b).
Utrophin expression levels were upregulated in the untreated
mdx52 mice, but downregulated in the treated mdx52 mice com-
pared with wild-type (WT) mice (Figure 7b). In treated mdx52
mice, we observed reduced levels of several C-C class chemokine
ligands (Ccls) such as Ccl7, Ccl21b, and Ccl2, which are small
cytokines that induce the migration of monocytes and other cell
types such as natural killer cells and dendritic cells (Figure 7c).
This might reflect an improvement of the muscle inflammatory
response in the treated mdx52 mice.
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Figure 6 Muscle function in mdx52 mice after seven weekly intrave-
nous co-injections of 320 mg/kg/dose of antisense oligonucleotides.
(a) Measurement of serumn creatine kinase (CK) levels (1U/l). (k) Treadmill
performance (min), (€) grip power test (mN/g), and (d) specific tetanic
force of the extensor digitorum longus muscle (mN/mm?). Wild-type
(WT), untreated (mdx52), and treated 16-week-old mdx52 mice were
examined. The data (n = 4) are presented as mean + SEM. *P < 0.05;
**P<0.01.

No detectable toxicity after repeated delivery

of AOs into mdx52 mice

No signs of illness and no deaths were noted during the period
of AO treatment. To further monitor any potential toxicities in
the major organs induced by treatment with AOs, we compared a
series of serum markers commonly used as indicators of liver and
kidney dysfunction in WT, untreated and treated mdx52 mice.
No significant differences were detected among the three groups
in the levels of creatinine, blood urea nitrogen, aspartate amino
transferase, alanine aminotransferase, total bilirubin, alkaline
phosphatase, and y-glutamyl transpeptidase (Supplementary
Figure S2a). Histological examination of liver and kidney
revealed no signs of tissue damage or increased monocyte infil-
trations in treated mdx52 mice (Supplementary Figure S2b).
These data confirm that this AO combination was nontoxic in
this study.

In vitro exon 51-skipping in DMD 5017 cells with
deletion of exons 45-50

We newly designed several AOs based on murine sequences:
hAc (51Ac) targeting the 5  splice site, and hDol (51D1) and
hDo2 (51D2) targeting the 3’ splice site of human exon 51. The
sequences and composition of the AO treatments are described
in Supplementary Table S1. MyoD-converted fibroblasts (DMD
5017 cells) were examined after 48-hour incubation with a single
or two AOs at a final concentration of 1, 5, or 10 pmol/l. Among
the AOs examined, hAc plus hDol, and B30 alone, were shown
by RT-PCR to be capable of inducing exon 51-skipping at a level
approaching 50 and 30%, respectively (Supplementary Figure $3).
On the other hand, hAc, hDol, or hDo2 alone were less effective
at inducing exon 51-skipping (Supplementary Figure S3). These

Molecular Therapy vol. 18 no. 11 nov. 2010
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Figure 7 Genome-wide expression analyses by gene expression
array using tibialis anterior muscles. Gene expression array analysis
after repeated intravenous co-injections of 320 mg/kg/dose of antisense
oligonucleotides into mdx52 mice. (a) A scatter plot of global gene
expression analyses by gene expression array in treated and untreated
mdx52 mice. The upper line shows twofold changes and the lower line
shows 0.5-fold changes in gene expression levels between treated and
untreated mdx52 mice. The positions of dystrophin, utrophin, neuronal
nitric oxide synthase (nNOS), and the C-C class chemnokine ligands
(Ccls) 2, 7, and 21b are indicated. (b,¢) The gene expression levels of
dystrophin, utrophin, nNOS (b) and CCLs 2, 7, and 21b (¢) by quantita-
tive PCR, in 16-week-old WT, untreated and treated mdx52 mice. The
data (n = 3) are presented as mean + SEM. *P < 0.05; **P < 0.01. mdx52,
untreated mdx52 mouse; WT, wild-type mouse.

results suggest that the co-injection of two AOs could induce
highly effective exon 51-skipping in DMD cells.

DISCUSSION

This is the first report showing widespread induction of in-frame
dystrophin lacking most of hinge 3 following exon 51-skipping,
and clear recovery of muscle function to therapeutic levels in a
DMD mouse model.

Exon skipping produces several forms of in-frame dystrophin
thatlack part of the molecular structure depending on the targeted
exons.* The molecular structure of dystrophin is composed of
the actin-binding domain 1 at the N-terminus (ABD1), the cen-
tral rod domain containing 24 spectrin-like repeats (R1-24), four
hinge domains, a 20-amino acid insertion between spectrin-like
repeats 15 and 16 (segment 5), the cysteine-rich domain, and the
C-terminal domain (Figure 1b).”*® Until now, the in-frame dys-
trophin formed following exon 23-skipping, which lacks half of
the 6th spectrin-like repeat and part of the 7th, ameliorated the
muscle pathology and function in mdx mice with a point muta-
tion in exon 23 (refs. 15,16). These results were consistent with the
fact that in-frame deletions of the central rod domain in humans
typically lead to a mild BMD.® However, the severity of BMD with
in-frame deletions including hinge 3 can vary considerably,-323
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The hinges are proline-rich, nonrepeat segments that may confer
flexibility to dystrophin.”’ Among them, the hinge 3 region is
encoded by exons 50 and 51, located between the 19th and 20th
spectrin-like repeats, and is prone to deletion mutations.??
Recently, it was reported that hinge 3 is more important than
hinge 2 in preventing muscle degeneration and promoting muscle
maturation in the microdystrophin®®***/mdx transgenic mice.®
The in-frame dystrophin produced following exon-51-skipping is
predicted to lack most of the hinge 3 region (Figure 1b); hinges
1, 2, 3, and 4 consist of 75, 50, 43, and 72 amino acid residues,
respectively.?”* The small segment of hinge 3 that remains fol-
lowing exon 51-skipping consists of 13 amino acid residues with
two prolines and would not be predicted to function as a hinge
(Figure 1c). This remaining fragment is very similar to segment
5, which consists of 20-amino acid residues with one proline and
is located between the 15th and 16th spectrin-like repeats.”” Based
on the molecular structure of dystrophin, the small segment of
the hinge 3 might act as a “turn,” which is bound to the helix of
the 20th repeat.?”* Our results suggest that the hinge 3 region is
more essential in the short microdystrophin (167 kDa) than in
the almost full-length dystrophin lacking hinge 3 due to exon 51-
skipping (420kDa).?8%

In-frame dystrophin expression in skeletal muscle at 20%
of normal levels produced moderate/mild BMD phenotypes.?
Moreover, restoration of 20~30% in-frame dystrophin expression
resulted in protection from muscle degeneration and recovery
of skeletal muscle function in the transgenic mdx mouse.*® As a
first step, we screened optimal AO sequences including mB30 for
skipping of exon 51 to induce in-frame dystrophin at up to 20%
of normal dystrophin levels. To date, specific AO sequences have
been assessed for their efficiency of exon skipping using cell-based
experimental systems, with the optimal sequences then used for
in vivo experiments.!"!¥? However, the in vivo efficacy of phos-
phorodiamidate morpholino oligomers (PMOs), which are rather
difficult to deliver into mammalian cells in culture because of their
neutral chemistry,'"* could differ from that in vitro."* Therefore,
we used the mdx52 mouse to screen AO sequences for exon
51-skipping by intramuscular injection in vivo. We also showed
that simultaneous delivery of two AO sequences directed against
both the 3’ and the 5’ splice sites drove skipping of exon 51 more
efficiently than any single or two AO sequences targeting exonic
regions in the mdx52 mouse. This combination of AOs worked
in a synergistic fashion, where the increase in activity was greater
than the additive effect of each individual AQ. 134

We found that the skipping efficiency induced by systemically
delivered PMO increased in proportion to the AO dose in the
mdx52 mouse. A dose-dependent restoration of dystrophin expres-
sion in the muscles of mdx mice by systemically delivered PMO
has also been reported.®® The therapeutic dose (320 mg/kg/dose) of
exon 51-skipping AOs in the mdx52 mouse to induce 20-30% of
normal dystrophin levels is approximately four times as much as
the dose (80 mg/kg/dose) required for exon 23-skipping in the mdx
mouse. We have to consider the possibility that the difference of
the genetic background of mice between mdx52 (C57BL/6]) and
mdx (C57BL/10) mice could influence the properties of exon skip-
ping. Our results suggest that the therapeutic dose of AO required
is different depending on which exon is being targeted. Because
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AO-mediated exon skipping is the first RNA-modulating therapeutic
with this mechanism of action, this study using a DMD mouse
maedel could provide a suggestion for human equivalent doses based
on body surface area.* Recently, press releases from both Prosensa
for PRO051 and AVI Biopharma for AVI-4658 have revealed that
DMD patients who received 2-6 and 2-20mg/kg, respectively,
induced specific exon 51-skipping and dystrophin expression in a
dose-related manner (http://www.prosensa.eu/press-room/press-
releases/2009-09-14-PRO051-shows-favourable-results.php; http://
investorrelations.avibio.com/phoenix.zhtml?c=64231&p=irol-
newsArticle&ID=14333508&highlight=).

In this study, the dystrophin expression level in treated mdx52
mice was restored to roughly 20-30% of normal levels, and cre-
atine kinase levels and skeletal muscle function significantly
recovered in the treated mice. These findings show that the in-
frame dystrophin lacking most of hinge 3 ameliorates dystrophic
histology and functional phenotypes in mdx52 mice as well as the
dystrophin produced following exon 23-skipping or microdystro-
phin in mdx mice.’>' On the other hand, the treadmill endurance
of the treated mdx52 mice was still considerably inferior to that of
WT mice compared with the clear recovery of forelimb grip force
and specific tetanic force of the extensor digitorum longus muscle.
These findings are similar to the data produced using microdystro-
phin in the mdx mouse.?® Two possibilities remain to explain the
incomplete recovery: insufficient dystrophin expression or defec-
tive dystrophin molecular structure due to exon 51-skipping. To
examine these possibilities, we are now trying to increase the level
of dystrophin expression using a high dose of PMO and using
peptide-conjugated PMO in mdx52 mice.

The amelioration of the histopathology demonstrated by the
reduction of centrally nucleated fibers in treated mdx52 mice was
marked in the muscles with high levels of dystrophin expression,
and the effect was modest in the muscles with low levels of dys-
trophin, in accordance with a previous report.’>!6 It is noteworthy
that high levels of dystrophin expression were seen in severely
degenerated muscles, and that low levels of expression were found
in less affected muscles. We suggest the possibility that the anti-
gravity muscles, such as the QC, GC, triceps brachii, abdomi-
nal, and paraspinal muscles® efficiently incorporated PMO into
the muscle fibers. We showed that the antigravity muscles were
mainly affected in mdx52 mice during the period that we exam-
ined; therefore, those severely affected muscles had taken up the
most AO. Our data support the fragile membrane hypothesis that
has been proposed as the background for PMO incorporation into
dystrophic muscle.’®*” This hypothesis also explains the inefficient
incorporation of PMO into the diaphragm muscle where dystro-
phic changes chronically persisted, as previously reported.!!

To screen for changes in gene expression levels influeniced by the
in-frame dystrophin, we performed gene expression array analysis.
The inflammatory chemokines Ccl2, Ccl7, and Ccl21b, which were
downregulated after treatment, play important roles in the migra-
tion of macrophages, CD4™ and CD8" T cells to muscle in mdx
mice.®® It is also known that depletion of these cells from mdx mice
decreased the sarcolemmal damage.”” These data showed that the
inflammatory process, which could aggravate the pathology, was
prevented in mdx52 mice. Measurement of the chemokines might
be a beneficial index of the therapeutic effects on 7dx52 mice.
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In conclusion, this report describes the first successful effort
at systemic rescue of in-frame dystrophin lacking most of hinge
3 and muscle function by PMO-mediated exon 51-skipping in a
mouse model. Because the structure of the in-frame dystrophin
lacking most of hinge 3 in mice resembles human dystrophin fol-
lowing exon 51-skipping, our results are extremely encouraging as
regards the ongoing systemic clinical trials for DMD. In addition,
the therapeutic dose in DMD model mice provides a suggestion of
the theoretical equivalent dose in humans.

MATERIALS AND METHODS

Animals. Exon 52-deficient X chromosome-linked muscular dystrophy
(mdx52) mice were produced by a gene-targeting strategy and maintained
at our facility.® The mice have been backcrossed to the C57BL/6] WT
strain for more than eight generations. Eight-week-old male mdx52 and
WT mice were used in this study. All experimental protocols in this study
were approved by The Experimental Animal Care and Use Committee of
the National Institute of Neuroscience, National Center of Neurology and
Psychiatry (NCNP), Tokyo, Japan.

Antisense sequences and delivery methods. Thirteen AOs for targeted
skipping of exon 51 during dystrophin pre-mRNA splicing in mice were
comprehensively designed to anneal to the 5’ splice site (51A), the 3’
splice site (51D), and other intraexonic regions (51B, 51C, 51E, 51F, 51G,
51H, 511, 51J, 51K, 51L, 51M). The sequences and positions of the AOs
are described in Table 1. mB30, which corresponds to human B30, was
also specifically designed for this study. To design these sequences, we
referred to previously published sequences and considered GC content and
secondary structure to avoid self- and heterodimerization.*"* All sequences
were synthesized using a morpholino backbone (Gene Tools, Philomath,
OR). Primers for RT-PCR and sequencing analysis were synthesized by
Operon Biotechnologies (Tokyo, Japan) and are listed in Supplementary
Table S1.

Ten micrograms of PMO were injected into each TA muscle of mdx52
mice. Muscles were obtained 2 weeks after the intramuscular injection.
To examine the optimal therapeutic dose, a total of 80 (ref. 15), 160 or
320mg/kg/dose of AO was injected into the tail vein of mdx52 mice singly.
Muscles were isolated 2 weeks after the systemic injection and analyzed by
RT-PCR and the cryosections by immunochistochemistry. Followiag the
dose-escalation study, a 320 mg/kg dose of PMO in 200 ! of saline,” or
200 saline, was injected into the tail vein of mdx52 mice or WT mice,
seven times at weekly intervals. The mice were examined 2 weeks after
the final injection. Muscles were dissected immediately, snap-frozen in
liquid nitrogen-cooled isopentane and stored at —80°C for RT-PCR,
immunohistochemistry, western blotting, and gene expression array
analysis. Liver and kidney were also frozen in liquid nitrogen and stored
at —80°C for pathological analysis.

RT-PCR and sequencing of cDNA. Total RNA was extracted from cells
or frozen tissue sections using TRIzol (Invitrogen, Carlsbad, CA) from
treated mdx52 mice, and from WT and untreated mdx52 mice, which
were used as controls, respectively. Two hundred nanograms of total RNA
template was used for RT-PCR with a QuantiTect Reverse Transcription
kit (Qiagen, Crawley, UK) according to the manufacturer’s instructions.
The cDNA product (1 pl) was then used as the template for PCR in a 25l
reaction with 0.125 units of TagDNA polymerase (Qiagen). The reac-
tion mixture comprised 10x PCR buffer (Roche, Basel, Switzerland),
10mmol/l of each dNTP (Qiagen), and 10umol/l of each primer. The
primer sequences were Ex50F 5-TTTACTTCGGGAGCTGAGGA-3’ and
Ex53R 5"-ACCTGTTCGGCTTCTTCCTT-3" for amplification of ¢cDNA
from exons 50-53. The cycling conditions were 95°C for 4 minutes, then
35 cycles of 94 °C for 1 minute, 60°C for 1 minute, 72°C for 1 minute, and
finally 72 °C for 7 minutes. The intensity of PCR bands was analyzed by
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using Image] software (http://rsbweb.nih.gov/ij/), and skipping efficiency
was calculated by using the following formula [(the intensity of skipped
band) / (the intensity of skipped band + the intensity of unskipped
band)].** After the resulting PCR bands were extracted using a gel extrac-
tion kit (Qiagen), direct sequencing of PCR products was performed by the
Biomatrix Laboratory (Chiba, Japan).

Immunohistochemistry, and hematoxylin and eosin staining. At least ten
8 um cryosections were cut from flash-frozen muscles at 100 pm intervals.
The serial sections were stained with polyclonal rabbit antibody P7 against
the dystrophin rod domain (a gift from Qi-Long Lu, Carolinas Medical
Center, Charlotte, NC), anti-a-sarcoglycan monoclonal rabbit antibody
(Novocastra Laboratories, Newcastle, UK), anti--dystroglycan monoclo-
nal mouse antibody (Novocastra Laboratories), anti-al-syntrophin mono-
clonal mouse antibody (Novocastra Laboratories), antineuronal nitric
oxide synthase polyclonal rabbit antibody (Zymed, San Francisco, CA),
and antiutrophin polyclonal rabbit antibody (UT-2). Alexa-488 or 568
(Molecular Probes, Cambridge, UK) was used as a secondary antibody.
4',6-diamidino-2-phenylindole containing a mounting agent (Vectashield;
Vector Laboratories, Burlingame, CA) was used for nuclear counterstain-
ing. The maximum number of dystrophin-positive fibers in one section
was counted, and the TA muscle fiber sizes were evaluated using a BZ-9000
fluorescence microscope (Keyence, Osaka, Japan). Hematoxylin and eosin
(H&E) staining was performed using Harris H&E.

Western blotting. Muscle protein from cryosections was extracted with
lysis buffer as described previously."* Two to twenty micrograms of pro-
tein were loaded onto a 5-15% XV Pantera Gel (DRC, Tokyo, Japan). The
samples were transferred onto an Immobilon polyvinylidene fluoride
membrane (Millipore, Billerica, MA) by semidry blotting at 5 mA/mm? for
1.5 hours. The membrane was incubated with the C-terminal monoclonal
antibody Dys2 (Novocastra) at room temperature for 1 hour. The bound
primary antibody was detected by horseradish peroxidase-conjugated goat
anti-mouse IgG (Cedarlane, Burlington, ON) and SuperSignal chemilumi-
nescent substrate (Pierce, Rockford, IL). Anti-B-actin antibody was used
as a loading control. Signal intensity of detected bands of the blots were
quantified using Image] software and normalized to the loading control.

Serum creatine kinase levels and toxicity tests. Four treated mdx52 mice
were examined for toxic effects of PMO before injection, 1 week after the
third injection, and 2 weeks after the last injection. Blood was taken from
the tail artery and centrifuged at 3,000g for 10 minutes. The biochemical
markers creatine kinase, electrolytes (sodium, potassium, and chloride
ions), blood urea nitrogen, total bilirubin, alkaline phosphatase, aspartate
transaminase, and alanine transaminase were assayed as described previ-
ously."* The histology of the liver, lung, and kidney was examined micro-
scopically on cryosections.

Functional testing. The mice were placed on a flat MK-680S tread-
mill (Muromachi Kikai, Tokyo, Japan) and forced to run at 5m/minute
for 5 minutes. After 5 minutes, the speed was increased by 1 m/minute
every minute. The test was stopped when the mouse was exhausted and
did not attempt to remount the treadmil, and the time to exhaustion was
determined. ‘

The grip strength of the mice was assessed by a grip strength meter
(MK-380M; Muromachi Kikai). The mice were held 2 cm from the base
of the tail, allowed to grip a woven metal wire with their forelimbs, and
pulled gently until they released their grip. Five sequential tests for the
exerted force were carried out for each mouse, with 5-second intervals,
and the data were averaged.

The extensor digitorum longus muscles were kept in Krebs-Henseleit
solution at 25°C and stimulated with a pair of platinum electrodes using
an electronic stimulator (SEN-3301; Nihon Kohden, Tokyo, Japan). A
Thermal Arraycorder (WR300; Graphtec, Yokohama, Japan) was used to
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control the stimulation and to record the force of the muscle contraction.
Measurement of the specific tetanic force was performed as previously
described.®

Gene expression array analysis. TA muscles from treated mdx52, age-
matched WT, and untreated mdx52 mice (n = 3 each) were used for these
experiments. Total RNA was purified using an RNeasy mini kit (Qiagen)
according to the manufacturer’s protocol. Gene expression array analysis
was performed by the branch of the Agilent Technologies (Santa Clara,
CA) in Japan. Three whole mouse genome oligo microarrays 44K (Agilent
Technologies) were used in this study. Global normalization was performed
to compare genes from chip to chip using GeneSpring 9.0 (Tomy Digital
Biology, Denver, CO). All data quality controls were performed and met
the Affymetrix quality assessment guidelines. Data analysis was performed
using GeneSpring 9.0 (Tomy Digital Biology). Differentially expressed
genes were selected if they passed Welch's t-test, a parametric test in which
the variance is not assumed to be equal. P < 0.01 (with correction for mul-
tiple testing by the Benjamini and Hochberg method for the false discovery
rate) and a 5% cutoff were used; a change of at least twofold between any
two of the groups used in this study was considered significant.

Quantitative real-time PCR. For genes selected for the gene expression
array, we used the same RNA that was isolated for the gene expression
array and prepared cDNA using SuperScript III Reverse Transcriptase
(Invitrogen). Real-time PCR was performed using a SYBR Premix Ex
Taq II kit (Takara, Tokyo, Japan). Expression values were normalized to
18S rRNA expression and shown as a fold increase in the treated mdx52,
untreated mdx52, and age-matched WT samples.

Transfection of cultured cells with AO. DMD 5017 cells were obtained
from Coriell Cell Repositories (Camden, NJ). Fibroblasts were cultured
in 20% growth medium, containing Dulbeccos modified Eagle’s medium
and F-12 in a 1:1 mixture (Invitrogen), 20% fetal bovine serum (SAFC
Biosciences, Lenexa, KS) and 1% penicillin/streptomycin (Sigma-Aldrich,
St Louis, MO). Then, fluorescence-activated cell sorting sorted MyoD-
enhanced green fluorescent protein-positive fibroblasts (MyoD-converted
fibroblasts) were cultured in differentiation medium, containing Dulbeccos
modified Eagle’s medium/F-12 in a 1:1 mixture (Invitrogen), 2% horse
serum (Invitrogen), and 1% penicillin/streptomycin (Sigma-Aldrich).
hDol, hDo2, and hAc were designed (Table 1) and synthesized by Gene
Tools. MyoD-converted fibroblasts were transfected with a single or two
AO:s at a final concentration of 10 umol/l. EndoPorter (Gene Tools) was
added to give a final concentration of 6 umol/l. After 48-hour incubation
with the AOs, total RNA was extracted from MyoD-converted fibroblasts
using Trizol (Invitrogen).

Statistical analysis. Statistical differences were assessed by one-way
analysis of variance with differences among the groups assessed by a Tukey
comparison. All data are reported as mean values £ SEM. The level of
significance was set at P < 0.05.

SUPPLEMENTARY MATERIAL

Figure S1. Dose-escalation study of exon 51-skipping by local intra-
muscular injection into mdx52 mice.

Figure S2. Examination of adverse effects after systemic delivery of
antisense oligonucleotides (AOs).

Figure $3. In vitro exon 51-skipping in DMD 5017 cells with deletion
of exons 45-50.

Table $1. Length, annealing coordinates, sequences of all AOs target-
ing human exon 51.
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Post-translational Maturation of Dystroglycan Is Necessary
for Pikachurin Binding and Ribbon Synaptic Localization™
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Pikachurin, the most recently identified ligand of dystrogly-
can, plays a crucial role in the formation of the photoreceptor
ribbon synapse. It is known that glycosylation of dystroglycan is
necessary for its ligand binding activity, and hypoglycosylation is
associated with a group of muscular dystrophies that often involve
eye abnormalities. Because little is known about the interaction
between pikachurin and dystroglycan and its impact on molecular
pathogenesis, here we characterize the interaction using deletion
constructs and mouse models of muscular dystrophies with glyco-
sylation defects (Large™ and POMGnTI-deficient mice). Pika-

churin-dystroglycan binding is calcium-dependent and relatively .

less sensitive to inhibition by heparin and high NaCl concentration,
as compared with other dystroglycan ligand proteins. Using dele-
tion constructs of the laminin globular domains in the pikachurin
C terminus, we show that a certain steric structure formed by the
second and the third laminin globular domains is necessary for the
pikachurin-dystroglycan interaction. Binding assays using dystro-
glycan deletion constructs and tissue samples from Large-deficient
(Large™?) mice show that Large-dependent modification of dys-
troglycan is necessary for pikachurin binding. In addition, the
ability of pikachurin to bind to dystroglycan prepared from
POMGnTI-deficient mice is severely reduced, suggesting that
modification of the GlcNAc-$1,2-branch on O-mannose is also
necessary for the interaction. Immunofluorescence analysis
reveals a disruption of pikachurin localization in the photore-
ceptor ribbon synapse of these model animals. Together, our
data demonstrate that post-translational modification on
O-mannose, which is mediated by Large and POMGnT]1, is
essential for pikachurin binding and proper localization, and
suggest that their disruption underlies the molecular pathogen-
esis of eye abnormalities in a group of muscular dystrophies.
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Dystroglycan (DG),” a cell surface receptor for several extra-
cellular matrix proteins, plays important roles in various tissues
(1-7). DG consists of an extracellular, heavily glycosylated o
subunit (a-DG) and a transmembrane B subunit (8-DG). a-DG
and B-DG are encoded by a single gene and post-translationally
cleaved to generate the two subunits. a-DG is a receptor for
extracellular proteins such as laminin-111, laminin-211, agrin,
perlecan, and neurexin. 8-DG binds to «-DG in the extracellu-
lar space, anchoring a-DG at the cell surface. Inside the cell,
B-DG binds to dystrophin, which in turn is linked to the actin
cytoskeleton. Thus, a/B-DG functions as a molecular axis, con-
necting the extracellular matrix with the cytoskeleton across
the plasma membrane.

DG ligand proteins commonly contain laminin globular (LG)
domains, which mediate binding to a-DG. O-Mannosylation of
a-DG is required for its interaction with ligands; however, the
precise ligand-binding sites and epitope are not known. A
unique O-mannosyl tetrasaccharide (Neu5Ac-a2,3-Gal-g1,
4-GlcNAc-B1,2-Man) was first identified on peripheral nerve
a-DG (8). The initial Man transfer to Ser/Thr residues on the
a-DG peptide backbone is catalyzed by the POMT1-POMT2
complex (9). Both POMTI and POMT2 were originally identi-
fied as responsible genes in Walker-Warburg syndrome (10,
11). POMGnT1, a causative gene for muscle-eye-brain disease,
encodes a glycosyltransferase that transfers GIcNAc to O-Man
on a-DG (12). Because mutations in these enzymes cause
abnormal glycosylation of &-DG and reduce its ligand binding
activity, it is recognized that the GlcNAc-B1,2-branch on
O-Man is essential to «-DG function as a matrix receptor.

Additional proteins, including fukutin, FKRP, and LARGE,
are also involved in synthesizing the glycans on a-DG that are
required for ligand binding activity. Recently, a GalNAc-f1,
3-GlcNAc-B1,4-branch and a phosphodiester-linked modifica-
tion on O-Man were identified (13). a-DG from cells with
mutations in fukutin or Large shows defective post-phosphoryl
modification on O-Man, suggesting that this phosphoryl
branch serves a laminin-binding moiety. fukutin was originally
identified as the responsible gene for Fukuyama-type congeni-
tal muscular dystrophy (14), and the fukutin homologue FKRP
was identified through sequence homology (15). Mutation of

2 The abbreviations used are: DG, dystroglycan; ERG, electroretinogram; LG,
laminin globular. .
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LARGE, a putative glycosyltransferase, generates spontaneous
muscular dystrophy in the Large™¢ mouse model (16). A
unique feature of LARGE is that its overexpression produces a
hyperglycosylated a-DG that shows increased laminin binding
activity, even in cells with genetic defects in the a-DG gly-
cosylation pathway (17).

Mutations in each of these genes (POMTI, POMT2,
POMGnTI, fukutin, FKRP, and LARGE) have been identified in
congenital and limb-girdle forms of muscular dystrophy (18). A
common characteristic of patients who have such mutations is
abnormal glycosylation of a-DG; thus, these conditions are col-
lectively referred to as dystroglycanopathies. The clinical spec-
trum of dystroglycanopathy is broad, ranging from severe con-
genital onset associated with structural brain malformations to
a milder congenital variant with no brain involvement and to
limb-girdle muscular dystrophy type 2 variants with childhood
or adult onset (18, 19). Eye abnormalities are often associated
with more severe dystroglycanopathy, such as Walker-War-
burg syndrome and muscle-eye-brain disease (20). The oph-
thalmologic phenotype of muscular dystrophy is also known for
Duchenne/Becker muscular dystrophy, which is caused by dys-
trophin mutations. Most patients with Duchenne/Becker mus-
cular dystrophy have evidence of abnormal electroretinograms
(ERG) (21).

‘Pikachurin, the most recently identified DG ligand protein, is
localized in the synaptic cleft in the photoreceptor ribbon syn-
apse (22). Like other DG ligands, pikachurin contains LG
domains in its C-terminal region. Pikachurin-null mutant mice
show improper apposition of the bipolar cell dendritic tips to
the photoreceptor ribbon synapses, resulting in altered synap-
tic signal transmission and visual function. Similar retinal elec-
trophysiological abnormalities, such as attenuated or delayed
b-wave, have been observed in Large™* (23) and POMGnT1-
deficient mice (24). These studies imply a functional relation-
ship between pikachurin and DG glycosylation in the retinal
ribbon synapse.

In this study, we have biochemically characterized the inter-
action between pikachurin and a-DG. We have found that both
GlcNAc-B1,2-branch and LARGE-dependent modification on
O-Man are necessary for the pikachurin-DG interaction. Fur-
thermore, in dystroglycanopathy model animals, pikachurin
localization in the retinal synaptic outer plexiform layer is
severely disrupted. These data demonstrate that post-transla-
tional maturation of DG is essential for pikachurin binding and
proper localization, providing a possible molecular explanation
for the retinal electrophysiological abnormalities observed in
dystroglycanopathy patients.

EXPERIMENTAL PROCEDURES

Vector Construction and Protein Expression—Construction of
recombinant mouse pikachurin LG domains (PikaLG; residues
391-1017) has been described previously (22). Single or tandem
LG domains were constructed using PCR, with a full-length
Pikal.G expression vector as the template cDNA. Primers used
were as follows: LG1(391- 627), PikaKpn (CTTGGTACCGAGC-
TCGGATC)and E627r (TTCTCGAGCCTCCAGGGGCCAGG-
GTGTG); LG2(542-838), G542f (TTGGTACCGAGCTCGGA-
TCTGGGAAGAAGATTGACATGAG) and P838r (TTCTCG-
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AGCTGGGATCTCGATGGCTTCTA); LG3(799-1017),
D766f (TTGGTACCGAGCTCGGATCTGACCGGACCAT-
CCATGTGAAG) and PikaR (GCAACTAGAAGGCACAG-
TCG); LG1-2(391-883), PikaKpn and P838r; and LG2-3(542—
1017), G542f and PikaR. PCR products were digested with
Kpnl/Xhol and inserted into the Kpnl/Xhol sites of the
pSecTag?2 vector (Invitrogen).

Recombinant mouse a-DG fused to an Fc tag (DGFc) also has
been described previously (22). Deletion mutants were con-
structed using PCR, with the wild-type DGFc vector as the
template ¢cDNA. Primers used were as follows: DG-N(1-
313), pCAGf (AAGAATTCGCCGCCACCATGAGG) and
DGFc313r (AATCTAGATTTGGGGAGAGTGGGCTTCTT);
DGAN(1-28 plus 315-651), pCAGf and DGFc28r (GGCCT-
GAGCCACAGCCACAGACAGGAGGAG); and DGFc315f
(ACACCTACACCTGTTACTGCC) and Fcexon2r (TCCC-
CCCAGGAGTTCAGGTGC); DGAC(1-483), pCAGf and
DGFc483r (AATCTAGAAGGAATTGTCAGTGTTGG-
GCG); DG"(1-407), pCAGfand DGFc407r (AATCTAGAA-
CTGGTGGTAGTACGGATTCG). PCR products were di-
gested with EcoRl/Xbal and inserted into the EcoRI/Xbal sites
of the wild-type DGFc expression vector.

PikalL.G and DGFc constructs were expressed in HEK293
cells (22). For preparation of PikalLG-containing cell lysates,
transfected cells were solubilized in lysis buffer (1% Nonidet
P-40, 10% glycerol, 50 mm Tris-HCl, pH 7.5, 150 mm NaCl, and
a proteinase inhibitor mixture). The samples were centrifuged
at 15,000 rpm for 10 min at 4 °C, and the supernatants were
used for binding assays.

DGFc proteins were secreted into the cell culture media and
recovered with protein A or protein G beads. For the solid-
phase binding assays, DGFc proteins were eluted with 0.1 M
glycine HCl, pH 2.5, and then neutralized to a final concentra-
tion of 0.2 M Tris-HCl, pH 8.0. Protein concentrations of the cell
lysates and the DGFc proteins were determined using Lowry’s
method (Bio-Rad) with BSA as a standard.

Antibodies—Antibodies used for Western blots and immu-
nofluorescence were as follows: mouse monoclonal antibody
8D5 against B-DG (Novacastra); rabbit polyclonal antibody
against B-DG (Santa Cruz Biotechnology); mouse monoclonal
antibody IIH6 against a-DG (Upstate); goat polyclonal anti-
body against the a-DG C-terminal domain (AP-074G-C) (25);
and rabbit polyclonal antibodies against pikachurin (22).

Animals—C57BL/6 mice were obtained from Japan SLC,
Inc., and Large““/d mice were obtained from The Jackson Lab-
oratory. Generation of POMGnTI-deficient mice has been
described previously (26). Mice were maintained in accordance
with the animal care guidelines of Osaka University and Kobe
University.

Pikachurin Binding Assay—For the DGFc pulldown assay,
secreted DGFc proteins were recovered from conditioned
media using protein A beads (10 ul). DGFc-protein A bead
complexes were washed with TBS (50 mwm Tris-HCl, pH 7.4,
and 150 mM NaCl) and incubated with cell lysates containing
PikaLG proteins in the presence of 2 mm CaCl, overnight at
4 °C. After five washes with washing buffer (0.1% Nonidet P-40,
50 mm Tris-HCL, pH 7.5, 150 mm NaCl, 2 mm CaCl,), bound
materials were eluted with SDS-sample buffer. Bound materials
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were analyzed by Western blotting using anti-His or anti-Myc
tag antibodies and the anti-Fc antibody.

For the solid-phase binding assays, DGFc preparations (2.5
pg) were coated on ELISA microplates (Costar) for 16 hat 4 °C.
Plates were washed in TBS and blocked for 2 h with 3% BSA in
TBS. PikaL.G-containing cell lysates (8 ug) in binding buffer (3%
BSA, 1% Nonidet P-40, 2 mm CaCl, in TBS) were applied and
incubated overnight at 4 °C. Wells were washed with TBS con-
taining 1% BSA, 0.1% Nonidet P-40, and 1 mm CaCl, for three
times and incubated for 30 min with 1:1,000 anti-Myc (Santa
Cruz Biotechnology) followed by anti-rabbit HRP. Plates were
developed with o-phenylenediamine dihydrochloride and
H,0,. Reactions were stopped with 2 N H,SO,, and values were
obtained using a microplate reader. BSA-coated wells were
used to subtract nonspecific binding. For Ca?* concentration
dependence, the data were fit to the equation A = B__ x/(K,, -+
x), where K, is the concentration required to reach half-maxi-
mal binding; A is absorbance, and B, is maximal binding, All
data were obtained as the means of triplicate measurements.
Each experiment was repeated more than three times, and data
are represented as the average of at least three independent
experiments with standard deviations. Statistical analysis was
performed with a two-tailed paired ¢ test (GraphPad prism). A p
value of <0.05 was considered to be significant.

For binding assays with PikaLG deletion proteins, we con-
firmed protein expression via Western blot analysis. Cell lysates
containing comparable amounts of each LG deletion protein
were adjusted by adding mock-transfected cell lysate to achieve
a normalized total protein concentration across reaction
mixtures.

DG Enrichment and Immunoprecipitation—For solid-phase
binding assays with brain DG, mouse brain tissue (200 mg) was
homogenized in 1.8 ml of TBS with a proteinase inhibitor mix-
ture and then solubilized with 1% Triton X-100. Samples were
centrifuged at 15,000 rpm for 10 min, and the supernatants
were incubated with 50 ul of wheat germ agglutinin-agarose
beads (Vector Laboratories) overnight at 4 °C. The beads were
washed three times in 1 ml of TBS containing 0.1% Triton
X-100 and then eluted with 250 pl of TBS containing 0.1%
Triton X-100 and 200 mm N-acetylglucosamine. The presence
of comparable amounts of DG protein in each elution was con-
firmed via Western blot analysis with DG antibodies, as
described above.

To immunoprecipitate ‘«-DG from mouse tissues, mouse
brains or eyes were homogenized in TBS with a proteinase
inhibitor mixture and then solubilized with 1% Triton X-100.
Samples were centrifuged at 15,000 rpm for 10 min, and then
the supernatants were incubated with or without anti-a-DG
core protein (25). @-DG was immunoprecipitated using protein
G beads. The a-DG-protein G beads were washed with TBS
containing 0.1% Triton X-100 three times and then tested for
binding with PikalG, as described above.

Heparin Affinity Beads—PikaLG-containing cell lysates were
incubated with the heparin beads (Sigma) overnight at 4 °C.
After three washes with TBS containing 0.1% Nonidet P-40,
bound materials were eluted with SDS-sample buffer.

Immunofluorescent Staining—Mouse eye cups were fixed in
4% paraformaldehyde/phosphate-buffered saline (PBS) for 30
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min. Samples were cryoprotected, embedded, frozen, and sec-
tioned 20 pm thick. Slides were incubated with blocking solu-
tion (5% normal goat serum and 0.5% Triton X-100 in PBS) for
1 h. Sections were incubated with primary antibodies at room
temperature for 4 h, washed with PBS for 10 min, and incubated
with secondary antibodies for 2 h. The sections were cover-
slipped with Gelvatol after rinsing with 0.02% Triton X-100 in
PBS.

Quantitative Real Time PCR Analysis—Total RNA (1 ne)
from the mouse retina was isolated using TRIzol reagent
(Invitrogen) and converted to cDNA using Superscript Il RTase
(Invitrogen). Quantitative real time PCR was performed using
SYBR Green ER qPCR Super MIX (Invitrogen) and the Thermal
Cycler Dice Real Time System single MRQ TP870 (Takara)
according to the manufacturer’s instructions. Quantification
was performed using Thermal Cycler Dice Real Time System
software version 2.0 (Takara). Primers used in gene amplifica-
tion were as follows: amplification of the pikachurin gene,
Pikachurin-F, GGAAGATTACAGTGGATGACTACG, and
Pikachurin-R, GTGTGCAGAGCGATTTCCTTCATTC; am-
plification of B-actin gene, actin-F, CGTGCGTGACATCAA-
AGAGAA, and actin-R, TGGATGCCACAGGATTCCAT.

RESULTS

Properties of the Pikachurin-Dystroglycan Interaction—To
analyze binding between pikachurin and o-DG, we used
recombinant pikachurin LG domains with a myc-His tandem
tag (PikalL.G) and a-DG fused to an Fc tag (DGFc) (Fig. 1A) (22).
Previous data suggest that the pikachurin-DG interaction
requires divalent cations (22). To further characterize this
requirement, we analyzed PikaLG-DGFc binding in the pres-
ence of Ca®*, Mg*", or Mn>" using a pulldown assay (Fig. 1B).
Ca®* produced the strongest binding, whereas Mn* gave only
faint binding, and no binding was observed with Mg?* alone.
To evaluate PikaLG-DGFc binding quantitatively, we devel-
oped a solid-phase binding assay. DGFc was immobilized on
microplates, and cell lysates containing PikaLG were applied
for binding. Signals representing binding of PikaLG to DGFc
were detected, whereas no detectable signal was obtained from
mock-transfected cell lysates (supplemental Fig. 1). Immobi-
lized Fc protein showed no difference in signal intensity
between PikaLG-containing and mock-transfected cell lysates,
confirming the lack of specific interactions through the Fc por-
tion (supplemental Fig. 1). We concluded that the solid-phase
binding assay is sufficient to quantitatively detect PikalLG-
DGFc interactions. The solid-phase binding assays showed
results comparable with the pulldown assays. We observed a
reduction in binding of around 70% in the presence of Mn2*
and a strong reduction in the presence of Mg?*, similar to that
seen in the presence of EDTA for chelation of divalent cations
(Fig. 1C). The solid-phase binding assays in various Ca?* con-
centrations established that the concentration required for
half-maximal binding is ~80 um (Fig. 1D). It has been reported
that heparin or a high NaCl concentration (0.5 M) inhibits bind-
ing of laminin-111 and agrin to a-DG (27, 28). We examined
the effects of heparin and NaCl on PikaLG-DGFc binding. The
results showed that PikalLG-DGFc binding was inhibited
slightly at 0.5 M NaCl (~80% binding), and the inhibitory effect
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FIGURE 1. Biochemical characterization of pikachurin-dystroglycan interaction. A, schematic representa-
tion of recombinant pikachurin and a-DG. Pikachurin contains a signal sequence (ss), two fibronectin 3 (FN)
domains, three laminin globular (LG) domains, and two calcium-binding EGF-like (EGF like) domains. Recom-
binant pikachurin LG domains (Pikal G) contain amino acid residues 391-1071 and a tandem myc-His tag at the
C terminus. a-DG contains the signal sequence (ss), N-terminal, mucin-like, and C-terminal domains. Recom-
binant a-DG (DGFc) has an Fc tag at the C terminus. B, divalent cation is necessary for pikachurin-dystroglycan
interaction. PikalG binding to DGFc-protein A beads was tested in the presence of 2mmEDTA (lane T)and 2 mm
each of Ca?* (lane 2), Mg*™ (lane 3), or Mn?" (lane 4). Bound PikalLG was detected by Western blotting with an
anti-His tag antibody (upper panel, mdlcated by Pikal.G). Comparable amounts of DGFc proteins on protein A
beads were confirmed by staining with an anti-Fc antibody (lower panel, indicated by DGFc). C, quantitative
solid-phase binding assays for divalent cation dependence. PikaLG binding to immobilized DGFc was tested in
the presence of 2 mm EDTA and 2 mm each of Ca**, Mg?*, or Mn?*. Binding in the presence of Ca?* was set as
100%. Data shown are the average of three independent experiments with standard deviations. D, Ca**-de-
pendent binding of pikachurin to dystroglycan. PikalG binding to DGFc was tested in various Ca** concen-
trations by solid-phase binding assays. The binding data were fit to the equation Y = B, x/(K, + x), where K,
is the concentration required to reach half-maximal binding, and B,,,,, is maximal binding. Maximal binding
was setas 100%. K, = 78 = 15 um. Data shown are the average of four independent experiments with standard
deviations. £ and F, effects of NaCl (£) and heparin (F) on the pikachurin-dystroglycan interaction. PikalLG
binding to DGFc was tested in various NaCl or heparin concentrations by solid-phase binding assays. Binding
in the presence of 150 mm NaCl (E) or in the absence of heparin (F) was set as 100%. Data shown are the average
of four (£) and six (F) independent experiments with standard deviations. ¥, p < 0.05. G, binding of pikachurin
LG domains to heparin. Lysates from PikaLG-expressing cells were incubated with heparin affinity beads. Total
lysate sample (total, lane 1), flow-through (void, lane 2), and bound (bound, lane 3) fractions were ana!yzed by
Western blotting with an antibody to anti-Myc tag.
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increased with higher concentra-
tions of NaCl (Fig. 1E). No signifi-
cant inhibitory effect was detected
with heparin at 2 mg/ml (Fig. 1F),
which is a sufficient concentration
to completely inhibit a-DG binding
to laminin-111 or agrin (28, 29). At
10 mg/ml heparin, PikalG-DGFc
binding was reduced to 60% (Fig.
1F). We confirmed that these condi-
tions (0.5 M NaCl and 2 mg/ml! hep-
arin) do inhibit laminin-111 binding
to DGFc {(data not shown). To
examine whether Pikal.G has hepa-
rin binding capacity, we exposed
lysates prepared from PikalG-ex-
pressing cells to heparin affinity
beads (Fig. 1G). Binding of PikalLG
to heparin affinity beads was posi-
tive, indicating that PikaLG con-
tains a heparin-binding site.
Dissection of Domains Necessary
for Pikachurin-Dystroglycan Inter-
action—All known DG ligand pro-
teins (laminin-111, laminin-211,
agrin, perlecan, and neurexin) con-
tain LG domains, through which
they bind to a-DG. Pikachurin con-
tains three LG domains in its C ter-
minus. To examine which LG
domain serves as the a-DG-binding
site, we constructed single or tan-
dem LG domains (Fig. 24) and
examined DGFc binding to each
construct. We confirmed expres-
sion of all constructs in cells and
then tested cell lysates containing
comparable amounts of each LG
protein for binding to DGFc (Fig.
2B). We found that the LG2-LG3
tandem construct binds to DGFc at
a level similar to that of the full-
length construct (Fig. 2B, right
panel, lanes 5 and 6). Binding of
other constructs to DGFc was min-
imal or undetectable. Solid-phase
binding assays also confirmed that
LG2-3 bound to DGFc, whereas the
other deletion constructs did not
(Fig. 2C). When Pikal.G deletion
constructs were subjected to SDS
gel electrophoresis without heat
denaturing, the constructs contain-
ing LG1 domains appeared at higher
molecular weights than observed
with heat denaturing (Fig. 2D). This
result indicates that pikachurin
forms oligomeric structures. Al-
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Using deletion constructs lacking
the C-terminal domain (DGAC) or
containing the N-terminal domain
plus the first half of the mucin-like
domain (and DG"Y), we showed
that pikachurin-binding domains
are located within the first half of
the mucin-like domain (Fig. 3C).
We examined binding of laminin-
111 to these constructs using an
overlay assay and confirmed that
PikalLG binds to the same con-
structs that are able to capture lami-
nin-111 (Fig. 3, B and C, bottom
panels).

Disruption of Pikachurin Binding
and Localization in Dystroglycano-
pathy Animals—We investigated
various aspects of the pika-
churin-DG interaction in dystrogly-
canopathy model animals. First, we
used POMGnTI-deficient mice to

bound to DGF¢

+ 2-ME
- heat denaturing

investigate whether the GlcNAc-f1,

&
e 12345686 7 8 9101112

FIGURE 2. Dissection of the dystroglycan binding region in pikachurin. A, schematic representation of
pikachurin deletion mutant proteins. All constructs contain a tandem myc-His tag at the C terminus. ss, signal
sequence. B, binding of pikachurin deletion constructs to dystroglycan. Each deletion construct was expressed
in HEK293 cells, and cell lysates were subjected to the DGFc binding assay. PikaL.G in the reaction mixture (left
panel) and PikalLG bound to DGFc-protein G-beads (right panel) were analyzed by Western blotting with an
anti-Myc tag antibody. G, solid-phase binding assays for pikachurin deletion constructs. Cell lysates containing
comparable amounts of each deletion construct were tested for DGFc binding. Binding of fuil-length DGFc was
set as 100%. Data shown are the average of four independent experiments with standard deviations. Inset,
Western blot analysis to confirm the amount of each LG protein used in the binding assays. D, oligomer
formation of pikachurin. Cell lysates containing comparable amounts of each construct were dissolved in SDS
sample buffer containing 2-mercaptoethanol (2-ME) and then subjected to SDS-PAGE with (+2-ME, +heat
denaturing) or without (+2-ME, - heat denaturing) heat denaturing (95 °C, 5 min). Constructs containing LG1
(LGT, LG1-2, and LG FL) showed several higher molecular weight bands (arrowheads), which might indicate

2-branch on O-Man is necessary for
pikachurin binding. Endogenous
a-DG  was immunoprecipitated
from brain extracts of POMGnTI-
deficient and littermate heterozy-
gous mice using antibodies that
recognize the a-DG core protein -
(AP-GO074). Precipitates were then
incubated with lysates prepared
from PikaLG-expressing cells (Fig.

oligomeric structure formation by pikachurin.

though we observed no positive effect of the LG1 domain on
PikaLG-DGFc binding, LG1-mediated oligomerization might
play a physiological role in a more native situation. Overall, our
results indicate that a certain steric structure formed by the
LG2 and the LG3 domains is necessary for the pikachurin-DG
interaction.

LARGE plays a crucial role in the DG modification process
(17,30). For LARGE-dependent modification of a-DG, two dis-
tinct domains of a-DG, the N-terminal domain and the first
half of the mucin-like domain, are necessary. The N-terminal
domain of «-DG is recognized by LARGE during post-transla-
tional maturation of DG and then proteolytically removed. The
first half of the mucin-like domain of «-DG is modified with
certain glycans necessary for acquiring ligand binding activity
(30). To investigate whether these domains of a-DG are
required for pikachurin binding, we used several DGFc deletion
constructs (Fig. 34). DG-N, which contains only the N-termi-
nal domain, did not bind to PikalLG (Fig. 3B, lane 2). DGAN,
which lacks the N-terminal domain, also failed to bind to
PikaL.G, even though it contains the entire mucin-like domain
(Fig. 3B, lane 3). Co-expression with LARGE enhanced PikalLG
binding to full-length DGFc (DG-wt) (Fig. 3B, lanes 4 and 5).
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4A). Western blot analysis of the
immunoprecipitated materials con-
firmed that «-DG from the
POMGnTI1-deficient samples was hypoglycosylated, as evi-
denced by reduced molecular size. Whereas PikaLG bound to
control a-DG of normal molecular size, the PikalG-a-DG
interaction was dramatically reduced in POMGnT1-deficient
mice.

Next, we examined whether native a-DG from Large™¢
(myd) mice binds to pikachurin. Endogenous a-DG was immu-
noprecipitated from brains of myd or control heterozygous
mice and then tested for pikachurin binding (Fig. 4B). We
observed PikaLG binding to control a-DG with normal molec-
ular size but not to hypoglycosylated «-DG from the myd
mouse brain.

We also examined the PikaLG binding to native a-DG pre-
pared from these mutant mice brains by solid-phase assays.
Although binding signals obtained from the native DG prepa-
rations were generally weaker than those of DGFc, Ca®*-sensi-
tive binding was detected in control heterozygous samples (Fig.
4C). However, no significant binding was detected in mutant
samples. These data indicate that the pikachurin-DG interac-
tion is disrupted in dystroglycanopathy animals.

We also examined pikachurin expression and localization in
the ribbon synapses of POMGnTI-deficient and myd mice.
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FIGURE 3. Dystroglycan functional domains for pikachurin binding.
A, schematic representation of deletion mutants of DGFc proteins. ss, sig-
nal sequence. B and C, dissection of dystroglycan domains necessary for
pikachurin binding. Each deletion construct was expressed in HEK293
cells and recovered from the culture media using protein A beads. The
DG-wt construct was expressed without or with LARGE (B, lanes 4 and 5).
Lysates from PikalLG-expressing cells were subjected to protein A beads
that had captured each DGFc mutant protein. PikalG binding was
detected by Western blotting with an anti-Myc antibody (upper panel,
Pikal G). Comparable amounts of DGFc mutant proteins on protein A
beads were confirmed by Western blotting (WB) with an anti-Fc antibody
{middle panel, Fc). The blot was also tested using a laminin-111 overlay
assay (bottom panel, laminin O/L).

12 3

Immunofluorescence staining showed reduced pikachurin
immunoreactivity in the ribbon synapse of POMGnTI-defi-
cient mice, as compared with littermate heterozygous controls
(Fig. 54). Immunostaining of B-DG showed no apparent differ-
ence in DG protein expression between POMGnTI-hetero-
zygous and POMGnTI-deficient animals. Binding assays
confirmed that pikachurin binding is reduced in POMGnT1-
deficient eye tissue (Fig. 5B). The reduced signal intensity for
normal size @-DG in eye tissue relative to that in brain tissue
(Fig. 4) is likely due to a lower abundance of DG proteins in the
eye. Immunostaining in myd mice showed severely reduced
pikachurin immunoreactivity in the ribbon synapse (Fig. 5C).
Binding assays confirmed that pikachurin binding is also
reduced in myd eye tissue (Fig. 5D). Real time quantitative PCR
analysis showed that the amount of the pikachurin transcript
was unchanged in dystroglycanopathy models (supplemen-
tal Fig. 2). Endogenous pikachurin protein has not been
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FIGURE 4. Reduced pikachurin binding to a-dystroglycan in dystrogly-
canopathy animals. o-DG was immunoprecipitated from the brains of
POMGnT1-deficient (A) and Large™* (B) mice. Littermates were used as con-
trols. Lysates from PikaLG-expressing cells were incubated with the immuno-
precipitated materials to examine PikalG-DG binding. PikalG binding was
detected by Western blotting (WB) with an anti-Myc antibody (upper panel,
Pikal G). Comparable amounts of a-DG were confirmed by Western blotting
with anti-a-DG antibody (lower panel, a-DG core). Normal and hypoglyco-
sylated (hypo.) sizes of a-DG are indicated on the left side of the blots. C, quan-
titative solid-phase binding assays for brain DG. Wheat germ agglutinin-en-
riched brain DG preparations from POMGnT1-deficient, Large™¢, and their
littermates were immobilized and tested for PikaLG binding. Binding to DG
preparations from littermate controls in the presence of Ca** was set as
100%. Data shown are the average of three individual preparations with
standard deviations.

detected by Western blotting, possibly due to low abundance
and/or insolubility. These data demonstrate that pikachurin
binding activity of a-DG is necessary for proper localization of
pikachurin in the ribbon synapse.

DISCUSSION

In this study, we have characterized the pikachurin-DG
interaction and demonstrated that both the GlcNAc-B1,
2-branch and LARGE-dependent modification on O-Man of
«-DG are necessary for the interaction to occur. Defects in
these modifications result in reduced pikachurin-DG binding
and disruption of pikachurin localization in the ribbon synapse,
which might provide a molecular explanation for the abnormal
ERG observed in dystroglycanopathy (supplemental Fig. 3).

The earlier studies have shown that binding of ligand pro-
teins to a-DG is Ca**-dependent (27, 28, 31). A crystal struc-
ture study revealed that the laminin a2-chain LG5 contains two
Ca®*-coordinating residues, Asp-2982 and Asp-3055. Other
LG domains in «-DG ligand proteins commonly contain resi-
dues equivalent to these two residues (32). Sequence alignment
revealed that each of the three LG domains in pikachurin con-
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FIGURE 5. Disruption of pikachurin localization in dystroglycanopathy
animals. A and C, immunofluorescence analysis of pikachurin in the outer
plexiform layer (OPL). Retinal sections of POMGnTI-deficient (—/—) and
Large™* (myd/myd) mice, and their littermate heterozygous controls, were
immunostained using antibodies to pikachurin (red, left panels) or B-DG
(green, middle panels). Nuclei were stained with DAP! (blue). Merged images
are shown in the right panels. Scale bar, 10 um. ONL, outer nuclear layer; INL,
inner nuclear layer. B and D, reduced pikachurin binding to -DG in dystro-
glycanopathy models. o-DG was immunoprecipitated from eyes of
POMGnTI1-deficient (—/—)and Large™* (myd/myd) mice, and their littermate
heterozygous controls. PikalLG-containing cell lysates were incubated with
the immunoprecipitated materials to examine PikaLG-DG binding. PikalG
binding was detected by Western blotting (WB) with anti-Myc antibody
(upper panel, Pikal.G). Comparable amounts of a-DG were confirmed by West-
ern blotting with anti-a-DG antibody (lower panel, a-DG core). Normal and
hypoglycosylated (hypo.) sizes of «-DG are indicated on the left side of the
blots.

tains an Asp residue equivalent to Asp-2982 in the laminin
a2-chain LG5, but they lack a residue equivalent to Asp-3055
(supplemental Fig. 4). The residue equivalent to Asp-3055 in
pikachurin LG3 is Asn, which is capable of coordinating a Ca®*,
but LG1 and LG2 appear to lack the second Ca®*-coordinating
site. It has been shown that a single LG domain is usually insuf-
ficient for «-DG binding except laminin a1-chain LG4. This is
also the case for pikachurin (Fig. 2). Thus, the adjacent tandem
LG2-LG3 domains likely allow multiple Ca®* sites to form a
stable pikachurin-DG connection, as is proposed for other
known ligand proteins (32). Interestingly, our data show that
pikachurin can form oligomeric structures. This suggests the
possibility that multimerization or clustering effects may play a
role in modulating pikachurin-DG interactions in the native
environment.

Unlike the laminin «1-chain and agrin (28, 29), the interac-
tion of pikachurin with a-DG was relatively less sensitive to the
inhibitory effects of heparin, although pikachurin LG domains
have heparin binding capacity (Fig. 1). Heparin insensitivity at
the submilligram/ml range is also observed with the laminin
a2-chain and perlecan (33). These data may indicate that the
a-DG-binding site is spatially distinct from the heparin-bind-
ing site in pikachurin LG domains, thus preventing heparin
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interference with the «-DG interaction. More interestingly,
whereas 0.5 M NaCl strongly inhibits interaction between a-DG
and other ligand proteins (33), only a modest inhibitory effect
was observed for 0.5 M NaCl with pikachurin-DG binding. The
strong inhibitory effects of NaCl on other DG ligand proteins
indicate that, in addition to Ca®>*-mediated contact, an electro-
static effect may contribute partially to DG-ligand interactions.
However, this may not be the case for pikachurin. Rather, it is
likely that the Ca**-binding site in pikachurin primarily
ensures the interaction with a-DG. There seem to be subtle
differences between the binding of pikachurin to a-DG and that
described for other LG domain proteins. Our ligand competi-
tion experiments show that PikaLG inhibits laminin-111 bind-
ing to DGFc, but even very high concentrations of laminin-111
do not inhibit PikalLG-binding to DGFc (supplemental Fig. 5).
These data suggest that pikachurin might contain more binding
sites on @-DG than does laminin-111. Alternatively, PikalLG
might have much higher affinity for «-DG compared with lami-
nin-111. Further investigation is necessary to reveal pika-
churin-binding sites on «-DG in the future.

Itis known that certain glycosylation events are necessary for
a-DG ligand binding activity; however, the exact glycan struc-
ture necessary for the ligand binding is still not determined.
Several lines of evidence have shown that among heterogene-
ous glycans on a-DG, O-mannosylation is an essential post-
translational modification. The POMT1/2 complex catalyzes
the initial Man transfer to Ser/Thr residues (9), and POMGnT1
synthesizes the GlcNAc-B1,2-branch on O-Man (12). A very
recent study demonstrated the involvement of LARGE in the
synthesis of phosphodiester-linked glycan on O-Man, which
would serve as a laminin-binding moiety (13). Another study
showed that B3GnT1 is involved in LARGE-dependent modi-
fication (34). B3GnT1 interacts with LARGE, and reduced
expression of B3GnT1 leads to diminished synthesis of lami-
nin-binding glycans. Here we have demonstrated that post-
translational modification on O-Man mediated by LARGE and
POMGnTT1 is necessary for the pikachurin-DG interaction.

Mutations in these glycosylation pathways are causative for
dystroglycanopathy, which is frequently associated with eye
involvement, including abnormal retinal physiology. Several
models for dystroglycanopathy, including POMGnTI-defi-
cient, Large-mutant Large™9, and Large"™ mice, show abnor-
mal retinal physiology such as attenuation or delay in the elec-
troretinogram b-wave (23, 24, 35). Previously, we reported that
genetic disruption of pikachurin causes an ERG abnormality
similar to those seen in other dystroglycanopathy model mice
(22). In the retina, DG is expressed in the Miiller glial end feet at
the inner limiting membrane, in the glial end feet abutting the
vasculature (36), and at ribbon synapses of photoreceptors in
the outer plexiform layer (37-40). On the other hand, pika-
churin localization is specific to the synaptic cleft of the photo-
receptor ribbon synapse in the outer plexiform layer (22). In
this study, we demonstrated that the pikachurin-DG interac-
tion and pikachurin localization at the ribbon synapse are both
disrupted in dystroglycanopathy animals. We propose that
proper localization of pikachurin at the ribbon synapse, which
is supported by functionally mature DG, plays important roles
in the physiology of the retina.
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Another physiological role of DG in the retina, apart from the
ribbon synapse, was recently demonstrated (7). In that study, it
has been shown that deletion of DG in the central nervous sys-
tem (CNS) causes attenuation of the b-wave, which is associ-
ated with a selective loss of dystrophin and Kir4.1 clustering in
glial end feet. Dystrophin is the product of the causative gene
for Duchenne and Becker muscular dystrophies; it forms a pro-
tein complex with DG termed the dystrophin-glycoprotein
complex. Loss of either dystrophin or DG results in reduction of
the entire dystrophin-glycoprotein complex from the cell sur-
face membrane (2, 41). Importantly, abnormalities in ERG sim-
ilar to those seen in CNS-selective DG-deficient mice are
frequently observed in individuals with Duchenne/Becker
muscular dystrophy (42, 43). Dystrophin isoforms generated
through differential promoter usage and alternative splicing are
regulated in a tissue-specific and developmental manner.
Dp260, which is transcribed using an internal promoter, is a
retina-specific isoform located in the outer plexiform layer (44).
In Dp260-disrupted mice, DG expression in the outer plexi-
form layer is severely reduced, and the implicit time of the
b-wave is prolonged (45). These changes are also observed in
dystroglycanopathy and pikachurin-deficient mouse models.
‘Combined with our present work, these studies support the
hypothesis that DG contributes to retina function via multiple
mechanisms (7), including the pikachurin-DG-Dp260 molecu-
lar complex at the ribbon synapse and the DG-dystrophin-
Kir4.1 clusters at glial end feet. Overall, our data not only shed
light on the molecular pathogenesis of eye abnormalities in
muscular dystrophy patients but also contribute to understand-
ing the molecular mechanisms for ribbon synapse formation
and maintenance.
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Abstract:

Duchenne muscular dystrophy (DMD) is an X-linked, progressive muscle-wasting

disease caused by mutations in the DMD gene. Since the disease was described by physicians in the
19th century, information about the subject has been accumulated. One author (Sugita) was one of
the coworkers who first reported that the serum creatine kinase (CK) level is elevated in progressive
muscular dystrophy patients. Even 50 years after that first report, an elevated serum CK level is still
the most useful marker in the diagnosis of DMD, a sensitive index of the state of skeletal muscle, and
useful to evaluate therapeutic effects. In the latter half of this article, we describe recent progress in
the therapy of DMD, with an emphasis on gene therapies, particularly exon skipping.

Keywords:

Introduction

Muscular dystrophy is not a single disease but a
group of genetically heterogeneous muscle diseases
marked by progressive wasting and weakness of the
skeletal muscles, and sometimes involvement of
cardiac and smooth muscle or other tissues. In
1851, Meryon reported boys with symptoms consis-
tent with the diagnosis of muscular dystrophy,” and
in 1868 in France, Duchenne published a detailed and
systematic clinical, muscle pathological, and electro-
physiological study of an “atrophie musculaire pro-
gressive”, which is now generally recognized as
Duchenne muscular dystrophy (DMD).? Its preva-
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Duchenne muscular dystrophy,
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dystrophin, exon skipping, out-of-frame

lence in the population is estimated to be 1.8-4.8 per
100,000. Although the gene responsible was identified
in 1986%% and the underlying pathogenesis is
understood to some extent,” there is no effective
therapy at present other than corticosteroids. In this
article, we review historical aspects of the research on
DMD and discuss the therapies of the near future.

Biochemistry and diagnosis of DMD

Biochemical abnormalities in patients with
muscular dystrophy were first reported by Sibley
and Lehninger in 1949.5 They determined serum
aldolase activity in patients with muscular dys-
trophy, and reported increased serum aldolase
activity in the patients. Sugita measured the serum
aldolase levels of patients and confirmed that
patients with muscular dystrophy had elevated
serum aldolase activity; this finding was reported in
a Japanese journal in 1958.7) At the end of the same
year, a middle-aged male was hospitalized at the
University of Tokyo Hospital directed by Prof. Dr.
Shigeo Okinaka. The patient had moderately atro-
phic extremities without positive tendon reflexes.
Curiously, he did not show any sensory disturbance.
Interestingly enough, he had a markedly elevated
serum aldolase level. After much deliberate consid-
eration, Prof. Okinaka diagnosed him with a motor
neuronitis, however, at grand rounds, the attending
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