Histological analyses of the muscle injected with the
three-morpholino cocktail (1.2mg/each) showed signif-
icant histological improvement of the dystrophy, rela-
tive to uninjected muscle, (see Fig 3A; bottom panels).

By immunoblotting, intramuscular injection of the
optimal cocktail induced dystrophin to 50% normal
levels in a 2-year-old dog but only to 25% in a more
clinically severe 5-year-old dog (see Supplemental Fig
2A). This result implies that the muscle quality influ-
ences the amount of dystrophin that can be produced.

Intravenous Systemic Delivery of a Morpholino

Cocktail Induces Body-Wide Dystrophin Expression

AOs must be deliverable systemically to be of therapeu-
tic value. Accordingly, we undertook intravenous infu-
sion of the three morpholino-cockeail showing the
most success in the intramuscular experiments (Ex6A,
ExGB, and Ex8A). Three CXMD dogs were studied us-
ing intravenous doses similar to that used in mdx
mouse studies (30—40mg/kg per injection), with
weekly or biweekly dosing.” The first dog received
120mg/kg morpholinos (40mg/kg per each sequence)
in weekly intravenous injections, with five doses over 5
weeks. The second dog was given the same dose 11
times at 2-week intervals over the course of 5.5
months. The third dog received a greater dose:
200mg/kg (66mg/kg of each morpholino) seven times
at weekly intervals (see the Supplementary Table). All
dogs were euthanized 2 weeks after the last injection,
and multiple muscles were examined.

All skeletal muscles of each treated dog showed evi-
dence of de novo dystrophin expression by immunoflu-
orescence of cryosections, although the degree of rescue
was variable (Fig 4A). Histopathology was markedly
improved in regions showing high dystrophin expres-
sion (see Fig 4A). Immunoblotting confirmed expres-
sion up to approximately 50% of normal levels, but
some muscles expressed only trace amounts (see Figs
4C, D). Dystrophin expression was also detected in
cardiac muscles but, as in the mdx mouse,'” less than
in skeletal muscles and concentrated in small patches
(see Fig 4A). Of the three dogs, the average dystrophin
protein expression level was greatest in the dog given
seven weekly doses of 200mg/kg PMO, with an aver-
age of 26% of normal dystrophin levels.

Selected muscles were studied for quantitative rescue
of histopathology and  for biochemical rescue of
dystrophin-interacting proteins (dystrophin-associated
glycoproteins and nNOS). A commonly utilized quan-
titative marker for muscle pathology is central nucle-
ation of myofibers, where increased central nucleation
is reflective of increased degeneration and regeneration.
Quantitation of central nucleation in treated dogs
compared with untreated littermates showed that intra-
venous antisense treatment reduced central nucleation
in all five muscle groups examined (see Fig 4B).
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Both nNOS and a-sarcoglycan are dystrophin-
associated proteins that colocalize with dystrophin in
normal muscle and are reduced in DMD muscle.
nNOS immunofluorescence and «-sarcoglycan im-
munoblotting were done on a series of muscles
from treated and control dogs. By immunoblot,
a-sarcoglycan was seen to be increased in all muscles
examined (Fig 5B). Likewise, nNOS was seen to relo-
calize to the membrane in dystrophin-positive regions
in systemically treated dogs (see Fig 5A).

Muscle Imaging and Clinical Grading Scores Are
Improved by Systemic Antisense Treatment

A global improvement in muscle pathology was further
supported by the T2-weighted MRI examination (Fig
6). The high-intensity T2 signal, indicative of inflam-
mation and increased water content, was diminished in
PMO-treated dogs compared with pretreated and un-
treated control dogs in most muscles (see Fig 6).

Functional improvement of treated dogs was also as-
sessed by a 15m timed running test and by a combined
clinical grading score, as we have previously pub-
lished.'® Three dogs treated with intravenous morpho-
linos were compared with three untreated, at the ages
of both 2 or 5 months (pretreatment) and 4 or 7
months (posttreatment) (Figs 7B, C). The untreated
littermates became slower over the treatment time,
whereas all treated dogs ran faster after treatment. The
single dog treated at an older age with more advanced
symptoms showed greater improvement relative to un-
treated littermates (see Fig 7B).

The combined clinical grading score similarly
showed improvement or stabilization of disease pro-
gression after antisense treatment, relative to natural
history controls (see Fig 7A). Videos documenting run-
ning ability of treated dogs and untreated littermates
are available as supplemental data (see Supplemental
Movies 1-5).

Serum creatine kinase was assessed before and after
intravenous treatment, and compared with natural his-
tory controls (see Supplemental Fig 3). Although se-
rum creatine kinase was variable, posttreatment creat-
ine kinase levels were consistently less than natural
history controls. '

Intravenous High-Dose Morpholino Cocktail Shows

No Evidence of Toxicity

No local inflammatory reactions or organ dysfunctions
were recorded in the morpholino-treated dogs. Twice-
weekly serum toxicology screens of the three systemically
treated dogs showed no evidence of liver or kidney dys-
function (see Supplemental Fig 4). Levels of urea nitro-
gen, o-glutamyl transpeptidase, and creatinine all re-
mained within the reference ranges. In addition, no
significant changes were observed in amylase, total pro-
tein, total bilirubin, C-reactive protein, sodium, potas-



sium, or chloride. Growth of body weight was also
within reference range in all treated dogs (data not
shown).

Discussion

This is the first report of widespread induction of dys-
trophin expression to therapeutic levels in the dog
model of DMD. Overall, our findings provide a prom-
ising message for DMD patients. Specifically, we show
that intravenous morpholino antisense (PMOs) can
generate body-wide production of functional dystro-
phin in 2 model clinically more severe than DMD, re-
sulting in stabilization or improvement of the clinical
disease. Beneficial effects were documented by histol-
ogy, MRI, and functional tests (running and combined
clinical grading scores).

We encountered some unexpected findings that raise
important questions as to how to pursue this promising
approach into human dlinical trials. Clearly, the choice
of specific antisense sequences is a crucial determinant
of the ultimate success of targeted exon skipping. To
date, specific AO sequences have been assessed for ef-
ficiency of exon skipping using cell-based experimental
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(in witro) systems, with the optimal sequences then
used for in vive experiments. In studies presented here,
antisense oligonucleotides directed against exon 6 were
able to efficiently induce the desired exon 5 to 10
splicing in wvitro but not in vive. Our observations of
discrepant outcomes for ex vivo and in vive in the dys-
trophic dog tell us that we do not currently possess a
reliable means of screening for sequences that induce
efficient skipping of a particular exon in a particular
mutational context. Data obtained from application of
sequences as 2'O-MePs in primary myogenic cells or as
PMOs incubated ex vivo with muscle fragments failed
to predict the effects when PMO sequences were tested
in vivo. The high percentage of in-frame products here
might be related to nonsense-mediated decay of out-of-
frame products or quality of RNA from cell culture;
however, the in vitro experiments were consistent using
three different concentrations (600, 60, and 30nM)
with two different sequences (Ex6A and Ex6B). The
results were confirmed by RT-PCR, immunohisto-
chemistry, and complementary DNA sequences (see
Fig 2; see Supplemental Fig 1). The in vitro effect of

Fig 4. Widespread dystrophin expression and improved histology
by intravenous systemic delivery of cocktail morpholinoes in ca-
nine X-linked muscular dystrophy (CXMD) dogs. (A) Dystro-
phin (DYS-1) staining and histology in bilateral tibialis ante-
rior muscles (TA), diaphragm (DIA), sternocleidomastoid
(SCM), and heart at 2 weeks aféer final injection after five
weekly intravenous injections of 120mglkg cocktail morpholinos
containing ExGA, FxGB, and Ex84 (2001MA). Comparisons
were made with TA fram normal control animal (wild type
[WT]) and from nontreated CXMD littermate (NT) tibialis
anterior (TA) and heart. Intravenous morpholine treatment
resulted in extensive, though variable, dystrophin production in
multiple muscles, but with only limited evidence of rescue in
heart (isolated cardiocytes). Paired dystrophin immunostaining
and histology from treated dog (TA, bottom panels) showed im-
proved histopathology relative to unireated littermate (NT TA)
histology. Bars = 200um, except for higher magnification pic-
ture of DIA and hearts (100pm). (B) Quantitation of centrally
nucleated fibers (CNFs) in TA, intercostal (IC), quadriceps
(QUA), diaphragm (DIA), and sternocleidomastoid (SCM) in
treated dog (blue bars; 2001MA) and untreated dog (red bars;
2008MA). (C) Western blotting analysis for detection of dystro-
phin at 2 weeks afier final injection afier 5 X weekly intrave-
nous injections of 120mglkg cocktasl morpholinos containing
Ex6A, Ex6B, and Ex8A (2001MA). Dystrophin rescue is vari-
able with high expression in right extensor carpi ulnaris
[ECU(R)] and left biceps femoris [BF(L)], and less in posterior
[ESO(P)] or anterior esophagus [ESO(A)] and sternocleidomas-
wid (SCM). (D) Immunoblot analysis of dystrophin in intrave-
nous morpholino-treated dog (2703MA; 7 X weekly dosing)
and control animals (normal control [WT], nontreated [NT]).
Desmin immunoblot is shown as a loading control. Dystrophin
shows high levels (>25% control levels) in triceps brachii (TB),
DIA, and masseter (MAS). ADD = adductor; BB = biceps
brachii; EDL = extensor digitorum longus; MAS = masseter.
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Fig 5. Recovery of Ipcalization and expression of dystrophin-
associated proteins after systemic delivery of cocktail morpholi-
nos to canine X-linked muscular dystrophy (CXMD) dogs.
Neuronal nitric oxide synthase (nNOS) (A) and a-sarcoglycan
(B) expression at 2 weeks after 5 X weekly 120mglkg cocktail
(2001MA) or 7 X weekly 200mglkg cocktail morpholino in-
jections (2703MA) to CXMD dogs. Recovery of nINOS expres-
sion at sarcolemma was observed by double immunofluores-
cence against dystrophin (DYS-1) and nNOS. Scale bar =
50um. By immunoblot (B), a-sarcoglycan levels are increased
in treated dog muscles, compared with untreated dyserophic
controls (NT). Myosin heavy chain (MyHC) shown as a load-
ing control. WT = wild-type normal control animals; WI(1/
10) = wild-type (1/10 diluted samples, ie, 4pg loaded);

NT = nontreated CXMD muscles (tibialis anterior); ECU =
extensor carpi alnarisy SCM = sternocleidomastoid; BF =
biceps femoris; TA = tibialis anterior; QUA = quadriceps;
SAR = sartorius; GAS ="gastrocnemius; DIA =" diaphragm;
L = left side; R = right sidk.

the exon 6-specific sequence was, in addition, context
dependent. For when transfected into wild-type Beagle
myoblasts, the exon 8 AO pair again excised exons 8
and 9, whereas' the exon G-specific AO pair excised
exons 6 and 9, leaving exons 7 and 8 in place (see
Supplemental Fig 1). Thus, excision of exon 8 by the
exon G-specific sequences occurs only in the context of
the mutant exon 7 splice site. Together, the differences
between patterns of skipping iz vive versus in vitro and
between wild-type versus mutant genotypes tell us that
efficiency of skipping during transcription is domi-
nated by variables other than the availability or other-
wise of specific local sequence. Thus, it is prudent to
consider testing of selected sequences in multiple sys-
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tems with human dystrophin mRNA as the target be-
fore committing to a specific sequence for clinic trials.

We observed efficient skipping of exon 9, even
though no antisense sequence targeted its removal in
both wild-type and CXMD (see Figs 2 and 3), which
is known as alternative splice site.>® AOs targeting exon
8 have been reported to induce skipping of both exon
8 and 9 in human and in dog studies (see Figs 2 and
3).'%?! It appears likely that the small size of intron 8
compared with intron 7 (1.1 vs 110Kb) predisposes to
splicing of exon 8 to exon 9 before splicing to exon 7.

In the systemically treated dogs, we found widespread
expression of dystrophin in all muscles analyzed but
with considerable variation (see Fig 4). No difference in
dystrophin expression between fiber types was evident

2o Ame 2me . 4wme
®raeNorrnl Boagin . e e SN0 freated XD

2moe. 4w
Baaen Tropbad CHD

Fig 6. Amelioration of pathology and reduced inflammation
signal in magnetic resonance imaging (MRI). T2-weighted MRI
of hind legs ar 1 week before initial injection (pre-inj) and at 2
weeks after final injection (post-inj) of 7 X weekly intravenous
(IV) injection of 200mglkg cocktail morpholines (2703MA). or
5 X weekly IV injection of 120mglkg cocktail morpholinos
(2001MA). Age-matched untreated dogs (wild type [WT; nor-
mal control] and nontreated dystraphic control [NT]) are shown
Jor comparison. (B) Changes of T2 valué examined by MRI at
2 weeks after 7 X weekly 200mglkg cocktail morpholino injec-
tions. Changes of T2 values in hind legs at 1 week before ini-
tial injection and at 2 weeks after final injection are shown.
Intravenous morpholing treatment resulted in decreased T2 sig-
nal in all muscles examined, TA = tibialis anterior; GAS =
gastrocnemius; ADD = adductor; VL = vastus lateralis. Dot-
ted lines represent normal Beagle; dashed lines represent non-
treated canine X-linked muscular dystrophy (CXMD); solid
lines represent treated CXMD.
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Fig 7. Stabilization of clinical symptoms by systemic morpholino treatment. (A) Combined clinical grading scores before (black
lines) and afier starting treatment (red lines) of the three treated dogs. Clinical grades of gait disturbance, mobility disturbance,
limb or temporal muscle atrophy, drooling, macroglossia, and dysphagia are scored as described in Materials and Methods. A series
of unireated dogs (n = 6—13) was studied for comparison (dashed line, standard error bars). (B, C) Fifteen-meter timed running
tests in treated dogs and untreated littermates. A canine X-linked muscular dystrophy (CXMD) dog treated from 5 to:7 months
(2001MA) of age showed decreased timed 15m run afier treatment, whereas untreated littermates showed slowed running ability
(B). Similarly, two littermate dogs treated at 2 to 4 ‘months of age (2703MA; 2702FA) showed quicker 15m times aﬁer treatment

compared with nontreated littermate (C).

(data not shown). Even contralateral muscles differed
from one another, suggesting that variation in efficacy of
dystrophin production is a reflection of transient spo-
radic events such as myopathic episodes or changes in
vascularization or circulation rather than any intrinsic
muscle-specific properties. Pathological stages of degen-
eration/regeneration may also be involved. Overall, most
studies to date suggest that 10 to 20% normal dystro-
phin levels are needed to improve muscle function,?*?
and the data on systemic morpholino-induced exon
skipping presented here imply that some, but not all,
muscle groups reached this therapeutic level.

Systemic delivery of morpholinos in CXMD dogs as
in mdx mice induced only modest dystrophin produc-
tion in the heart (see Fig 4).'° The reason is not clear,
but it has been suggested that dystrophic skeletal mus-
cle fibers may give greater access to AOs because they
have more “leaky” membranes than the smaller cardiac
cells and because the syncytial structure of myofibers
may permit wider diffusion of PMO molecules from
each site of entry.?* Cardiac ischemia, as indicated by
abnormal Q-waves in CXMD,**> may also limit access
of AOs to cardiomyocytes, Some improvement in de-
livery has been reported with cell-penetrating peptide-
tagged morpholinos, or use of microbubbles and ultra-
sound that may enhance uptake efficiency in the heart
by facilitating penetration of cell membranes, although
toxicity of these strategies is not clear.”®*”

Considerable evidence for functional and histological
improvement was seen in the three systemically treated
dogs (see Figs 4-7). All were stabilized compared with
their untreated littermates in motor function tests, gen-
eral clinical condition, and serum creatine kinase levels.

MRI images also showed reduction of T2-weighted sig-
nal, interpreted as a sign of diminished inflammation,
after morpholino delivery (see Fig 6). However, longer-
term experiments are required to investigate whether
AOs can reduce infiltration by fibrofatty tissue and to
what extent functional loss can be recovered.

Many DMD patients require two or more exons to
be skipped to restore the reading frame. The data re-
ported here are the first demonstrations of efficient
skipping of multiple exons systemically through intra-
venous delivery. The dog model required skipping of
two to three exons to restore the reading frame, and we
were able to show efficient skipping of three exons by
both intramuscular and intravenous delivery methods.
Multiexon skipping has also been shown in iz vitro cell
cultures and in mdx mice by intramuscular injec-
tions.>?#~>° Multiexon skipping increases the range of
potentially treatable DMD patients and also raises the
prospect of selecting the most functionally favorable in-
frame dystrophins,” although skipping larger stretches
of exons has yet not been achieved and currently may
not be feasible. Specific morpholino cocktails able to
treat a large proportion of DMD patients with opti-
mized quasi-dystrophin production might be submitted
for regulatory approval as a single “drug.” For example,
a cocktail of AOs targeting exons 45 to 55 would be
applicable in up to 63% of patients with dystrophin
deletions, and this specific deletion is associated with
asymptomatic or mild BMD clinical phenotypes.”"??
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ABSTRACT

Protein O-linked mannose P1,2-N-acetylglucosaminyltransferase 1 (POMGnT1) is an
enzyme that transfers N-acetylglucosamine to O-mannose of glycoproteins. Mutations of
the POMGnT1 gene cause muscle-eye-brain (MEB) disease. To obtain a better understanding
of the pathogenesis of MEB disease, we mutated the POMGnT1 gene in mice using a target-
ing technique. The mutant muscle showed aberrant glycosylation of a-DG, and «-DG from
mutant muscle failed to bind laminin in a binding assay. POMGnT1™”~ muscle showed min-
imal pathological changes with very low-serum creatine kinase levels, and had normally
formed muscle basal lamina, but showed reduced muscle mass, reduced numbers of mus-
cle fibers, and impaired muscle regeneration. Importantly, POMGnT1™~ satellite cells pro-
liferated slowly, but efficiently differentiated into multinuclear myotubes in vitro.
Transfer of a retrovirus vector-mediated POMGnT1 gene into POMGnT1~~ myoblasts com-
pletely restored the glycosylation of «-DG, but proliferation of the cells was not improved.
Our results suggest that proper glycosylation of «-DG is important for maintenance of the
proliferative activity of satellite cells in vivo.

© 2008 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

POMGNT1 is the glycosyltransferase that catalyzes the
transfer of N-acetylglucosamine (GlcNAc) to O-mannose
of glycoproteins, the second step of Ser/Thr O-mannosy-

2003). Mutations in the POMGnT1 gene cause muscle-
eye-brain (MEB) disease, a rare autosomal recessive disor-
der characterized by congenital muscular dystrophy with
elevated serum creatine kinase (CK) levels, severe visual
failure, and gross mental retardation (Yoshida et al.,

lation (Yoshida et al., 2001; reviewed in Endo and Toda, 2001).
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a-Dystroglycan («-DG) is a heavily glycosylated glycopro-
tein and a well-known substrate of POMGnT1. Dystroglycan
is encoded by a single gene (DAG1) and is cleaved into two
proteins, a-dystroglycan («-DG) and B-dystroglycan (B-DG),
by posttranslational processing (Ibraghimov-Beskrovnaya
et al,, 1992). DGs are central components of the dystrophin-
glycoprotein complex (DGC) at the sarcolemma, and «-DG
was shown to serve as a cell surface receptor for laminin
(Ibraghimov-Beskrovnaya et al., 1992), agrin (Gee et al., 1994;
Campanelli et al., 1994), perlecan (Peng et al., 1998; Kanagawa
et al., 2005), and neurexin (Sugita et al., 2001). In skeletal mus-
cle, the laminin-a-DG linkage is thought to be critical for plas-
ma membrane stability (recently reviewed in Kanagawa and
Toda 2006). In MEB muscle, the «-DG core protein is preserved
but hypo-glycosylated, and o-DG prepared from the muscle
fails to bind laminin in vitro (Michele et al., 2002). Therefore,
it is proposed that the disruption of the «-DG-laminin linkage
is the main pathomechanism of dystrophic changes seen in
MEB muscle.

To further elucidate the molecular pathogenesis of MEB
disease, we generated POMGnT1-knockout mice using a gene
targeting technique, and examined the mutant skeletal mus-
cle. During our experiments, Liu et al. reported the generation
of POMGnT1-deficient mice (Liu et al, 2006). The report
showed severe muscle pathology, but the mechanism by
which POMGnT1 deficiency causes muscle phenotype was
not clearly shown. In this report, we report that POMGnT1-
deficient mice show remarkably minimal signs of muscle
degeneration and regeneration, but also show small muscle
mass, reduced numbers of muscle fibers, and impaired mus-
cle regeneration. POMGnT1-deficient myoblasts proliferate
poorly in vitro. The proliferation was not improved by retrovi-
rus vector-mediated POMGnT1 expression in POMGnT1™/~
myoblasts, suggesting that «-DG-laminin interaction in vivo
is important for maintenance of the proliferative activity of
satellite cells.

2. Results
2.1.  Inactivation of the POMGnT1 gene in mice

We mutated the POMGnT1 gene by replacing exon 18 with
a neomycin-resistance gene in mouse ES cells (depicted in
Fig. 1). Two ES clones successfully entered the germline.
Although there was no evidence of embryonic lethality, more
than 60% of the homozygotes died within 3 weeks of birth.
Survivors were smaller than their wild-type littermates
(Fig. 3A) throughout life, but most of them had a normal life
span. We confirmed that the POMGnT1™~ mice completely
lacked the POMGRT1 enzyme activity (Fig. 2A). A monoclonal
antibody, VIA4-1, that reacts with the suger moiety of a-DG
gave no signal in either POMGnT1™/~ brain (Fig. 2B) or muscle
(data not shown). A polyclonal antibody against «-DG core
protein revealed that the POMGnT1™/~ brain expresses
approximately 80 kDa «-DG protein, which is much smaller
than that seen in the wild-type brain (ca. 110 kDa) (Fig. 2C).
We next examined whether o-DG in POMGnT1™/~ brain binds
laminin. Wheat germ agglutinin (WGA)-enriched brain pro-
tein from control and POMGnT1™~ mice was separated on

SDS-PAGE gels, blotted onto a PVDF membrane, incubated
with EHS laminin, and then bound laminin was detected by
an anti-laminin antibody. ¢-DG in POMGnT1~/~ brain failed
to bind to laminin (Fig. 2D).

2.2, POMGnT1™~ muscle shows very mild dystrophic
changes

Immunochistochemistry of cross-sections of tibialis ante-
rior (TA) muscles showed that dystrophin and other members
of the DGC complex were normally expressed at the sarco-
lemma of POMGnT1™~ muscle (Fig. 3 and Table 1). Laminin
o2 chain was detected around POMGnT1™~ muscle fibers.
On H.E.-stained cross-sections, surprisingly, the POMGnT1~
~ muscle showed almost normal morphology. Central nucle-
ation of myofibers indicates regeneration events in the past.
In the TA muscles of 4-week-old wild-type mice, 0.25% of
myofibers were centrally nucleated. In POMGnT1™~ mice,
0.28% of the myofibers had central nuclei. In contrast, ca.
40-50% of myofibers of age-matched mdx mice were centrally
nucleated. Even at 24 months of age, the percentage of cen-
trally nucleated myofibers was lower (3.6%) in POMGnT1~/~
TA muscle, compared with age-matched wild-type TA muscle
(9.0%). POMGNT1™~ TA muscle also lacked other signs of
degeneration and regeneration. Electrophoresis of muscle ex-
tracts on glycerol SDS-PAGE gels showed no difference in
MyHC isoform composition of quadriceps and gastrocnemius
muscles between POMGnT17~ and wild-type littermates
{data not shown). In both wild-type and POMGnT1™~ muscle,
the muscle basal lamina was normally formed (Supplemen-
tary Fig. 1). Electron microscopy also showed that the sarco-
mere structures are almost normal in POMGNT1™/~ mice.
We next examined the serum creatine kinase (CK) levels, an
index of on-going muscle damage, in wild-type, POMGnT1~
7, and age-matched mdx mice (Fig. 5). The serum CK levels
of 5- to 20-week-0ld POMGnT1™/~ mice were slightly higher
(av. 586 U/L, n=10) (p <0.05) than those of wild-type litter-
mates (less than 100 U/L, n = 4), but were much lower than
those of mdx mice {more than 5000 U/L, n= 3, p <0.01). The
serum CK levels of 2-year-old POMGnT1™~ mice were still
low (less than 300 U/L, n = 4).

2.3. ... Repetitive muscle injury causes more fibrosis and
fatty infiltration in POMGnT1 ™/~ than in WT TA muscle

Dystroglycans expressed on the cell membrane of satellite
cells are proposed to play an important role in muscle regener-
ation (Cohn et al., 2002). In addition, the average size of POM-
GnT1™/~ myofibers was smaller than those of wild-type
myofibers (Fig. 4). Moreover, the number of myofibers is re-
duced in POMGnT1™/~ skeletal muscle of neonatal and adult
POMGnT1 mice, suggesting proliferation defect of POMGnT1™/~
myoblasts {Fig. 4). To test the hypothesis, we damaged POM-
GnT17/~ TA muscle by cardiotoxin (CTX) and examined their
regeneration. After single cardiotoxin injection, POMGnT1™/~
muscle regenerated well like wild-type (data not shown). Next,
we injected CTX into TA muscles of POMGnT1™/~ and heterozy-
gous littermates three times at intervals of 2 weeks, or 1 week
interval, and examined the muscle. We summarized the re-
sults in Fig. 6. POMGnT1™~ muscle showed more fibrosis and
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630 bp-genome fragment containing exon 18, and instead has a neo resistance gene. Recombination in ES cells was
confirmed by Southern blotting with the probe shown by a shaded box. The nucleic acid numbers are from AB053221 in

GenBank.

fatty infiltration, which is a sign of inefficient muscle regener-
ation, than POMGnT1*~ muscle. Together with reduced num-
bers of myofibers in muscle, the results suggest that the
function of satellite cells in POMGnT1™/~ skeletal muscle is
impaired.

2.4, Defective proliferative activity of POMGnT17/~
myoblasts

We next tested activation and proliferation of satellite cells
on living myofibers isolated from wild-type and POMGnT1~/~
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Fig. 2 - POMGnT1 ™~ mice show undetectable POMGnT1 enzyme activity and aberrant glycosylation of «-dystroglycan («-DG)
in POMGnT1 ™~ mice. (A) The amount of POMGnT1 activity is based on the amount of PH]GIcNAc transferred from UDP-GlcNAc
to mannosyl peptide. The reaction product was purified by reverse-phased HPLC, and the radioactivity was measured. (B)

Wheat germ agglutinin (WGA) agarose-enriched brain extracts from wild-type (WT) or POMGnT1~/~ (KO) mice were resolved
on a 7.5% SDS-PAGE gel, transferred to a PVDF membrane, and probed with anti-a-DG antibody, V1A4-1, which recognizes

glycosylated a-DG. {C) The blot was incubated with polyclonal antibodies specific for «-DG core protein. The antibody detected
~110 kDa bands in wild-type brain extract, and 80 kDa bands in the brain extract of POMGnT1™~ mice. (D) Laminin overlay
assay showing that «-DG in POMGnT1™/~ brain does not bind laminin in vitro. +Ln, laminin was incubated with the blotted

membrane. —LN, without laminin.
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Fig. 3 - Remarkably mild dystrophic phenotypes of POMGnT1~~ muscle. (A) A photo of representative 4-week-old wild-type (+/
+) and POMGnT1 ™/~ (~/-) mice. POMGnT1™~ mice are smaller than wild-type littermates. (B) Inmunochistochemistry of wild-
type (+/+) and POMGnT1-knockout (—/—). Laminin o2 chain, dystrophin, and «-sarcoglycan are expressed normally

on the sarcolemma of POMGnT1 ™/~ muscle. (C) Representative H.E. staining of cross-sections of the TA muscles from
POMGnT1~/~, wild-type, and age-matched dystrophin-deficient mdx mice. POMGnT1™/~ muscle shows minimal signs of

degeneration and regeneration.

Table 1 - Summary of immunohistochemistry of hind-

limb muscles of wild-type (WT) POMGnT1”/~, and mdx
mice.

WT  POMGnT17/~

Laminin o2 chain + + +
Dystrophin + + -
a-Dystroglycan (VIA4-1) + - +
Dystroglycan (core protein) + + +
B-Dystropglycan + + +
"a-Sarcoglycan + + +
a-Syntrophin + + *
nNOS + + *
Aquaporin 4 + + +
Integrin a7 + + ++
Integrin p1 + + ++

+, expressed; —, absent; x, down-regulated; ++, up-regulated,

mice (Fig. 7). Three days after plating of single myofibers on
Matrigel-coated 24-well plates in growth medium, the num-
bers of detached satellite cells (activated and proliferating sa-
tellite cells) were counted. In both extensor digitorum longus
(EDL) {fast twitch muscle) and soleus (slow twitch muscle)
muscles, the numbers of activated satellite cells and prolifer-
ating satellite cells (myoblasts) around the parental myofiber
were more numerous in wild-type than in POMGnT1™/~
(Fig. 7). Furthermore, wild-type satellite cells migrate a little

faster than POMGnT1™/~ satellite cells on transwells (data
not shown), although the difference was little. Therefore,
our results suggest that POMGnT1™/~ satellite cells are acti-
vated more slowly or proliferate more slowly than wild-type.
We next isolated satellite cells from hind limb muscles of
wild-type and POMGnT1™/~ mice by a monoclonal antibody,
SM/C-2.6, and flow cytometry (Fukada et al.,, 2007), and exam-
ined their proliferation rate. The total yield of satellite cells
per gram of POMGnT1™/~ muscle tissue was nearly the same
as those of wild-type muscle (data not shown). The percent-
age of Ki67-positive satellite cells (cycling cells) was less than
1% in both wild-type and POMGnT1™/~ mice, indicating that
they are in the quiescent stage (data not shown). However,
after plating wild-type and POMGnT1~~ satellite cells onto
Matrigel-coated 6-well plates at the same density, we found
that POMGnT1™~ satellite cells grew poorly in growth med-
ium (Fig. 7B). The timing of activation (i.e. enlargement of
the cytoplasm and MyoD expression) was the same with that
of wild-type satellite cells (data not shown). Next, we cultured
satellite cells on Matrigel-coated 24-well-plates in growth
medium, and the cells growth was evaluated by MTT assay
1, 2,3, 4,5, 6, and 7 days after plating (Fig. 8). The assay re-
vealed that wild-type myoblasts proliferated more rapidly
than POMGnT1™~ myoblasts in vitro. POMGnT1~/~ myoblasts
fused normally to form multinucleated myotubes in differen-
tiation conditions like the wild-type (data not shown), and
there was no significant difference in the fusion index be-
tween wild-type (45%) and POMGnT1~~ myoblasts (40%)
(p > 0.05).
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Fig. 5 - Serum CK levels of POMGnT1™", wild-type, and mdx
mice. Serum CK levels of 7-20 weeks old POMGnT1™/~ mice
(5 males and 5 females), wild-type littermates (3 males and
1 female), and three male mdx mice were measured and
plotted on the graph with average. "p < 0.05.

Next, we examined whether restoration of the expression
of the POMGnT1 gene in mutant myoblasts improved their
proliferation. To this end, we prepared a retrovirus vector,
(pPMX-POMGNT1-IRES-GFP) expressing human POMGnT1 and
GFP. The recombinant retrovirus successfully restored O-man-
nosyl glycosylation of «-DG (Fig. 7A), but the proliferation rate
was not changed (Fig. 8B).

2.5.  Cell growth signaling in POMGnT1™/~ myoblasts

It was previously reported that enhanced expression of
a7p1 integrin ameliorates the development of muscular dys-
trophy and extends longevity in «7BX2-mdx/utr(~~) transgenic
mice (Burkin et al., 2001; Burkin et al., 2005), suggesting that
integrin compensates for the function of o-DG in skeletal
muscle to some extent. Therefore, we next examined the
expression of Bl-integrin in wild-type and POMGnT1™~ myo-
blasts (Supplementary Fig. 1). Western blotting, however,
showed no difference between the pl-integrin protein levels
in wild-type and POMGnT1™~ myoblasts (Supplementary
Fig. 1A). Furthermore, FACS analysis showed similar levels
of Bl integrin expression on the surfaces of myoblasts
(Supplementary Fig. 1B). We then examined the activation
levels of Akt and GSK-38, both of which are involved in the
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Fig. 6 - Impaired muscle regeneration of POMGNT1~/~ mice. upper panel: representative Oil red O-stained or Sirius red-stained
cross-sections of TA muscles of POMGnT1/~(—/-) and POMGnT1*~ (+/-) mice after three rounds of degeneration/regeneration
evoked by cardiotoxin injection. One week after the last CTX injection, TA muscles were dissected, sectioned by a cryostat,
fixed, and stained. lower table: Summary of fatty infiltration and fibrosis in regenerated muscles. CTX was injected into TA
muscles three times with 2 weeks interval (2w) or 1 week interval (1w). The age at the first injection was shown. (), well
regenerated with minimal changes. (-—+), sporadic fatty regeneration or slight fibrosis between fibers. (+), mild fatty
infiltration or mild fibrosis. (++), dense fatty infiltration or extensive fibrosis. F, female; M, male.

regulation of cell survival and proliferation. The levels of
phosphorylation of these two kinases in POMGnT1™/~
myoblasts were similar with those in wild-type myoblasts
(Supplementary Fig. 1C). Consistent with these observations,
TUNEL assay indicated that apoptosis is rare both in
POMGnT1 ™~ and wild-type muscles (data not shown).

3. Discussion

In this study, we showed that in spite of mild muscle
degeneration, the POMGnT1 ™/~ satellite cells have much lower
proliferative activity than wild-type satellite cells. The defect
was not recovered by restoration of normal glycosylation of «-
DG in mutant satellite cells. Together with the reduced sizes
and the reduced numbers of myofibers of neonatal and adult
POMGnT1~/~ mice, these observations suggest that deficiency
of POMGnNT1 enzymatic activity impairs the functions of sa-
tellite cells.

3.1.  Two mouse models of muscle-eye-brain (MEB) disease

Our POMGnT1™~ mice are the second mouse model of
MEB disease. The first one was generated by gene trapping
with a retroviral vector inserted into the second exon of
the mouse POMGnT1 locus (Liu et al., 2006). As described in
the literature, the phenotype is similar to ours with some

differences. Our model shows much milder muscle pheno-
types than the previously reported model, but also shows
much a lower survival rate in the postnatal stage than the
first model does. This would be due to more severe develop-
mental abnormalities of the central nervous system of our
mouse model, including disruption of the glia limitans,
abnormal migration of neurons, and reactive gliosis in the
cerebral cortex (manuscript in preparation), although these
are also observed in the first model (Yang et al., 2007; Hu
et al,, 2007).

Mutation of the POMGnT1 gene is the cause of muscle-eye-
brain disease (MEB) (Yoshida et al., 2001), which is character-
ized by severe congenital muscular dystrophy (Voit and Tome,
2004). Although glycosylation of a-DG was completely per-
turbed in our model, the POMGnT1~~ muscle showed only
marginal pathological changes. Furthermore, POMGnT1™/~
muscle showed normally formed muscle basal lamina on
EM. These observations are in sharp contrast to the condition
in humans. One possibility is that in the mouse, molecules
other than «-DG are involved in the linkage of the sarco-
lemma with the extracellular matrix proteins, stabilizing the
plasma membrane. As a candidate molecule, we examined
f1l-integrin expression in POMGnT1~~ muscle, but found that
the level was not up-regulated. Therefore, the mechanism
that explains this discrepancy remains to be clarified in a fu-
ture study.
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Fig. 8 - Restoration of POMGnT1 expression in POMGnT1™/~ myoblasts does not improve proliferation of cells. (A) Wild-type
(WT) and POMGnT1™~ myoblasts were transduced with a retrovirus expressing both POMGnT1 and GFP (POMGNT1) or only
GFP (GFP, control), and the FACS-purified transduced cells were stained with anti-glycosylated a-DG monoclonal antibody
(V1A4-1; red) and DAPI (Nucleus, blue). Note that the glycosylation of «-DG in POMGnT1™/~ myoblasts was completely
recovered by a retrovirus vector expressing POMGnT1. (B) MTT assay of wild-type (WT) and POMGnT1™/~ myoblasts after
infection with retrovirus vectors. Impaired proliferation of POMGnT1 ™/~ myoblasts was not recovered by retrovirus-mediated
expression of POMGnT1. Representative data of three independent experiments are shown.

3.2.  Null mutation in POMGnT1 reduces proliferative = However, retrovirus vector-mediated gene transfer of the
activity of muscle satellite cells POMGnT1 gene, which successfully restored O-mannosyl gly-
cosylation of «-DG, did not restore the proliferation activity

POMGnT1™/~ myoblasts proliferate poorly in vitro. This of the POMGnT1™~ myocblasts. DMD myoblasts proliferate
observation suggested that the proliferation of myoblasts is poorly and quickly reach senescence. The impaired prolifera-
stimulated by growth signals via laminin-a-DG interaction. tion activity has been ascribed to repeated activation of
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satellite cells due to repetitive cycles of muscle degeneration
and regeneration (Blau et al., 1983). In contrast, POMGnT1™/~
muscle lacks signs of active regeneration. Therefore, the re-
duced proliferation activity of POMGNnT1™/~ mouse myoblasts
is not likely due to excessive cell division of satellite cells.
Rather, it is likely that «-DG-laminin interaction in the niche,
i.e. beneath the basal lamina of skeletal muscle myofibers, is
important for maintenance of proliferative activity of satellite
cells. However, the possibility that POMGnT1-deficiency
causes aberrant glycosylation of molecules other than «-DG
should be also tested.

Our results also suggested that the lack of «-DG-laminin
interaction resulted in reduced numbers of muscle fibers
(hypoplasia). Importantly, we found that myofibers of older
POMGnT1~/~ mice tend to be hypertrophied {Supplementary
Fig. 2). POMGnT1™~ muscle might compensate the muscle
power by hypertrophy of the*myofibers. This is consistent
with our observation that POMGnT1~/~ muscle increases its
mass in an overload model (unpublished data). Importantly,
recent studies suggest that this process is satellite cell-inde-
pendent (Sandri M., 2008).

Recently, Liu et al. showed that over-expression of integrin
«7B1 in C2C12 myoblasts promoted proliferation of the cells
(Liu et al., 2008).. Importantly, however, we did not: observe
up-regulation of integrin o7f1 expression in POMGNT1™/~ sa-
tellite cells. These observations suggest that dystroglycans
and integrins have distinct roles in the regulation of muscle
satellite cells.

In summary, we generated POMGnT1-null mice. The mice
showed low serum creatine kinase levels and minimal signs
of muscle degeneration and regeneration. Nonetheless, POM-
GnT1™~ muscle showed the reduction in the size and the
number of myofibers. Furthermore, repeated injection of car-
diotoxin showed impaired muscle regeneration in POMGnT1~
~ mice. POMGnT1™~ myoblasts proliferated. poorly in vitro.
Over-expression of protein restored glycosylation of a-DG,
but did not improve the proliferation of POMGnT1™~ myo-
blasts at all. Collectively, our results suggest that POMGnT1
enzymatic activity is important for maintenance of the prolif-
erative activity of satellite cells in vivo.

4. Experimental procedures

4.1.  Generation of POMGNT1™~ mice

__The targeting strategy in ES cells is depicted in Fig. 1. Geno-
mic DNA (8.6 kb) covering almost the entire POMGnT1 gene
was isolated from 129/Sv] mice by using two specific primers:
m1F2 primer, 5'-gat tcc tga agt cat gga ctg gc-3' and m1B5, 5'-
tct aaa ggt cte tgt gtg agt ctg tca g-3'. The PCR product was
then cloned into a TOPO TA cloning vector (Invitrogen, Carls-
bad, CA) and sequenced (AB053221). To construct the target-
ing vector, a 630-bp Rsrll-Hind Il fragment, containing
exonl8 was replaced with a neo expression cassette (Strata-
gene) (Fig. 1). Electroporation and screening of ES cells
(129Svev origin) were performed by Ingenious Targeting Labo-
ratory, Inc. (Stony Brook, NY). Homologous recombination in
ES cells was confirmed by Southern blotting. Two indepen-
dent positive ES clones were injected into C57BL/6 blastocysts,

which gave rise to offspring carrying the mutated allele.
Genotyping of the mice was done by PCR. One primer set is
designed to amplify exon 18: F2, 5'-cag cag ttt cct tcc ttc taa
ccc-3' and B4, 5'-att tgg tct ggt ccc ttg get ¢-3' (278 bp). Neo
primers were used to amplify the neo resistance gene, and
thereby detect the mutant allele: neo-F, 5'-agg cta ttc ggc tat
gac tgg g-3’, and neo-R, 5'-tac ttt ctc ggc agg age aag gtg-3’
(288 bp). Dystrophin-deficient mdx mice of C57BL/6 genetic
background were provided by T. Sasaoka at the National Insti-
tute for Basic Biology, Japan. The Experimental Animal Care
and Use Committee of the National Institute of Neuroscience
approved all experimental protocols.

4.2. . POMGnT1 enzymatic activity

Brains were obtained from 8-week-old mice and homoge-
nized with nine volumes (weight/volume) of 10 mM Tris-

~HCl, pH 7.4, 1 mM EDTA, and 250 mM sucrose. After centrifu-

gation at 900g for 10 min, the supernatant was subjected to
ultracentrifugation at 100,000g for 1 h. The precipitates were
used as the microsomal membrane fraction. The protein con-
centration was determined by BCA assay (Pierce, Rockford, IL).
The enzymatic activity assay .measured the amount of
[PH]GIcNAc transferred to a mannosyl peptide (Akasaka-Man-
ya et al., 2004). Briefly, a reaction mixture containing 140 mM
Mes buffer (pH 7.0), 1 mM UDP-{?*H]GIlcNAc (80,000 dpm/nmol,
PerkinElmer, Inc., Wellesley, MA), 2 mM mannosyl peptide
(Ac-Ala-Ala-Pro-Thr-(Man)-Pro-Val-Ala-Ala-Pro-NH,), 10 mM
MnCl,, 2% Triton X-100, 5 mM AMP, 200 mM GlcNAc, 10% glyc-
erol, and 100 pg of microsomal membrane fraction was incu-
bated at 37 °C for 1 h. After boiling for 3 min, the mixture was
analyzed by reverse phase HPLC using a Wakopak 5C18-200
column: {4.6 x 250 mm; Wako:Pure Chemical Industries, Osa-
ka, Japan). The gradient solvents were aqueous 0.1% trifluoro-
acetic' acid - (solvent A) and acetonitrile containing 0.1%
trifluoroacetic acid (solvent B). The mobile phase consisted
of 100% A for 10min and then a linear gradient to 75%
A:25% B over 25 min. Peptide separation was monitored at
214 nm, and the radioactivity of each fraction (1 ml) was mea-
sured using a liquid scintillation counter.

4.3. . Antibodies

All antibodies used in Western blotting, immunohisto-
chemistry, and FACS are listed in Supplementary Table 1.

4.4. .. Histology and immunohistochemical analysis.

Muscle cryosections (6-10 pm) were stained with hematox-
ylin and eosin (H&E), or treated with 0.1% Triton X-100,
blocked with 5% goat serum/1% BSA in PBS, then incubated
with primary antibodies (Supplementary Table 1) at 4 °C over-
night. After washing with PBS, specimens were incubated
with a secondary antibody labeled with Alexa Fluor 488 or
Alexa Fluor 568 (1:200-400 dilution; Molecular Probes) at RT
for 1h, counterstained withh TOTO-3 (1:5000; Molecular
Probes), and then mounted in Vectashield (Vector). The
images were recorded using a confocal laser scanning micro-
scope system TCSSP™ (Leica). For fiber size measurement,
cross-sections of muscle were stained with anti-laminin «2
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antibody and recorded and quantified by a digital microscope,
BIOREVO (http://www.biorevo.jp; KEYENCE, Osaka, Japan).

4.5.  Western blotting

Western blotting was performed as previously described
(Hosaka et al., 2002). In brief, 20 ug of muscle proteins were
separated on 7.5% SDS-PAGE gels and transferred to a
PVDF membrane (Millipore, Bedford, MA). After incubation
with primary antibodies (Supplementary Table 1), the
membranes were incubated in HRP-labeled secondary anti-
bodies (1:5000 dilution) (Amersham Biosciences, UK). The
signals were detected by using an ECL plus Western Blot-
ting Detection System (GE Healthcare, Buckinghamshire,
UK).

4.6.  Laminin blot overlay assay

An overlay assay was performed as described by Moore
et al. ‘(2'002). In brief, WGA-enriched homogenates were pre-
pared from wild-type and POMGnT1™/~ brains, separated on
SDS-PAGE gels, blotted onto a PDVF membrane, and incu-
bated with mouse EHS laminin (Trevigen, Gaithersburg, MD,
USA). Bound laminin was probed with anti-laminin antibody
(Sigma, St. Louis, MO) and ECL system (GE Healthcare, Buck-
inghamshire, UK).

4.7.  Single fiber preparation and culture

Single fibers were prepared from extensor digitorum lon-
gus (EDL) and soleus muscles of wild-type and POMGnT1™~
mice as described by Rosenblatt et al. (1995). Each fiber was
plated onto Matrigel (BD Biosciences, Bedford, MA)-coated
24-well plates and cultured in growth medium for 3 days.
Then, the number of cells around the parental fiber was
counted.

4.8. Isolation of satellite cells, proliferation assay, and
fusion index

Satellite cells were prepared from wild-type and POMGnT1 ™/~
mice by FACS as previously described (Fukada et al, 2007).
Sorted cells were plated on Matrigel-coated 24-well-plates at a
density of 1x 10* cells/well in a growth medium, DMEM (High
glucose; Wako, Osaka), supplemented with 20% fetal bovine ser-
um (Equitech-bio, Inc., Kerville, TX), human recombinant bFGF
(2.5 ng/ml) (Invitrogen), recombinant mouse HGF (25 ng/ml)
(R&D Systems, Minneapolis, MN), and heparin (5 pg/ml) (Sigma).
For the MTTassay, 100 pl of 0.5% MTT (3-(4,5-dimethylthiazol-2-
y))-2,5-diphenyltetrazolium bromide) (Dojindo, Kumamoto, Ja-
pan) was added to the culture at each time point, and after4h
incubation, the cells were collected in 1 ml of acid isopropanol
solution. ODss, was measured and plotted. After reaching 70%
confluency, the cells were induced to differentiate into
myotubes by low-serum medium (5% horse serum/DMEM),
and 18 h later, the cells were fixed, stained with anti-sarcomeric
a-actinin antibody and DAPI (nuclei). Fusion index was calcu-
lated as (the numbers of nuclei in the myotubes/total
nuclei) x 100%.

4.9.  Production of retrovirus vectors

pMXs-IG (Kitamura et al., 2003) was kindly provided by
T.Kitamura at Tokyo University. Human POMGnT1 cDNA,
which has an Xpress epitope and a His-tag at the N-terminal
(Akasaka-Manya et al., 2004}, was cloned into the multi-clon-
ing site upstream of IRES-GFP of the vector. Vector particles
were produced by transfection of the vector plasmid into
PLAT-E packaging cells (Kitamura et al,, 2003). Proliferating
satellite cells {myoblasts) were incubated with the viral vec-
tors overnight and 4 days later, successfully transduced GFP-
positive cells were collected by FACS, and the proliferation
rate was evaluated by MTT assay.

4.10. Electron microscopy

Mice were perfused transcardially with a solution of 2%
paraformaldehyde and 2.5% glutaraldehyde in PBS under
deep pentobarbital anesthesia. The anterior tibial muscles
were excised, embedded in 3% agarose, and sections (70 um
in thickness) were prepared on a Vibratome. Sections were
fixed in OsOq, ehydrated, and embedded in Cartepoxy resin.
Ultrathin sections were prepared, stained with lead citrate
and uranyl acetate, and observed under a Hitachi H-7000
transmission electron microscope.

4.11. Measurement of serum creatine kinase (CK)

Blood samples were obtained from the tail vein or directly
from the heart at sacrifice. Serum CK level was measured by
colorimetric assay using an FDC3500 clinical biochemistry
autoanalyzer (FujiFilm Medical Co., Tokyo, Japan).

4.12. Cardiotoxin (CTX) injection

To induce muscle regeneration, CTX (10 ymol/L in saline;
Sigma, St. Louis, MO) was injected into the tibialis anterior
(TA) muscles three times at indicated intervals. The muscle
cross-sections were stained with Oil red O (Muto Pure Chem-
icals Co., Ltd., Tokyo, Japan) to detect lipid droplets, or with
Sirius red F3B (Sigma Chemical Co., St. Louis, MO) in saturated
picric acid to stain collagen fibers.
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NEUROLOGICAL REVIEW

A Renaissance for Antisense Oligonucleotide
Drugs in Neurology ,‘

Exon Skipping Breaks New Ground !

Toshifumi Yokota, PhD; Shin’ichi Takeda, MD, PhD; Qi-Long Lu, MD, PhD;
Terence A. Partridge, PhD; Akinori Nakannira, MD, PhD; Eric P. Hoffman, PhD

ntisense oligonucleotides are short nucleic acid sequences designed for use as small-

molecule drugs. They recognize and bind to specific messenger RNA (mRNA) or pre-

mRNA sequences to create small double-stranded regions of the target mRNA that

alter mRNA splicing patterns or inhibit protein translation. Antisense approaches have

been actively pursued as a form of molecular medicine for more than 20 years, but only one has

been translated to a marketed drug (intraocular human immunodeficiency virus treatment). Two

recent advances foreshadow a change in clinical applications of antisense strategies. First is the

development of synthetic DNA analogues that show outstanding stability and sequence specificity

yet little or no binding to modulator proteins. Second is the publication of impressive preclinical

and clinical data using antisense in an exon-skipping strategy to increase dystrophin production

in Duchenne muscular dystrophy. As long-standing bartriers are successfully circumvented, atten-

tion turns toward scale-up of production, long-term toxicity studies, and the challenges to tradi-
tional drug regulatory attitudes presented by tightly targeted sequence-specific drugs.

Arch Neurol. 2009;66(1):32-38

With the advent of recombinant DNA in  of small-molecule drug (antisense oligo-

the 1970s, it was soon realized that bac-
teria possess a form of regulatory machin-
ery where small RNA transcripts can bind
(hybridize) to other target RNAs and in-
hibit the translation of these targets.! These
antisense RNAswere subsequently recog-
nized as natural translational regulation
mechanisms in plants and higher organ-
isms.? More recently, a specialized form of
antisense transcript was found to be a cel-
lular defense mechanism against invad-
ing messenger RNAs (mRNAs) (viruses),
and this has been harnessed as a popular
method to “knock down” specific mRNA
transcripts in cultured cell models (short
interfering RNAs).?

Attention soon shifted toward devel-
opment of antisense molecules as a form

nucleotide [AO]). The approach was in-
tuitive: one needs simply to chemically
synthesize short pieces of DNA of about
20 bases, where a specific complemen-
tary sequence is designed to hybridize with
a desired target mRNA. Such designer AO
drugs should show very high specificity
and selectivity for binding only the de-
sired target RNA sequence of nucleotides
that is predicted by base pairing. Begin-
ning in the mid-1980s, this approach was
put to the test in model systems and was
shown to work quite well in shutting down
the production of the target (undesired)
protein.* Isis Pharmaceuticals, Inc, Carls-
bad, California, a company focused on
clinical applications of AOs, was incorpo-
rated in 1989. Additional companies fo-

cusing on AO approaches soon followed.

Despite early promise, uses of AOs as
small-molecule drugs have been pain-
fully slow to enter the market and stan-
dard of care. Indeed, only a single AO drug
has been approved by the Food and Drug
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Figure 1. Comparison of chemistries used for the exon-skipping approach. Examples of artificially developed antisense oligomers such as 2'-0-methylated
anfisense ofigonucleotides (2'-0-MeAQ) (phosphorothioate), locked nucleic acid (LNA), phosphorodiamidate morpholino ofigomers (PMOs), and peptide-tagged

PMOs (PPMOs} are shown for comparison with DNA and RNA.

Administration (FDA), fomivirsen sodium (Vitravene; Isis
Pharmaceuticals, Inc) delivered by intravitreous injec-
tion to inhibit cytomegalovirus retinitis in AIDS. Vit-
ravene was approved in 1998 and there have been no sub-
sequent successful approvals in the erisuing 10 years:

What has slowed the progress of AO drugs into the
clinical arena, and why may this be changing?

There have been 2 major hurdles: off-target toxic ef-
fects and potency or delivery. Regarding toxic effects, most
organisms do not take kindly to covert infiltration by for-
eign DNA or RNA. Indeed; all'species have quite effec-
tive mechanisms to destroy foreign DNA and RNA as they
are-more likely than not to be viruses or other undesir-
able organisms. In addition, many of the clinical trials
testing AO drugs have seen evidence of activation of the
complement cascade, and this has been a key concernof
the FDA. Delivery has also been a consistent problem.
Because the target RNAs are always intracellular, it is im-
perative for the AO drug to achieve intracellular concen-
trations sufficient to enable it to bind and modulate the
target RNA to a significant extent. The fact that AOs typi-
cally do not easily cross the lipid bilayers that bound the

cell so as to achieve sufficient intracellular potency via
systemic (intravenous) delivery has been problematic.

Recent developments are achieving success in over-
coming both hurdles. Analogues of nucleic acid have
been designed and synthesized in which the ribose
backbone of RNA and DNA is replaced with different
chemistries (Flgure ¥). Two are particularly promis-
ing: one uses a morpholino backbone (phosphorodi-
amidate morpholino oligomer [PMO]}; AVI BioPharma,
Portland, Oregon), and the second uses a locked
nucleic acid backbone (Enzon Pharmaceuticals, Inc,
Bridgewater, New Jersey). These new backbones are
designed to maintain the molecular distance between
bases (G, A, T/U, and C), enabling highly sequence-
specific base pairing to the target RNA that is stronger
in the case of PMO and locked nucleic acid drugs than
DNA or RNA AOs. Equally important, these backbones
are so dissimilar from the DNA and RNA ribose phos-
phodiester backbone that they are not recognized by
most or any DNA and RNA binding proteins or degrad-
ing enzymes, thereby enhancing their stability and
avoiding many or all off-target toxic effects.
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The second major barrier has been achieving sufficient
intracellular concentrations (delivery). One successful ap-
proach is to take advantage of preexisting holes in the plasma
membrane of the target cell. Infecting viruses breach the
cell membrane during the process of infection and appear
to bring along AO drugs in the process. As such, AOs have
been quite successful in blocking downstream viral repli-
cation within cells, and PMO drugs are showing impres-
sive promise as antiviral antidotes.? Another preexisting hole
is found in muscle cells lacking dystrophin (Duchenne mus-
cular dystrophy (DMD}).* The unstable plasma mem-
brane of myofibers appears to allow the AO to leak into
the cell.” An additional approach is to modify the AO drugs
with cell delivery moieties, chemical adducts that pen-
etrate the cell membrane. One example is the addition of
arginine-rich peptides to one end of the AO drug (peptide-
tagged PMO) (Figure 1).

From these advances has sprung a resurgence of in-
terest in AO drugs for treatment of genetic disease, can-
cer, and infectious disease. The purpose of most appli-
cations is to knock down a target RNA so that it makes
less of the deleterious protein product (eg, tumor growth
factor B or hypoxia-inducible factor le in cancer cells,
viral mRNAs, or dominant gain-of-function toxic pro-
teins in inherited neurological disease). However, the dis-
order that may be mostadvanced in such applications is
DMD. Here the AOs are used for a quite different objec-
tive than for previous applications; explicitly, AOsin DMD
are designed to restore function to the target mRNA and
protein rather than block it. The remainder of this re-
view focuses on this application.

RATIONALE AND PROOF OF PRINCIPLE
OF EXON-SKIPPING THERAPY

The principle of exon-skipping therapy for dystrophi-
nopathies was initially demonstrated by Dunckley etal®
in cultured mouse muscle cells in vitro. The rationale is
as follows. Duchenne muscular dystrophy is caused by
mutations of the 79-exon gene (commonly deletions of
=1 exon). Within the myofiber, the remainder of the gene
will be transcribed and spliced together. However, if the
triplet codon reading frame of the mRNA is not pre-
served, the resulting frame shift will lead to the failure
of dystrophin protein production. Becker muscular dys-
trophy (BMD) is a clinically milder and more variable dis-
ease in which mutatious of the dystrophin gene are com-
monly such as to preserve the translational open reading
frame; thus, after splicing together, the remainder of the
gene retains some ability to synthesize the dystrophin pro-
tein. The goal of exon-skipping therapies is to force the
dysfunctional mRNA with out-of-frame mutations in a
patient with DMD to skip (exclude) some additional ex-
ons. The loss of additional material directed by AO drugs
restores the reading frame, changing a Duchenne out-
of-frame transcript to a Becker in-frame transcript. For-
tunately, most mutations in the dystrophin gene occur
in parts that do not code for functionally essential re-
gions of the protein.

This AQ-mediated exon-skipping method has been de-
veloped and extensively tested on the dystrophic mdx
mouse model of DMD. The mdx mouse harbors a non-

sense mutation in exon 23 that prevents translation be-
yond this point in the transcript. Both local intramuscu-
lar injection and systemic delivery of a single AO targeted
against exon 23 in the primary transcript excludes this
exon from the mRNA, leaving an in-frame transcript that
generates dystrophin expression and produces a degree
of functional recovery. Intramuscular and systemic in-
jections of AOs for exon splicing of a dog model of DMD
have also been demonstrated with a novel cocktail AO
strategy (T.Y.,5.T,, Q.-LL,, T.A.P,; AN, E.P.H.,and Ma-
sanori Kobayashi, DVM, unpublished data, 2006-
2008). The principle is similarly illustrated in humans;
van Deutekom et al® reported single-site intramuscular
injections of 2'-O-methyl AO chemistry in 4 boys with
DMD, showing evidence of de novo dystrophin produc-
tion at the injection site.

These data demonstrate that the key hurdles of achiev-
ing intracellular delivery and avoiding toxic effects can
be cleared. A similar strategy is being explored in other
diseases such as myotonia, human immunodeficiency vi-
rus, and spinal muscular atrophy.1%1?

HURDLES IN BRINGING EXON SKIPPING
TO STANDARD OF CARE

Exon skipping using AO drugs has rapidly emerged as the
frontline therapeutic approach for DMD. How soon can we
expect exon skipping to reach the neuromuscular clinic and
standard of care? This approach is breaking new ground
and raising challenges not encountered previously in drug
development. Different patients have different mutations,
and many AO sequences will need to be designed, tested,
and FDA approved. Also, current genotype and pheno-
type data suggest that there may be good in-frame dele-
tions and not-so-good in-frame deletions; simply restor-
ing the reading frame may not be synonymous with
restoring dystrophin protein function. The optimization of
dystrophin function will likely require deletions of mul-
tiple exons, and this will require mixtures of different AOs—
new territory for drug development and the FDA. The ap-
proach will require regular injections of large amounts of
AO drug; what are the long-term toxic effects? Moreover,
are the standard toxicity tests appropriate for sequence-
specific drugs? Each of these hurdles is discussed briefly
in the remainder of this review.

CERTAIN EXON DELETIONS MAY RETAIN MORE
DYSTROPHIN FUNCTION THAN OTHERS

The molecular diagnostics of DMD and BMD frequently
refer to the reading frame rule, where out-of-frame de-
letionis are given a. DMD diagnosis and in-frame dele-
tions are given a BMD diagnosis. However, as many as
30% of patients with BMD do not adhere to thisrule.’* A
thorough understanding of reading frames is critical for
appropriate design of exon-skipping therapies, both so
that the best AO can be given to the patient and so that
an optimally functional dystrophin protein is produced
as aresult of the expected exon skipping. Currently, the
best information from which to predict the capabilities
of partially deleted dystrophins to rescue the DMD phe-
notype comes from analysis of the thousands of geno-
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Figure 2. Clinical phenotypes associated with specific start (A) and end (B) sites for in-frame deletions. Percentages of patients with Duchenne muscular
dystrophy (DMD) out of patients with OMD or Becker muscular dystrophy with specific start and end exons are shown. Combined muscular dystrophy databases
of 14 countries (from Argentina, Belgium, Brazil, Bulgaria, Canada, China, Denmark, France, india, Italy, Japan, The Netherlands, the United Kingdom, and the
United States) at Leiden University (htip://www.dmd.nl), where diagnoses were performed using multiplex ligation-dependent probe amplification/multiplex ampli-
fication and probe hybridization, Seuthern blofting, or polymerase chain reaction primer sets that allow deletion boundaries to be assigned accurately to a specific
exon, are used (deletion start sites: n=288 for exon 45, n=23 for exon 47, n=9 for exon 48, n=12 for exon 49, and n=10 for exon 50; deletion end sites: n=11 for
exon 46, n=115 for exon 47, n=95 for exon 48, n=51 for exon 49, n=53 for exon 51, n=40 for exon 53, and n=21 for exon 55).

type and phenotype correlations in patients with DMD
and BMD that have been published in the literature and
on the Internet. We examined all in-frame deletions and
determined the proportion of observed cases that showed
mild or severe phenotypes. This was gleaned from com-
bined muscular dystrophy databases of 14 countries (from
Argentina, Belgium, Brazil, Bulgaria, Canada, China, Den-
mark, France, India, Italy, Japan, The Netherlands, the
United Kingdom, and the United States) at Leiden Uni-
versity (http:/www.dmd.nl), excluding diagnoses that did
not allow deletion boundaries to be assigned accurately
to a specific exon.™ Of all observed in-frame deletion pat-
terns on genomic DNA in the central rod domain hot-
spotregion (exons42-57; 28 distinct patterns), 57% (16
of 28 patterns) were associated with DMD rather than
BMD. This analysis showed that there are considerable
discrepancies between population-based ratios and pat-
tern-based proportions of severe DMD vs mild BMD phe-
notypes, and interestingly, the ratio of DMD to BMD re-
markably varies between specific deletion patterns. For
example, in-frame deletions starting or ending around
exon 50 or 51 that encode the hinge region were most
commonly associated with severe phenotypes (Figure 2)
(eg, deletions at exons 47-51, 48-51, and 49-53 are all
reported to be associated with a severe DMD phenotype
rather than BMD).133¢

Two questions arise. First, why do specific patterns
ofin-frame mutations tend to resultin a severe DMD phe-
notype in contradiction to the reading frame rule? Sec-
ond, why do different individuals with the same exonic
deletion pattern exhibit such different clinical pheno-
types? Likely contributory factors include the follow-
ing: the effect of the specific deletion breakpoints on
mRNA splicing efficiency and/or patterns; translation or
transcription efficiency after genonie rearrangement; and
stability or function of the truncated protein structure.
The mechanisms controlling accurate splicing of the 79-
exon, 2.4 million-base pair dystrophin gene are clearly

complex. Introns of the dystrophin gene are highly vari-
able in size, and it is likely that exonic splicing does not
take place in an ordered 5’ to 3’ sequence. A complica-
tion in interpreting genotype and phenotype correla-
tions is that the deletion in genomic DNA does not al-
ways correspond to the material missing from the resulting
mRNA. We and others have shown that even in the ab-
sence of AOs, a patient may produce 1 or more tran-
scripts that skip additional exons present in the ge-
nomic DNA, in effect performing their own private exon
skipping.'® Disruption of splice site information (such as
an intervening sequence) in some patients with in-
frame gene deletions may cause skipping of additional
exons at mRNA splicing, thus leading to out-of-frame tran-
scripts from an in-frame genomic DNA deletion as Ke-
sari et al'* have recently described. As Menhart'? has
pointed out, it is also likely that quasi-dystrophin vari-
ants in the rod domain may show different stability or
function because of different types of derangement of spec-
trinlike repeat domains. Not enough is known about dys-
trophin structure and function, and the relative impor-
tance of the protein sequence within the rod domain
remains entirely a matter of speculation. Historically, lack
of dystrophin expression has been used as the key cri-
terion for DMD diagnosis. This together with the pres-
ence of the DMD clinical picture with such in-frame mu-
tations argues that other confounding variables such as
imprecisely defined mutation or aberrant splicing may
explain these “exceptions to the reading frame rule.” Thus,
it is anticipated that most or all patients with mutations
in the central rod domain would benefit from the pro-
duction of truncated dystrophin.

PARALLELING AO TRIALS: TESTING NEW
EXONS AND MIXTURES

Clinical proof-of-concept trials testing limited intramus-
cular injection with a 2’'-O-methyl AQ against exon 51
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Figure 3. Targets of exon skipping and population of potentially treatable
patients. Percentage of patients with the dystrophin deletion who are
potentially treatable by targeting specific exons for Duchenne muscular
dystrophy. For example, 17% of patients with Duchenne muscular dystrophy
who have the dystrophin deletion can be potentially treated by targeting exon
51 using antisense oligonucleotides.

havebeen published,® and similar studies with PMO chem-
istry are under way in the United Kingdom. Given the
many questions concerning the sequence specificity of
toxic effects and the large number of AO sequences that
will need to be developed as drugs to treat most patients
with DMD, it is critical to parallel studies on many more
AOs for DMD (Figure 3).

[t should be noted that about 30% of patients with
DMD have nondeletion mutations (duplication, non-
sense mutations, small rearrangement, or splice site mu-
tations). Most mutations are theoretically amenable to
exon skipping; however, there are no hot spots for point
mutations, so relatively few patients would be treatable
with each targeted exon by comparison with deletion mu-
tations. Moreover, if skipped to remove a nonsense mu-
tation, the exons that are candidates to restore the read-
ing frame in patients with deletions (eg, exons 43, 45,
46, 50, 51, and 53) will require additional deletion of at
least 1 further exon to restore the reading frame because
these are frame-shifting exons. Thus, only 35% of non-
sense mutations are potentially treatable by single-exon
targeting, but the combined data of the Leiden DMD mu-
tation database imply that more than 90% could be re-
sponsive to multiskipping.*

Development of exonic cocktails (mixtures) could re-
solve a number of problems, including optimization of
dystrophin function and covering relatively high pro-
portions of patients with DMD with a single mixture, The
mixture approach has clear advantages and disadvan-
tages. As an example, an 11-exon AO cocktail skipping
exons 45 through 35 is predicted to result in a particu-
larly mild BMD phenotype (94% of reported patients).™*
Encouragingly, this large deletion is regularly associ-
ated with clinically milder phenotypes than any of the
smaller in-frame deletions within the same range of ex-
ons 45 to 55.!% A second advantage is that the cocktail
could conceivably be approved as a single drug for most
patients with DMD who have dystrophin deletions, in-
dependent of their precise deletion, eg, an 11-exon AO
cocktail targeting exons 45 through 55 is potentially ap-

plicable to more than 60% of patients with a dystrophin
deletion (Flgure 4).1%! [n total, more than 90% of pa-
tients with DMD could potentially be treated by mul-
tiskipping, whereas single-exon skipping could treat
around half of the patients with dystrophin deletions and
point mutations. Systemic studies in the large dog model
of DMD have been done using a 3-exon PMO cocktail,
and this has clearly been shown to be efficacious by mul-
tiple clinical, imaging, histological, and biochemical or
molecular end points (T.Y., S.T., Q.-L.L., T AP., AN,
E.P.H., and Masanori Kobayashi, DVM, unpublished data,
2006-2008).

A disadvantage of the cocktail approach is the addition
of novel hurdles for FDA or regulatory approval. Current
FDA regulations require each component of a drug mix-
ture to undergo toxicological and clinical testing and then
require the mixture to similarly undergo toxicological and
clinical testing. In the context of an ideal 11-exon AO cock-
tail, the regulatory barriers become truly intimidating, In
addition, the 11-exon cocktail PMO approach would lead
to delivery of some AOs that may not have a target in a spe-
cific patient (eg, the patient already has a deletion of =1
exonin the AO mix). Thus, some parts of the mixture will
have no possible potential molecular or clinical benefit to
individual patients. This would again be uncharted terri-
tory for the FDA. While clinical development of the 11-
exon mixture is.likely ambitious at present, it will be im-
portant to initiate toxicological and clinical trials of exon
mixtures for subsets of patients who cannot be treated with
a single AO. Also, for future trials on multiskipping such
as with exons 45 through 55, we should have as many AOs
in hand as possible because they can be used as part of mul-
tiskipping AOs.

PERSONALIZED MEDICINE AND THE FDA:
ARE EXISTING GUIDELINES APPROPRIATE?

Personalized medicine has many definitions, but most
share the concept of optimizing a treatment for a par-
ticular patient. Designing and using AO drugs targeted
for a patient’s specific gene mutation would seem to fit
well within this rubric. As such, the promising AO exon-
skipping approach may bring neuromuscular disease to
the frontline in development of drugs for personalized
medicine. It is important to examine the existing FDA
guidelines for drug development and reinterpret these
guidelines in the context of AO and DMD. For example,
the drug development pipeline includes phase 1 studies
of the drug in healthy volunteers. However, successful
on-target exon skipping of the dystrophin gene in healthy
volunteers would give them DMD, a clear adverse effect
that is entirely irrelevant to toxic effects in the target pa-
tient population (boys with DMD). Toxicity tests are cur-
rently done in animal models (typically 2 species), but
one of the major concerns regarding toxic effects of AO
drugs is binding to off-target RNAs. For example, if an
AOQ drug designed for exon skipping of the dystrophin
mRNA also binds to the closely related utrophin mRNA,
then exon skipping of utrophin might occur and could
result in off-target adverse effects. The utrophin se-
quence of mice ot rats is different from the utrophin se-
quence of humans, so the standard rodent toxicity tests
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