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Postnatal Overexpression of the CT GalNAc Transferase Inhibits
Muscular Dystrophy in mdx mice without Altering Muscle Growth
or Neuromuscular Development:

Evidence for a Utrophin-Independent Mechanism
Rui Xu, Marybeth Camboni, and Paul T. Martin®

Abstract

Overexpression of the cytotoxic T cell (CT) GalNAc transferase (Galgt2) in the skeletal muscles of
transgenic mdx mice inhibits the development of muscular dystrophy. The profound effect of Galgt2
on muscular dystrophy in transgenic mice, where overexpression is begins from embryonic stages,
is complicated by its additional effects on muscle growth and neuromuscular structure. Here, we use
Adeno-associated virus (AAV) to show that overexpression of Galgt2 in skeletal myofibers in the
early postnatal period is equally effective in inhibiting muscular dystrophy, but that it does so without
altering muscle growth or neuromuscular structure. Unlike embryonic overexpression, postnatal
overexpression of Galgt2 did not reproducibly increase the expression of utrophin, synaptic laminins,
or dystrophin-associated glycoproteins along infected myofibers. Moreover, Galgt2 overexpression
inhibited muscular dystrophy to the same extent in utrophin-deficient mdx muscles as it did in
utrophin-expressing mdx muscles. Thus, Galgt2 is a molecular target for therapy in DMD that can
be utilized in a manner that separates its clinical benefit from its effects on development, and its
clinical benefit is distinct from that achieved by utrophin.
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1. Introduction

Duchenne muscular dystrophy (DMD) is an X-linked disorder caused by loss of dystrophin
protein expression that leads to the wasting of skeletal muscles [1,2]. mdx mice are acommonly
used model for testing therapeutic approaches to DMD; mdx animals do not express dystrophin
protein in most of their skeletal myofibers, and mdx myofibers exhibit several important
pathological hallmarks of DMD[3,4]. In addition, loss of dystrophin protein expression, both
in DMD and mdx muscles, correlates with loss of membrane expression of proteins in the
dystrophin-glycoprotein complex, including dystroglycans and sarcoglycans, along the
myofiber membrane[5]. At the neuromuscular junction, the site where skeletal myofibers are
innervated by the motor nerve terminal, there exists a complex of synaptic proteins that likely
subserves the same function that the dystrophin-glycoprotein complex does along the rest of
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the myofiber membrane[6]. The expression of these neuromuscular proteins, however, is not
affected in DMD or mdx muscles[5]. One of these neuromuscular proteins is utrophin, a closely
related homologue of dystrophin[7]. Another neuromuscular component is the cytotoxic T cell
(CT) carbohydrate[8].

The CT carbohydrate is synthesized by the cytotoxic T cell (CT) GalNAc transferase, or Galg
t2[9], an enzyme that is also concentrated at the neuromuscular synapse in skeletal muscle
[10]. Transgenic overexpression of either utrophin [11-13] or Galgt2 [14] from embryonic time
points onward in skeletal muscle can increase the expression of dystrophin-associated
glycoproteins, including dystroglycan and sarcoglycans, along the myofiber membrane of mdx
animals [11,12]. Overexpression of either utrophin[11-13] or Galgt2[14] also inhibits the
development of muscular dystrophy in the skeletal muscles of transgenic mdx mice. In addition
to its effect on muscular dystrophy, embryonic overexpression of Galgt2 has a profound effect
on neuromuscular development and skeletal muscle growth[10]. These phenotypes complicate
the interpretation of how Galgt2 inhibits muscular dystrophy and suggest features of its
expression that one would not desire in a therapy. Here, we use adeno-associated virus (AAV)
to introduce the Galgt2 transgene (AAV-Galgt2) at later developmental time points and show
that the beneficial effects of Galgt2 in inhibiting muscular dystrophy can be divorced from its
unwanted developmental effects on muscle growth and neuromuscular structure. Surprisingly,
while embryonic Galgt2 transgene expression stimulates the overexpression of utrophin,
synaptic laminins, and dystrophin-associated glycoproteins along transgenic myofibers[10,
14], we show here that this does not occur with postnatal Galgt2 overexpression and that
postnatal inhibition of muscular dystrophy by Galgt2 overexpression still occurs in mdx mice
lacking utrophin. Thus, the therapeutic effects of Galgt2 overexpression are likely to occur via
a novel molecular mechanism.

2. Materials and Methods

2.1 Materials

N-acetylgalactosamine (GalNAc) and N-acetylglucosamine (GIcNAC), were obtained from
Calbiochem (San Diego, CA). Agarose bound lectins (Wisteria floribunda agglutinin, WFA,
and Wheat Germ agglutinin, WGA) were purchased from EY laboratories (San Mateo, CA).
AAV2-Galgt2 was made and purified by the Vector Development lab at UC San Diego. AAV1-
Galgt2 was made and purified by Virapure (San Diego, CA). AAV8-like Galgt2 (rh.74-Galgt2)
was made by the Viral Vector Core at Columbus Children’s Research Institute. Monoclonal
antibodies to dystrophin, utrophin, B dystroglycan, a. sarcoglycan, and g sarcoglycan, y
sarcoglycan, and & sarcoglycan were obtained from Nova Castra (Newcastle Upon Tyne, UK).
Antibodies to actin were obtained from Sigma (St. Louis, MO). Antibodies to a dystroglycan
(VIA4-1 and 11H6) were obtained from Upstate Biotech nology (Lake Placid, NY). Antibodies
B dystroglycan, CT carbohydrate (CT1 and CT2), and the CT GalNAc transferase were
produced in our laboratory. Polyclonal antibodies to integrin a7B, utrophin, dystrophin, a
sarcoglycan, and caveolin 3 were a generous gift from Ling Guo (UC San Diego) and Eva
Engvall (Burnham Institute, La Jolla). Rhodamine-a-bungarotoxin was purchased from
Molecular Probes (Eugene, OR). Secondary antibodies conjugated to horseradish peroxidase,
fluorescein isothiocyanate, and Cy2 were purchased from Jackson Immunochemicals (Seattle,
WA).

2.2 Transgenic mice

Transgenic mice that express the CT GalNAc transferase (Galgt2) specifically in skeletal
muscles (via the skeletal o actin promoter[15]) were described by us previously[10,16], as were
Galgt2 transgenic mdx mice[14]. Additional mdx mice were bred in our colony from animals
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purchased from The Jackson laboratory (Bar Harbor, ME). Mdx mice lacking utrophin were
bred from animals given to us by Jill Rafael-Fortney (Ohio State).

2.3 Histology

Muscles were dissected and snap-frozen in liquid nitrogen-cooled isopentane and cut at
8-10um on a cryostat. Sections were either stained with hematoxylin and eosin or
immunostained with various antibodies as previously described[10,14,17]. Quantitation of
central nuclei, myofiber diameters, and neuromuscular diameters were all also done as
previously described[10,14,17].

2.4 Infection of skeletal muscles with Adeno-associated virus

AAV vectors were produced, purified, and titered using the triple transfection method[18]. The
tibialis anterior or gastrocnemius muscle on the left side of mdx or wild type mice of varying
ages (see Table 1) were injected with between 5x10° vector genomes (vg) to 1 x 1011 vg of
AAV2-Galgt2 or AAV1-Galgt2. Utrophin-deficient mdx mice (mdxutrn-/-) and control
animals (mdxutrn+/-) were injected at 4 days to 1 week of age as above, only the left
gastrocnemius and left quadriceps muscles were each injected with 1-2x101%g of AAV1-
Galgt2 or AAV8-like-Galgt2 (rh.74-Galgt2). Gastrocn emius and quadriceps muscles were
injected in a volume of 50ul of sterile PBS, while tibialis anterior muscles were injected in a
25ul volume. All contralateral muscles (on the right side) were injected with a similar volume
of PBS alone. After 4-12 weeks, mice were sacrificed and muscles dissected and snap-frozen
in liquid nitrogen-cooled isopentane.

2.5 Immunoblotting and Lectin Precipitation
Immunoblotting and lectin precipitations were done as previously described[17,19].

2.6 Statistics
Determinations of significance were done using a two-tailed Student’s t-test.

3. Results

3.1 Length of inhibition of muscular dystrophy by Galgt2

In our original study, we demonstrated that transgenic expression of the CT GalNAc transferase
(Gal gt2) in mdx mouse muscles inhibited the development of muscular dystrophy for up to 6
months of age[14]. We have now followed significant numbers of these mice up to 18 months
of age, with some to 24 months. Several additional findings are relevant with respect to these
older animals. First, all seven mdx/CT muscles studied maintained their inhibition of muscle
pathology up to 18 months of age (Fig. 1A). Here we show the percentage of centrally located
myofiber nuclei because it is one the most robust pathology measures in mdx muscles. As
normal myofibers mature, nuclei migrate out to the periphery of the myofiber, such that fewer
than 5% remain in a central position[20-23]. However, if dystrophin-lacking muscles are
damaged and undergo regeneration in the adult mouse, nuclei within the regenerated myofiber
remain in a central position for most of the life of the animal. Thus, the presence of increased
central nuclei is a marker of mdx muscles that have undergone a cycle of degeneration and
regeneration. Even at 18 months, mdx/CT myofibers maintained central nuclei at levels that
were significantly lower than their mdx littermates in all muscle examined (P<0.001 for all)
(Fig. 1A). The increase in central nuclei in several mdx/CT muscles above wild type levels
may be due to diminished transgene expression at this age; CT (non-mdx) animals also had
increased levels of myofibers with central nuclei at this age (Fig. 1). Like younger animals,
skeletal muscles in 18 month-old CT and mdx/CT animals were significantly smaller than madx
or wild type littermates (Fig. 1B). All skeletal muscles examined had a reduction in average
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myofiber diameter that was significant and exceeded 50%. Similarly, neuromuscular junctions
in non-mdx CT transgenic animals were irregular as compared to wild type, suggesting that
the aberrant neuromuscular structure previously reported in younger animals remained even
at 18 months of age (Fig. 1C). These experiments demonstrate that transgenic Galgt2
overexpression inhibits muscular dystrophy in mdx mice for almost the entire lifespan of the
animal, but that it also equivalently maintains the dramatic suppression of muscle growth and
altered neuromuscular structure.

3.2 Inhibition of muscular dystrophy by AAV-Galgt2

The inhibition of muscle growth in Galgt2 transgenic mdx animals is a significant complicating
factor in understanding the therapeutic aspects of this transgene. Myofiber diameters in
transgenic muscles differ by only 5% from non-transgenic littermates at birth[10] but are
reduced by over 50% by 6 weeks of age (and thereafter)[10]. The reduction of muscle growth
correlates with an increase of an order of magnitude in intramuscular satellite cells[10], cells
that significantly contribute to postnatal muscle growth in the first two postnatal weeks.
Therefore, the effects of Galgt2 on development are likely to occur prior to the second postnatal
week. Similarly, neuromuscular development is largely complete by 2 weeks of age[24]. In
mdx mice, by contrast, muscular dystrophy is not present for the first three weeks of life[4].
There is a window, therefore, in 2-3 week old mdx animals when the contribution of satellite
cells to myofiber growth has largely occurred but when muscular dystrophy is not yet present.
We chose to introduce the Galgt2 transgene during this period to determine if its effect on
inhibiting muscular dystrophy could be divorced from its effects on myofiber growth and
neuromuscular development. Because single stranded AAV vectors can take up to a week after
infection to begin to express transgene[25], we chose to infect mdx mice at 1-2 weeks of age.

To overexpress Galgt2 transgene postnatally, we infected skeletal muscles with AAV vectors
containing the Galgt2 cDNA driven by the cytomegalovirus (CMV) promoter. Two different
serotypes, AAV1 and AAV2, were used. mdx or wild type mice were infected with AAV1-
Galgt2 or AAV2-Galgt2 in tibialis anterior or gastrocnemius muscle of the left leg, while an
equivalent volume of PBS was injected into the same muscle on the contralateral side of the
animal. Muscles were analyzed for expression of the CT carbohydrate 4, 8, or 12 weeks after
infection (Fig. 2). In some experiments, CT carbohydrate was visualized with Dolichos
biflorus agglutinin (DBA) (Fig 2A). DBA is a GalNAc-binding lectin that can recognize the
terminal pGalNAc linkage synthesized by the CT carbohydrate[26,27]. Because DBA
normally only stains the neuromuscular junction[28], its e xtrasynaptic expression was easily
visualized in infected cells. Use of an antibody to the CT carbohydrate antigen, CT2 (which
recognizes GalNAcB1,4[NeuGca?2,3]GalB1,4GIcNAc-)[29], was also used to follow
carbohydrate overexpression (Fig. 2B). AAV-Galgt2 infected muscles showed sustained
expression of the CT carbohydrate for up to 3 months post-injection in mdx myofibers (Table
1), with AAV1-Galgt2 being superior to AAV2-Galgt2 in causing more myofibers to
overexpress CT carbohydrate on a per vg basis (not shown). In most cases, AAV1-Galgt2
caused CT overexpression in 20-50% of myofibers within the tibialis, with 80% of myofibers
overexpressing CT carbohydrate in several instances. In muscles with high levels of AAV-
Galgt2 infection, Galgt2 gene expression (measured by RT-PCR) was equivalent (elevated by
40-fold) to levels of overexpression observed in Galgt2 transgenic mdx muscle (both compared
to mdx controls (not shown)).

Myofibers infected at 1-2 weeks of age with AAV-Galgt2 were inhibited from developing

muscular dystrophy (Fig. 2 and Table 1). The degree of muscular dystrophy was quantified by
comparing the percentage of myofibers with central nuclei in AAV-Galgt2-infected myofibers
(CT overexpressing) to the percentage of myofibers with central nuclei in non-overexpressing
cells. Atthe time of infection (1-2 weeks), the percentage of myofibers in mdx mice with central
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nuclei is not significantly different from wild type animals, however, by 6 weeks of age, most
mdx muscles have increased levels of central nuclei that are highly significant compared to
wild type [14](Table 1). In all mdx muscles infected with AAV-Galgt2, myofibers
overexpressing the CT carbohydrate had significantly fewer myofibers with central nuclei
(P<0.001), and these levels did not significantly differ from wild type muscle (Table 1). Thus,
postnatal overexpression at this time was as effective as the previously demonstrated clinical
benefit shown using embryonic Galgt2 overexpression [14]. AAV-Galgt2-infected myofibers
were protected from developing muscular dystrophy for up to 3 months after infection using
this early postnatal overexpression paradigm (Table 1).

We also analyzed infection of mouse muscles at later developmental time points, including 3-6
weeks of age, 6 months, and 15 months (Table 1). As expected, the percentage of CT
overexpressing myofibers with central nuclei increased at these later time points, as more
myofibers would have had central nuclei present prior to infection. These data, importantly,
show that regenerated myofibers with central nuclei were not prohibited from being infected
with AAV-Galgt2 or from overexpressing the CT carbohydrate.

3.3 Lack of Galgt2 effect on muscle growth and neuromuscular structure with postnatal

expression

We next determined whether postnatal infection of mdx or wild type muscles with AAV-Galgt2
altered muscle growth. This was done by comparing the myofiber diameter in CT-
overexpressing myofibers that had been infected at 2 weeks of age (and analyzed at 6 weeks
of age) with non-overexpressing myofibers in the same animals. As expected, there was no
significant decrease in myofiber diameter as a result of Galgt2 overexpression in these
experiments (Table 2). The slight increase in average myofiber diameter in mdx myofibers
expressing the CT carbohydrate was likely due to the presence of more small regenerating
myofibers in the non-overexpressing (dystrophic) pool. These smaller regenerating myofibers,
however, were not increased in total number as a result of AAV-Galgt2 administration. Indeed,
the number of smaller regenerating myofibers was higher in mock-infected mdx muscles (157
+22%, n=6) than in AAV-Galgt2 infected muscles. We presume that this was due to the fact
that CT-overexpression in AAV-Galgt2-infected muscles protected myofibers from damage,
and that the reduced dystrophy in such muscles would result in the reduced presence of small
regenerating myofibers.

We also determined the average cross-sectional length of neuromuscular junctions in myofibers
expressing CT carbohydrate as compared with those not infected with AAV-Galgt2 (Table 2).
Quantification of neuromuscular length was done in wild type animals because of the presence
of small regenerating myofibers complicated the analysis of mdx animals. Neuromuscular
length in CT-overexpressing myofibers was indistinguishable from that in non-overexpressing
myofibers for both the tibialis and gastrocnemius (p=0.55 for both, Table 2). Neuromuscular
junctions in mdx myofibers overexpressing CT carbohydrate also appeared normal when
compared to neuromuscular synapses on non-expressing myofibers (Fig. 3). In non-infected
myofibers, CT carbohydrate was still present at the neuromuscular junction (Fig. 3), as we
have previously shown[8]. Therefore, the inhibition of muscular dystrophy by the CT
carbohydrate can be divorced from its effects both on muscle growth and on neuromuscular
structure if overexpression occurs after the second postnatal.

3.4 AAV-Galgt2 inhibits muscular dystrophy via a utrophin-independent mechanism

Previous experiments have showed that Galgt2 overexpression in transgenic mdx mice caused
the overexpression of utrophin and the upregulation of dystroglycan and sarcoglycans along
the myofiber membrane[11,12]. Because a dystroglycan was the primary glycoprotein
glycosylated by Galgt2 in transgenic skeletal muscles in these experiments[10,14], the
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upregulation of utrophin and associated membrane glycoproteins suggested that utrophin was
central to the inhibition of muscular dystrophy observed. Such a model would be consistent
with studies by Davies and colleagues showing overexpression of utrophin can inhibit muscular
dystrophy and improve mechanical muscle strength in mdx animals by re-establishing the
physical continuity of the actin cytoskeleton to the extracellular matrix via the dystroglycan-
sarcoglycan complex [11-13,30]. To test whether postnatal overexpression of Galgt2 caused
similar effects, we serially stained AAV-Galgt2 infected mdx muscles for CT carbohydrate
and either utrophin, dystrophin (which should not be present), laminins (a2, a4, a5),
dystroglycan (a,B), sarcoglycans (a-8), integrin a7B, and caveolin 3 (Fig. 4 and not shown).
Surprisingly, none of the molecules overexpressed in Galgt2 transgenic mdx mouse muscles
were overexpressed using this postnatal overexpression paradigm, despite the fact that
postnatal Galgt2 overexpression inhibited the development of muscle pathology just as well
as embryonic overexpression had previously (Table 1 and [14]). Dystroglycans, sarcoglycans,
and utrophin were expressed primarily at neuromuscular junctions in mdx muscles, much as
previously described by Campbell and colleagues[5], but none were overexpressed along
myofibers that overexpressed CT carbohydrate. Caveolin 3 was expressed along all myofibers
regardless of CT overexpression. Integrin a.7B was overexpresed in some smaller, presumably
regenerating myofibers, but again this did not correlate with CT overexpression. The fact that
utrophin, dystroglycan, and sarcoglycans were not overexpressed in AAV-Galgt2 infected mdx
muscles suggests that its ability to inhibit muscular dystrophy is not due to the re-establishment
of a functional linkage of the actin cytoskeleton by these molecules.

We confirmed the lack of increased protein expression for utrophin, dystroglycan, and
sarcoglycans by comparing immunoblots of whole muscle lysates taken from a Galgt2-infected
mdx muscles (where over half of the myofibers overexpressed CT carbohydrate) and
contralateral (mock-infected) controls. No increase in total protein was observed for any of
these molecules in Galgt2-infected muscle. Similarly, little or no increase in CT glycosylation
of o dystroglycan was observed with postnatal Galgt2 overexpression using previously
published lectin pull-down experiments (Fig. 5). While there was some increase in o
dystroglycan precipitated by GalNAc-binding lectin (WFA agarose) in AAV-Galgt2-infected
muscles, it paled in comparison to the amount precipitated from Galgt2 transgenic (CT) mdx
muscles (Fig. 5). Moreover, postnatal overexpression did not correlate with increased CT
carbohydrate on o dystroglycan, while embryonic overexpression did increase CT
glycosylation of o dystroglycan (Fig. 5). The amount of a dystroglycan precipitated by WGA
agarose, a GIcNAc/sialic acid-binding lectin known to precipitate o dystroglycan[31,32],
showed equivalent amounts of o dystroglycan were present in Galgt2-infected and mock-
infected muscle lysates (Fig. 5). Thus, postnatal Galgt2 overexpression in mdx muscle does
not correlate with increased glycosylation of a dystroglycan with the CT carbohydrate.

The fact that postnatal overexpression of Galgt2 in myofibers did not increase utrophin
expression (Fig. 4) suggested that utrophin was not required for the resulting inhibition of
muscular dystrophy. To prove this, we injected AAV1 or rh.74 (AAV8-like)-Galgt2 into
skeletal muscles of mdx mice lacking utrophin (mdxutrn-/-; Fig. 6 and Table 3).
Overexpression of Galgt2 in mdxutrn-/- muscle still inhibited muscular dystrophy; myofibers
overexpressing CT carbohydrate in mdxutrn-/- muscles had central nuclei at levels that were
equivalent to those found in mdx mice that did express utrophin (mdxutrn+/-, Table 3). In both
cases, the percentage of myofibers having central nuclei did not exceed levels normally found
in non-dystrophic mouse muscle[14,23]. Average myofiber diameters were larger, on average,
in Galgt2-overexpressing mdxutrn-/- myofibers than in non-expressing myofibers (36x5umin
CT-overexpressing vs. 26+3um in non-expressing, P<0.05 for n=4 experiments), much as was
seen in utrophin-expressing mdx muscles (Table 2). The more pronounced pathology and
reduced myofiber size in mdxutrn-/- muscles led to a significant change between groups in this
instance. Experiments were not extended beyond 6 weeks because of premature lethality in
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mdxutrn-/- animals[33,34]. These experiments show that utrophin is not required for Galgt2-
mediated inhibition of muscular dystrophy in mdx mice and suggest that Galgt2 works via a
distinct therapeutic mechanism to inhibit DMD disease progression.

4 Discussion

These experiments demonstrate two important findings with regard to Galgt2 overexpression
as a therapeutic approach to treating Duchenne muscular dystrophy (DMD). First, postnatal
overexpression of Galgt2, unlike embryonic overexpression, inhibits muscular dystrophy in a
way that does not alter muscle growth or neuromuscular structure. Our previous findings with
Galgt2 transgenic mice[10,14] showed clear effects on both of these parameters that would
nullify their usefulness with regard to therapy in children with DMD. Here, we show that
postnatal overexpression, which would be the period in which therapy would most likely be
attempted, bypasses these unwanted developmental effects while maintaining the therapeutic
benefit. Second, postnatal overexpression of Galgt2, unlike embryonic overexpression, does
not increase levels of utrophin along myofibers, and Galgt2 inhibits mdx myofibers lacking
utrophin from developing muscle pathology. These experiments demonstrate that Galgt2 acts
independently of utrophin to inhibit muscular dystrophy in mdx mice.

Utrophin upregulation does occur in some mdx myofibers, particularly in regenerating
myofibers in younger mdx animals[3,35,36]. Indeed, some of our early experiments with
AAV2-Galgt2, which yielded far fewer infected myofibers on a vg basis than our later
experiments with AAV1-Galgt2, showed that some utrophin upregulation did occur in some
Galgt2 overexpressing myofibers. Subsequent analysis using all experiments shown in Table
1, however, showed this not to be the case in general and that upregulation of utrophin, when
it did occur, bore no relationship to the inhibition of muscle pathology caused by Galgt2
overexpression. Moreover, the inhibition of muscle pathology by Galgt2 in mdxutrn-/- muscles
clearly shows that it acts via a mechanism distinct from utrophin (Figs. 4 and 6).

That a dystroglycan is not increased after postnatal Galgt2 overexpression (Fig. 4) and is not
increased in CT glycosylation (Fig. 5) suggest that dystroglycan is also not required Galgt2’s
therapeutic mechanism. Indeed, no proteins appear to be highly glycosylated with CT
carbohydrate as a result of postnatal Galgt2 overexpression in mdx muscle (Fig. 5). Recent
work suggests that sialyl-N-acetyllactosaminyl-containing glycolipids can also be glycosylated
by Galgt2 when it is overexpressed[37]. Thus, the postnatal therapeutic effects of Galgt2 could
occur via glycolipid-mediated mechanisms. In addition, CT-glycosylated proteins where
protein turnover has been stimulated or where protein secretion has occurred may not be evident
in this type of assay. The lack of upregulation of integrin a7B, another molecule that can
ameliorate aspects of muscular dystrophy in mdx utrn-/- muscles[38], also points to the novelty
of the effect with Galgt2. Indeed, Galgt2 overexpression is the only therapy shown to inhibit
the development of muscle pathology in mdx utrn-/- muscles, which again sets it apart from
integrin a7B [38]. The demonstration that Galgt2 does not require utrophin to be therapeutic
suggests it should be considered as a distinct target for therapeutic intervention in DMD.
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Figure 1.

Overexpression of CT carbohydrate inhibits muscle pathology up to 18 months of age in Galgt2
transgenic mdx mice.

(A) Central nuclei were quantitated in skeletal muscles taken from wild type (Wt), Galgt2
transgenic (CT), mdx, and Galgt2-transgenic mdx (mdx/CT) mice at the indicated ages.
Skeletal muscles analyzed (from left to right) were gastrocnemius, trapezius, diaphragm,
triceps, quadriceps, tibialis anterior, and gluteus maximus. CT muscles began to develop some
central nuclei at 18 months of age, as did mdx/CT muscles, however, the percentage of
myofibers with central nuclei in mdx/CT animals was still significantly lower than mdx
littermates for all muscles (P<0.001 for all) at 12 and 18 months of age. Errors are SEM for
n=250 fibers per muscle for 3-4 animals per condition. (B) Hematoxylin and eosin staining of
muscles at 18 months of age showed that CT and mdx/CT myofibers were significantly smaller
than wild type (gastrocnemius is shown) and relatively free from muscle damage. Bar is
50pum. (C) Rhodamine-a-bungarotoxin of Wt and CT muscles in cross-section (larger panels)
or in whole mount (smaller panels) shows aberrant neuromuscular junctions in CT muscles as
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compared to wild type at 18 months of age as well. Bar is 25um (larger panels) or 12.5um
(smaller panels).
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Figure 2.

Postnatal overexpression of CT carbohydrate in mdx skeletal muscle inhibits the development
of muscle pathology but not muscle growth.

(A) AAV2-Galgt2 was used to overexpress CT carbohydrate in mdx muscle (tibialis anterior,
infection at 2 weeks, staining at 6 weeks). Muscle was stained with DBA to identify CT
carbohydrate overexpressing myofibers (left) and with hematoxylin and eosin on the next
section in a serial series to determine myofibers with central nuclei. Myofibers overexpressing
CT carbohydrate were protected from developing central nuclei. (B) Gastrocnemius muscle in
an mdx mouse was infected with AAV1-Galgt2 at 2 weeks of age and analyzed for CT
carbohydrate overexpression (green) and for central nuclei (red) at 6 weeks of age. Myofibers
overexpressing CT carbohydrate were protected from muscle damage and did not contain
central nuclei. Bar is 50um in A and B.
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Figure 3.

Neuromuscular junctions in mdx myofibers appear normal after postnatal overexpression of
CT carbohydrate.

Mdx muscles were infected with AAV1-Galgt2 at 2 weeks of age and analyzed at 6 weeks.
Muscles were co-stained for CT carbohydrate overexpression (using the CT2 monoclonal
antibody, right) and with rhodamine-a-bungarotoxin (left) to label nicotinic acetylcholine
receptors at the neuromuscular junction. Neuromuscular junctions appear normal in mdx
muscles where CT carbohydrate is overexpressed. Bar is 40um (top panels) and 10um (bottom
panels).
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Figure 4.

Expression of utrophin, synaptic laminins, and dystrophin-associated glycoproteins is not
increased with postnatal overexpression of the CT carbohydrate in mdx skeletal muscles.
Mdx muscles were infected with AAV1-Galgt2 at 1-2 weeks of age and analyzed at 6 weeks.
Serial sections were stained with antibodies to the CT carbohydrate (CT2) or with antibodies
to the indicated proteins (panels below CT2 panels). Overexpression of the CT carbohydrate
in postnatal mdx skeletal muscle did not increase expression of utrophin, dystroglycan,
sarcoglycans, laminin a4, laminin a5, or integrin a.7B along CT-overexpressing myofibers.
Bar is 50um.
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Figure 5.

Postnatal overexpression of Galgt2 does not increase CT glycosylation of a dystroglycan or
expression of utrophin, synaptic laminins, or dystrophin-associated glycoproteins in madx
muscle.

Left, 150ug of NP-40 detergent protein lysate was precipitated with a GalINAc-binding lectin
that can identify the CT carbohydrate (WFA agarose) or with a control lectin known to
precipitate o dystroglycan (WGA agarose). Proteins were eluted with GalNAc (for WFA) or
GIcNAc (for WGA) and analyzed by Western blot for o dystroglycan or CT carbohydrate
(CT2). Postnatal overexpression of Galgt2 using AAV caused a slight increase in a
dystroglycan precipitated with WFA, but this protein was not glycosylated with the CT
carbohydrate. By contrast, WFA precipitated CT-glycosylated o dystroglycan from Galgt2
transgenic mdx muscle (mdx/CT). WGA precipitation showed equal amounts of a. dystroglycan
in each pair of samples. Right, comparison of whole cell muscle lysates showed postnatal
overexpression of Galgt2 did not increase expression of utrophin, a dystroglycan,
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dystroglycan, laminin o2, laminin a4, laminin a5, a sarcoglycan, or § sarcoglycan protein.
Blots were stripped and reprobed for actin as a control for protein loading and transfer.
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Figure 6.

Postnatal overexpression of Galgt2 inhibits muscular dystrophy in mdx mice lacking utrophin.
Mdx mice lacking utrophin (mdxutrn-/-) or expressing utrophin (mdxutrn+/-) were infected
with AAV1-Galgt2 or AAV8-like (rh.74) Galgt2 at 4 days to 1 week of age and analyzed at 6
weeks of age. Infected muscles were stained with antibody to the CT carbohydrate (CT2) in
the fluorescein channel (green) and with a non-specific antibody to mark central nuclei in the
rhodamine channel (red). Mdx myofibers overexpressing the CT carbohydrate did not have
central nuclei, regardless of utrophin expression. Bar is 50um.
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Lack of change in muscle or neuromuscular size as a result of postnatal AAVGalgt2 infection of myofibers at 2

weeks of age in mdx and wild type mice after 1 month of expression.

Strain

Myofiber Diameter (um)

NMJ Diameter (pm)

CT carbohydrate overexpression:

Wild type (gastroc)
Wild type (tibialis)
Mdx (gastroc)
Mdx (tibialis)

36+6
25+2
3045
2516

376
2242
3743
354

7+l 71
7+l 72

P>0.05 in all cases
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