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Abstract

Limb-girdle muscular dystrophy type 2D (LGMD2D) is caused by autosomal recessive mutations
in the a-sarcoglycan gene. An R77C substitution is the most prevalent cause of the disease, leading
to disruption of the sarcoglycan-sarcospan complex. To model this common mutation, we generated
knock-in mice with an H77C substitution in a-sarcoglycan. The floxed neomycin (Neo)-cassette
retained at the targeted H77C a-sarcoglycan locus caused a loss of a-sarcoglycan expression,
resulting in muscular dystrophy in homozygotes, whereas Cre-mediated deletion of the floxed Neo-
cassette led to recovered H77C a-sarcoglycan expression. Contrary to expectations, mice
homozygous for the H77C-encoding allele expressed both this mutant a-sarcoglycan and the other
components of the sarcoglycan-sarcospan complex in striated muscle, and did not develop muscular
dystrophy. Accordingly, conditional rescued expression of the H77C protein in striated muscle of
the a-sarcoglycan-deficient mice prevented the disease. Adding to the case that the behavior of mutant
a-sarcoglycan is different between humans and mice, mutant human R77C a-sarcoglycan restored
the expression of the sarcoglycan-sarcospan complex when introduced by adenoviral vector into the
skeletal muscle of previously created a-sarcoglycan null mice. These findings indicate that the a-
sarcoglycan with the most frequent missense mutation in LGMD2D is correctly processed, is
transported to the sarcolemma, and is fully functional in mouse muscle. Our study presents an
unexpected difference in the behavior of a missense-mutated protein in mice versus human patients,
and emphasizes the need to understand species-specific protein quality control systems.

INTRODUCTION

Muscular dystrophies are hereditary diseases characterized by the progressive degeneration of
skeletal muscle (1). Limb-girdle muscular dystrophy (LGMD) comprises a heterogeneous
subset of muscular dystrophies that present with predominantly proximal muscular weakness
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of the pelvic or shoulder girdles (2,3). Sarcoglycanopathies are a subgroup of autosomal
recessive type 2 LGMD with causative mutations in genes encoding components of the
sarcoglycan complex of striated muscle (4). These genes include the a-, S-, y- and J-
sarcoglycans, defects in which lead to LGMD2D, LGMD2E, LGMD2C, and LGMD2F,
respectively (4). Among the sarcoglycanopathies, LGMD2D has the highest frequency,
ranging from 35% to 60% (5-8). Clinically, LGMD2D is highly variable in severity (6,9,10).
Genetically, LGMD2D is heterogeneous with various null and missense mutations reported
(11). Among these, a missense mutation resulting in an arginine-to-cysteine substitution at the
77th amino acid (R77C) is the most frequent mutation found worldwide, accounting for 32%
- 64% of LGMD2D (6,11).

The sarcoglycan complex is part of the dystrophin-glycoprotein complex (DGC) that links
extracellular ligands such as laminins and perlecan to the subcellular cytoskeleton through the
a-dystroglycan - B-dystroglycan - dystrophin axis (4,12). The DGC is thought to protect muscle
cells from contraction-induced damage (13,14), and its disruption—even if only at the level of
the sarcoglycan complex—Ieads to muscular dystrophy. How a loss of the sarcoglycan
component leads to muscular dystrophy is not clear, but disturbance of the DGC axis is a
possible explanation that has gained support from the discovery that several lines of
sarcoglycan null mice are characterized by a destabilization of binding between a- and B-
dystroglycan, and between B-dystroglycan and dystrophin (15-19). Another possibility is a
disturbance in intracellular signaling pathways implicated from the association of signaling
molecules, such as calmodulin, Grb2 and nNOS, with the DGC (20).

One molecular peculiarity of the sarcoglycan complex is that a disruption of any single
component can affect the membrane localization of the other components (21). Sarcospan is
an integral membrane protein that associates tightly with sarcoglycans to form a sarcoglycan-
sarcospan subcomplex within the DGC (22), and its expression appears to be especially
sensitive to the disruption of any sarcoglycan component (22). However, the converse is not
true; a lack of sarcospan does not lead to loss of the sarcoglycan complex (23). This could
explain the fact that none of the unclassified muscular dystrophies have been linked to this
gene (22), and could also account for the finding that sarcospan null mice do not develop
muscular dystrophy (23).

Mouse models with targeted gene disruption of a-sarcoglycan (15), g-sarcoglycan (16,17), y-
sarcoglycan (24,25), or §-sarcoglycan (26,27) have been generated to help us understand the
pathophysiology of LGMD2C-2F. Loss of any one of these sarcoglycans was sufficient to
obliterate the expression of all four sarcoglycans and sarcospan, and to cause muscular
dystrophy. These mouse models provide relevant insights for patients with the respective
LGMD, but not for all patients. For example, in human patients the mutated sarcoglycan is
often expressed at some reduced level when disease-causing mutations are of the missense type
(6,11). Accordingly, interference with the expression of the other components of the complex
is often incomplete (6,22).

In light of the discrepancies between the sarcoglycanopathies that have been generated in mice
and their human counterparts, we reasoned that it may be possible to learn more about the
mechanism underlying the human disease by reproducing a missense sarcoglycan protein
product in a mouse model. Such an approach could enable us to search for pharmaceutical
agents that are capable of counteracting a structural defect in the mutated sarcoglycan, which
might lead to recovery of the complex as a whole.

With the above factors in mind, we created a missense knock-in mutation that leads to a
histidine-to-cysteine substitution at the codon for the 77th amino acid (H77C). A mouse H77C
mutation was expected to mimic the R77C form of human LGMD2D due to the conserved
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nature of mouse histidine and human arginine (both basic amino acids) in the wild-type
proteins. Gene targeting by introduction of the H77C coding region and a floxed Neo cassette
in the a-sarcoglycan locus generated an insertional disruption, leading to a complete
inactivation of H77C a-sarcoglycan gene expression. Deletion of the floxed Neo cassette led
to recovery of a-sarcoglycan mRNA that carries the missense mutation. To our surprise, the
H77C mutant protein was expressed at normal levels at the sarcolemma, and no muscle
pathology developed. In addition, adenovirus-mediated introduction of the human R77C a-
sarcoglycan into previously generated a-sarcoglycan null (SgcaNulVNully mice (15) led to the
expression of human mutant a-sarcoglycan protein as well as recovery of the other components
of sarcoglycan-sarcospan complex at the sarcolemma. Overall, our findings demonstrate that
the missense mutations leading to human R77C and mouse H77C substitutions are not
themselves sufficient to cause a loss of a-sarcoglycan protein expression in these mice. Our
data suggest that mice can process these missense-mutated a-sarcoglycans to be folded
correctly and transported to the sarcolemma to serve their required function.

1dudsnueiy Joyiny [INHH

RESULTS

Generation of Neo/Neo and H77C/H77C mice

We designed a targeting vector encoding the H77C substitution in exon 3, with a Neo resistance
cassette flanked by two loxP sequences (floxed) for positive selection of ES cells (Fig. 1).
Homologous recombination was confirmed by PCR analysis over the 5’-and 3’-homologous
arms, with one primer in each reaction matching sequence in the Neo cassette and the other
matching sequence outside the targeting vector. The presence of coexisting random
integrations of the targeting vector in recombinants was ruled out by southern blot analysis,
with a Neo-encoding sequence probe detecting only a single band on two independent
restriction enzyme digests (Nsil and Spel; data not shown). ES cell clones were then injected
into blastocysts to obtain germline-competent chimeric mice. The chimeric mice were
backcrossed to C57BL/6J or 129S6/SvEvTac mice to obtain Neo/Wt heterozygous mice, and
these were subsequently used to generate Neo/Neo, Neo/Wt and Wt/Wt mice. (We are going to
use these terms, instead of SgcaNeo/Neo etc. for describing genotypes of the mice that were
newly developed in this paper.) The Wt/Wt littermates of the Neo/Neo mice will be described
as Wt/Wt (Neo) to distinguish them from the Wt/Wt littermates of H77C/H77C mice, which
will be referred to as Wt/Wt (H77C) (see below).

1dudsnuey Joyiny [INHH

To remove the floxed Neo cassette from the targeted allele, Neo/Wt heterozygous mice were
crossed with Ella-Cre mice (28) on the C57BL/6J background or protamine 1-Cre mice (29)
on the 129 background; H77C/Wt heterozygotes were thus generated. These mice were further
backcrossed to C57BL/6J or 129S6/SvEvTac mice to eliminate the Cre transgene.
Heterozygous H77C/Wt mice were subsequently used to produce the H77C/H77C, H77C/Wt
and Wt/Wt (H77C) mice.

Neo/Neo mice do not express a-sarcoglycan and develop muscular dystrophy

The presence of a Neo cassette often interferes with the expression of a gene at the targeted
locus (30,31), and may result in total inactivation of a gene (32). This effect occurred in our
mice; we were unable to amplify a transcript for the full a-sarcoglycan coding sequence by
RT-PCR of skeletal muscle from the Neo/Neo mouse (Fig. 2A). A sample from the previously
described SgcaNUI/Null moyse (15) was included in this analysis, producing a larger transcript
that had previously been demonstrated not to produce functional a-sarcoglycan protein (15).
The absence of a-sarcoglycan protein from the skeletal muscle of Neo/Neo mice was confirmed
by western blot analysis (Fig. 2B) as well as by immunofluorescence staining (Fig. 2C). Other
sarcoglycans and sarcospan were analyzed by immunofluorescence staining in skeletal muscle
and heart, and they were not detected in the Neo/Neo mice either (Fig. 2C and data not shown).
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Hematoxylin and eosin (H&E) analysis revealed that Neo/Neo mouse muscle features several
pathologic characteristics commonly found in muscular dystrophy: fiber size variation, fiber
degeneration and regeneration, and central location of nuclei within muscle fibers (Fig. 2C).
These features were not observed in control littermates. Muscle pathology can also be assessed
based on leakage of muscle-specific intracellular proteins, such as creatine kinase (CK), into
the blood indicating a disruption of membrane integrity in dystrophic muscle. Whereas wild
type and heterozygous animals exhibited normal low serum CK levels, significantly higher
levels were present in Neo/Neo mice (Fig. 2D). SgcaNUl/Null mice were also analyzed as a
positive control, and their serum CK values were not significantly different from the Neo/
Neo mice.

Overall, our Neo/Neo mice recapitulated the phenotype of the SgcaNUlV/Null mice reported
previously (15).

H77C/H77C knock-in mice express a-sarcoglycan at the sarcolemma and do not develop
muscular dystrophy

The complete inactivation of H77C gene expression at the “Neo” allele was reversed by Cre-
mediated removal of the Neo cassette, as revealed by restoration of the H77C a-sarcoglycan
transcript in H77C/H77C mice (Fig. 3A). The presence of mutant mRNA in these animals was
confirmed using restriction enzyme Fnu4HI digestion of the RT-PCR product, which cuts the
wild-type locus but not the mutated site. The efficiency of transcription from the H77C-
encoding allele was comparable to that from the wild-type allele, as demonstrated by similar
amounts of RT-PCR product in wild-type and homozygote mutant mice. This was further
supported by Fnu4HI digests from the two loci present in heterozygotes (350 bp vs. 218bp
+132 bp) (Fig. 3A). In contrast to Neo/Neo mice, H77C/H77C mice expressed equivalent to
wild-type levels of a-sarcoglycan protein, as revealed by Western blot analysis (Fig. 3B).
Immunofluorescence staining of a-sarcoglycan and sarcospan in these mice also failed to detect
differences relative to those in littermate controls, in either skeletal muscle (Fig. 3C) or heart
(Supplementary Material, Fig. SLA-D). Additionally, expression of -, y-, and &-sarcoglycans
in skeletal muscle and heart was analyzed by immunofluorescence staining, all of which
showed equal expression among H77C/H77C mice and their littermate controls (data not
shown).

H&E staining of H77C/H77C mice did not reveal any morphological differences from their
wild-type or heterozygous littermate controls (Fig. 3C). In case the onset of muscular dystrophy
is delayed more in a missense mutation than in a null mutation, serum CK was measured at a
wide range of ages up to 12 months, but H77C/H77C mice were indistinguishable from
littermate controls at all time points (Fig. 3D and data not shown). In order to test for more
subtle fragility of sarcolemmal integrity, we also measured serum CK following exercise-
induced mechanical stress. However, we found serum CK values in H77C/H77C mice before
and after exercise settled within a normal range (< 750 U/L) (Fig. 3E), as was the case for
H77C/Wtand Neo/Wt mice. This is in stark contrast with the results for Neo/Neo mice, in which
the high basal levels before exercise increased further, by more than 3-fold, after exercise (Fig.
3E). Evans blue dye (EBD) is a membrane-impermeant molecule that binds to serum albumin,
and is physically restricted from fibers unless the sarcolemmal membrane is damaged (33,
34). EBD uptake in quadriceps after exercise was apparent in Neo/Neo mice, but was observed
in no more than a few fibers per cryosection in the other 3 genotypes (H77C/H77C, H77C/
Wt, Neo/Wt) (Fig. 3F). These data indicate that H77C/H77C mice do not share the muscular
dystrophy phenotype seen in SgcaNul/Null mice (15).

Hum Mol Genet. Author manuscript; available in PMC 2009 July 21.
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Conditional expression of H77C protein in striated muscle prevents muscular dystrophy in
Neo/Neo mice

To validate the functionality of the mutant H77C protein, its ability to rescue a-sarcoglycan-
deficient muscle was analyzed. As described above, Neo/Neo mice lack a-sarcoglycan protein
expression resulting in the development of muscular dystrophy. Cre-mediated deletion of the
floxed Neo cassette, however, converts the “Neo” alleles to the “H77C” alleles, thus restoring
expression of both the H77C mRNA and protein. MCK-Cre(+) mice express Cre recombinase
in striated muscle (35) to drive high-efficiency deletion of a floxed region by 2—-4 weeks of age
(36). Breeding of MCK-Cre(+) mice and Neo/Neo mice resulted in doubly heterozygous
animals, which were further bred with Neo/Neo mice to obtain 4 genotypes: MCK-Cre(—);Neo/
Neo, MCK-Cre(+);Neo/Neo, MCK-Cre(—);Neo/Wt, and MCK-Cre(+);Neo/Wt. The first
genotype should lack a-sarcoglycan expression, whereas the second should have restored
expression of H77C protein in striated muscle. The remaining genotypes serve as a-
sarcoglycan heterozygote littermate controls.

As predicted, MCK-Cre(—);Neo/Neo mice lacked both a-sarcoglycan and sarcospan
expression (as shown by immunofluorescence staining), developed a muscular dystrophy
pathology (as shown by H&E staining) (Fig. 4A, top panels, and Fig. SIG-H in the
Supplementary Material), and had increased serum CK levels (Fig. 4B); in contrast, Neo/Wt
heterozygotes expressed both proteins, failed to develop pathology (Fig. 4A, bottom panels)
and had normal serum CK values (Fig. 4B). MCK-Cre(+);Neo/Neo mice, in whose striated
muscle we expected to observe restored H77C mutant a-sarcoglycan expression, indeed
expressed a-sarcoglycan and sarcospan at normal levels, in both skeletal muscle (Fig. 4A,
middle panels) and heart (Supplementary Material, Fig. SIE-F). In addition, the serum CK
values in these animals were normalized (Fig. 4B). We also assessed the percentage of muscle
fibers with centrally located nuclei, and found it to be normalized in MCK(+);Neo/Neo mice
to the levels of Neo/Wt littermate controls, leaving only MCK(—);Neo/Neo mice showing
increased central nuclei (Fig. 4C).

Overall, our results indicate that the presence of H77C protein in a-sarcoglycan-deficient
mouse muscle is sufficient to prevent the development of a muscular dystrophy phenotype.

Adenovirally introduced human R77C mutant a-sarcoglycan in SgcaNu!"Null moyse muscle
is expressed at the sarcolemma and restores the expression of the sarcoglycan-sarcospan

complex

Although human and mouse a-sarcoglycans are highly conserved (88.9% amino acid identity),
it is possible that the mouse H77C substitution is not sufficient to reproduce the pathologic
effect mediated by the human R77C substitution. To assess the behavior of human R77C mutant
a-sarcoglycan in a mouse in vivo system, we injected AASCMV-R77C-SgcA-myc adenovirus
expressing the human a-sarcoglycan with the R77C-encoding missense mutation into hindlimb
muscles of previously reported SgcaNul/Null mice (15). To generate positive controls, we also
injected Ad5RSV-SgcA adenovirus carrying the wild-type human a-sarcoglycan into
littermate SgcaNU!/Null mice. Negative controls in each case were provided by injecting the
contralateral leg of each mouse with saline.

As expected based on previous reports (15,37), wild-type human a-sarcoglycan was expressed
at the sarcolemma of the SgcaNUI/Null skeletal muscle, and expression of other components of
the sarcoglycan-sarcospan complex was restored (Fig. 5A, bottom panels). Saline-injected
muscle expressed none of the components (Fig. 5A, middle panels). To our surprise, human
R77C a-sarcoglycan was also expressed at the sarcolemma, together with other sarcoglycans
and sarcospan (Fig. 5A, top panels). This restored expression of the sarcoglycan-sarcospan
complex also provided a protective role against the development of muscular dystrophy

Hum Mol Genet. Author manuscript; available in PMC 2009 July 21.
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pathology (Fig. 5B and C). In order to rule out the possibility of any contamination, RT-PCR
of a-sarcoglycan was performed on total RNA purified from muscle sections located next to
the region positive for R77C a-sarcoglycan staining. Although SgcaNUl/Null mice express a
defective a-sarcoglycan transcript as described above, these mice lack exons 2 and 3 (15), and
a primer pair that amplifies human a-sarcoglycan from exon 2 to exon 5 can detect only the
exogenous human a- sarcoglycan transcript (both wild-type and R77C mutant). DNA
sequencing of the amplified products confirmed that the human R77C a-sarcoglycan-
transduced muscle samples expressed only human mutant mRNA (Fig. 5D).

DISCUSSION

Since the discovery of dystrophin, great progress has been made in the field of muscular
dystrophy, mainly due to the analysis of the molecules associated with dystrophin (e.g.
dystroglycan and sarcoglycans) and the positional cloning of other genes (e.g. calpain-3 and
dysferlin) (38). Fourteen genes have so far been shown to cause LGMD. These discoveries
have led to the generation of animal models for various forms of LGMD by gene targeting
strategies. Although such models serve well as mimics of null mutations (for defects due to
nonsense, frameshift or splicing mutations that lead to a failure to produce a full-length protein
product), they do not necessarily represent human diseases that result from missense mutations.
Therefore, we generated a missense mouse model of sarcoglycanopathy based on the premise
that such a model might reveal the effects of a partial reduction in protein expression, or
possibly of a misfolding problem that affects the sarcoglycan complex more generally. We
reasoned that if either were the case, such a model would also be useful for the screening of
drugs capable of correcting the relevant defect. We chose to model the form of LGMD2D
caused by the R77C-encoding allele because of its high frequency among sarcoglycanopathies.
The arginine at the 77th amino acid position of the protein is identical among humans, rabbits
and hamsters (39) and, although the mouse sequence instead bears a histidine at this position,
the function of this amino acid is likely the same in that they are both basic amino acids. We
thus expected that this approach would generate an accurate mouse model of R77C-associated
LGMD2D.

The presence of the Neo cassette in a targeted gene often interferes with the expression of that
gene (30,31). In our case, the effect was a complete inactivation of gene expression, as
demonstrated by the fact that neither transcript nor protein could be detected in the Neo/Neo
mice. This effect was negated after deletion of the floxed Neo cassette, with easily detectable
expression of the missense mMRNA. Contrary to our expectation, however, the H77C/H77C
mice did not develop muscular dystrophy. a-Sarcoglycan and other components of the
sarcoglycan-sarcospan complex were both expressed at normal levels and were localized at
the sarcolemma (Fig. 3C and data not shown). Although we examined a-sarcoglycan
expression at various ages between 4 and 88 weeks after birth, there was no reduction in a-
sarcoglycan expression at any time point (Fig. 3C and data not shown). One potential
explanation for this would be that mouse H77C is not, after all, an exact counterpart of the
human R77C mutation. This possibility, however, is contradicted by a second unexpected
finding—that introduction of the human R77C-encoding mutant a-sarcoglycan into the skeletal
muscle of the SgcaNull/Null mice also restored the expression of a-sarcoglycan as well as other
components of the sarcoglycan-sarcospan complex in this tissue. Thus, it appears that a single
missense mutation that causes an H77C or R77C substitution in the a-sarcoglycan protein is
not sufficient to cause a loss of a-sarcoglycan protein expression in mouse skeletal muscle.

Our results might cast doubt on the pathogenic role of human R77C in LGMD2D. However,
it is unlikely because i) the R77C mutation cosegregated with the disease trait in each family
of LGMD2D with that mutation (11,40); ii) it has not been found in 200 (11) or 348 (40) normal
chromosomes, ruling it out as a common polymorphism; iii) it is found worldwide and is
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associated with at least 3 distinct haplotypes (40), disfavoring the presence of another causative
locus that is linked to the R77C mutation. The frequent occurrence of R77C itself is well
explained by the fact that it is located at a CpG site which is a mutational hot spot (11). Instead,
our finding suggests that other factors, that are most likely not present in mice, are involved in
the pathogenesis of this particular form of LGMD2D.

This hypothesis is consistent with the large variation in clinical severity among LGMD2D
cases (6,9,10). Even family members with the same mutation can show a significant variability
in clinical progression of the disease; this is the case not only for individuals homozygous for
the R77C substitution (40,41), but also for patients with other mutations affecting the o-
sarcoglycan protein (42). In addition to our examination of H77C/H77C mice on a mixed
background of C57BL/6J and 129 with predominance of the former (75% — 96.9%), we have
also analyzed H77C/H77C mice on a 129-pure background. These animals likewise expressed
a-sarcoglycan normally, without any sign of the development of muscular dystrophy (data not
shown), indicating that the lack of a muscular dystrophy phenotype in our study appears not
to be peculiar to a single mouse genetic background.

Because there is no reported loss of human R77C a-sarcoglycan transcript in LGMD2D
patients (11,40,43,44), the cause of the loss of R77C a-sarcoglycan expression is more likely
ascribed to a failure of the R77C protein to reach the sarcolemma. Missense mutations often
impair the propensity of the affected protein to fold to the correct conformation. A typical
measure of cellular system against misfolded proteins is to promote its refolding by molecular
chaperones, and proteins that failed to be refolded in a timely manner will be degraded by
proteases (45). Although we do not have experimental evidence for the role of the protein
quality control system on mutated a-sarcoglycan, failure of efficient refolding is an attractive
explanation for the disrupted expression of R77C a-sarcoglycan in LGMD2D patients. Aging-
associated decline of endoplasmic reticulum chaperones has been reported in rat liver (46) or
human cultured fibroblasts (47). If such protein quality control system also exists in skeletal
muscle, species difference in its activity, or much shorter life-span of mice than the preclinical
period in LGMD2D patients (typically ranging 3—-15 years with a mean of 8.5 years (10), but
not rarely as long as decades (48)) can explain the different behavior of R77C/H77C a-
sarcoglycan between in human patients and in our mice. In the latter case of aging effect, one
possibility is that the sarcoglycan-sarcospan complex might be normally expressed long before
the onset of clinical manifestation in some patients with missense-caused LGMD2D. Existence
of sibling patient cases with different expression levels of a-sarcoglycan with the same
mutation (42) favors such possibility. However, there have been no reports of change in
sarcoglycan expression at different time points in the same patient. More availability of genetic
testing in these days that enables preclinical diagnosis might lead to identification of such cases
in future.

While our paper was under review, another manuscript was submitted by Bartoli et al. in which
H77C a-sarcoglycan knock-in mice were independently generated and analyzed (49). Those
mice also did not develop muscular dystrophy, confirming our result. They report rescue studies
in the same SgcaNUl/Null mice that we generated (15) and used here, but treated with human
R77C a-sarcoglycan using a different promoter and a different virus vector that show
aggregation of the transgene products in the endoplasmic reticulum. This same group
previously published intracellular accumulation of human Wt a-sarcoglycan transgene product
in their gene therapy system (50). In contrast, neither the mutant R77C a-sarcoglycan nor the
Wt human a-sarcoglycan accumulated in muscle cells in our rescue experiments. The artificial
muscle-specific C5-12 promoter used by Bartoli et al. (49) may be stronger than our CMV and
RSV promoters (51-53). A possible explanation for the discrepancies between our two studies
is that a greater amount of a-sarcoglycan transgene is produced with the C5-12 promoter, thus
promoting intracellular accumulation. Interestingly, Bartoli et al. (49) also show that inhibition
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of mannosidase | directs more of the R77C a-sarcoglycan to the sarcolemma suggesting that
blocking a single component of the protein quality control system can divert mutant
polypeptides away from a degradation pathway. This is an important finding that furthers our
understanding of the role that trafficking of mutant proteins may play in the pathogenesis of
LGMD2D.

The absence of a muscle pathology phenotype in the H77C knock-in mice is not readily
explained. However, an in vitro system used by Bartoli et al. (49) to test sarcoglycan expression
at the cell surface membrane may provide some insight. This heterologous cellular system was
used to determine that a basic amino acid at the 77th residue appears to be necessary for
successful trafficking of human a-sarcoglycan. Analysis of the mouse H77C proteininasimilar
system using both human and murine cells might help determine whether the species difference
is intrinsic to the a-sarcoglycan protein (R77C in humans vs. H77C in mice), or extrinsic to
a-sarcoglycan and perhaps a function of differences in protein quality control.

Another interesting question is if successful expression of mutant R77C a-sarcoglycan in
SgcaNUl/Null mice could extend to other mutations of a-sarcoglycan as well as of B-, y-, and
d-sarcoglycans in respective null mice. If the rescuing function is observed in a number of
disease-causing missense mutations of other sarcoglycans, it suggests that the supposed
disease-modifying factors would have broader interaction with the sarcoglycan-sarcospan
complex instead of one particular mutation of a-sarcoglycan, which could include components
of the above mentioned protein quality control system.

Various knock-out mouse strains have already been generated in efforts to model human
disease, and they have contributed immensely to our understanding of the pathogenic processes
of many disorders. However, it is important to keep in mind that they typically model null
mutations, and do not necessarily accurately represent diseases caused by missense mutations.
As shown here, LGMD2D serves as one example of muscular dystrophy for which a knock-
in approach was able to provide new insights that might have been missed if knock-out models
had been the only available research tool.

MATERIALS AND METHODS

Animals

Antibodies

C57BL/6J and 129S6/SvEvTac mice were purchased from The Jackson Laboratory and
Taconic Farms, respectively. Ella-Cre mice (The Jackson Laboratory) were backcrossed to
C57BL/6J at least 10 times before experimental crosses. Protamine 1-Cre mice on the 129
background were purchased from The Jackson Laboratory. SgcaNul/Null mice were generated
previously (15) and are available from Mutant Mouse Regional Resource Center (MMRRC)
under the stock number of 000425-MU/H. MCK-Cre mice were described previously (35). All
animals were housed in the animal care unit of the University of lowa College of Medicine
according to the University of lowa animal care guidelines. All animal studies were authorized
by the Institutional Animal Care and Use Committee of the University of lowa.

Antibodies for western blots and immunofluorescence were: Mouse monoclonal antibody
20A6 against a-sarcoglycan (15); goat polyclonal antibody Goat26 against B-sarcoglycan
(15); rabbit polyclonal antibodies Rbt98 against a-sarcoglycan (54), Rbt245 against y-
sarcoglycan (55), Rbt215 against 5-sarcoglycan (15), Rbt256 against sarcospan (23), and anti-
laminin (#L9393, Sigma). Cy3- and HRP-conjugated secondary antibodies were purchased
from Jackson Immunoresearch Laboratories and Chemicon, respectively.
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Targeting constructs

Genomic fragments of the mouse a-sarcoglycan gene were isolated by PCR from genomic
DNA prepared from mice of the 129/Sv genetic background. TGC-to-CAC transition in exon
3 (which generates the H77C missense substitution) was introduced by sequential PCR steps
(56). This culminated in the assembly of a 1.5-kb fragment for a 5’-homologous arm, a 3.5-kb
fragment for a 3’-homologous arm, a pgk-Neo cassette flanked by two loxP sequences, and a
pgk-thymidine kinase cassette within a pBlueScript KS plasmid (Stratagene). The whole
sequence of the assembled genomic a-sarcoglycan fragments within the targeting vector,
including intronic regions, was checked for a lack of mutations outside that generating the
H77C substitution.

Generation of Neo/Neo and H77C/H77C gene-targeted mice

The Sall-linealized construct was electroporated into W4/129S6 ES cells (Taconic Farms).
Successful homologous recombination was confirmed by PCR over the 5°- and 3’-sides of the
insertion, using the primers described below. Two ES cell clones were microinjected into
C57BL/6J blastocysts, and chimeric mice were obtained for each line. The Neo insertional
allele was confirmed in the germline-transmitted F1 and 129-pure pups. The floxed Neo
cassette was removed by breeding with Ella-Cre mice on the C57BL/6J background and
protamine 1-Cre mice on the 129 background, generating the H77C allele on the C57BL/6J-
dominant and 129-pure backgrounds, respectively. Mice of the C57BL/6J-dominant
background were used after backcrossing to C57BL/6J 2-5 times, and it is data from these
animals that are presented in the figures in this paper. All data from homozygous mice were
collected in parallel with data from their littermate controls. Because no differences were
detected for the 2 lines of mice generated from 2 independent ES cell clones, the data were
combined in this paper.

PCR genotyping

RT-PCR

Genotyping of each locus was performed by PCR under standard conditions, with the following
primers: 5’-homologous recombination of the Neo allele: F1,
GCCACTCAACCGCGCCTGTCTGTAAC and R1,
CGCATCGCCTTCTATCGCCTTCTTG; the 3’-homologous recombination of the Neo allele:
F2, GCGGCCGGAGAACCTGCGTGCAATCCATCT and R2,
AGCTGAGGGGCACAGGACTGGGGGCATTGG; the H77C-encoding allele: F3,
CTGCGCCTTCCAGAACACGTTGGTAAGA and R3,
TCTAGGGGGAAGCTGACAAGGCACACTT. Insuccessfully recombined clones, the F1 &
R1 and F2 & R2 primer pairs yielded bands of 2304 bp and 4347 bp, respectively. The F3 &
R3 primer pair produced bands of 490 bp and 442 bp from the H77C-encoding and wild-type
alleles, respectively. For genotyping of mice for Ella-Cre, protamine 1-Cre and MCK-Cre, a
Cre-genotyping protocol from The Jackson Laboratory was followed.

Total RNA from skeletal muscle was extracted using RNAzol B (Tel-Test Inc.). Equal amounts
of total RNA from littermates were reverse-transcribed with SuperScript 111 First-Strand
Synthesis System for RT-PCR (Invitrogen) using oligo(dT) primers. The following primers
were used for RT-PCR: mouse a-sarcoglycan from 5’- to 3’-untranslated regions,
GGAGCCCCTGTCCCTGTCACTCACTGG and
AATGCCCTCAGCCCTCCCTACACCATCTGT; mouse a-sarcoglycan from exon 1 to exon
5, ATGGCAGCAGCAGTAACTTGGATA and CTCAATAGGAAGAGGGACTCGG;
mouse GAPDH from exon 4 to exon 7, CCATGTTTGTGATGGGTGTGAACC and
TGTGAGGGAGATGCTCAGTGTTGG; human a-sarcoglycan from exon 2 to exon 5,
CCGTGTCTTTGTGCACACC and AAGCGGCTGGCAGGTGTTGAGG. For determination
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of DNA sequence, amplified products were purified using a PCR purification kit (Qiagen) and
analyzed at the University of lowa DNA Core Facility.

Western blotting

KCl-washed membranes from skeletal muscle were prepared as previously described (15). 50
pg of protein samples were resolved by SDS-PAGE on 3-15% linear gradient or 10% single-
concentration gels and transferred to Immobilon-P membranes (Millipore). Equal protein
loading and blotting efficiency among lanes were checked by Ponceau-S staining (#P7170,
Sigma) of the blots. Immunoblot staining with the 20A6 antibody was performed as previously
described (57), with the following modifications: use of Prestained SDS-PAGE Standards
(#161-0318, Bio-Rad); washing solution of 50mM sodium phosphate, pH 7.4, 150 mM sodium
chloride, 0.1% Tween-20; chemiluminescence development using SuperSignal West Pico or
Dura (Pierce). Images were digitally detected using an Alpha Innotech imaging system.

1dudsnueiy Joyiny [INHH

Immunofluorescence and histological analyses

7 um (skeletal muscle) or 5 um (heart) axial cryosections were prepared and analyzed by
immunofluorescence or H&E staining. For immunofluorescence staining with the Rbt98,
Goat26, Rbt245, Rbt215, Rbt256, or anti-laminin antibody, sections were: washed with
phosphate-buffered saline (PBS), blocked with 3% bovine serum albumin (BSA) in PBS for
30 minutes at room temperature, incubated with a primary antibody in PBS+1% BSA overnight
at 4°C, washed with PBS, incubated with a Cy3-conjugated secondary antibody in PBS+1%
BSA for 1 hour at room temperature, washed with PBS, and mounted with PermaFluor
(#1IM0752, Beckman Coulter). Microscope images were photographed using a Leica DM RXA
microscope equipped with an Olympus DP70 digital camera.

Determining the percentage of muscle fibers with centrally located nuclei

Cryosections of quadriceps were stained with anti-laminin antibody to delineate each muscle
fiber, and 4',6-diamidino-2-phenylindole dihydrochloride (#D9542, Sigma) was included in
the secondary antibody solution, at a final concentration of 200 ng/ml, for the detection of
nuclei. All fibers, except those in direct contact with fascia, were analyzed for the location of
their nuclei. For each sample group, the number of fibers with centrally localized nuclei relative
to the total number of fibers was recorded. For each individual mouse, about 2500-3500 fibers
were counted.

1dudsnuey Joyiny [INHH

Measurement of serum CK levels

Blood collected from the tail of individual mice was separated by centrifugation (at 10,000 g
for 2 min), following which CK levels in the serum were measured using a Creatine Kinase
(NAC) Assay kit (#310-56, Diagnostic Chemicals Limited) according to the manufacturer’s
instruction. Samples from each mouse were measured in triplicate using Microtest 96-well
plates (#353261, BD Falcon) and a SpectraMax 190 microplate reader (Molecular Devices
Corp.).

Injection of recombinant adenovirus

An adenovirus construct that expresses wild-type human a-sarcoglycan (Ad5RSV-SgcA) was
described previously (15). The C229T nucleotide transition (corresponding to R77C amino
acid replacement) in exon 3 of the human a a-sarcoglycan gene was introduced by sequential
PCR steps (56) into pcDNA3-human SgcA-myc (21). The R77C-SgcA-myc sequence was then
subcloned into a pAd5CMVpA shuttle vector. The AdSCMV-R77C-SgcA-myc adenovirus
was produced at the University of lowa Gene Transfer Vector Core, by standard methods as
previously described (15). Adenovirus injections into 3- to 4-day-old SgcaNU!/Null pups were
performed as previously described (37), with some modification: the hamstring, quadriceps,
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calf, and tibialis anterior muscles of one leg were each injected with 2.5 x 10° particles in a 10
pl volume; the same muscles of the contralateral leg were each injected with an equal volume
of saline.

Treadmill exercise and analysis of EBD uptake

Animals at 32—-37 weeks of age were exercised on an Omnipacer treadmill (Model LC4/M-
MGA/AT, Accuscan Instruments) set at a 15° downward angle, with the pace starting at 5 m/
min between 0-3 minutes, moving to 10 m/min between 3—-6 minutes, and increasing in
increments of 2.5 m/min every 3 minutes thereafter (e.g. 12.5 m/min between 6-9 minutes,
and so on) until a maximal speed of 30 m/min was reached (no further speed increment after
27 minutes); animals were exercised until exhausted. All mice were intraperitoneally injected
with 250 pl of EBD (#E2129, purchased from Sigma, was dissolved in PBS at 10 mg/ml and
passed through 0.22 um filter) 16 hours before exercise. Tail blood was collected both before
EBD injection and 2 hours after the exercise for serum CK measurement, and the mice were
sacrificed 9 hours after exercise for harvesting of the skeletal muscles. EBD uptake images of
7 um sections of fresh-frozen quadriceps on glass slides were taken with an Odyssey imaging
system (Li-Cor Biosciences) using a 680 nm laser line.

Digital Images

RT-PCR, western blot, immunofluorescence and H&E images were digitally acquired and
processed for size, contrast and brightness in Photoshop CS2 (Adobe). To ensure accurate
visual comparison among littermates, the same image acquisition conditions and the same
processing parameters were applied to each image.

Statistical analysis

Because the distribution of serum CK levels is skewed toward higher values and better matches
a log-normal distribution than a normal distribution (58), log conversion was performed prior
to analysis. Log-converted CK values, as well as the ratio of centrally nucleated to total muscle
fibers, were assessed by one-way ANOVA and multiple comparisons were performed using
Bonferroni adjustment. P values less than 0.05 were considered statistically significant, and
all significant differences were indicated on the corresponding graph.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
The following abbreviations were used in this paper:
BSA
% bovine serum albumin
= cK
Z creatine kinase
3 DGC
= dystrophin-glycoprotein complex
()
= EBD
7 Evans blue dye
)
= ES cell
embryonic stem cell
GAPDH
glyceraldehyde-3-phosphate dehydrogenase
H&E
T hematoxylin and eosin
z LGMD
; limb-girdle muscular dystrophy
c
= Neo _
o neomycin
= PBS
2 phosphate-buffered saline
(72}
= PCR
=1 polymerase chain reaction
RT-PCR
reverse transcriptase-polymerase chain reaction
SDS-PAGE
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Wit

wild-type
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Figure 1. Generation of a-sarcoglycan-targeted Neo/Neo and knock-in H77C/H77C mice
Schematic representation of the wild-type a-sarcoglycan allele (Wt), the targeting vector, the
homologously recombined Neo allele, and the Neo-deleted H77C allele. Exons 0-10 (EO-E10)
are depicted by filled boxes, and the two loxP sites are shown as filled arrowheads. The star
in exon 3 (E3) designates the H77C mutation. The pgk-Neo and pgk-thymidine kinase cassettes
are illustrated as boxed Neo and TK, respectively. Arrows designated F1-F3 and R1-R3
represent the forward and reverse PCR primers, respectively, that were used for genotyping
(see Materials and Methods).
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Figure 2. Neo/Neo mice develop a muscular dystrophy phenotype

(A) RT-PCR analysis of skeletal muscle from a Neo-targeted homozygous mouse (Neo/Neo),
heterozygous (Neo/Wt) and wild-type (Wt/Wt (Neo)) littermate controls at 5 weeks of age.
cDNA template from a previously generated SgcaNU!"Null mouse was also included (“Ko/Ko”
lane). RT-PCR products covering the full-coding sequence of a-sarcoglycan (top panel) and
a GAPDH internal control (bottom panel) are shown. The Neo/Neo mouse lacked expression
of the a-sarcoglycan mRNA. A slightly larger product in the Ko/Ko mouse is described in the
text.

(B) Western blot analysis of a-sarcoglycan protein in skeletal muscle from a Neo/Neo mouse
and littermate controls at 37 weeks of age. Note a lack of a-sarcoglycan expression in the Neo/
Neo mouse.

(C) Quadriceps from a Neo/Neo mouse and its littermate Neo/Wt and Wt/Wt (Neo) control
counterparts at 37 weeks old analyzed by H&E staining, and by immunofluorescence staining
for a-sarcoglycan and sarcospan. H&E panels demonstrate that the Neo/Neo mouse exhibits a
large number of centrally nucleated cells and great variation in fiber size, as well as having
necrotic fibers. a-Sarcoglycan and sarcospan panels show significantly reduced expression of
these proteins in the Neo/Neo mouse. Scale bars: 100um.

(D) Serum CK levels in Neo/Neo, Neo/Wt, and Wt/Wt (Neo) littermate sets compared to those
in SgcaNUl/Null (Ko/K o) mice at 10-12 weeks of age. Values observed in Neo/Neo and Ko/
Ko mice were significantly higher than those in Wt/Wt (Neo) and Neo/Wt controls. Error bars
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indicate the SEM of log-CK values, and n equals the number of mice of each genotype.
Statistically significant differences are depicted, and p values are indicated.
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Figure 3. H77C/H77C mice do not develop a muscular dystrophy phenotype

(A) RT-PCR analysis of skeletal muscle from an H77C/H77C mouse and littermate controls
at 15 weeks of age. 570 bp RT-PCR products representing the a-sarcoglycan exon 1 —exon 5
region are shown (top panel), along with a GAPDH internal control (middle panel). Fnu4HI
digests of the 570 bp products (bottom panel) indicate that Wt and H77C alleles were equally
transcribed. The restriction map of the Fnu4HI sites present in the Wtand H77C 570 bp products
is also shown.

(B) Western blot analysis of a-sarcoglycan expression in skeletal muscle from an H77C/
H77C mouse and its littermate controls at 55 weeks of age. Note a-sarcoglycan expression in
the H77C/H77C mouse.
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(C) Quadriceps from an H77C/H77C mouse and its littermate controls H77C/Wt and Wt/Wt
(H77C) at 55 weeks of age were analyzed by H&E staining, and by immunofluorescence
staining for a-sarcoglycan and sarcospan. H&E panels demonstrate that the H77C/H77C mouse
does not exhibit features of muscular dystrophy pathology. a-Sarcoglycan and sarcospan panels
show that these proteins are expressed at normal levels and are also localized to the sarcolemma
in H77C/H77C mouse as in its littermate controls. Scale bars: 100 um.

(D) Serum CK levels of H77C littermate sets and Neo littermate sets of mice at 10-21 weeks
old. Although the CK level was abnormally high in Neo/Neo mice, this was not the case for
H77C/H77C mice. Error bars indicate the SEM of log-CK values, and n equals the number of
different mice of each genotype. Statistically significant differences in comparison with Neo/
Neo are indicated (1: p<0.05, *: p<0.001).

(E) Box plot of serum CK levels before (“pre”) and after (‘post”) treadmill exercise. Dotted
line: CK value of 750 U/L. Neo/Neo mice showed high basal serum CK levels that increased
further after exercise, whereas mice of all other genotypes had serum CK values less than 750
U/L both before and after exercise. n equals 3 for each group.

(F) EBD uptake images of quadriceps samples after treadmill exercise. Each slice was obtained
from a different individual mouse. EBD uptake, which is shown as white signal, is clearly
visible in Neo/Neo mice but is hardly detected in H77C/H77C mice. n equals 3 for each group.
Scale bar: 1 mm.
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Figure 4. Expression of H77C protein by conditional rescue prevents development of a muscular
dystrophy phenotype in Neo/Neo mice

(A) Quadriceps from an MCK-Cre(+);Neo/Neo mouse and its littermate controls at 55 weeks
of age analyzed by H&E staining, as well as by immunofluorescence staining for a-sarcoglycan
and sarcospan. The MCK-Cre(+);Neo/Neo mouse (middle panels) lack a muscular dystrophy-
like pathology and express both a-sarcoglycan and sarcospan at normal levels at the
sarcolemma. Note the contrast to the MCK-Cre(—);Neo/Neo mouse (upper panels). Scale bars:
100 pm.

(B) Serum CK levels in littermate sets of mice at 10-13 weeks of age. Elevated levels were
observed in MCK-Cre (—);Neo/Neo but not in MCK-Cre (+);Neo/Neo mice. Error bars indicate
the SEM of log-CK values.

(C) The ratio of fibers with centrally located nucleus was examined in quadriceps of littermate
sets of mice at 46-56 weeks old. MCK-Cre (+);Neo/Neo mice did not have elevated levels of
the centrally nucleated fibers. Error bars indicate the SEM of the ratios.

In (B) and (C), SgcA stands for a-sarcoglycan, and n equals the number of mice in each
genotype. Statistically significant differences are depicted, and p values are indicated.
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Figure 5. Adenovirus-mediated transduction of human wild-type and R77C-mutant a-sarcoglycan
protein into skeletal muscle of SgcaNUl/NUll mice

(A) SgcaNullNull pyns \were injected with human wild-type a-sarcoglycan (Wt SgcA) or human
R77C a-sarcoglycan-myc (R77C SgcA) adenovirus in one leg, and with saline in the
contralateral leg. Calf muscle was harvested 25 weeks after injection, and analyzed by
immunofluorescence staining for each component of the sarcoglycan-sarcospan complex. Note
that the expression of every component of the sarcoglycan-sarcospan complex at the
sarcolemma is efficiently rescued by the injection of R77C a-sarcoglycan-myc adenovirus (top
panels) but not by saline injection (middle panels) into the same animal. The results were
reproduced in 2 independent experiments.
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H&E (B) and a-sarcoglycan immunofluorescence staining (C) at the boundary between R77C
a-sarcoglycan-myc adenovirus transduced and non-transduced fibers show that transduced
region isassociated with a lack of centrally nucleated fibers. Asterisks indicate the same muscle
fibers in serial sections. Scale bars: 100 pum.

(D) DNA chromatograms of an a-sarcoglycan transcript expressed in skeletal muscle of an
SgcaNulNull moyse injected with the human R77C-encoding a-sarcoglycan-myc adenovirus.
The DNA sequences surrounding the 77th codon of human R77C- and Wt-encoding a-
sarcoglycan are also presented for comparison. The introduced missense mutation of C229T
is clearly present.
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