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Disruption of the b-Sarcoglycan Gene Reveals
Pathogenetic Complexity of Limb-Girdle
Muscular Dystrophy Type 2E

are responsible for limb-girdle muscular dystrophy, Du-
chenne or Becker muscular dystrophy, and congenital
muscular dystrophy, respectively (Straub and Campbell,
1997; Lim and Campbell, 1998). Clinical evidence of car-
diomyopathy is variably present in these muscular dys-
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†Department of Obstetrics and Gynecology myopathy is yet to be established (Melacini et al., 1999).

Several components of the DGC are also expressed in‡Department of Pathology
§Department of Internal Medicine smooth muscle (Houzelstein et al., 1992; North et al.,

1993; Ozawa et al., 1995; Durbeej et al., 1998). Interest-University of Iowa College of Medicine
Iowa City, Iowa 52242 ingly, potential smooth muscle dysfunction has been

described in patients with Duchenne muscular dystro-
phy (Bahron et al., 1988; Jaffe et al., 1990). However,
smooth muscle dysfunction has not been reported inSummary
patients with limb-girdle muscular dystrophy.

Limb-girdle muscular dystrophy type 2E (LGMD 2E) is Recently, a fifth sarcoglycan, e-sarcoglycan, was cloned
caused by mutations in the b-sarcoglycan gene, which and shown to be highly homologous to a-sarcoglycan
is expressed in skeletal, cardiac, and smooth muscle. (Ettinger et al., 1997; McNally et al., 1998). e-sarcoglycan
b-sarcoglycan-deficient (Sgcb-null) mice developed is expressed in skeletal and cardiac muscle, and also in
severe muscular dystrophy and cardiomyopathy with several nonmuscle tissues. Whether e-sarcoglycan is as-
focal areas of necrosis. The sarcoglycan–sarcospan sociated with the other sarcoglycans in striated muscle
and dystroglycan complexes were disrupted in skele- is yet to be determined. At the immunofluorescence level,
tal, cardiac, and smooth muscle membranes. e-sar- however, it has been shown that e-sarcoglycan is still
coglycan was also reduced in membrane preparations present in skeletal muscle of a-sarcoglycan-deficient
of striated and smooth muscle. Loss of the sarcogly- mice (Sgca-null mice) although the other sarcoglycans
can–sarcospan complex in vascular smooth muscle are greatly reduced (Duclos et al., 1998b). This indicates
resulted in vascular irregularities in heart, diaphragm, that e-sarcoglycan is not an additional member of the
and kidneys. Further biochemical characterization known tetrameric complex of a-, b-, g-, and d-sarcogly-
suggested the presence of a distinct e-sarcoglycan can in skeletal muscle, but may be part of a distinct
complex in skeletal muscle that was disrupted in Sgcb- complex at the sarcolemma.
null mice. Thus, perturbation of vascular function to- For the present study, we engineered Sgcb-null mice,
gether with disruption of the e-sarcoglycan-containing to analyze the biological role of b-sarcoglycan in the
complex represents a novel mechanism in the patho- pathogenesis of limb-girdle muscular dystrophy, type
genesis of LGMD 2E. 2E (LGMD 2E). Sgcb-null mice exhibited severe muscu-

lar dystrophy and cardiomyopathy with extensive re-
gions of necrosis as the main morphological feature,Introduction
which is similar to morphological changes detected in
tissue infarcts. Moreover, analysis of the DGC compo-The sarcoglycan complex is a group of single pass trans-

membrane proteins (a-, b-, d-, and g-sarcoglycan) that is nents at the molecular level revealed that the sarcogly-
can and dystroglycan complexes were disrupted in skel-tightly associated with sarcospan to form a subcomplex

within the dystrophin–glycoprotein complex (DGC) in etal, cardiac, and smooth muscle. Interestingly, in vivo
perfusion of coronary arteries with Microfil unveiled vas-skeletal and cardiac muscle (Lim and Campbell, 1998;

Crosbie et al., 1999). The DGC is further comprised of cular constrictions in both skeletal and cardiac muscle,
dystrophin, the dystroglycan complex, and the syn- which were detected prior to the onset of necrotic
trophins (Hoffman et al., 1987; Froehner et al., 1997; changes. Also, vascular constrictions were detected in
Durbeej et al., 1998). The expression of the sarcoglycan– Sgcb-null kidneys. However, no vascular constrictions
sarcospan complex is necessary for the stabilization of were detected in diaphragms of Sgca-null mice, despite
dystroglycan at the sarcolemma (Duclos et al., 1998a, overt signs of dystrophic alterations. Together these data
1998b; Holt et al., 1998; Straub et al., 1998), which in support the hypothesis that the vascular phenotype is
turn confers a link between the extracellular matrix and independent of the muscular dystrophy phenotype. Ad-
the F-actin cytoskeleton (Ervasti and Campbell, 1993). ditionally, e-sarcoglycan was greatly reduced at the mus-
Thus, the DGC is thought to protect muscle cells from cle membranes in Sgcb-null mice. Further biochemical
contraction-induced damage (Petrof et al., 1993). In characterization suggested the presence of a distinct
agreement with this hypothesis, mutations in the genes large e-sarcoglycan complex that was disrupted in skel-
for the sarcoglycans, dystrophin and laminin a2 chain etal muscle of Sgcb-null mice, but not in Sgca-null mice.

Upon adenovirus-mediated gene transfer of b-sarcogly-
can, e-sarcoglycan expression was restored, suggesting‖ To whom correspondence should be addressed (e-mail: kevin-

campbell@uiowa.edu). an association between b- and e-sarcoglycan.
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Figure 1. Generation of Sgcb-null Mutant Mice

(A) Restriction map of the wild-type Sgcb-
locus, the targeting construct, and the tar-
geted locus. Exons 3, 4, 5, and 6 were
replaced by phosphoglycerate kinase neo-
mycin cassette (neo).
(B) Southern blot analysis. One correctly tar-
geted clone is shown as an example. DNA
from ES cells surviving double selection was
digested with HindIII or Xba1 and probed by
Southern blot with probe 1 and 2 respectively.
The replacement of exons 3–6 by the neo
cassette yields a new 3.9 kb HindIII fragment
with probe 1 in addition to the 7.4 kb wild
type HindIII fragment. As a consequence of
the Xba1 site introduced by the neo cassette,
probe 2 hybridizes with a 4.6 kb fragment and
the 10.8 kb wild-type fragment. Also tail DNA
from wild type (1/1), heterozygous (1/2) and
Sgcb-null (2/2) mice was genotyped using
Southern blot analysis.
(C) Northern blot analysis of RNA extracted
from skeletal muscle of wild-type, heterozy-
gous, and Sgcb-null mice. A cDNA probe
against exon 2 detected the previously de-
scribed b-sarcoglycan transcripts of 4.4, 3.0,
and 1.4 kb in both wild-type and heterozy-
gous mice. In contrast, none of the known
transcripts were detected in Sgcb-null mice.
A faint transcript of 4 kb, however, was de-
tected in Sgcb-null mice. This transcript could
represent a transcript containing exons 1 and 2
and the neocassette. However, our attempts
to amplify such a transcript with RT-PCR
have failed. Using an exon 6 probe we did
not detect any b-sarcoglycan transcripts in
Sgcb-null animals but they were present in
wild-type and heterozygous animals.
(D) Western blot and immunofluorescence
analysis. Using monoclonal (see Figure 1D)
and polyclonal (data not shown) antibodies
directed against the N terminus of b-sarco-
glycan (epitopes between amino acids 1–65,
encoded from exon 1 and parts of exon 2),
Western blot analysis on membrane-enriched
preparations revealed the presence of b-sar-
coglycan in wild-type and heterozygous mice
but not in Sgcb-null mice. Likewise, using im-
munofluorescence analysis with polyclonal
antibodies, b-sarcoglycan was visualized at
the sarcolemma in wild-type skeletal muscle,
whereas no protein could be detected at the
sarcolemma of Sgcb-null mice. Bar, 50 mm.

Together, our findings suggest additional pathoge- murine b-sarcoglycan gene. Murine and human b-sar-
coglycan are highly homologous at the amino acid level,netic mechanisms for the development of muscular dys-
and the structural organization of the gene into six exonstrophy and cardiomyopathy. Absence of the sarcogly-
is shared by both species (GenBank/EMBL/DDBJ ac-cans in smooth muscle leads to vascular irregularities
cession number AF169288). Given that most human mu-that may aggravate muscular dystrophy and initiate car-
tations have been found in exons 3, 4, 5, and 6, whichdiomyopathy. In addition, absence of e-sarcoglycan in
encode part of the transmembrane domain and the ex-skeletal, cardiac, and smooth muscle may be crucial in
tracellular portion of b-sarcoglycan (Bönnemann et al.,the pathogenesis of a severe muscular dystrophy and
1995; Lim et al., 1995; Bönnemann et al., 1996, 1998;cardiomyopathy. Thus, our data suggest a novel com-
Duclos et al., 1998a), we targeted these exons to createplex mechanism for the development of limb-girdle mus-
a mutant allele of Sgcb representative of human muta-cular dystrophy type 2E.
tions. Homologous recombination replaced exons 3 to
6 with the phosphoglycerate kinase promoter/neomycinResults
phosphotransferase cDNA (Figure 1A). A total of 361

Generation of Sgcb-null Mice colonies surviving G418 and gancyclovir selection were
To design a targeting vector for the generation of Sgcb- analyzed by Southern blotting for the presence of homolo-

gous recombination and 15 correctly targeted clonesnull mice, we characterized a P1 clone containing the



Pathogenetic Complexity of LGMD 2E
143

Figure 2. Histological Analysis of Diaphragm, Calf/Thigh, and Cardiac Muscles from Sgcb-null Mice

Severe dystrophic changes including necrosis (arrows) (A and B), dystrophic calcification (C and D), fatty infiltration (E and F), central nucleation,
atrophy and hypertrophy were detected in diaphragm and calf/thigh of Sgcb-null mice (A–F). Some of these changes had already occurred
in 4-week-old animals (A) and accumulated with age. In 20-week-old hearts, several regions of focal myocardial necrosis were observed (G).
Two such lesions are present within the boxed area in (G), and shown by higher magnification in (H). In 30-week-old heart, large areas of
fibrosis were detected (I). One such area is present within the boxed area in I, and shown at higher magnification in (J). Arrows denote
additional necrotic and fibrotic areas. All sections were stained with hematoxylin and eosin (H&E). Bar: (A and B) 400 mm; (C–F) 50mm; (G and
I) 1.5 mm; (H and J) 150 mm.

were identified (Figure 1B). Three were injected and stained sections of the calf, thigh, and diaphragm mus-
cle in wild-type, heterozygous, and Sgcb-null mice. His-yielded chimeras producing germline transmission. So
topathological features of muscular dystrophy werefar, we have analyzed mice from two clones. Heterozy-
never observed in wild-type or heterozygous animals.gous mice appeared normal, and homozygous mice
In Sgcb-null mice, however, pronounced morphologicalwere produced in expected numbers in accordance with
changes were detected. Large areas of necrosis wereMendelian inheritance. Southern blot analysis confirmed
observed in calf, thigh, and diaphragm muscles of micethe disruption of the b-sarcoglycan gene (Figure 1B).
at all ages (Figure 2). Other dystrophic changes includedThe effect of the mutation on b-sarcoglycan RNA was
internally placed nuclei of nonregenerating fibers (basedassessed by Northern blot analysis. A probe specific for
on the evaluation of 200–1100 myofibers per muscle,exon 6 revealed that none of the known b-sarcoglycan
80%–100% of nonregenerating myocytes contained in-transcripts of 1.4, 3.0, and 4.4 kb were present in skeletal
ternally placed nuclei at the age of 2 months), fibermuscle of Sgcb-null mice (Figure 1C). An additional hy-
splitting and hypertrophy, extensive dystrophic calcifi-bridization with a probe specific for exon 2 (still present
cation, endomysial fibrosis, and massive fatty infiltrationin the genome, along with exon 1) revealed small amounts
(Figure 2). The Sgcb-null mice from both correctly tar-of a shorter transcript of 4 kb (Figure 1C). However, the
geted cell lines demonstrated an identical dystrophicabsence of b-sarcoglycan in KCl-washed microsomes
phenotype. Our laboratory has previously generatedprepared from skeletal (Figures 1D and 5), cardiac, and
Sgca-null mice (Duclos et al., 1998b), and we note thatlung tissue (Figure 5) of homozygous mice was demon-
the skeletal muscle pathology was much more severestrated using monoclonal and polyclonal N-terminal an-
in Sgcb-null mice. Large areas of necrosis and fattytibodies directed to amino acids 1–65 (encoded by exon
infiltration are not detected in Sgca-null mice.1 and parts of exon 2) of b-sarcoglycan. Additionally,

Consistent with the severe dystrophic pattern, 13- toimmunofluorescence analysis confirmed the absence of
16-week-old Sgcb-null mice displayed elevated serumb-sarcoglycan in skeletal (Figures 1D and 3), cardiac
creatine kinase activity, compared with age-matched(data not shown), and smooth muscle (Figure 4).
wild-type and heterozygous mice (data not shown). Ev-
ans blue dye (EBD) is a small molecular mass tracer that

Sgcb-null Mice Develop a Severe Muscular tightly complexes with serum albumin. Normally, this is
Dystrophy and Cardiomyopathy a membrane impermeable molecule, but if the sarco-
To evaluate the consequences of b-sarcoglycan defi- lemma integrity is compromised this dye is found in the

cytoplasm of muscle fibers (Matsuda et al., 1995; Straubciency, we examined hematoxylin and eosin (H&E)
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Figure 3. Restoration of the Sarcoglycan–
Sarcospan Complex in Skeletal Muscle upon
Renewed Expression of b-Sarcoglycan

Skeletal muscle cryosections from wild-type,
Sgcb-null mice and Sgcb-null mice injected
with recombinant b-sarcoglycan adenovirus
were stained with antibodies against a-sarco-
glycan (a-SG), b-sarcoglycan (b-SG), g-sar-
coglycan (g-SG), d-sarcoglycan (d-SG) and
sarcospan (SSPN). Upon injection with recom-
binant b-sarcoglycan adenovirus containing
the human sequence under the control of the
viral CMV promoter, the entire sarcoglycan–
sarcospan complex was restored. Bar, 50 mm.

et al., 1997). EBD injections into 9-week-old Sgcb-null and d-sarcoglycan were concomitantly reduced, along
mice revealed uptake of the blue dye in various skeletal with sarcospan (Figure 3). Dystrophin, utrophin, a- and
muscles, whereas EBD staining was never detected in b-dystroglycan, a-dystrobrevin, and laminin a2 chain
control mice (data not shown). staining appeared normal in skeletal muscle of Sgcb-null

Dystrophin defects, including Duchenne and Becker mice (data not shown). Also, the sarcoglycan–sarcospan
muscular dystrophies, are also manifested at the cardiac complex was reduced in cardiac muscle of Sgcb-null
level (Towbin, 1998). Less is known about the heart in- mice, whereas dystrophin, utrophin, a- and b-dystrogly-
volvement in muscular dystrophies caused by sarcogly- can, and laminin a2 chain were normally expressed (data
can mutations. To evaluate the consequences of b-sar- not shown).
coglycan deficiency in the heart we performed H&E To test that the observed phenotypes in Sgcb-null
staining of transverse sections of hearts from wild-type, mice were due to the primary loss of b-sarcoglycan,
heterozygous, and Sgcb-null mice. We did not see any recombinant b-sarcoglycan adenovirus was injected
cardiac abnormalities in control mice of any age. In into the quadriceps femoris muscle of 3-day-old Sgcb-
sharp contrast, we detected small necrotic areas already null mice, which was assessed for b-sarcoglycan ex-
in 9-week-old hearts from Sgcb-null mice (data not pression 3 weeks later. Approximately 90% of the fibers
shown). The hearts of 20-week-old Sgcb-null animals of vastus lateralis and vastus medialis were converted
showed more extensive alterations. Prominent necrotic to b-sarcoglycan positive, and a part of vastus lateralis
areas, resembling ischemic-like lesions, were present is shown in Figure 3. Renewed expression of b-sarcogly-
throughout the right and left ventricles (Figure 2). In 30- can at the sarcolemma was coincident with the rescue
week-old animals, active myocardial necrosis was less

of the entire sarcoglycan–sarcospan complex (Figure 3).
evident, and instead widespread areas of fibrosis were

No b-sarcoglycan positive fibers could be detected in
detected (Figure 2).

the rectus femoris.
To evaluate if the absence of b-sarcoglycan also af-b-Sarcoglycan Deficiency Causes Loss of

fected the expression of the other sarcoglycans andthe Sarcoglycan–Sarcospan Complex, the
sarcospan in smooth muscle, we performed immunoflu-Dystroglycan Complex, and e-Sarcoglycan
orescence analysis on pulmonary arteries. b-, d-, andin Skeletal, Cardiac, and Smooth Muscle
e-sarcoglycan and sarcospan were all expressed in vas-To analyze consequences of b-sarcoglycan deficiency
cular smooth muscle of the pulmonary arteries in wild-at the molecular level in skeletal, cardiac, and smooth
type mice, whereas a- and g-sarcoglycan were not de-muscle, we performed immunofluorescence and West-
tected (Figure 4). Absence of b-sarcoglycan in vascularern blot analysis for each component of the DGC. Immu-
smooth muscle also affected the expression of thenofluorescence analysis revealed that b-sarcoglycan
smooth muscle sarcoglycans, along with sarcospan inwas absent from the sarcolemma of skeletal muscle

fibers in Sgcb-null mice (Figures 1 and 3). Also, a-, g-, Sgcb-null mice (Figure 4).
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Figure 5. Immunoblot Analysis of Skeletal, Cardiac, and Lung Mem-
branes

Skeletal, cardiac, and lung KCl-washed microsomes from wild-type,
heterozygous, and Sgcb-null mice were analyzed by 3%–12% SDS-
PAGE and immunoblotted with antibodies against the sarcoglycans
(a-, b-, g-, d- and e-SG), sarcospan (SSPN), dystrophin (DYS), and
a-dystroglycan (a-DG). To demonstrate equal loading of protein
samples we used antibodies against the a2 subunit of the dihydro-
pyridine receptor (a2-DHPR).

and Campbell, 1999). As expected, b-sarcoglycan was
deficient in lung membranes of Sgcb-null mice (Figure
5). As noted above, a-sarcoglycan is not expressed in
smooth muscle (Figure 5). Although we did not detect
g-sarcoglycan in any cell type in the lung by immunofluo-
rescence, g-sarcoglycan was detected by Western blot
analysis of wild-type and heterozygous lung membrane
preparations (Figure 5). In addition, g-sarcoglycan was

Figure 4. Loss of the Smooth Muscle Sarcoglycan–Sarcospan greatly reduced in Sgcb-null lungs. Also, d-sarcoglycan
Complex in Sgcb-null Mice was significantly decreased in smooth muscle membranes
Lung cryosections from wild-type and Sgcb-null mice (4 weeks old) of Sgcb-null mice (Figure 5). Interestingly, e-sarcoglycan
were stained with antibodies against a-sarcoglycan (a-SG), b-sar-

was greatly reduced in all three muscle lineages of Sgcb-coglycan (b-SG), g-sarcoglycan (g-SG), d-sarcoglycan (d-SG), e-sar-
null mice (Figure 5), and so was sarcospan (Figure 5).coglycan (e-SG) and sarcospan (SSPN). Note that the smooth mus-
Also, a-dystroglycan was greatly reduced in skeletalcle sarcoglycan–sarcospan complex is greatly reduced in smooth

muscle of pulmonary arteries in Sgcb-null mice. Bar, 50 mm. muscle membranes of Sgcb-null mice. In the superna-
tant from Sgcb-deficient skeletal muscle membrane
preparations, a-dystroglycan was enriched and fully gly-To further examine the expression of the DGC compo-
cosylated (data not shown), but obviously failed to benents, immunoblot analysis was performed on isolated
stably anchored to the membrane without the sarcogly-membrane preparations from wild-type, heterozygous,
cans. In cardiac muscle membranes of Sgcb-null miceand homozygous mutant skeletal, cardiac, and smooth
a-dystroglycan was moderately reduced (Figure 5). Dys-muscle. In accordance with the immunofluorescence

analysis, b-sarcoglycan was absent in skeletal and car- trophin was moderately reduced in skeletal muscle
diac muscle membranes of Sgcb-null mice (Figure 5). membranes of Sgcb-null mice, not altered in cardiac
Heterozygous mice expressed control levels of b-sarco- muscle membranes, but reduced in smooth muscle
glycan (Figure 5). Furthermore, a-, g-, and d-sarcoglycan membranes. Together, these data indicate that b-sar-
were concomitantly reduced in both skeletal and cardiac coglycan deficiency causes loss of the sarcoglycan–
muscle membranes from Sgcb-null mice (Figure 5). We sarcospan complex, the dystroglycan complex, and
used lung tissue as a source for smooth muscle mem- e-sarcoglycan in skeletal, cardiac, and smooth muscle.
branes, since the major cell types in the lung are smooth

Vascular Irregularities in Sgcb-null Micemuscle (vascular and airway) and epithelial cells and
Deficiency of b-sarcoglycan in vascular smooth muscleb-sarcoglycan is, along with d-sarcoglycan and sarco-

span, strictly confined to smooth muscle in lung (Durbeej apparently causes loss of the sarcoglycan–sarcospan
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Figure 6. Microfil Perfusion of the Vasculature

Vessels of 4-week-old heart and diaphragm from wild-type mice showed smoothly tapered vessel walls. In contrast, vessels of the heart and
diaphragm from Sgcb-null mice showed numerous constrictions associated with pre- and poststenotic aneurysms. Also, vessels of 13-week-
old kidneys from Sgcb-null mice showed constrictions and also aneurysms. Note that vessels of the diaphragm from 1-year-old Sgca-null
mice did not show any constrictions. Arrows denote constrictions. Bar, 40 mm.

complex in smooth muscle. Moreover, the predominant phenotype, we also analyzed Microfil-perfused dia-
phragms from Sgca-null mice. Sgca-null mice developcharacteristic feature of the muscular dystrophy and

cardiomyopathy was focal areas of necrosis, resembling a progessive muscular dystrophy and fibrotic areas are
detected in their diaphragms (Duclos et al., 1998b). How-the pathological observations seen in tissue infarcts oc-

curring in ischemic injury. Therefore, loss of the smooth ever, since a-sarcoglycan is not expressed in vascular
smooth muscle, Sgca-null mice should not display anymuscle complex in the vasculature and the presence

of necrotic areas prompted us to analyze whether the vascular perturbations, at any age. Indeed, no constric-
tions were detected in diaphragms of 1-year-old Sgca-presence of abnormalities in the vasculature contributed

to the pathological changes of skeletal and cardiac mus- null mice (Figure 6). Furthermore, we also analyzed Mi-
crofil-perfused kidneys from Sgcb-null kidneys. b-sar-cle. To study the organization of various vascular beds

in skeletal and cardiac muscle we used the Microfil per- coglycan is also expressed in kidney vascular smooth
muscle (Durbeej and Campbell, 1999) and, interestingly,fusion technique in vivo. We perfused wild-type and

Sgcb-null mice at 4 weeks of age, and cleared sections we also detected vascular constrictions in Sgcb-null
kidneys, but never in wild-type kidneys (Figure 6). To-of the diaphragm and heart were analyzed using transil-

luminations with low-power magnification. Interestingly, gether these data support our hypothesis that the
muscle degeneration does not cause the vascular phe-Sgcb-null mice exhibited numerous areas of vascular

constrictions often associated with pre- and poststeno- notype.
tic aneurysms in the vasculature of both diaphragm and
heart, which was never detected in wild-type mice (Fig- Presence of a Distinct e-Sarcoglycan Complex

in Skeletal Muscleure 6). In addition, the vessels of Sgcb-null mice exhib-
ited a serrated contour, rather than the smoothly tapered Although e-sarcoglycan is expressed in skeletal muscle

(Ettinger et al., 1997; McNally et al., 1998), there arevessel walls that are seen in wild-type mice. Functional
disturbance of the coronary artery microvasculature was no reports of e-sarcoglycan being associated with the

skeletal muscle sarcoglycans. In membrane prepara-detected at an age of 4 weeks, before any overt signs
of cardiac morphological alterations were observed. tions of Sgcb-null mice, we found that e-sarcoglycan

was greatly reduced, suggesting that e-sarcoglycanSimilarly, vascular irregularities in the diaphragm were
observed in 4-week-old Sgcb-null mice, at a time when could be part of a skeletal muscle sarcoglycan complex.

To test this hypothesis we isolated DGC from skeletalacute necrosis starts to occur in the skeletal muscle.
These observations indicate that the disturbance of the muscle of wild-type, Sgca-null, and Sgcb-null mice. The

skeletal muscle DGC was extracted by digitonin andvasculature precedes the onset of ischemic-like lesions
in Sgcb-null mice. To further ascertain that the vascular further purified by WGA affinity chromatography, fol-

lowed by centrifugation of the skeletal muscle DGCphenotype is independent of the muscular dystrophy
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Figure 7. Biochemical Characterization of
the Sarcoglycan and Dystroglycan Complexes
in Wild-Type, Sgca-null, and Sgcb-null Mice

The DGC was purified from skeletal muscle
of wild-type, Sgca-null, and Sgcb-null mice
and centrifuged through sucrose gradients.
Fractions 1–14 from the sucrose gradients
were electrophoresed on 3%–12% polyacryl-
amide gels. Nitrocellulose transfers of identical
samples were stained with antibodies against
the sarcoglycans (a-, b-, g-SG) and the dys-
troglycans (a- and b-DG). The sarcoglycan
and dystroglycan complexes were disrupted
in both Sgca- and Sgcb-null mice, whereas
e-sarcoglycan was disrupted only in Sgcb-
null mice.

through sucrose gradients. The migration of the DGC from skeletal muscle of dystrophin-deficient mice (mdx
mice) and mice deficient in both dystrophin and utrophincomplex during high-speed centrifugation through su-

crose gradients has previously been demonstrated (mdx/utr2/2) (Grady et al., 1997). e-sarcoglycan expres-
sion remained in both mdx and mdx/utr2/2 mice (Figure(Crosbie et al., 1998). Proteins from the sucrose gradient

fractions were separated by SDS-PAGE. Immunoblot- 8A), indicating that e-sarcoglycan is not associated with
dystrophin or utrophin.ting with antibodies against the sarcoglycans revealed

that a-, b-, g-, and d-sarcoglycan migrated in fractions
Recombinant Adenovirus-Mediated Gene Transfer7–9 in wild-type mice (Figure 7 and data not shown).
of b-Sarcoglycan Restores e-SarcoglycanWestern blotting of the same fractions with antibodies
Expression in Skeletal Muscleagainst e-sarcoglycan demonstrated that e-sarcoglycan
To further test the hypothesis that b- and e-sarcoglycancomigrated in the same fractions as the other sarcogly-
are associated in skeletal muscle we took an in vivocans, along with a- and b-dystroglycan, although a peak
approach. Recombinant b-sarcoglycan adenovirus wasof a-dystroglycan was also seen in earlier fractions (Fig-
injected into quadriceps femoris muscle of 3-day-oldure 7). In the Sgca-null mice, a-sarcoglycan was absent
Sgcb-null mice to determine if restored b-sarcoglycanand b-sarcoglycan was greatly reduced. Some g- and
also reconstituted e-sarcoglycan expression. After a 16-dd-sarcoglycan remained, but peaked in earlier fractions
expression period, glycoprotein preparations from the(5–7 instead of 7–9) (Figure 7 and data not shown).
whole quadriceps femoris were examined by immuno-e-sarcoglycan, however, remained in fractions 7–9. In
blot analysis using antibodies against e-sarcoglycan andcontrast, a-dystroglycan was absent in fractions 7–9,
the sarcoglycan–sarcospan complex as indicated in Fig-but was still present in the earlier fractions (Figure 7).
ure 8. The Sgcb-null muscle injected with b-sarcoglycanb-dystroglycan was also absent from fractions 7–9, but
adenovirus exhibited renewed expression of e-sarco-some b-dystroglycan was still present in fractions 4–6,
glycan and the entire sarcoglycan–sarcospan complex.although the remaining b-dystroglycan was not associ-
e-sarcoglycan and the sarcoglycan–sarcospan complexated with the remaining a-dystroglycan or the remaining
was restored to about 20%–30% of control levels, whichg-sarcoglycan. Together, these results indicate that de-
is in accordance with the fact that the vastus lateralisficiency of a-sarcoglycan causes dissociation of the sar-
and vastus medialis constitute approximately 20%–30%coglycan and dystroglycan complexes, without affecting
of the total quadriceps femoris. The finding that e-sar-the presence of e-sarcoglycan. This is in contrast to
coglycan is restored upon adenovirus-mediated geneDGC preparations from Sgcb-null mice, in which e-sar-
transfer of b-sarcoglycan strengthens our conclusion thatcoglycan was greatly reduced (Figure 7). Also, in DGC

preparations from Sgcb-null mice all the sarcoglycans b- and e-sarcoglycan are associated with one another.
were absent (Figure 7). a-dystroglycan was absent from
fractions 7–9, but remained in the earlier fractions. Some Discussion
b-dystroglycan also remained in Sgcb-null mice. In sum-

We have engineered mice deficient for b-sarcoglycanmary, loss of b-sarcoglycan causes dissociation of the
through homologous recombination in embryonic stemsarcoglycan and dystroglycan complex and also of e-sar-
cells. b-sarcoglycan is expressed in cardiac as well ascoglycan, whereas mice deficient for a-sarcoglycan
skeletal muscle, but little is known about cardiac in-show normal e-sarcoglycan expression. These data sug-
volvement in LGMD type 2E (caused by mutations ingest the presence of an e-sarcoglycan-containing com-
b-sarcoglycan) (Melacini et al., 1999). Moreover, b-sarco-plex in skeletal muscle. However, it is not associated
glycan is also expressed in smooth muscle, and symp-with the tetrameric unit of a-, b-, g-, and d-sarcoglycan,
toms potentially due to malfunctions of smooth musclesince this complex is very much reduced in Sgca-null
have been reported in patients with Duchenne muscularmice and e-sarcoglycan is retained in these mice. Never-
dystrophy (Bahron et al., 1988; Jaffe et al., 1990). Wetheless, the expression of e-sarcoglycan is obviously
therefore analyzed skeletal, cardiac, and smooth muscleaffected by the b-sarcoglycan mutation, suggesting that
in mice deficient for b-sarcoglycan. Mice lacking b-sar-b-sarcoglycan and e-sarcoglycan may be associated.
coglycan are viable and fertile and have now lived for oneTo further characterize possible molecular interac-

tions with e-sarcoglycan, we analyzed isolated DGC year. However, Sgcb-null mice develop a progressive
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LGMD type 2E (Barresi et al., 1999). Focal areas of ne-
crotic cardiomyocytes are evident already in 9-week-
old Sgcb-null animals, and at 30 weeks of age prominent
areas of fibrosis are detected. Absence of b-sarcoglycan
results in dissociation of the sarcoglycan and dystrogly-
can complexes not only in striated muscle but also in
smooth muscle. It is therefore interesting to note that
Sgcb-null mice show pronounced constrictions of nu-
merous blood vessels, indicating that the loss of the
sarcoglycan complex in the smooth muscle affects vas-
cular function. Vessel constriction can lead to ischemic
injury of the tissue, and the end result is the presence
of a localized area of necrosis, very similar to what is
seen in both skeletal and cardiac muscle of Sgcb-null
mice. Thus, our data strongly suggest that loss of the
sarcoglycan complex in the vascular smooth muscle
provokes vascular perturbation, which in turn exagger-
ates the muscular dystrophy and initiates cardiomyopa-
thy. Several lines of evidence support our conclusion.
First, constrictions of the vessels were detected before
the appearance of necrosis. Second, our laboratory re-
cently developed Sgca-null mice (deficient in a-sarco-
glycan) that develop a less severe muscular dystrophy
compared with Sgcb-null mice and do not exhibit cardio-
myopathy. a-sarcoglycan is specifically restricted to stri-
ated muscle (Roberds et al., 1993; Ettinger et al., 1997;
Liu et al., 1997), whereas b-sarcoglycan is expressed in
both striated and smooth muscle (Bönnemann et al.,
1995; Lim et al., 1995; Durbeej and Campbell, 1999; Straub
et al., 1999) (see also Figures 3 and 4). The smooth
muscle sarcoglycan complex is composed of b-, d-,

Figure 8. e-Sarcoglycan Is Not Associated with Dystrophin or and e-sarcoglycan (Durbeej and Campbell, 1999; Straub
Utrophin, and e-Sarcoglycan Expression Is Restored in Skeletal

et al., 1999) (see also Figures 4 and 5). Deficiency ofMuscle upon Adenovirus-Mediated Gene Transfer of b-Sarcoglycan
b-sarcoglycan should affect the DGC in smooth muscle

(A) The DGC was purified from skeletal muscle of mdx and mdx/
of Sgcb-null mice, whereas smooth muscle of Sgca-utr2/2 mice and centrifuged through sucrose gradients. Fractions
null mice should be unaltered. Indeed, the absence of1–14 from the sucrose gradients were electrophoresed on 3%–12%
b-sarcoglycan in smooth muscle of vasculature, bladder,polyacrylamide gels. Nitrocellulose transfers were stained with anti-

bodies against e-sarcoglycan. The blots were compared with the and esophagus affects the expression of d- and e-sar-
e-sarcoglycan blots from wild-type, Sgcb-null, and Sgca-null mice coglycan, along with sarcospan and a-dystroglycan
shown in Figure 7, demonstrating that the e-sarcoglycan complex (Figures 4 and 5 and data not shown), whereas the
is intact in mice lacking dystrophin and utrophin. smooth muscle complex is unaltered in Sgca-null mice(B) Glycoprotein preparations from quadriceps muscle of wild-type,

(Straub et al., 1999). Consequently, perturbation of theSgcb-null, and Sgcb-null mice injected with 2 3 1010 particles of
vasculature cannot be detected in Sgca-null mice. Third,b-sarcoglycan adenovirus were analyzed after 16 days by SDS-PAGE
data from our laboratory indicate that the disruption ofand immunoblotting using antibodies against a-sarcoglycan (a-SG),

b-sarcoglycan (b-SG), g-sarcoglycan (g-SG), d-sarcoglycan (d-SG), the sarcoglycan complex in vasculature of d-sarcogly-
e-sarcoglycan (e-SG), sarcospan (SSPN) and a-dystroglycan (a-DG) can-deficient mice also perturbs vascular function and
as indicated. To demonstrate equal loading of protein samples, leads to ischemic inury (Coral-Vazquez et al., 1999). Fi-
we used antibodies against the a2 subunit of the dihydropyridine

nally, the cardiomyopathic BIO 14.6 hamster, which hasreceptor (a2-DHPR).
a primary mutation in the d-sarcoglycan gene (Sakamoto
et al., 1997), displays cardiac abnormalities and is asso-
ciated with microvascular dysfunction (Factor et al., 1982).

muscular dystrophy similar to human sarcoglycan-defi- Hack et al. (1998) recently presented a mouse defi-
cient LGMD type 2E (Bönnemann et al., 1995, 1996, cient for g-sarcoglycan that displays muscular dystro-
1998; Lim et al., 1995; Duclos et al., 1998a; Araishi et phy and cardiomyopathy. Using several polyclonal and
al., 1999). LGMD type 2E is a genetically and clinically monoclonal antibodies specific for g-sarcoglycan, we
heterogeneous disease; in humans the symptoms can have not been able to detect g-sarcoglycan in smooth
vary from mild to very severe (Bönnemann et al., 1995, muscle or in any other cell type of lung by immunofluo-
1996, 1998; Lim et al., 1995; Duclos et al., 1998a). Sgcb- rescence. Using the same antibodies in Western blot
null mice develop a severe muscular dystrophy and are analysis, however, we have detected g-sarcoglycan in
associated with elevated CK levels, extensive central lung preparations. In addition, absence of b-sarcogly-
nucleation, pronounced areas of focal necrosis, and a can perturbs expression of g-sarcoglycan in lung mem-
high degree of dystrophic calcification and fatty infiltra- brane preparations. Thus, we have genetic evidence to
tion. Moreover, Sgcb-null mice develop a marked car- suggest that g-sarcoglycan may be part of a smooth

muscle sarcoglycan complex.diomyopathy, which is variably detected in patients with



Pathogenetic Complexity of LGMD 2E
149

Pulser; Hercules, CA). Clones surviving G418 and gancyclovir wereThe obvious phenotypic differences between the
isolated. Targeting fidelity was determined by Southern blot analy-Sgca- and Sgcb-null mice prompted us to analyze these
sis. Cells from three correctly targeted clones were microinjectedmice biochemically for the expression of various DGC
into C57BL/6J blastocysts and transferred into pseudopregnant re-

components on isolated membranes and purified DGC. cipients. Chimeras from the three independently derived ES cells
Interestingly, e-sarcoglycan is greatly reduced in Sgcb- gave rise to heterozygous mice, which in turn were mated to gener-
null mice, whereas its expression is preserved in Sgca- ate homozygous mutants that were genotyped using Southern blot

analysis on DNA from tail biopsies. All animals were kept in thenull mice (see Figure 7). Thus, our data point toward the
animal care unit of the University of Iowa College of Medicine ac-presence of at least two distinct sarcoglycan complexes
cording to the animal care guidelines.in skeletal muscle. One is composed of the well-charac-

terized tetrameric unit of a-, b-, g-, and d-sarcoglycan,
and the other one is composed of e-sarcoglycan, b-sar- Northern Blot Analysis
coglycan, and yet unidentified partners. e-sarcoglycan Total RNA from control, heterozygous, and homozygous-null mutant

skeletal muscle was extracted using RNAzol B (Tel-Test, Friends-is not associated with dystrophin or utrophin, yet the
wood, TX) according to manufacturer specifications. Twenty micro-sucrose gradient fractionation indicates that the e-sar-
grams of total RNA was run on a 1.25% agarose gel containing 5%coglycan complex is as large as the DGC (18S), since
formaldehyde and transferred to Hybond N Membrane (Amersham

the two complexes migrate in the same fractions. Only Corp., Arlington Heights, IL). RNA was cross-linked to the membrane
the DGC including the tetrameric sarcoglycan complex using a Stratagene UV cross-linker (La Jolla, CA). Membranes were
is disrupted in the Sgca-null mice, whereas both the DGC then prehybridized and hybridized with either a 203 bp exon 2 spe-

cific probe or a 253 bp exon 6 specific probe. Washes were carriedand the e-sarcoglycan complex are disrupted in Sgcb-
out at 658C in 13 SSC/1% SDS initially, then 0.13 SSC/1% SDS.null mice. Also, the b-sarcoglycan gene transfer experi-
Blots were exposed for autoradiography.ments strengthen our hypothesis that b- and e-sarco-

glycan are associated. Upon renewed expression of
b-sarcoglycan, not only is the entire sarcoglycan– Histopathology Studies
sarcospan complex restored, but so is e-sarcoglycan Wild-type, heterozygous, and Sgcb-null mice were anesthetized

with Metofane (Schering-Plough, Union, NJ). Subsequently, the ani-expression. Taken together, the more severe phenotype
mals were perfused with 15 ml of PBS, followed by 15 ml of 10%seen in the Sgcb-null mice compared with Sgca-null
buffered formalin fixative solution. After embedding the tissue inmice may not only be due to perturbation of vascular
paraffin, hematoxylin and eosin (H&E) stained sections (4 mm) werefunction, but also to differential disruption of the e-sar- prepared to characterize skeletal and cardiac muscle pathology.

coglycan-containing complex. This might also be the
case for Sgcd-null mice (deficient in d-sarcoglycan),

Evans Blue Dye Injection and Serum Creatine Kinase Analysiswhich show a severe muscular dystrophy and cardiomy-
Evans blue dye (EBD) (Sigma Chemical Co., St. Louis, MO) wasopathy due to the presence of coronary vascular con-
dissolved in PBS (10 mg/ml) and sterilized by passage throughstrictions. Indeed, preliminary data show that e-sarco-
membrane filters with a pore size of 0.2 mm. Mice were anesthetized

glycan is also reduced in striated muscle of Sgcd-null with Metofane and injected in the retro-orbital sinus with 0.05 ml/
mice (unpublished data). 10 g of body weight of the dye solution. Animals were euthanized

In summary, we have generated and characterized 4 hours after injection by cervical dislocation. Muscle cryosections
for microscopic Evans blue detection were incubated in acetone atmice deficient in b-sarcoglycan. These mice exhibit a
2208C for 10 minutes and, after a rinse with PBS, sections weresevere muscular dystrophy, cardiomyopathy, and vas-
mounted in Vectashield mounting medium (Vector Laboratories,cular smooth muscle irregularities. Thus, Sgcb-null mice
Burlingame, CA) and observed under a Zeiss Axioplan fluorescenceshould be useful for providing novel insights into the
microscope (Carl Zeiss, Thornwood, NY). Quantitative, kinetic deter-

pathogenesis of muscular dystrophy and cardiomyopa- mination of creatine kinase activity in serum of wild-type, heterozy-
thy. In addition, they should be useful for studying gous, and Sgcb-null mice was measured using a Hitachi 917 on
smooth muscle dysfunction. Moreover, the b-sarcogly- blood drawn from retro-orbital sinus.
can-deficient mice will also be valuable for evaluation of
new therapeutic approaches directed towards skeletal,

Antibodiescardiac, and smooth muscle.
Monoclonal antibody IIH6 against a-dystroglycan (Ervasti and
Campbell, 1991) was previously characterized. Monoclonal antibodiesExperimental Procedures
Ad1/20A6 against a-sarcoglycan, bSarc/5B1 against b-sarcoglycan,
and 35DAG/21B5 against g-sarcoglycan were generated in collabo-Construction of Targeting Vector
ration with L.V.B. Anderson (Newcastle General Hospital, NewcastleHindIII fragments of a P1 clone containing the mouse b-sarcoglycan
upon Tyne, UK). Monoclonal antibody 43DAG/8D5 against b-dys-gene (obtained from Genome Systems) were subcloned into pBlue-
troglycan was generated by L.V.B. Anderson. Rabbit polyclonal anti-script KS (1) (pBS) and analyzed using restriction mapping and
bodies against a-sarcoglycan (rabbit 98) (Roberds et al., 1993),sequencing (GenBank/EMBL/DDBJ accession number AF 169288).
d-sarcoglycan (rabbits 215 and 229) (Holt et al., 1998), g-sarcoglycanThe long arm of homology in the targeting vector was a 7.2 kb HindIII
(rabbit 245) (Durbeej and Campbell, 1999), e-sarcoglycan (rabbit 232)fragment upstream of exon 6, which had been subcloned into pBS
(Duclos et al., 1998b), sarcospan (rabbit 235) (Duclos et al., 1998b),and cut with Xho1 to generate a 6.5 kb fragment. The short arm
dystrophin (rabbit 31) (Ohlendieck and Campbell, 1991), the a2 sub-was a 1.8 kb Kpn1 fragment carrying approximately half of the intron
unit of dihydropyridine receptor (rabbit 136) (Ohlendieck and Camp-between exons 2 and 3. These fragments were inserted into cloning
bell, 1991), and the laminin a2 chain (Allamand et al., 1997) weresites of pPNT flanking a PGK-neomycin resistance cassette. The
described previously. The goat polyclonal antibody against b-sar-vector included a thymidine kinase cassette distal to the short arm.
coglycan (goat 26) was also described previously (Duclos et al.,The mutant gene therefore lacked ,7.5 kb, which included exons
1998b). An affinity purified rabbit polyclonal antibody (rabbit 256)3, 4, 5, and 6.
was produced against an NH2-terminal fusion protein (amino acids
1–25) of sarcospan. Mark Grady and Joshua Sanes (WashingtonGeneration of Sgcb-Deficient Mice
University School of Medicine) kindly provided rabbit antibody 692The targeting vector was linearized with Not1 and transfected into

2 3 107 R1 ES cells by electroporation (240 V, 500 mF; Bio-Rad Gene against a-dystrobrevin.
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Microfil Perfusion vector. The b-sarcoglycan construct was incorporated into an ade-
novirus vector through standard methods of homologous recombi-Wild-type, Sgcb-null, and Sgca-null mice were anesthetized with 75

mg/kg body weight Phenobarbital and a bilateral sternum incision nation with Ad5 backbone dl309 by the University of Iowa Gene
Transfer Vector Core. Recombinant viruses were purified using es-was performed to expose the left atrium. We perfused 1 ml of Mi-

crofil, a silicon rubber (Flow Tech., Carver, MA), into the left atrium. tablished methods (Graham and van der Eb, 1973; Davidson et al.,
1994). Lysates from infected 293 cells were collected and testedThe heart continued beating for about 1 minute. After contraction

stopped, the heart, diaphragm, and kidneys were rapidly excised for expression of b-sarcoglycan using Western blot analysis. Re-
combinant virus was plaque purified, amplified, and purified by CsCland cured on ice for about 10 minutes. Adequacy of vascular perfu-

sion was judged by the white blush that developed in the ventricular gradient centrifugation. For adenovirus injections, 2 3 1010 viral
particles in 20 ml of normal saline were injected into the quadricepswall, as well as a white filling of other main arteries, including the

mesenteric and femoral arteries. The hearts, diaphragms, and kid- femoris muscle of 3-day-old Sgcb-null mice. After 16 days, injected
quadriceps (along with quadriceps from age-matched wild-type andneys were fixed in 10% formalin for 48–72 hours and cardiac and

kidney tissue was sectioned into 2 mm thick transverse cross sec- noninjected Sgcb-null mice) were collected and snap frozen in liquid
nitrogen. Glycoprotein preparations were prepared as describedtions. The diaphragms were taken out as whole tissue and were not

further cut. The tissues were subsequently cleared by sequential 24 previously (Holt et al., 1998). For immunofluorescence evaluations,
quadriceps were collected after 21 days.hour immersions in 25%, 50%, 75%, 95%, and finally 100% ethanol.

On day 6, specimens were placed in pure methyl salicylate for 12–24
hours. All steps were carried out at room temperature. Microvascular Acknowledgments
perfusion was visualized with transillumination and examined under
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tion) for adenovirus construction, isolation and purification; Markskeletal muscle, cardiac muscle, lung, bladder and esophagus. The
Grady and Joshua Sanes (both from Washington University Schoolfollowing steps were all performed at room temperature. Sections
of Medicine) for providing mdx/utr1/2 mice; and members of thewere blocked with 5% BSA in PBS for 20 minutes and then incubated
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Immunoblot Analysis of Membrane Preparations Received July 30, 1999; revised October 18, 1999.
KCl-washed membranes from skeletal and cardiac muscle and lung
were prepared as described previously (Ohlendieck and Campbell, References
1991), with the addition of two protease inhibitors, calpeptin and
calpain inhibitor I (Duclos et al., 1998b). Membranes were resolved Allamand, V., Sunada, Y., Salih, M.A., Straub, V., Ozo, C.O., Al-
by SDS-PAGE on 3%–12% linear gradient gels and transferred to Turaiki, M.H., Akbar, M., Kolo, T., Colognato, H., Zhang, X., Sorokin,
nitrocellulose membranes. Immunoblot staining was performed as L.M., Yurchenco, P.D., Tryggvason, K., and Campbell, K.P. (1997).
previously described (Ohlendieck and Campbell, 1991). Blots were Mild congenital muscular dystrophy in two patients with an internally
also developed using enhanced chemiluminescence (SuperSignal, deleted laminin alpha2-chain. Hum. Mol. Gen. 6, 747–752.
Pierce Chemical Co.).

Araishi, K., Sasaoka, T., Imamura, M., Noguchi, S., Hama, H., Waka-
bayashi, E., Yoshida, M., Hori, T., and Ozawa, E. (1999). Loss of the

Sucrose Gradient Fractionation of Skeletal Muscle sarcoglycan complex and sarcospan leads to muscular dystrophy
Dystrophin–Glycoprotein Complex in beta-sarcoglycan deficient mice. Hum. Mol. Gen. 8, 1589–1598.
Skeletal muscle (1.5 g) was dissected from wild-type, Sgca-null, Bahron, R.J., Levine, E.J., Olson, J.O., and Mendel, J.R. (1988).
Sgcb-null, mdx, and mdx/utr2/2 mice and snap frozen in liquid nitro- Gastric hypomotility in Duchenne’s muscular dystrophy. N. Engl. J.
gen. Frozen tissue was pulverized using a mortar and pestle cooled Med. 319, 15–18.
with liquid nitrogen. The tissues were solubilized by dounce homog-

Barresi, R., Di Blasi, C., Negri, T., Brugoni, R., Vitali, A., Felisari, G.,
enization in 10 ml cold buffer A (50 mM Tris–HCl, pH 7.4, 500 mM

Salandi, A., Daniel, S., Cornelio, F., Morandi, L., and Mora, M. (1999).
NaCl, 1% digitonin) with a cocktail of protease inhibitors (0.6 mg/

Disruption of heart sarcoglycan complex and severe cardiomyopa-
ml pepstatin A, 0.5 mg/ml aprotinin, 0.5 mg/ml leupetin, 0.1 mM

thy caused by b-sarcoglycan mutations. J. Med. Gen. In press.
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E., and Kunkel, L.M. (1995). Beta-sarcoglycan (A3b) mutations causeresolubilized with 5 ml buffer A, rotated at 48C for 30 minutes, and
autosomal recessive muscular dystrophy with loss of the sarcogly-centrifuged as before. The two supernatants were pooled and incu-
can complex. Nat. Genet. 11, 266–273.bated at 48C with WGA-Agarose (Vector Laboratories). The WGA-
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severe limb-girdle muscular dystrophy type 2E (LGMD 2E). Hum.centrated to 0.3 ml, diluted 5-fold in buffer B, again concentrated to
Mol. Gen. 5, 1953–1961.0.3 ml using Centricon 30 filters, and applied to a 5%–30% sucrose

gradient at pH 7.4, as described previously (Ervasti et al., 1991). Bönnemann, C.G., Wong, J., Hamida, Ch.B., Hamida, M.B., Hentati,
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homozygous missense mutation in b-sarcoglycan exon 3. Neuro-Recombinant Adenovirus and Adenovirus Injections
musc. Disord. 8, 193–197.The b-sarcoglycan adenovirus was constructed by subcloning the
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