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The BIO14.6 hamster is a widely used model for dystrophy (DMD/BMD) and severe childhood autosomal
autosomal recessive cardiomyopathy. These animals die recessive muscular dystrophies (SCARM&Y and references

complex has greatly improved our understanding of muscular
dystrophieg10-14). Dysiophin is a subsarcolemmal rod-shaped
protein which associates with several other proteins and

heart failure. The primary genetic defect leading to the
cardiomyopathy is still unknown. Recently, a genetic

linkage map localized the cardiomyopathy locus on glycoproteins to form the dystrophin—glycoprotein complex. This
hamster chromosome 9ga2.1-bl, excluding several is composed of two main subcomplexes: dystrophin—dystroglycan
candidate genes. We now demonstrate that the cardio- and sarcoglycan. Dystrophin—dystroglycan functions as a bridge
myopathy results from a mutation in the  &-sarcoglycan across the muscle membrane from actin to me(bSin

gene that maps to the disease locus. This mutation was Sarcoglycan (SG) has been described as a complex of four

transmembrane glycoproteins: a 50 kDa (A2, 50DAG, adhalin,
0-SG), a 43 kDa (A3b, 43DA@@-SG), a 35 kDa (A4, 35DAG,
y-SG) (8,15,16) and a 35 kD&$G) (17). Mutdons of eaclsG

completely coincident with the disease in backcross and
F, pedigrees. This constitutes the first animal model

identified for human sarcoglycan disorders. gene have been proved to cause autosomal recessive humar
limb-girdle muscular dystrophies (LGMD@)8); the LGMD2C
INTRODUCTION (19), LGMD2D (20,21), LGMD2E (22,23) and LGMD2F

(24,25) are caused by, a-, B- and oSG gene defects,

For at least three decades, the cardiomyopathic Syrian hamstspectively. In all forms, the primary loss of one SG component
(BIO14.6) has constituted a widely studied animal model dfivolves the full complex. A triplet of 59 kDa proteins, known as
hypertrophic cardiomyopathy and muscular dystrofth®).  syntrophins (Al), a 25DAP (A5) and the human homologues of
These animals develop widespread muscle cell necrosis in theTorpedd87 kDa (dystrobrevins, A0), also seem to be involved
myocardium as well as in the skeletal muéglé). Hypertophy  in complexes with dystrophifi5).
of the remaining cardiomyocytes is followed by heart dilatation Genes encoding the dystrophin-associated proteins are now
leading to ultimate failure. Several genes which cause humaansidered good candidates for the hamster cardiomyopathy. In
hypertrophic cardiomyopathy including those coding fomparticular, adhalino-SG) deficiency has been revealed in the
B-myosin heavy chairg-tropomyosin, cardiac troponin T, and cardiomyopathic hamster muscle before the onset of
B-myosin-binding protein C were exclud€g6). Thus, dgste  myocytolysis(26,27). However, two independentidies have
a very large number of studies, tadiomyopathygene has not indicated that tha-SG deficiency is secondary, the first showing
yet been identified. that then-SGmRNA and cDNA sequences are normal (28), and

Inthe last few years, research has concentrated upon dystrophia second physically mapping tesGgene to a chromosomal
(7) and the dystrophin-associated glycoprotein complex, sinceegion outside the disease locus (5). In the latter report, we
similar muscle cell necrosis occurs in Duchenne/Becker musculanstructed a genetic linkage map of the Syrian hamster using
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Figure 1. Western blot analysis. 1, GS¥SG fusion protein; 2, GSY-SG
fusion protein; 3, human pectoral muscle; 4, Syrian hamster cardiac muscle; 5,
BIO14.6 cardiac muscle; 6, Syrian hamster leg muscle; 7, BIO14.6 leg muscle;C R
8, BIO14.6 paravertebral muscle. w.t. . =
hamster MPQEQYSHH RSTMPSSEGP HIYKVGIYGW RKRCLYFFVL LLMILILVNL 49
hi AN, W~ A T _— — ——_———
uman Mo eV PCRcycles 13 15 17 19 21
AMTIWILKVM NFTIDGMGNL RITEKGLKLE GDSEFLQPLY AKEIQSRPGN 99
ALYFKSARNV TVNILNDQTK VLTRLVTGPK AVEAYGKKFE VKTVSGKLLF 149 BIO 14‘6 -—
_______________________ Q-I-=== =mmmmmmmee —mmmmee o
SADDNEVVVG AERLRVLGAE GTVFPKSIET PNVRADPFKE LRLESPTRSL 199
e e kbl - --- Figure 3.5-SG RNA guantitative assay#)(A 340 nucleotide antisense RNA
probe corresponding to exon 8 of ham&tsGwas labelled usingf32P]GTP
VMEAPKGVEI NAEAGNMEAT CRSELRLESK DGEIKLDAAK IKLPRLPRGS 249 and T7 RNA polymerase. The probe contained 55 nucleotides of multiple
---------------------- Pommmmmm mmmmemmmmn oRe e eH-- cloning site (MCS) and 45 nucleotides of introrBj.The arrow indicates the
protected RNA fragment of 240 nucleotides that is visible after RNase digestion
YTPTGTRQKV FEVCICANGR LFLSQAGTGS TCQINTSVCL 289 of the normal hamster skeletal muscle sample (lane 1). Lane 2 represents a yeast
____________ IoVemmmm mmmmmm—Am mmmmmmmm RNA control; lane 3, BIO14.6 skeletal muscle RNA; lane 4, BIO14.6 cardiac

muscle RNA. F indicates the undigested 340 nucleotide free RNA probe. M
indicates the radiolabelled molecular weight markers (587, 540, 504, 458, 434,
Figure 2. Amino acid homology between deduced Syrian hamster (GenBank 267, 234, 213, 192 and 184 nucleotide3).Quantitative RT-PCR amplifica-
accession No. Y08838) and human (GenBank accession No. X#b$¢H) tion of cardiac muscle cDNAs. cDNA was amplified using the primers 190F
gene product. Dashes indicate amino acid identity with the Syrian hamsterATTGATGGAATGGGGAACTTAAGAA, exon 3) and 520R (AGACTGTG-
sequence. CCTTCAGCTCCTAAGACT, exon 6) by the indicated cycles of PCR and
hybridized with a32P-labelled internal oligo (433F, TCTGGAAAATTGCT-
back d . dth di thy | t t&'(l;erTCTGCGGATG, exon 5). Counting of _the 331 bp bands showed an
ac cross_progeny and assigne € cardiomyopathy 10Cus 10 185 4o every four cycles. In the experiment shown, after 21 cycles
centromeric region of hamster chromosome 9ga2.1-b1 (5).084 000 counts were measured from the wild-type (w.t.) Syrian hamster and
Afterwards, thef3- and y-SG genes were also checked for 41600 from the BIO14.6. The autoradiogram was exposed for 2 h.
mutations, with no resu{9).
In this study, we investigated whether h&G gene is the

primary cause for the cardiomyopathy of BIO14.6 hamsters using

molecular and genetic analyses. 0-SGMRNA expression is severely reduced in BIO14.6
muscle
RESULTS Non-degenerate primer pairs were designed from the human

cDNA sequence (X95191) and used in PCR to amplify overlap-
ping fragments of the hamst&eB6Gcoding sequendé 7). These

We analysed the skeletal and cardiac muscle from cardiomysequences were assembled into an open reading frame (ORF),
pathic BIO14.6 hamster compared with the control F1B strain ksimilar to the human sequence (Fig. 2).

Western blot. A rabbit polyclonal serum directed against the We next amplified th&SGcDNA from the BIO14.6 templates
humand-SG (17) specifically ramgnized only one 35 kDa band using hamster-specific primer pairs. Interestingly, we obtained
from the hamster muscle. This band appears to be identical to tfaht >SGRT-PCR products from the BIO14.6 compared with
observed using fresh homogenates from human or mouse mustte.control hamster. RNase protection assay was then performed
The immunoreactivity was totally competed out with the fusiomsing a 340 nucleotide probe encompassing part of the eighth
protein used to raise the serum, but not with the control proteirexon of hamsted-SG (Fig. 3A). In the experiment shown, no

In the BIO14.6 strain, we saw no 35 kDa band corresponding 8SGprotection was obtained by either skeletal or cardiac muscle
the d-SG in either cardiac or skeletal muscle (Fig. 1). BIO14.6 RNA (Fig. 3B, lanes 3-4). However, after longer

The 8-SG protein is absent from BIO14.6 muscle



Human Molecular Genetics, 1997, Vol. 6, No. 4603

A
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Figure 4.(A) Sequence of the genomic region containing the first exon and part of the putative promoter (GenBank accession no. Y08840) of the SyB8&h hamster
gene. The Sends of the longest RACE products (indicated by the arrow) may define the transcriptional start t&Gfgiee. Primer extension performed on
wild-type muscle RNA confirmed the possible start of transcription indicated by the longest RACE piBjietdia] genomic map of the Syrian ham&t&G

gene A phage clones are indicated as bold lines. The probe used in FISH experiment is desEitRdt. €., exon.

exposure, a faint protection was visible in BIO14.6 heart RNAJTR) with two in-frame stop codons, whereas the second exon
but not in skeletal muscle (not shown). These findings wetgegins with the first AUG. In contrast, in the human transcript, the
constant using different RNA probes and template preparatiostart codon is located at the end of the upstream exon. The full
and were confirmed by Northern blot (not shown). ORF encodes a predicted 289 amino acid protein, having 95%
We then estimated the amoun®ebGmRNA in BIO14.6. A amino acid identity with the human cDNA (Fig. 2). In compari-
low number of PCR cycles was performed and products wesen, the hamster-, 3- andy-SG have 88, 95 and 83% amino acid
blotted and hybridized to an internal primer. Results werigentity with the respective human sequen@. Sequence
guantified using a Phosphor Image analyser and normalized. Té@mparison between the BIO14.6 and normal cardiac muscle
0-SGMRNA level was always seen as <3-5% in heart (Fig. 3C3DNA revealed a different TR, but no mutation in the coding
while it was negligible in skeletal muscle. region.
We next performed 'Srapid amplification of cDNA ends
(RACE) (30) using reverse nestedigonucleotide primers |nyagenic deletion of the first exon sequence in the
located at the '5end of the hamster cDNA. THeSG cDNA  g|014.6 hamster
contains af200 bp sequence correctly spliced to the second exon
(Fig. 4a). No difference was observed using either cardiac @ve screened a Syrian hamster genomic DN\phage library
skeletal muscle cDNA templates. We obtained the same datsing thed-SG cDNA as a probe. Like the human gene, the
performing the RACE with different nested primers and conhamsted-SGgene spans a very large genomic region, since most
firmed the sequence co-linearity with genomic DNA clones. Thimtrons are exceedingly larger than singlphage clones (size
putative first exon only comprises theutranslated region'(5 9-23 kb). We isolated several overlapping clones in the promoter



604 Human Molecular Genetics, 1997, Vol. 6, No. 4

e EEE TEEE region and constructed BadRI restriction map covering >40 kb
KB _NE NE M (Fig. 4B). The 5UTR and the putative promoter were mapped to
a 2.0 kbEcaRI fragment, 24 kb from the second exon, while the
minor promoter was located upstream. We used these sequence:
as probes in Southern blotting. In the experiment, DNA was cut
with Hindlll, EcaRV or EcdRl. The first exon-containing probe
did not recognize the specific bands from BIO14.6 DNA (Fig. 5).

Localization of the SG gene by FISH analysis

To see if the defect &+ SG protein and reductiondSGMRNA
expression level could be the primary cause of the cardiomyo-
ethidium bromide staining pathy, we performed fluorescenicesitu hybridization (FISH)
analysis. Cloning of théSG gene and the probes used are
described in Materials and Methods and Figure 4B. FISH analysis
Figure 5. Southern blot analysis of DNA from control Syrian hamster (N) and revealed that th&SGgene is located on chromosome 9qa2.1—b1

BIO14.6 (B). DNA (10.g) was digested withindll, EcoRV or EccRl prior ~ Where the Syrian hamster cardiomyopathy locus has been

to 0.8% agarose gel electrophoresis. The blot was hybridized with thanapped (5)Kig. 6).
radiolabelled 2.0 kEcaR| genomic fragment containing the first exon and the

putative promoter of the hamsteBGgene. The ethidium bromide staining is Linkage analvsis using backcross and-Foediagrees
shown for direct visualization of the equality of the DNA quantity in the gel. A 9 y 9 Fpedig

second probe (at lower specific labelling) recognizes the following moleculani/e had previously constructed a whole genetic map of the Syrian

weight markers (M): 5000, 2258, 1204, 794, 517, 396 bp. hamster using 72 backcross progeny (5). (ABID14.6) F was
mated to BIO14.6 and the backcross progeny were produced. The
phenotypes of progeny (cardiomyopathic or normal) were at an

RN BB

Figure 6. Chromosomal localization of tBeSGgene with the direct R-banding FISH method using a 5.3 kb genomic DNA fragment (encompassing the second exo
and part of the second intron) inserted in pBS'{SiK a biotinylated probe. The hybridization signals are indicated by arrows (A, C and D). The signals are localizec
to the proximal end of the gb1 band of chromosome 9. The metaphase spreads were photographed with Nikon B-2A (A, C and D) and UV-2A (B) filters. R-band
G-band patterns are demonstrateddinG andD) and 8), respectively.
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AFB22334455688999991111111 tf;(atI B—SIG aggj&SGa resemhbling dlysm., arle expressedd in
skeletal, cardiac and smooth muscle, is also expresse
C1I79170613146045670000111 in non-muscle cells. SG proteins in skeletal muscle are found
N O 5679013 together in equimolar rat{d6,37). In other tissues, whether the
Yol el e four SG components are associated in a standard functional array
_ is still unknown. One can hypothesize that the differences in the
v Snp=n 0 § 2 S @l tissue-specific expression may affect different arrangements of

these SGs. This might explain why the ham38G mutation
Figure 7. Southern blot analysis of backcross pedigree using a E6d& mainly affects the heart function even ifh8G protein is absent
genomic DNA fragment containing the first exon of#@Ggene as a probe.  in both skeletal and cardiac muscle. In LGMD2F, skeletal muscle
This panel shows only a part of the backcross progeny. BIO and F1 represef more involved, but cardiac symptoms might be mitigated by
the BIO14.6 strain and (ACHBIO14.6) 1, respectively. The number refersto  |iitation of heart work load in patients confined to wheelchairs.

the backcross pedigree. Fiug of genomic DNA digested withcaR| were . . . . -
loaded onto a 0.8% agarose gel and Southern blot analysis was performed. Thanally, the existence of LGMD2F patients with prevailing

symbol *+ indicates that the individual has cardiomyopathy (cm), whereas '~ cardiac damage cannot be excluded.

indicates the absence of cardiomyopathy. The deleted band of Eddfkb Interestingly, the mutation described is a deletion of putative
fragment is completely coincident (no recombination) with the mutant regulatory sequences in a gene mainly involved in muscular
phenotype in all the backcross 72) and g (n = 131) pedigrees. dystrophy. This situation is comparable with the one described by

Muntoniet al (38,39) in Xlinked dilated cardiomyopathy. This
gondition is, in fact, associated with a deletion in the dystrophin
muscle promoter and first exon. Recently, a transcriptional
72) and | pedigreerf = 131) showed that the absence of 2.0 kig"hancer in this same region of the human dystrophin gene has
)  pedigreert ) W een identified40). It will be interesng to determine in both

EcdRl fragment containing the first exon was completel . . . _
coincident with the mutant phenotype (Fig. 7). This evidencgonditions whether the deleted regions contain cardiac- and/or

strongly suggests that tBeSGgene is the primary cause of the St2ge-specific regulatory sequences. .
hams%gr cgggiomyopathy. g ! primary cau Our results lend significant support to a specific rol&86

in the cardiac dystrophin-associated complex. However, the
function of &SG within the complex remains obscure. Further
DISCUSSION studies on SG expression in human cardiomyopathies are

Here we show thatSG protein is undetectable in the cardiomyoNécessary and a still larger use of this hamster model may have
pathic hamster muscle. This is associated with a strong reductiorffhIMPact on therapy.
0-SGMRNA levels. Our findings indicate that a deletion occurs in
thed-SGregulatory sequences and first exon. To verify whether thMATERIALS AND METHODS
is the primary cause of the BIO14.6 disease, we used geneAi
analyses. FISH localized th&SG gene to chromosome
9ga2.1-b1, where the cardiomyopathic locus has been mapmih14.6 cardiomyopathic Syrian hamsters were purchased from
(5). Analysis with the backcross € 72) and E (n = 131)  Bio Breeders, Fitchburg, MA. Male F1B control golden Syrian
pedigrees demonstrated that the deletion of the first exon Hamsters were obtained from Charles River (ltaly). Animals were
completely coincident with the mutant phenotype. These dagacrificed in accordance with institutional guidelines. Backcross
demonstrate that tieSGgene is the primary causative gene forprogeny were produced from BIO14.6 (B) and an inbred strain
the Syrian hamster cardiomyopathy. ACN (A) using (ACN-BIO14.6) F femalesBIO14.6 males
The residuab-SGtranscription in BIO14.6 cardiac muscle is (ABB, n = 72). (ACN<BIO14.6) K progeny (i = 131) were also
produced by a weak alternative promoter and first exon (Y0883gboduced and genotyped. Phenotype was confirmed by the
located upstream from the deleted region. This promoter is algfeasurement of serum creatine phosphokinase (CPK) level at 60
used in the normal hamster heart (unpublished data). and 90 days of age, and by the microscopic examination of heart,
The BIO14.6 hamster has been a historical model for cardigsngue and skeletal muscle at 90 days of age.
myopathy. Now it is the first animal model reported for a
sarcoglycanopathy, which represents a documented examplg Gfsiarn blotting
an SG gene mutation associated with an autosomal recessive
cardiomyopathy. In most human sarcoglycanopathies, cardiauction and purification of fusion proteins and antibody
function is spared31,32). In the case of dysphin gene production againsi-SG were performed as described (17).
mutations, in contrast, cardiac damage is very common and dalamster frozen muscular tissue was crushed in a pre-cooled
major factor in reducing life expectancy, particularly in BMDmortar. Approximately 50 mg of sample were added tquP60
patients and in female carriers of DMD/BMBB-35). Interest- loading buffer [8 M urea, 125 mM Tris—HCI pH 6.8, 4% SDS, 100
ingly, ana-SG negative staining has been observed in the heanitM dithiothreitol (DTT) and 0.001% bromophenol blue], boiled
transplanted from a 13-year-old boy with severe cardiomyopatligr 3 min and centrifuged to remove SDS-insoluble proteins.
(36). Since na-SG gene mutation has been reported for thaSamples were run on 11% SDS-PAGE and transferred to
patient, it may be interesting to investigate wheth®G gene  nitrocellulose sheets. Membranes were incubated for 2 h at room
mutations also lead to human cardiomyopathies. temperature with rabbit antiserum diluted 1:4.000 in phosphate-
The observation that SG defects affect cardiac muscle less tharffered saline (PBS) with 3% non-fat milk, 0.05% Tween-20
dystrophin mutations has also been correlated with the differesutd 0.05% NP-40. After washing, membranes were incubated for
expression pattern of dystrophin mRNA. It may be noteworthy h with peroxidase-conjugated anti-rabbit IgG diluted 1:10 000

(1:1 ratio, following the Mendelian rule. The linkage analysi
using the (ACNBIO14.6) R xBl014.6 backcross pedigree=

C.
nimals
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in PBS with 0.5% non-fat milk, 0.05% Tween-20 and 0.05%ion solution to make a final concentration of 50% formamixle, 2
NP-40. Immunoreactive bands were visualized by ECL (AmeiSSC, 10% dextran sulphate and 2 mg/ml bovine serum albumin
sham). (BSA, Sigma). Each 2@ mixture containing 250 ng of labelled
DNA was put onto a denatured slide, covered with Parafilm and
incubated overnight at 3. The slides were washed for 20 min

in 50% formamide in2SSC at 37C and in X SSC and 2 SSC

for 20 min each at room temperature. After rinsingxrs&cC,
Total cardiac and skeletal muscle RNA from Syrian hamster atidey were incubated under coverslips with fluoresceinated avidin
BlO14.6 was isolated and reverse transcribed according fgector Laboratories) at a 1:500 dilution in 1% BSABSC for
standard procedures (41). Lowirsgency PCR amplifications 1 h at 37C. After washing, the slides were stained with
were performed in a Robocycler Gradient 96 (Stratagene), whifa’5 mg/ml propidium iodine. Excitation at a wavelength of
allows the simultaneous use of 12 different annealing temper#0-490 nm (Nikon filter set B-2A) and near 365 nm (UV-2A)
tures using a 10 reaction, 31M of each primer, 3.5 mM dNTPs, was used for observation of R-banded and G-banded chromo-
5 mM MgCh, 100 mM KCI and 0.5 U AmpliTag polymerase somes, respectively. Kodak Ektachrome ASA100 films were
(Perkin Elmer). All the other PCR amplifications were performedised for microphotography.

in a thermal cycler PTC-100 (MJ Research) as described (42).
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