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Summary

We report the results of our investigations of a large,
inbred, aboriginal Canadian kindred with nine muscular
dystrophy patients. The ancestry of all but two of the
carrier parents could be traced to a founder couple,
seven generations back. Seven patients presented with
proximal myopathy consistent with limb girdle-type
muscular dystrophy (LGMD), whereas two patients
manifested predominantly distal wasting and weakness
consistent with Miyoshi myopathy (distal autosomal re-
cessive muscular dystrophy) (MM). Age at onset of
symptoms, degree of creatine kinase elevation, and mus-
cle histology were similar in both phenotypes. Segrega-
tion of LGMD/MM is consistent with autosomal reces-
sive inheritance, and the putative locus is significantly
linked (LOD scores >3.0) to six marker loci that span
the region of the LGMD2B locus on chromosome 2p.
Our initial hypothesis that the affected patients would
all be homozygous by descent for microsatellite markers
surrounding the disease locus was rejected. Rather, two
different core haplotypes, encompassing a 4-cM region
spanned by D25291-D25145-D25286, segregated with
the disease, indicating that there are two mutant alleles
of independent origin in this kindred. There was no
association, however, between the two different haplo-
types and clinical variability; they do not distinguish
between the LGMD and MM phenotypes. Thus, we
conclude that LGMD and MM in our population are
caused by the same mutation in LGMD2B and that addi-
tional factors, both genetic and nongenetic, must con-
tribute to the clinical phenotype.
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Introduction

The limb-girdle muscular dystrophies (LGMDs) are a
heterogeneous group of disorders with variable inheri-
tance patterns, ages at onset, rates of progression, and
patterns of muscle involvement, although muscles of the
shoulder and pelvic girdles are primarily involved
(Brooke 1986; Bushby 1995; Yamanouchi et al. 1995).
The clinical spectrum is broad, and a clearer classifica-
tion is now beginning to emerge, with the identification
of multiple loci for this group of muscular dystrophies.
Thus far, one autosomal dominant locus has been identi-
fied and mapped to chromosome 5q31-q33 (Speer et
al. 1992; Yamaoka et al. 1994), and another has been
inferred to exist, by exclusion of linkage (Speer et al.
1993, 1995). Five loci for autosomal recessive forms of
LGMD have also been mapped: LGMD2A to chromo-
some 15q15.1-q15.3 (Allamand et al. 1995), with the
gene identified as CANP3, encoding a calcium-activated
neutral protease (Richard et al. 1995); LGMD2B to
chromosome 2p13.3 (Passos-Bueno et al. 1995);
LGMD2C to chromosome 13q12 (Ben-Othmane et al.
1992, 1995), with the gene product identified as y-sar-
coglycan (A4,35DAG [Noguchi et al. 1995]); LGMD2D
to chromosome 17q12-q21.33 (Roberds et al. 1994),
with the gene product identified as o-sarcoglycan
(adhalin); and LGMD2E to chromosome 4ql12
(Bonnemann et al. 1995), with the gene product identi-
fied as B-sarcoglycan (Lim et al. 1995). In addition, a
form of distal myopathy (Miyoshi myopathy [MM]) re-
cently has been mapped to chromosome region 2p12-
pl4, and it has been suggested that MM may be an
allelic variant of LGMD2B (Bejaoui et al. 1995).
Clinically, these various forms of LGMD have not
been distinguishable (Bushby 1995; Bushby and Beck-
mann 1995; Yamanouchi et al. 1995), and therefore
linkage studies of unrelated families may encounter ge-
netic heterogeneity. It is thus useful to study large, con-
sanguineous pedigrees and families from isolated popu-
lations (Lander and Botstein 1986; Histbacka et al.
1992), to minimize genetic heterogeneity. We identified
a large aboriginal Canadian kindred with nine affected
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individuals who presented with autosomal recessive
LGMD. Some of the patients were inbred, and our initial
hypothesis was that they would be homozygous by de-
scent for the chromosomal region harboring the disease-
causing mutation. This has turned out not to be the
case, and we report here that the candidate locus in this
pedigree is linked to the LGMD2B locus with
two distinct phenotypes, one a classical LGMD and the
other MM.

Subjects and Methods

Patients and Pedigree

A large aboriginal kindred with nine patients exhib-
iting autosomal recessive LGMD or MM was identified
in the province of Manitoba. Multiple sources of ascer-
tainment were utilized to verify genealogical informa-
tion and to construct a detailed pedigree (fig. 1). These
included an extensive review of Anglican and Catholic
diocese records dating back to 1860, interviews with
the families and elders of the Sagkeeng First Nation,
interview with the Grand Chief of Manitoba First Na-
tions and review of his genealogical documents, and
review of the records of both the Archives of the Govern-
ment of Manitoba and the Hudson’s Bay Company of
Canada. Several consanguineous matings were identi-
fied, with one or both parents of every affected individ-
ual confirmed as a descendant of one founder couple,
seven generations back. The pedigree as illustrated has
been modified for reasons of confidentiality.

The affected individuals and some of their close rela-
tives were interviewed and examined by C.R.G. and/or
D.E. After informed consent was obtained, patients and
extended-family members underwent a neuromuscular
examination, and blood samples were obtained for
DNA banking and creatine kinase (CK) analysis. Where
possible, electrophysiological studies and open muscle
biopsies were performed on the patients and cardiac
assessments were undertaken.

DNA Studies

DNA was extracted from whole blood, as described
elsewhere (Greenberg et al. 1987). Oligonucleotide
primers designed to amplify 43 microsatellite loci shown
to be linked to eight candidate genes including CMD
(chromosome 6) (Hillaire et al. 1994), FCMD (chromo-
some 9) (Toda et al. 1994), LGMD1A (chromosome
5) (Weber et al. 1991; Speer et al. 1992), LGMD2A
(chromosome 15) (Allamand et al. 1995), LGMD2B
(chromosome 2) (Bashir et al. 1994; Passos-Bueno et al.
1995), LGMD2C (chromosome 13) (Ben-Othmane et
al. 1992), LGMD2E (chromosome 4) (Lim et al. 1995),
and MPD1 (chromosome 14) (Laing et al. 1995) were
obtained from Research Genetics. Forty-one DNA sam-
ples were genotyped according to protocols reported
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elsewhere (Sirugo et al. 1992; Rodius et al. 1994), with
minor modifications. Alleles for each microsatellite locus
were sized with respect to CEPH individual 134702.
Allele designations can be found in the Genome Data-
base (GDB 5.6 and 6.0).

Linkage Analysis

Linkage analysis was performed by using the LINK-
AGE programs (versions 5.1 and 5.2) (Lathrop and
Lalouel 1984; Lathrop et al. 1984, 1986) and the
FASTLINK version (3.0P) of the LINKAGE programs
(Cottingham et al. 1993; Schiffer et al. 1994; Schiffer
1996). MLINK was used for two-point analysis of an
autosomal recessive trait with complete penetrance un-
der the assumption that all ancestors were unaffected.
Disease-allele frequency was assumed to be .05 for the
founders of the kindred, and marker allele frequencies
initially were assumed to be equal but subsequently were
estimated by using ILINK for chromosome 2p loci. To
screen for linkage, two-point linkage analysis initially
was performed on the subset of the kindred, comprising
the patients, their typed relatives, and close ancestors
but without any consanguinity or marriage loops (fig.
2). After suggestive linkage to chromosome 2p loci was
found, the additional genealogical information was used
to analyze the complex pedigree (fig. 1). The subset
of the kindred was also used for the construction of
haplotypes, by using seven microsatellite loci most
closely linked to LGMD2B: D2§327-D25292-D25291-
D28§145-D25286-D25169-D28329 (fig. 2) (GDB 5.6
map symbol C2M59) (Passos-Bueno et al. 1995). The
most parsimonious haplotypes were selected, under the
assumption that a minimal number of recombination
events and no marker mutations occurred. Haplotypes
were inferred where individuals were not typed.

Results

Pedigree and Clinical Description

The extended kindred showing nine affected individu-
als and four consanguinity loops is presented in figure
1. Segregation of the disease in the pedigree is consistent
with autosomal recessive inheritance. Several consan-
guineous matings were identified, and at least one parent
of every affected individual was confirmed to be a de-
scendant of one founder couple, seven generations back
(Aig. 1). For two carrier mothers, however, it was not
possible to establish a link to this founder couple. Clini-
cal data from the nine affected individuals are presented
in table 1. In summary, all patients noted their onset of
weakness in adolescence and, at presentation, demon-
strated features of either predominantly proximal or dis-
tal wasting and weakness. Extraocular and facial mus-
cles were spared in all patients. Two of the patients
(patients 1 and 2) manifested predominantly the MM
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Figure 1 Pedigree of a large aboriginal kindred in which LGMD and MM are segregating. Patients 1 and 2 are affected with MM, and
patients 3-9 are affected with LGMD (table 1). Arrows indicate the two parents who cannot be linked to the founder couple. The subset of
this pedigree that was used in linkage and haplotype analyses is indicated with brackets. The pedigree has seven consanguinity and marriage
loops. Consanguinity is indicated by double lines.

phenotype, with distal wasting, distal weakness, grossly ness (LGMD); all have shown distal involvement, and
elevated CK, and slow progression of disease to involve  all but patient 9 are currently nonambulatory. Muscle
proximal muscles. Seven patients (patients 3-9) pre-  biopsies all demonstrated dystrophic changes of varying
sented with predominantly proximal wasting and weak-  degrees, and findings were similar in LGMD and MM
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Figure 2 Haplotype analysis of the subset of the kindred (pedigree without loops). Genotypes are indicated for seven microsatellite loci

linked to LGMD2B. The two haplotypes associated with LGMD are boxed; brackets indicate inferred haplotypes; consanguinity is indicated
by double lines; and patient designation is as in figure 1. Unaffected individuals are designated by unblackened symbols.

patients. No cardiac disease was evident clinically in
affected individuals, but only two have had formal as-
sessments with electrocardiography and echocardiogra-
phy. All but two obligate carrier parents were available
for study, and all had normal muscle strength. The obli-
gate-carrier mothers had CK levels of 45-131 Ulliter
(normal = 25-110 Ulliter), with a median of 90 U/liter
and a mean of 73 Ulliter. The obligate-carrier fathers
had CK levels of 105-350 Ulliter (normal = 52-175
Ulliter), with a median of 195 Ulliter and a mean of 218
Ulliter. CK levels of siblings of patients studied were
75-372 Ulliter, and all were asymptomatic.

Linkage Analysis

In the subset of the pedigree (fig. 2), linkage was ex-
cluded for seven candidate regions, with two-point LOD
scores <—2.0 for at least one of the markers in each
region (data not shown). Two-point analysis of the dis-
ease versus 19 microsatellite markers linked to
LGMD2B (Bashir et al. 1994; Gyapay et al. 1994;
Passos-Bueno et al. 1995) on the subset of the pedigree,
under the assumption of equally frequent marker alleles,
gave LOD scores suggestive of linkage for several mark-
ers but >3.0 only for D25286 (data not shown). The
marker-allele frequencies were then estimated, consider-
ing the marker locus to be unlinked to the disease, for
the subset of the pedigree and for the complex pedigree

with seven consanguinity and marriage loops (fig. 1), to
minimize false-positive results for linkage (Terwilliger
and Ott 1994) of LGMD/MM to LGMD2B in this kin-
dred (table 2). The incorporation of additional informa-
tion on linkage phase and identity by descent in the
complex pedigree resulted in six markers, in an interval
of 20 cM, with maximum LOD scores Z(6) >3.0 (table
2). These Z(8)’s for marker-allele frequencies that were
estimated at a recombination fraction (8) of .5 will be
underestimates when there is linkage (Terwilliger and
Ott 1994). To assess how conservative this approach
was (table 2), the Z(8)’s were computed by estimating
allele frequencies as nuisance parameters (Terwilliger
and Ott 1994) for the six markers that had LOD scores
>3.0 for linkage to LGMD/MM: D2§136—Z(6)
= 4.60, § = .025; D25327—Z(6) = 5.43, 6 = .0;
D25292—Z(6) = 3.41, 6 = .033; D2S145—Z(B)
= 3.65,6 = .00; D25286—Z(8) = 4.11, § = .00; and
D25329—2Z(6) = 4.59, 6 = .030.

Extended haplotypes constructed by using the seven
loci most closely linked to LGMD2B—D25327-
D28292-D28291-D2S145-D28286-D2S169-D28329
(fig. 2)—indicate that six of the nine patients (patients
1-5 and 9) including both LGMD and MM phenotypes
were homozygous for a three-locus core haplotype,
D28§291-D25145-D2S5286, that spans 4 cM. The three
other patients (patients 6~ 8), all with the LGMD pheno-
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Table 1

Clinical Data on Patients

Am. J. Hum. Genet. $9:872-878, 1996

Age at
Age at Presentation Presenting CK® Present Status
Patient Onset (years) Symptoms (Ufliter)  Muscle Biopsy Electromyography Diagnosis  (Age [in years])
1 Mid teens 20 Unusual gait 9,251 Mild dystrophic MM Ambulatory (25)
changes with
muscle-cell
necrosis
2 Mid teens 20 Weakness in legs, 13,470 End-stage Myopathic/neuropathic MM Ambulatory (24)
difficulty dystrophy
climbing stairs
3 Early teens 14 Falling, difficulty 12,120 Active myopathy LGMD  Wheelchair (28)
getting up
4 Mid teens 19 Difficulty 6,100 LGMD  Wheelchair (31)
running
5 Late teens 20 Difficulty 8,810 Dystrophic LGMD  Wheelchair (25)
running
6 Early teens 16 Inability to run >4,000 Dystrophic LGMD  Wheelchair (42)
or climb stairs
7 Mid teens 19 Could not play 13,510 LGMD  Wheelchair (36)
sports,
waddling gait
8 Mid teens 23 Inability to run 6,040 . LGMD  Wheelchair (40)
9 Late teens 25 Sore legs, loss of 10,320 Dystrophic LGMD  Ambulatory (25)

muscle bulk

2 Normal values for females are 25-110 Ulliter, and those for males are 52-175 Ulliter.

type, carried this haplotype on their paternal chromo-
some and inherited a different haplotype from their ab-
original mother, whose ancestry did not trace back to
the founder couple. No unaffected individual in this kin-
dred studied to date is homozygous for or carries both
core haplotypes shown to be linked to LGMD2B.

Discussion

The two different phenotypes observed in these pa-
tients, one with a predominantly distal muscle involve-
ment and the other with a more proximal muscle
involvement, are consistent with diagnoses of MM and
LGMD, respectively. Both LGMD and MM recently
have been mapped to the same chromosomal region on
chromosome 2p1 (Bashir et al. 1994; Bejaoui et al. 1995;
Passos-Bueno et al. 1995). Our findings of significant
evidence for linkage of LGMD/MM to six chromosome
2p loci provides strong evidence that the myopathy in
this kindred also maps to this region of chromosome 2p
and thus is compatible with these diagnoses.

This is the first reported kindred that exhibits both of
these phenotypes. Occurrence of distal and proximal
myopathy in a single consanguineous kindred is reminis-
cent of a Finnish family described by Udd (1992). As
in the family that we studied, the distal and proximal
myopathy cannot be distinguished by CK elevation or

muscle-pathology findings, although in the families stud-
ied by Udd the age at onset differs whereas in the aborig-
inal family that we studied it does not.

Haplotype analysis has established that the disease
gene segregates with two different core haplotypes of
the candidate region. This suggests that there are two
mutant alleles of independent origin. In retrospect, this
is compatible with the observation that genealogical re-
construction using multiple sources of information
could not link two carrier mothers to the founder couple
(fig. 1). With our evidence for linkage to LGMD2B in
this kindred, haplotype analysis can now be used in
predicting the carrier status of the unaffected siblings of
the patients. Carrier status cannot be predicted on the
basis of CK levels, sinces they are elevated only in some
obligate-carrier parents.

Mapping of both LGMD and MM in different fami-
lies to the same chromosomal region has led to the sug-
gestion that these are the result of allelic variants of
the same gene (Bejaoui et al. 1995). At first glance, the
observation of two different haplotypes harboring the
disease-causing mutations in the family that we studied
seems to be compatible with this idea. However, the
different haplotypes do not distinguish between the two
phenotypes. Rather, four patients with LGMD and both
MM patients are homozygous for the common haplo-
type. This observation makes it unlikely, at least in the
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Table 2

LOD Scores for Linkage of LGMD/MM to Chromosome 2p
Markers, for the Subset without Loops (SP) and the Pedigree
with Seven Loops (P)

Locus (GENETIC LOD SCORE AT O =

877

Genetic Diseases Network, the Childrens’ Hospital of Winni-
peg Research Foundation, the Manitoba Medical Services
Foundation, and the Paul H. T. Thorlakson Foundation Fund.

References

DISTANCE? [in cM])

AND PEDIGREE® .00 .01 .05 .10 .20 .30
D2S8136 (6):

SP 213 214 208 188 1.34 .76

P 306 340 342 302 203 1.11
D28327 (0):

SP 2.55 250 227 197 1.35 72

P 489 476 4.21 355 233 1.27
D28292 (2):

SP —o0 1.37 1.78 1.73 1.32 .80

P —o0 298 320 292 212 1.29
D2S145 (4):

SP 1.37 134 120 1.02 .65 31

P 3.28 317 27§ 226 1.37 .68
D25286 (8):

SP 305 298 267 229 1.54 .86

P 403 391 345 290 189 1.04
D28329:

SP —0o0 228 258 239 1.70 95

P —00 396 410 3.67 2.52 1.39

NOTE.—Thirteen other microsatellite markers were also examined
on chromosome 2p (D2S337, D25386, D2S147, D2§166, D25380,
D2S134, D2§290, D2S379, D25282, D2S§285, D25358, D25291, and
D28§169) but are not included in this table because they had maximum
LOD scores <3.0 for linkage to LGMD/MM, for the pedigree with
seven loops.

2 From the next marker in this table; map order and genetic dis-
tances were taken from GDB 5.6 (map symbol C2M59).

b Marker-allele frequencies were estimated for the SP and P pedigree
data, with the marker locus considered to be unlinked to LGMD/
MM.

family that we studied, that the different phenotypes
are explained by allelic heterogeneity. Instead, the most
likely explanation is that the same disease-causing muta-
tion underlies both clinical phenotypes, which differ as
a result of additional genetic and/or environmental fac-
tors. If this explanation is supported once the gene and
the disease-causing mutation(s) have been identified,
then this pedigree may lend itself to the search for these
additional factors.
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