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Summary

Limb-girdle muscular dystrophies (LGMDs) are a group
of neuromuscular diseases presenting great clinical het-
erogeneity. Mutations in CANP3, the gene encoding
muscle-specific calpain, were used to identify this gene
as the genetic site responsible for autosomal recessive
LGMD type 2A (LGMD2A; MIM 253600). Analyses
of the segregation of markers flanking the LGMD2A
locus and a search for CANP3 mutations were per-
formed for 21 LGMD2 pedigrees from various origins.
In addition to the 16 mutations described previously,
we report 19 novel mutations. These data indicate that
muscular dystrophy caused by mutations in CANP3 are
found in patients from all countries examined so far
and further support the wide heterogeneity of molecular
defects in this rare disease.

Introduction

Owing to overlapping clinical features, it was proposed,
in 1995 at a European NeuroMuscular Centre work-
shop in Naarden, The Netherlands (Bushby and Beck-
mann 1995), to group temporarily the autosomal pro-
gressive proximal muscular dystrophies under the
denomination of limb-girdle muscular dystrophies
(LGMDs) (Bushby and Beckmann 1995). These myopa-
thies represent a group of rare neuromuscular diseases
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clinically defined by progressive atrophy and weakness
of the proximal limb muscles, showing considerable
variation in age at onset, evolution, and severity (Walton
and Natrass 1954; Bushby and Beckmann 1995).
At least six distinct genetic entities leading to an au-

tosomal recessive LGMD are recognized. LGMD type
2A (LGMD2A; MIM 253600) was the first to be defined
by its linkage to chromosome 15q in patients from an
isolate from Reunion Island (Beckmann et al. 1991).
In families from Brazil, from an Amish community in
northern Indiana, and from France, the disease subse-
quently was found to be linked to this chromosome,
although genetic heterogeneity also was evidenced
(Passos-Bueno et al. 1993; Allamand et al. 1995). The
LGMD2B locus was mapped on chromosome 2p, to a
4-cM interval between D2S291 and D2S286 (Bashir et
al. 1994; Passos-Bueno et al. 1995). LGMD2C and
LGMD2D (also known as "severe childhood autosomal
recessive muscular dystrophies," or "SCARMDs") were
characterized by marked deficiency of a 50-kD dys-
trophin-associated glycoprotein named "a-sarcogly-
can," or "adhalin" (Matsumura et al. 1992), and were
linked to chromosome 13q and chromosome 17q, re-
spectively (Ben Othmane et al. 1992; Azibi et al. 1993;
Roberds et al. 1994). Mutations in the a-sarcoglycan
gene, localized to chromosome 17 (McNally et al. 1994;
Roberds et al 1994), are the cause of LGMD2D (Rob-
erds et al. 1994; Piccolo et al. 1995), whereas LGMD2C
is due to a defect in y-sarcoglycan (Noguchi et al. 1995).
A fifth locus (LGMD2E), mapping on chromosome 4q
and encoding for P-sarcoglycan, was identified as being
responsible for the disease that was present in a number
of Amish pedigrees from southern Indiana (Lim et al.
1995), as well as in one other, unrelated patient
(Bonnemann et al. 1995). Finally, the LGMD2F locus
was mapped recently on chromosome 5q33-q34
(Passos-Bueno et al. 1996) and identified subsequently
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as the &-sarcoglycan gene (Nigro et al. 1996a, 1996b).
In addition, some families still seem to belong to none

of the above-mentioned groups.

In 1995, the LGMD2A locus was identified as

CANP3, the gene encoding the large subunit of the mus-
cle-specific calcium-activated neutral protease 3 (Rich-
ard et al. 1995). To determine the geographic and geno-
mic distributions of calpain 3 mutations, we examined
LGMD2 families from different origins, for linkage to
chromosome 15 and/or for CANP3 mutations.

Subjects and Methods

Case Ascertainment and Genotype Analysis
Thirty-two LGMD families from seven different geo-

graphic areas were referred by the physicians involved
in this study. Whereas most of these families had dys-
trophin immunohistochemistry scoring, only the Italian
families also had their sarcoglycan tested. In addition,
there was no systematic case assessment, because of the
multicentric nature of this study. DNA from members
from these families was analyzed with highly polymor-
phic markers (D15S514, D15S779, D15782, D15S780,
D15S778, and D15S222) of chromosome 15q15.1-
q15.3 (Allamand et al. 1995). PCR amplification of 50
ng of DNA was performed in a 50-jl final reaction mix,
as described in the study by Fougerousse et al. (1994).
Two-point and multipoint LOD-score calculations were

performed by use of the 5.1 version of the LINKAGE
software package (Lathrop et al. 1985). The disease was
considered to be a fully penetrant recessive trait with a

gene frequency of .001. Haplotypes were constructed
by the minimization of the number of recombination
events.

Mutation Analysis of LGMD2A Families
One hundred nanograms of human DNA were used

per PCR under buffer and cycle conditions and with the
primers described in the study by Richard et al. (1995).
For heteroduplex analysis (Keen et al. 1991), 10 pl of
PCR products denatured at 94°C for 5 min were allowed
to slowly renature for 1 h, at room temperature. Then,
they were electrophoresed on 1.5-mm-thick Hydrolink
Mutation Detection Enhancement (MDE) gels (AT Bio-
chem) at 500-600 V for 12-15 h, depending on frag-
ment length. The migration profile was visualized under
UV illumination after ethidium bromide staining. Illegit-
imate transcription analyses of the CANP3 cDNA in
LGMD2 patients were performed as in the study by
Richard et al. (1995), after extraction of total cellular
RNA from lymphoblastoid cell lines by RNA-Zol (Bio-
probe Systems), according to the method of Chomczyn-
ski and Sacchi (1987). For sequence analyses, the PCR
products were subjected to dye-dideoxy sequencing,
after purification through Microcon devices (Amicon).

Results

After the identification of the CANP3 gene as the
LGMD2A locus, a number of families with limb-girdle
wasting and elevated serum creatine kinase (CK) were
referred to us by several physicians. We chose to investi-
gate those which either were large enough for linkage
analysis or presented consanguinity. Two small families
(IT7093 and US9351) also were included, since we had
access to RNA samples, which allowed for a rapid muta-
tion search. Altogether, 32 families from different ori-
gins were examined. Data for 15 families are not pre-
sented, since we either could exclude linkage to
chromosome 15 or failed to identify disease-associated
mutations (table 1). The latter case applies to four fami-
lies, although the genotyping results are compatible with
chromosome 15 linkage. The other 17 kindreds (fig. 1)
include two LGMD2 families from Italy (IT5414 and
IT7093), one family from Israel (IS1), two families from
Lebanon (L5988 and L71 11), two families from France
(M3390 and M2997), one family from Switzerland
(S5393), six families from Turkey (T10, T11, T13, T14,
T17, and T18), and three families from the United States
(US9351, US9344, and US3). All but four families
(US9351, T10, T11, and T13) include two or more af-
fected members (fig. 1). Polymorphic markers from the
LGMD2A region were used, allowing the construction
of haplotypes and the calculation of LOD scores in fami-
lies with informative pedigrees (the order of the markers
was based on the physical mapping data of the
LGMD2A contig; Fougerousse et al. 1994). LOD scores

Table 1

Number of Families Investigated, according to Country of Origin
and Linkage Classification

No. OF FAMILIES

Chromosome Excluded
COUNTRY Total 15 Linked by Linkage Inconclusive

France 2 2 0 0
Israel 4 1 2 1
Italya (3) (2) (1) (0)
Lebanon 4 2 2 0
Switzerland 6 1 4 1
Turkeyb (6) (6) (0) (0)
United States 7 3 2 2

Totalc 23 9 (39.1%) 10 (43.5%) 4 (17.4%)

a Data for the Italian families are in parentheses because these fami-
lies were known to be sarcoglycan positive.

b Data for the Turkish families are in parentheses because these
families were part of a subsequent, enlarged study including 21 fami-
lies, of which 10 families were shown to be chromosome 15 linked
(Dinqer et al., in press).

c Data for the Italian and Turkish families are excluded from the
totals.
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were not computed for the Turkish families, the Swiss
family, and family L71 11, since we could infer, by their
homozygosity, that they belonged to the LGMD2A
group. For the examined families, pairwise LOD scores

between the nearest flanking markers and the disease,
are indicated in table 2. The overall maximum LOD
scores for D15S779 and D15S782 were 5.82 (0 = .05)
and 8.07 (0 = .00), respectively. Homozygosity in the
area of the LGMD2A gene was present in patients from
11 consanguineous families (IT5414, L5988, L7111,
IS1, S5393, T10, T11, T13, T14, T17, and T18; fig. 1).

Mutation Search
We proceeded to search for CANP3 mutations in all

of the families included in this study. By use of flanking
intronic primers, each of the 24 exons was PCR ampli-
fied by use of genomic DNA as a template and was

subjected to heteroduplex analysis (Keen et al. 1991;
Richard et al. 1995) or to direct sequencing for consan-

guineous families. The PCR products were sequenced
whenever a reduced-mobility heteroduplex band was re-

vealed in ethidium bromide-stained MDE gels (fig. 2).
In addition, mRNA analyses were performed on muscle
biopsies from patients of families T13 and T17 and on

illegitimate transcription products (Chelly et al. 1989)
from patients of families L5988, IT7093, and S5393,
for which established lymphoblastoid cell lines were

available. After reverse transcription, PCR was per-

formed by use of one of four sets of primers, to obtain
four overlapping fragments spanning the entire CANP3
coding sequence (Richard et al. 1995). The products
were electrophoresed in agarose gels and were visualized
after ethidium bromide staining. No aberrant splicing
was detected, and thus all PCR fragments were se-

quenced. This procedure led to the detection of the sec-

ond mutation present in families IT7093 and L5988.
Mutations were detected in 24 of the 25 chromosomes

examined (fig. 2 and table 3). Altogether, there were

19 mutations- 12 missense mutations (S86F, S215P,
P319L, H334Q, R440W, R490W, G496R, G567W,
R572W, S606L, A702V, and R748Q), 1 in-frame dele-
tion (ASYEALKG215-221), 5 frameshift mutations
(19-23AGCATC, 402AC,551AA, 717AT, and 2362AG-*
TCATCT), and 1 stop mutation (Y537X). As expected
from family history and from haplotype data, 11 muta-
tions were found in the homozygous state. When DNA
samples from other members of the family were avail-
able, the parental origin and the segregation of altered
alleles were determined within the pedigree. None of the
missense mutations was found in > 100 control chromo-
somes (data not shown).
We failed to detect the second mutation in one of the

LGMD2A chromosomes (detection efficiency 96%). No
cell lines were available for the corresponding pedigree
(US3). Hence, we cannot take advantage of illegitimate

Table 2

Pariwise LOD Scores between Markers D15S779 and D15S782 and
the Disease Locus, in the Families Studied

LOD SCORE AT 0 =
MARKER AND
FAMILYa .00 .001 .01 .05 .10

D15S779:
IS1 -.12 -.12 -.12 -.11 -.10
IT5414 2.28 2.27 2.22 2.01 1.73
L5988 2.05 2.07 2.15 2.21 2.06
M2297 .12 .12 .12 .10 .08
M3390 1.46 1.46 1.43 1.28 1.10
US9344 .73 .72 .71 .62 .51
US3 -.98 -.94 -.70 -.29 -.11

Total 5.54 5.58 5.81 5.82 5.27
D15S782:

IS1 -.03 -.02 -.02 .01 .02
IT5414 2.39 2.39 2.33 2.09 1.78
L5988 2.83 2.82 2.79 2.60 2.31
M2297 .12 .12 .12 .09 .06
M3390 1.60 1.59 1.55 1.37 1.14
US9344 .73 .72 .71 .62 .51
US3 .43 .42 .42 .37 .32

Total 8.07 8.04 7.90 7.15 6.14

a The first letter(s) of the family designation refers to geographic
origin. M = metropolitan France; US = United States; L = Lebanon;
IT = Italy; and IS = Israel.

transcription to uncover the second LGMD2A muta-
tion, by, for instance, monitoring heteroduplexes among
reverse transcriptase-PCR illegitimate-transcription
products (Chelly et al. 1989; Richard and Beckmann
1995). We therefore can only suspect the presence of an
additional mutation in this family.

Nature of the Mutations
Among the missense mutations (fig. 3), one (S86F) is

localized within domain I of the protein; three (S215P,
P319L, and H334Q) are localized within domain II, and
one (P319L) of these is in the IS1 sequence; six (R440W,
R490W, G496R, G567W, R572W, and S606L) are lo-
calized within domain III; and two (A702V and R748Q)
are localized within domain IV. Whereas all mutations
are located in residues conserved throughout all muscle-
specific calpains (see fig. 2 of the study by Richard and
Beckmann [1996]), four mutations affect residues con-
served throughout all mammalian members of the cal-
pain family. All but three of the point mutations repre-
sented here are either C-÷T or G-+A transitions; these
mutations represent 9 (47%) of 19 mutations. In this
study, 8 (42%) of 19 affected CpG sites (table 3) may
represent spontaneous deamination of 5-methyl cytosine
at CpG sites, which is one of the main causes of muta-
tions in vertebrate coding sequences. This percentage is
slightly higher than the average frequency of 35% that

1131



Am. J. Hum. Genet. 60:1128-1138, 1997

A e
4

Dl

* -

SF ~~C

GAG A CCTTTCT CTTT

AI

a l~~~~~ Ls

G5mW

B
CATT AGCTGTGGCT

x~lu

A AC C TA A A T CA A c

G

27za G

was reported by Cooper and Youssoufian (1988). The
nucleotide deletions or insertion 19-23AGCATC,
402AC, 551AA, 717AT, and 2362AG-+TCATCT lead
to frameshifts and premature termination of translation
and therefore are presumed to be null mutants. A dele-
tion of seven amino acids (ASYEALKG in position 215-
221) in domain II, preserving the correct protein frame,
was detected in patients from one family (US9344). The
deleted amino acids are conserved in all muscle-specific
calpains, and four of them (Y, E, L, and G) are conserved
in all mammalian calpains (Sorimachi and Suzuki 1992).
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Figure 2 A, Detection of mutations by MDE electrophoresis.
The pattern of mutations was detected by heteroduplex analysis. Lane
C, Control samples. B, Direct sequencing of PCR product of illegitimate
transcripts. The sequences corresponding to the mutations 19-
23AGCATC, S86F, Y537X, G567W, A702V, and R748Q are shown.
Above each sequence the mutated nucleotide(s) is indicated at the
point of the mutation (arrow).

Among the mutations identified in this study, two
frameshift mutations and one missense mutation have
been described in a previous study (Richard et al. 1995).
In order to determine whether these mutations may have
a common origin, haplotypes constructed by use of
five microsatellites (D15S514, D15S779, D15S782,
D15S780, and D15S778) flanking the LGMD2A locus
and spanning <1 cM were examined in these families
(table 4), except with regard to the R490W mutation
(only the proband in family US9351 was available). Al-
together, the 5S1AA in exon 4 was found in one Italian
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Table 3

CANP3 Mutations in LGMD2A Families

Nucleotide Nucleotide Amino Acid
Exon Family/Families Positiona Changeb Positionc Mutationd

1 TiOe 19-23 AGCATC 7-8 19-23AGCATC
1 L5988e 257 TCT-'TT 86 S86F
3 US9351 402 GCC-GC 134 402AC
4 M3390, IT5414,e 551 ACG-CG 184 551AA

T11,e T18C
5 M2888 643 TCC-CCC 215 S215P
5 US9344 643-663 A21 bp 215-221 ASYEALKG215-221
S L7111 717 AT 239 717AT
7 L5988 956 CCG-CTG' 319 P319L
7 M3390 1002 CAC-CAGf 334 H334Q
10 IS1 1318 CGG-TGGf 440 R440W
11 US9351 1468 CGG-TGGf 490 R490W
11 IT7093 1486 GGG-AGG 496 G496R
13 T17e 1611 TAC-TAA 537 Y537X
13 S5393e 1699 GGG-TGG 567 G567W
13 M2997 1714 CGG-TGGf 572 R572W
16 IT7093 1817 TCG-TTG' 606 S606L
19 T13e 2105 GCG-GTGf 702 A702V
21 T14e 2243 CGA-CAAf 748 R748Q
22 US3, US9344 2362-2363 AG-TCATCT 788 2362AG-+TCATCT

a Numbered on the basis of the cDNA, starting from ATG.
b The mutated nucleotides are underlined.
c Numbered on the basis of the protein sequence, starting from the first methionine residue.
d Nomenclature follows the recommendations proposed at the second "Locus-Specific Mutation Data-

bases" meeting, which was held on March 24, 1996, in Heidelberg, Germany.
'Family in which patient(s) is homozygous for the mutation.
f Modified CpG sites.

family (IT5414 [this study]), in three French families
(M3390 [this study] and M1394 and M2888 [Richard
et al. 1995]), and in two Turkish families (T11 and T18
[this study]). In these six families, one can see a minor
divergence in the haplotypes, particularly at marker
D15S782. Clearly, the two Turkish families and one
of the French families (M2888) share a common core
haplotype, and this also could be true for the other fami-
lies, to the extent that the discrepant D15S782 alleles
derive by mutation from the common ancestral allele.
The 2362AG-+TCATCT mutation in exon 21 was en-
countered not only in two American families (US9344
and US3 [this study]) but also in a Brazilian kindred and
in a Reunion Island pedigree (Richard et al. 1995). On
the chromosomes bearing this mutation, there is conser-
vation of the complete four-marker haplotype in the
Brazilian and the Reunion Island families and in one
American family but not in the second American family
(table 4). This result thus is suggestive of an independent
origin of this mutation in the latter family.

Clinical Features
Table 5 summarizes some of the salient clinical fea-

tures of these patients (note that the assessments were

neither systematic nor complete). All patients showed
elevated serum CK, with elevations in a range of 7-84
times the upper limit of normal. There was marked in-
tra- and interfamilial phenotypic variability in age at
onset (range 2.5-40 years) and loss of ambulation. For
example, affected individuals in family IT7093 pre-
sented with a very mild phenotype, with onset at ages
30 years and 40 years, and are still ambulatory at ages
54 years and 66 years, respectively. In contrast, two
Lebanese sibs had onset at age 6 years and had loss of
independent walking at ages 13 years and 15 years.

In families M2997, M3390, and S5393, an intrafa-
milial variability in age at onset and in evolution can
be noted. The proband in family M2997 had onset at
age 14 years, and, at his present age (23 years), his
walking perimeter is 500 m with severe hyperlordosis,
whereas his sibling who was diagnosed by a high CK
level at age 12 years but was asymptomatic at that time
is still able to participate in some moderate physical
exercise at age 20 years. In family M3390, the two
sisters had onset at ages 17 years and 26 years. Like-
wise, in family S5393, one affected sib had onset at age
13 years and was unable to walk unaided for >50 m
at age 25 years, whereas two other affected sibs were
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Figure 3 Distribution of mutations along the CANP3 protein.
Top, Name and position of the mutations are indicated along the 24
exons, which are indicated by unblackened boxes, with the corre-
sponding numbers written below. Null-type mutations (deletions, in-
sertions, and stop codons) are underlined, and recurrent mutations
are boxed. Bottom, Schematic representation of the CANP3 protein,
its four domains (I, II, III, and IV), and the muscle-specific sequences
(NS, IS1, and I52).

still walking at ages 25 years and 26 years, even though
their ages at onset (4 years and 6 years, respectively)
were much earlier.
The two mutations identified in family L5988 have

different clinical consequences. Patients who are homo-
zygous for the S86F mutation had disease onset at age
6-7 years and presented with severe weakness in their
lower limbs, leading to loss of mobility <8 years after
onset. In contrast, their cousins who are compound het-
erozygotes for the S86F/P319L mutations are compara-
tively mildly affected, with disease onset at age 15-17
years, on average, and with loss of mobility at age 32
years for one of them, whereas the two others still are
walking at ages 29 years and 28 years. Furthermore, it
is interesting to note that all healthy heterozygotes car-
rying the S86F mutation have unexpectedly mildly ele-
vated CK levels (data not shown). This observation also
suggests that this mutation affects muscle cells in a some-
what dominant manner. A similar observation of ele-
vated CK levels among obligate carriers also was seen
in family IT5414. No CK data are available for other
551AA carriers from the other pedigrees.

In two families, L5988 and US9351, there was dif-
ficulty in establishing a clinical diagnosis of muscular

Table 4

Haplotypes for the 551 AA and the 2362AG-TCATC Mutations

FAMILYb
MUTATION AND
MARKERa IT5414 M1394C M2888c M3390 Tl1 T18

551AA:
D15S514
D15S779

D15S782
D15S780
D15S778

B505c R14C US3 US9351

a Markers are listed according to their linear map order. The disease locus is represented by a horizontal
gray bar between markers D15S779 and D15S782.

b The corresponding allele frequencies determined in the CEPH reference families are indicated in parenthe-
ses. The shared haplotypes are shaded. The identification of the mutation in the families indicated by
underlining is from this study.
'The identification of the mutation in this family was described in the study by Richard et al. (1995a).
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Table 5

Clinical Features of LGMD2A Patients included in This Study

Peak CKb Age at Walking Ability
(LU/liter or Onset (Present Age,

Family Mutation x Normal) (Years) in Years) Comments'

ISi R440Wa 13x 21 Loss at age 55 years Calf hypertrophy; pelvic girdle more affected
IT5414 551,&Aa 27x 10-13 Loss at age 24-28 years Scapulohumeral distribution at the beginning;

extensor digitorum brevis muscle
hypertrophy; Achille's tendon contractures

IT7093 G496R/S606L 7x 40 Still walking (66) Scapulohumeral distribution at the beginning
G496R/S606L lox 30 Still walking (54) Scapular winging

L5988 S86F` 7x 7 Loss at age 15 years First diagnosis = polymyositis
S86Fa 20x 7 Loss at age 13 years Calf hypertrophy
S86F/P319L lox 15-17 Still walking (31-32) First diagnosis = polymyositis; pelvic-girdle

distribution
L7111 717ATa 8x 19 Still walking (23) nd
M2997 R572W/S215P 4,500 18 Still walking (20) Pelvic girdle more affected

R572W/S215P 4,830 14 Still walking (23) nd
M3390 551AA/H334Q 1,094 17 Still walking (33) Retraction; distal muscle also affected
S5393 G567W2 na 13 Loss at age 25 years nd

G567Wa 2,000 4 Still walking (25) nd
G567Wa 6x 13 Still walking (31) nd
G567WX 84x 6 Loss at age 26 years nd

T10 19-23AGCATCa 2,980 3 Still walking (11) Scapular winging
T11 551AAa 7,493 12 Still walking (14) Calf hypertrophy
T13 A702Va 4,140 11 Still walking (13) nd
T14 R748Q' 5,396 2.5 Still walking (15) Calf hypertrophy
T17 Y537Xa 5,427 11 Still walking (14) nd
T18 551AAa 1,961 10 Still walking (22) Scapular winging
US9351 402AC/R490W 2,040 11 Loss at age 42 years Beginning with weakness of the calves; first

diagnosis muscular dystrophy or
inflammatory myopathy

US9344 ASYEALG/2362AG-TCATCT 5,000 10-14 Loss at age 28-29 years nd
US3 2362AG-TCATCT/? 1,300 12 Loss at age 32 years nd

2362AG-TCATCT/? 1,600 13- Loss at age 34 years nd

a Homozygous mutation.
b na = not available.
C nd = no data.

dystrophy, because of the nonspecific features of their
presentation. Two patients belonging to different
branches of family L5988 were diagnosed indepen-
dently with polymyositis. A muscle biopsy of one of
them showed minimal abnormalities at the limits of
significance. Both of these patients were treated with
steroids for an extended period. Eventually, family
history led to a consideration of the diagnosis of mus-
cular dystrophy. In pedigree US9344, the proband first
presented at age 11 years with calf weakness following
periods of high fever. The diagnosis at that time was
poliomyelitis. Examination of muscle biopsies per-
formed at age 25 years showed a severe inflammatory
necrotizing myopathy. A similar picture could be seen
in either polymyositis or dystrophy. The patient then
was treated with steroids for 3-4 mo. Since there was
never a definitive response to steroid therapy, the pa-
tient has been considered since to have a dystrophy.
In these two families, it is only the identification of
the pathogenic mutation that allowed the definitive
LGMD2A diagnosis.

Discussion

The current report is the first attempt to establish a
systematic molecular nosology ofLGMD2A. Thirty-two
families from seven different countries were examined.
There was no a priori bias in the initial ascertainment
of these LGMD2 families, since, for all but two, there
was no knowledge regarding the sarcoglycan status.
Linkage analysis and mutation screening identified 17
of them as LGMD2A. The identification of LGMD2A
families from an increasing number of countries sup-
ports the notion that CANP3 mutations are a cause of
LGMD in patients from a variety of ethnic and geo-
graphic backgrounds. On the basis of our data and with
the consideration of the unknowns as non-LGMD2A
(table 1), calpain-deficient families are estimated to rep-
resent :39% of all cases with an LGMD diagnosis that
have been referred to us. The Italian families were disre-
garded in the calculation of this percentage, because of
the ascertainment bias due to the fact that they were
known to be sarcoglycan positive. In this calculation,
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we also omitted the Turkish families since they were
part of a subsequent and enlarged study of 21 families,
of which 10 families were shown to be chromosome 15
linked (Dinqer et al., in press), 6 of which were included
here. If we consider the Turkish set, the fraction of
LGMD2A cases is -.45. On the basis of these data, the
calpainopathies may represent a significant proportion
of all progressive autosomal recessive muscular dystro-
phies, although studies of a higher number of indepen-
dent cases are needed to allow precise estimation of this
percentage.
Among the 19 mutations identified here, 3 muta-

tions-55 1AA, R490W, and 2362AG-+TCATCT-
were published previously. These mutations were
found in six, two, and four unrelated kindreds, respec-
tively (Richard et al. 1995; this study). The marker
haplotypes flanking the disease locus in three French
metropolitan, one Sicilian, and two Turkish families
carrying the 551AA mutation suggest a common muta-
tional event rather than a recurrent coincidental muta-
tion. Considering the geographic dispersion of these
families, we concluded that 551AA may be an old mu-
tation. Along the same line, it should be noted that a
Brazilian, a Reunion Island (Richard et al. 1995), and
an American family all share the 2362AG--TCATCT
mutation and the flanking haplotype. In contrast, a
fourth family (US3) carrying this mutation presents a
divergent haplotype and could, therefore, reflect the
occurrence of an independent mutational event. Com-
parison of haplotypes carrying R490W was not possi-
ble because the proband of family US9351 has not
been genotyped, since the phase could not be deter-
mined in this small pedigree.

Whereas, in some instances, it is possible-on the
basis of genetic and molecular data -to infer a common
ancestral mutation, the same type of information also
can be used to challenge hypothesized founder effects.
In this context, it is interesting to note that the Swiss
family (S5393) presents a different mutation than is pre-
sented by the chromosome 15-linked Amish families,
despite the suspected common geographic origin (Jack-
son and Carey 1961).

Careful examination of precisely identified LGMD2
patients will allow for the establishment of more accu-
rate and specific diagnostic criteria. It should be empha-
sized that, whereas this multicentric study highlights the
wide distribution of LGMD2A, the fact that these pa-
tients were reported to us by different clinicians, that
the clinical data were not obtained prospectively, and
that the assessments were neither systematic nor com-
plete prevent, at this time, the presentation of a normal-
ized clinical overall picture. Thus, the phenotypic data
are to be considered here as indicative rather than repre-
sentative. The phenotypic features of the ascertained
LGMD2A patients, with regard to reported age at onset

and loss of walking ability, are highly variable (table 5),
even more variable than reported in previous studies
(Bushby and Beckmann 1995; Fardeau et al. 1996). The
mean age at onset is 14.2 years (range 2.5-40 years).
Muscle wasting is first seen indifferently in a pelvic or
a scapular-girdle distribution. In 3 of 16 cases, calf hy-
pertrophy can be noted. In agreement with previous re-
ports, disease evolution is never as severe as in Duchenne
muscular dystrophy and sometimes can be very mild
(table 5). -
Knowledge of the mutations permits us, in principle,

to assess possible correlations between the nature or
site of the mutation and the resulting phenotype. These
correlations, however, may be difficult to establish, be-
cause the phenotypic effect of a particular allele can be
modified by the nature of the second mutated allele, by
genetic factors in the vicinity or at other loci, or by
nongenetic factors. Intrafamilial variability can be noted
in M2997 and in M3390, emphasizing the difficulties
in drawing such correlations. The fact that this cohort
regroups patients examined by different physicians fur-
ther contributes to render these cross-comparisons dif-
ficult. Furthermore, the follow-up duration was some-
times too short for us to have a correct idea of the
disease's evolution.

In view of these caveats, the identification of homozy-
gous LGMD2A patients in a number of families (IS1,
IT5414, L5988, L7111, S5393,1T10, T11, T13, T14,
T17, and T1 8; fig. 1), each patient singularizing a specific
CANP3 mutation, is of great interest: these patients are
worth further thorough clinical studies. In particular, the
S86F mutation represents the first case of LGMD2A in
which severity is associated with a missense mutation (as
a rule of thumb, the latter type was shown to have a
less severe prognosis than was seen for null mutations;
Fardeau et al. 1996; M. Fardeau, B. Eymard, F. M. S.
Tome, A. Lopez de Munain, I. Richard, and J. S. Beck-
mann, unpublished data). So far, S86F is the only mis-
sense mutation identified that is located in the first protein
domain, which is presumed to play a role in regulating
calpain 3's catalytic activity (Sorimachi et al. 1989). It is
not impossible that the presence of such a mutation could
alter the function of this protein by disturbing its regula-
tion and, hence, could lead to a severe disease in the
homozygous state and to asymptomatic CK elevation
(1.5-6 times normal) in all seven healthy heterozygous
carriers (data not shown). Finally, the observation of ele-
vated CK among obligate carriers could have important
implications for genetic and family counseling. It needs,
however, to be confirmed in a larger sample, to determine
if this observation is symptomatic or anecdotal.
The identification of CANP3 as the gene responsible

for LGMD2A was the first demonstration of an enzy-
matic -rather than a structural protein -defect causing
muscular dystrophy. This identification also was marked
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by an unexpected finding-the discovery of several inde-
pendent mutations in the small inbred population of
Reunion Island, which led to the proposal of a digenic
model of inheritance for this disease (Richard et al .
1995). In all families examined so far, segregation of
the mutations correlates with the clinical manifestations
(no asymptomatic carrier of two mutant calpain genes
was identified) and, therefore, does not allow validation
of this model. It should be emphasized, however, that,
because of both the low prevalence of the disease and
the difficulties of ascertainment, the number of healthy
siblings in these LGMD2A families is too small for us
to reach a significant conclusion.

In this study, 12 missense, 1 nonsense, and 5
frameshift mutations and 1 in-frame deletion were iden-
tified. These findings confirm the association of
LGMD2A with mutations distributed all over the coding
sequence of the CANP3 gene, as well as over all protein
domains (fig. 3). Thus, altogether, 35 distinct CANP3
mutations have been reported thus far (Richard and
Beckmann 1995; Richard et al. 1995; this study). Muta-
tions of all types have been observed, with the exception
of large deletions, large insertions, and duplications. The
identified missense mutations could represent a useful
source for establishment of structure/function relation-
ships, thereby providing useful tools for a better compre-
hension of the associated physiopathology of calpaino-
pathies.

In a diagnostic perspective, it should be stressed that
none of these mutations can account for a substantial
fraction of LGMD2A patients, although the same muta-
tions were observed occasionally in independent fami-
lies. The absence of predominant mutations or the clus-
tering in specific exons does not support the
establishment of a simple molecular-genetic diagnostic
scheme, as for the AF508 mutation in cystic fibrosis. But
the recognition of a recurrent haplotype could serve as
a useful hint to circumvent the necessity to scan the
entire gene, by targeting the screening to specific mu-
tations.

Finally, the identification of CANP3 mutation(s) pro-
vides the opportunity to address, as illustrated in this
study, the prevalence and the frequency of calpainopa-
thies among the progressive muscular dystrophies; even-
tually to establish phenotype/genotype relationships;
and, finally, to classify small families as LGMD2A. The
examples of pedigrees L5988 and US9351 unambigu-
ously show that it indeed is possible now to make a
genetic diagnosis by direct mutational analysis: a correct
diagnosis is of crucial importance for the patient's care,
treatment, and well-being.
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