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Abstract The congenital muscular dystrophies (CMD)
are a heterogeneous group of autosomal recessive dis-
orders, which present within the first 6 months of life
with hypotonia, muscle weakness and contractures,
associated with dystrophic changes on skeletal muscle
biopsy. We have previously reported a large consan-
guineous family segregating merosin-positive congenital
muscular dystrophy, in which involvement of known
CMD loci was excluded. A genome-wide linkage search
of the family conducted using microsatellite markers
spaced at 10-Mb intervals failed to identify a disease
locus. A second scan using a high-density SNP array,
however, permitted a novel CMD locus on 4p16.3 to be
identified (multipoint LOD score 3.4). Four additional
consanguineous CMD families with a similar phenotype
were evaluated for linkage to a 4.14-Mb interval on

4p16.3; however, none showed any evidence of linkage
to the region. Our findings further illustrate the utility of
highly informative SNP arrays compared with standard
panels of microsatellite markers for the mapping of
recessive disease loci.

Introduction

The congenital muscular dystrophies (CMD) are a het-
erogeneous group of autosomal recessively inherited
disorders that present at birth, or within the first
6 months of life, with muscle weakness, hypotonia and
dystrophic changes on skeletal muscle biopsy (Dubowitz
1994). Many different forms of CMD are recognisable,
based upon distinctive clinical, pathological and molec-
ular abnormalities; however, patients remain who can-
not be diagnosed as having one of the known CMD
forms (Muntoni and Voit 2004).

We have studied one such family; a large, consan-
guineous Palestinian family with multiple members af-
fected by CMD. Affected individuals had a neonatal
presentation, poor muscle build, and normal or mini-
mally elevated serum creatine kinase (CK) levels. They
had a relatively static course and all patients who sur-
vived beyond early childhood acquired the ability to
walk and all but one maintained this into adulthood.
Linkage analysis has excluded involvement of mutations
in the LAMA2, ITGA7, FCMD and SEPN1 CMD genes
(Mahjneh et al. 1999). The combination of clinical fea-
tures in affected family members, and the exclusion of
known CMD loci, allowed us to report this family pre-
viously as affected by a novel form of recessively
inherited CMD (Mahjneh et al. 1999). Large families,
such as the one we have identified provide a powerful
means of identifying novel disease loci through auto-
zygosity mapping.

Here we report the localisation of a novel locus for
this form of merosin-positive CMD to the telomeric tip
of chromosome 4p and compare the efficiency of per-
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forming genome-wide linkage scans using microsatellites
with a recently introduced high-density single-nucleotide
polymorphism (SNP) array.

Materials and methods

Families and clinical details

The family utilised for whole genome linkage analyses is
a large, consanguineous Palestinian family with ten
members affected by CMD (family 1; Fig.1). Their clin-
ical findings have been reported previously in detail
(Mahjneh et al. 1992, 1999). Briefly, foetal movements
were reduced in all pregnancies and all patients had
neonatal hypotonia and absent antigravity movements.
There were no early feeding or respiratory difficulties,
nor early contractures. Joint laxity was not noted to be a
prominent feature in childhood; however, when specifi-
cally examined in adulthood, mild joint laxity was pres-
ent. No sign of follicular hyperkeratosis or abnormal scar
formation were present. The pattern of muscle weakness
was characterised by severe involvement of trunk and
shoulder girdle muscles, and mild to moderate involve-
ment of facial, neck and proximal limb muscles (Ta-
bles 1, 2). There was no muscle hypertrophy and no
involvement of extra-ocular or bulbar muscles. Four of
the patients died at ages between 7 months and 36 years,

in two cases due to bronchopneumonia, presumably re-
lated to underlying respiratory muscle weakness, whilst
the cause was uncertain in the others. The six surviving
patients have followed a fairly static course, and five
remain ambulant as adults.

Serum CK levels were within normal limits or mildly
elevated (two- to four-fold) in affected individuals.
Echocardiograms were normal. Intelligence was normal,
and brain computed tomography (CT), performed on
two patients, was normal. Muscle biopsies from two
affected patients showed dystrophic changes, whilst
biopsies of a further two revealed myopathic changes
with increased variation in fibre size and a mild increase
in connective tissue but no degeneration or regeneration.
Immunohistochemical analysis revealed normal expres-
sion of laminins (a2, a5, b1, c2), dystrophin, sarcogly-
cans (a, b, c) and b-dystroglycan.

As part of this study we also evaluated four addi-
tional first-cousin consanguineous CMD families of
Turkish descent (families 2–5). The additional families
each contained a single affected individual displaying an
almost identical clinical phenotype to the affected
members of family 1 (Tables 1, 2). All parents and at
least one unaffected sibling from families 2–5 were
available for linkage analyses.

The study was undertaken with informed consent
from patients in accordance with local ethical guidelines
and the tenets of the Helsinki declaration.

Genotyping

Genomic DNA was extracted from EDTA whole-blood
using standard procedures. The first genome-wide link-

Fig. 1 Pedigree of family 1 showing haplotypes for chromosome
4p16.3-16.2 markers. The disease haplotype is denoted by solid
black bars. Blackened symbols denote individuals affected with
CMD. The marker order is telomere, D42S2936, D4S2925,
centromere
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age scan of family 1 was undertaken using the ABI
Prism Linkage mapping sets 1 and 2 containing 400
markers. PCR reactions (5 ll total) contained 0.5 ll
GeneAmp 10· PCR Gold buffer (Applied Biosystems,
Warrington, UK), 2.5 mM MgCl2 (final concentration)
(Applied Biosystems), 0.125 U Amplitaq gold (Applied
Biosystems), dNTP (1 mM each nucleotide, final con-
centration) (BD Biosystems), ABI Prism primer pair mix
(1.25 lM each primer, final concentration), 2.5 ll DNA.
PCR reactions were performed on a PE9600 Thermal-
cycler (Applied Biosystems). PCR products were sepa-
rated on a 5% denaturing gel (Amresco, Taipei, Taiwan)
in an ABI 377A automated DNA sequencer (Applied
Biosystems) and analysed using Genescan version 3.01
and Genotyper version 2.01 software (Applied Biosys-
tems).

The second genome-wide linkage search of family 1
was conducted using the GeneChip Mapping 10k 131
XbaI Array containing 11,555 SNP markers. Genotypes
were obtained by following the Affymetrix protocol
(Affymetrix, Santa Clara, Calif., USA) (Matsuzaki et al.
2004). Briefly, 250 ng of genomic DNA was digested per
sample with the restriction endonuclease XbaI for 2.5 h.
Digested DNA was mixed with XbaI adapters and li-
gated using T4 DNA ligase for 2.5 h. Ligated DNA was
added to four separate PCR reactions, cycled, pooled
and purified to remove unincorporated ddNTPs. The
purified PCR products were then fragmented and la-
belled with biotin-ddATP. Biotin labelled DNA frag-
ments were hybridised to the arrays for 18 h in a
standard Affymetrix 640 hybridisation oven. After hy-
bridisation, arrays were washed, stained, and scanned

using an Affymetrix Fluidics Station F450 with images
obtained by use of an Affymetrix GeneChip 3000 scan-
ner. Affymetrix GCOS software (version 1.2) was used
to obtain raw microarray feature intensities (RAS
scores). RAS scores were processed using Affymetrix
GDAS (version 3.0) software to derive SNP genotypes
(Affymetrix).

Additional genotyping for chromosomes 13q (family
1) and 4p16.3 (families 1–5) was undertaken using flu-
orescence-labelled microsatellite markers (Invitrogen,
UK) referenced to the UCSC Human Genome database
(http://genome.ucsc.edu, July 2003 release). These
analyses were performed on an ABI Prism 3100 genetic
analyser with allele sizes determined by use of the ABI
PRISM Genotyper software package (version 3.7) (Ap-
plied Biosystems).

Statistical analysis

A search for regions of microsatellite homozygosity was
undertaken by inspection of genotypes in affected family
members. For the SNP genome-wide scan a search for
non-Mendelian inconsistencies and regions of haplotype
sharing was initially undertaken using the statistical
package STATA version 7.0 (Stata Corporation, Tex.,
USA).

Regions identified as being consistent with linkage
were further analysed by multipoint linkage analyses
using the Homoz program (Kruglyak et al. 1995). CMD
was modelled as fully penetrant recessive disease with a
population frequency of the disease allele set to 0.001.

Table 1 Clinical manifestations of CMD in families 1–5: pattern of muscle involvement. Mild MRC grade 4, moderate MRC grade 3,
severe MRC grade 2 or less. In family 1, the range of the observed features is indicated. Numbers of individuals denoted in parentheses

Family Age at
examination
(years)

Facial
weakness

Neck Shoulder
girdle

Forearm Trunk Pelvic
girdle

Distal
leg

Feet

1 23–38 Mild (6);
Moderate (1)

Mild (3);
Moderate (3);
Severe (5)

Moderate (2);
Severe (5)

Mild Mild (2);
severe (5)

Mild (2);
Moderate (4);
Severe (1)

Mild Mild

2 12 Mild Mild Mild Moderate Moderate Moderate Moderate Mild
3 12 Mild Mild Mild Mild Moderate Moderate Mild Mild
4 14 None Mild Moderate Mild Mild Moderate Mild Mild
5 10 Mild Severe Severe Mild Severe Severe Moderate Mild

Table 2 Clinical manifestations of CMD in families 1–5: signs and symptoms of patients. Mild MRC grade 4, moderate MRC grade 3,
severe MRC grade 2 or less. In family 1, the range of the observed features is indicated. Numbers of individuals denoted in parentheses

Family Sex of
affected

Hypotonia
at birth

Age at
first walking
(years)

Age at
diagnosis
(years)

Late
contractures

Scoliosis Creatine
kinase
level

1 2 females
5 males

Present (7/7) 2.5–5 2–15 Severe (1);
Moderate (2);
Mild (4)

Absent (2);
Present (5)

Normal to fourfold
increase

2 1 male Present Never 8 Severe Absent Threefold increase
3 1 female Present 3 9 Absent Present Twofold increase
4 1 female Present 3 11 Absent Present Threefold increase
5 1 female Present Never 4 Moderate present Twofold increase
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As population frequency data for markers was
unavailable for the specific ethnic group of the family,
LOD scores were evaluated over a range of marker allele
frequencies. The map order and distances between SNP
and microsatellite markers was based on the UCSC
Human Genome browser (http://genome.ucsc.edu/, July
2003 release).

Sequencing

Mutational analysis of family 1 for spondin 2 (SPON2)
and myosin regulatory light chain 5 (MYL5) variants
was performed by direct sequencing. All exons and in-
tron–exon boundaries were bi-directionally sequenced
using ABI Big Dye Terminator chemistry (Applied
Biosystems), according to manufacturer’s instructions.
Sequencing products were separated on a 5% denatur-
ing gel (Amresco) on an ABI377A automated DNA
sequencer (Applied Biosystems) and analysed using Se-
quence Analysis software version 2.01 (Applied Biosys-
tems). PCR primers and conditions are available on
request.

Results

The initial genome-wide search of family 1 was con-
ducted using the micro satellite markers within the ABI
medium density linkage set. The linkage scan was based
on genotypes obtained from typing the three affected
individuals IV:1, IV:8 and IV:9 and the unaffected
individuals III:1, III:2, III:3, III:4, III:5, III:8, IV:4, IV:5,
IV:6, IV:7, IV:10 and IV:11. Of the 5,745 possible
genotypes 95.6% of the markers were scoreable. Inter-
rogation of marker genotypes did not permit a region of
shared homozygosity amongst affected individuals to be
unambiguously identified.

The second genome-wide linkage search was per-
formed using the GeneChip Mapping 10k XbaI Array.
Three of the affected family members, IV:1, IV:8 and
IV:9 and four unaffected family members III:4, III:5,
IV:4 and IV:7 were genotyped. The average genotype
call rate obtained was 90.1% (range: 84.2–96.4%) pro-
viding data on 10.4·103 genotypes per individual.

Two regions of homozygosity greater than 5 Mb were
identified. The first mapped to a 6.3-Mb interval span-
ning the region 4p16.3–16.1 (defined by dbSNPs
rs718429 to rs908015) and the second to a 6.2-Mb
interval spanning 13q21.33–22.3 (defined by dbSNPs
rs2147810 to rs1330907). Both regions of potential
linkage were further evaluated using the microsatellite
markers D4S2936, D4S3038, D4S1614, D4S3034,
D4S412, D4S432, D4S2925 and D13S258, D13S800,
D13S156, D13S792, D13S162, D13S782, D13S1306,
respectively. In addition to genotyping IV:1, IV:8, IV:9,
III:4, III:5, IV:4 and IV:7, individuals III:1, III:2, III:3,
III:8, IV:5, IV:6, IV:10 and IV:11 were also genotyped
for these markers (Fig.1). Haplotype analysis confirmed

linkage of CMD to chromosome 4p in family 1 and
excluded linkage to chromosome 13q. None of the
unaffected family members were homozygous for the
disease haplotype on chromosome 4p.

Combining data from both the SNP and microsatel-
lite fine-mapping analyses permitted a 4.14-Mb interval
of linkage to be delineated on chromosome 4p16.3,
flanked centromerically by D4S432 (Fig.1). The multi-
point LOD score across the region of linkage was 3.4.
Variation in marker allele frequencies did not signifi-
cantly alter the lod score obtained.

Fifty-two RefSeq genes map to the region of linkage
(UCSC Human Genome browser, http://geno-
me.ucsc.edu/, release July 2003). Of these, 16 are pre-
dicted or hypothetical genes with little or no associated
information regarding their biological function. At least
two genes represent plausible candidates on the basis of
their biology: SPON2 and MYL5. We screened an af-
fected family member for sequence changes in the coding
regions and splice sites of both candidate genes. No
obvious or potentially pathogenic changes were detected
in either SPON2 or MYL5.

To explore the possibility that the disease locus on
chromosome 4p16.3 was causative of CMD in other
consanguineous families accrued (families 2–5), we
genotyped parents and all available family members
using the microsatellite markers D4S2936, D4S3038,
D4S1614, D4S3034, D4S412 and D4S2925. Haplotyping
of marker genotypes provided no evidence of linkage of
CMD to chromosome 4p16.3 in the four additional
families.

Discussion

It is becoming increasingly clear that identical CMD
phenotypes can result from mutations in any one of
several different genes. Currently, ten genes are known
to cause CMD, and the resulting disorders can be
broadly divided into three groups (Muntoni and Voit
2004). The largest group results from mutations in genes
encoding structural proteins. The commonest form,
merosin-deficient CMD (MDC1A), results from muta-
tions in LAMA2, encoding the laminin-a2 chain of
laminin-2 (merosin), a key component of the muscle cell
basement membrane (Helbling-Leclerc et al. 1995).
Another common form of CMD, Ullrich syndrome,
results from mutations in the collagen VI chain genes,
COL6A1 (Lampe et al. 2005), COL6A2 (Camacho et al.
2001; Higuchi et al. 2001) or COL6A3 (Demir et al.
2002), which comprise the extra cellular matrix protein,
collagen VI. Involvement of each of these genes was
excluded by linkage analysis in our family. The second
group, collectively termed the dystroglycanopathies, re-
sult from mutations in genes encoding known or puta-
tive glycosyltransferase enzymes involved in
glycosylation of the sarcolemmal protein a-dystrogly-
can. These include Fukuyama CMD, Walker Warburg
syndrome, muscle-eye-brain disease, MDC1C and
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MDC1D, due to mutations in FCMD (Kobayashi et al.
1998), POMT1 (Beltran-Valero de Bernabe et al. 2002),
POMGnT1 (Yoshida et al. 2001), FKRP (Brockington
et al. 2001) and LARGE (Longman et al. 2003),
respectively. Another dystroglycanopathy locus
(MDC1B) maps to chromosome 1q42, but the gene
responsible has not been identified (Brockington et al.
2000). These patients rarely achieve independent
ambulation and, with the exception of MDC1B and
MDC1C cases, have mental retardation and a neuronal
migration defect on brain magnetic resonance imaging,
thus are clinically unlike our cases. These dystrogly-
canopathy patients also show abnormal labelling of a-
dystroglycan in muscle, but this was not examined in
our cases. However, a secondary deficiency of laminin
a2 is usually also observed, whereas laminin a2 was
normal on both immunolabelling and immunoblotting
in the family we describe. Furthermore, the dystrogly-
canopathies are invariably characterised by severe and
progressive muscle damage, with markedly elevated
serum CK, features not present in the family we have
studied. Finally, mutations in SEPN1, encoding an
endoplasmic reticulum resident selenoprotein of un-
known function, result in CMD with spinal rigidity
(RSMD1) (Moghadaszadeh et al. 2001); however,
involvement of SEPN1 was excluded by linkage analysis
in our family. Although there are several other clinically
recognisable CMD phenotypes in which the molecular
defect is unknown (Muntoni and Voit 2004), our pa-
tients do not resemble any of these forms. We therefore
conclude that they are affected by a novel form of CMD.

The underlying gene defect in family 1 remains un-
known. Although we cannot exclude a contiguous-gene
syndrome, the monosystemic nature of the condition
argues against this possibility. In addition, any such
deletion would have to be <400 kb in size, as genotype
signatures were obtained from all SNP and microsatel-
lite markers mapping to the region of linkage. A number
of genes mapping to chromosome 4p16.3 represent
plausible candidates on the basis of either muscle
expression and/or implied biological function of the
expressed protein. Of these, two were screened for
mutations as they were considered attractive candidates.
SPON2 is expressed in skeletal muscle and predicted to
encode an extra cellular matrix protein (Manda et al.
1999). MYL5 codes for a regulatory light chain of
myosin and is expressed in skeletal muscle (Collins et al.
1992). Mutations in the related MYL2, expressed in
heart, result in familial hypertrophic cardiomyopathy
and skeletal myopathy (Poetter et al. 1996). However,
no pathogenic sequences changes were detected in the
coding region of these genes, making it unlikely that
defects in either SPON2 or MYL5 underlie CMD in our
family. Joint laxity, a characteristic feature of Ullrich
syndrome, was observed in our family. Genes encoding
collagens, other than type 6A, would therefore be good
functional candidates; however, no such genes localise to
chromosome 4p16.3. The affected individuals in the
other families’ studied had a clinical phenotype similar

to that observed in affected individuals from family 1,
inviting speculation that the same disease locus might be
involved. Linkage data, however, excluded involvement
of the disease locus on chromosome 4p16.3 in families 2–
5, suggesting further genetic heterogeneity in CMD
within this phenotype.

As shown by the analysis of family 1, autozygosity
mapping provides a powerful means of identifying
recessive disease loci. Conventionally, genome-wide
linkage searches have been conducted using microsatel-
lite markers. Using microsatellite markers spaced at 10-
Mb intervals for an initial scan has proven to be effective
in identifying a region of homozygosity amongst affect-
eds; however, it is often necessary to undertake addi-
tional genotyping. This can be highly time consuming
and labour intensive. Our initial genome-wide scan using
microsatellites proved ineffective in identifying a region
of potential linkage due to a lack of informative markers
in the linked region. Rather than attempt to interrogate
numerous genomic regions of low information content
with additional microsatellite markers our recent expe-
rience suggested that using a high-density SNP array
might prove to be more productive (Sellick et al. 2004).
This subsequent analysis led quickly to the identification
of a novel CMD locus. Therefore, we conclude that
previous genome-wide linkage searches of consanguine-
ous families based on microsatellite markers, which
failed to identify a disease locus merit repeating using
high-density SNP-based arrays where panel information
content is substantially increased.
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