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Stellingen 
behorend bij het proefschrift 

Collagen VI mutations in Bethlem myopathy 

1. Ook een benigne spierziekte kan tot rolstoel-afhankelijkheid en respiratoire 
insufficiëntie leiden. 

Het is verwonderlijk dat collageen VI mutaties aanleiding geven tot alleen een 
spierziekte. 

3. Voor diagnostische doeleinden is onderzoek naar bekende collageen VI mutaties 
van weinig betekenis. 

4. Het is onwaarschijnlijk dat de extracellulaire matrix even ingewikkeld is als de 
literatuur over dat onderwerp. 

5. In tegenstelling tot andere vormen van autosomaal dominante cerebellaire ataxie 
(ADCA), ontbreekt bij ADCA type II genetische heterogeniteit. 

6. Het identificeren van het moleculaire defect van een erfelijke aandoening leidt 
meestal tot een toename van de kennis van de klinische kenmerken. 

7. Als de patiënt zegt een hoge pijndrempel te hebben, denkt de dokter meestal het 
tegenovergestelde. 

8. De grootste mythe omtrent de Bijlmer-ramp betreft die over de waarde van het 
lichamelijk onderzoek. 

9. De goede bedoelingen van miheu-beschermingsorganisaties vallen m het niet bij 
de nadelige effecten van het autogebruik van hun leden. 

10. Wellicht dat de voor Kosovo ingezamelde knuffeldieren van pas komen ter 
verlichting van het nijpend tekort aan WC-papier m de vluchtelingenkampen. 

Joost Jöbsis, 28 april 1999 
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General introduction 

The findings presented here are part of a genetic investigation that started in 1992. The 
development of novel, highly informative genetic markers had given impetus to genetic 
linkage studies. These markers, short sequence repeats like dinucleotide repeats (also known 
as CA-repeats), were relatively suitable to be employed on a large scale. Thus it became 
feasible to undertake genome wide searches. The work was carried out at the Neurology 
laboratory of the Academic Medical Center. Unlike this thesis, the study was not limited to 
Bethlem myopathy. In addition, familial amyotrophic lateral sclerosis, paramyotonia 
congenita, Kennedy's disease, autosomal dominant cerebellar ataxia type II, and distal 
spinal muscular atrophy were investigated. The publications listed at the end of this booklet 
give an indication of the findings in the other disorders studied. 

Bethlem myopathy is an autosomal dominant, relatively benign myopathy with contractures. 
Previously, patients from six families had been characterized at the "Spierziekten" clinic of 
the Academic Medical Center by Bethlem, van Wijngaarden, Arts, de Visser, and Boers. At 
the start of the study, these families were contacted. Thirty-four patients and 34 unaffected 
sibs donated a blood sample for DNA isolation. Contacting the families for obtaining blood 
samples yielded follow-up data that disclosed novel aspects on the course of the myopathy. 
After the identification of the first Bethlem myopathy locus, three additional kindreds 
participated, two from Italy and one from Finland. 

Chapter 1 gives a review of the literature on Bethlem myopathy. Chapter 2 deals with the 
genetic investigations. Firstly, the identification of genetic linkage to markers in the 
COL6A1-COL6A2 locus on chromosome 21q in six Dutch pedigrees. Secondly, the 
confirmation of linkage to the same locus for the three additional families. And thirdly, the 
sequence analysis of the COL6A1 and COL6A2 gene in four families, establishing a 
mutation in three. Chapter 3 provides a further delineation of the clinical features of the 
disorder, with particular attention to the mode of onset in children and the progression of 
weakness in adults. 
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Figure 1. Participating sibships of six Bethlem myopathy kindreds. Individuals genotyped 
are indicated with a dot below the pedigree symbol. Gray pedigree symbol refers to an 
individual with equivocal clinical findings. 
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Chapter 1 

Review of the literature 

GJ. Jöbsis, M. de Visser 

Department of Neurology, Academic Medical Center, Amsterdam, The Netherlands 

Adapted from: Bethlem myopathy. In: Lane RJM, ed. Handbook of muscle disease. New 
York: Marcel Dekker Ine, 1996:159-163 



Chapter 1  

1.1 CLINICAL FEATURES 

Introduction 

Myopathies with limb-girdle distribution of weakness and autosomal dominant inheritance 
constitute a disparate group of disorders.1 Due to the development of sophisticated 
diagnostic methods, a classification has emerged that distinguishes well-defined disorders 
such as congenital myopathies, metabolic myopathies and limb girdle muscular dystrophies. 
However, there still exists a wide variety of autosomal dominant myopathies that cannot be 
easily classified. Within this broad category, the autosomal dominant myopathy described 
by Bethlem and van Wijngaarden in three unrelated Dutch families in 1976 is considered a 
distinct nosological entity.2 This benign myopathy is characterized by the following salient 
clinical features: slow progression of limb-girdle weakness from childhood onward with 
periods of arrest for several decades, contractures of fingers, elbows and ankles, and 
absence of cardiac involvement. Subsequently, several other families with a similar 
condition have been identified, both by Bethlem and associates3,4 and by others.5"12 In 1988 
the name "Bethlem myopathy" was proposed by Mohire et al.5 

Clinical findings 

There exists some variation in the literature regarding the age of onset. In Bethlem's original 
article onset was around the fifth year of life, weakness being the first symptom. From 
subsequently published kindreds it has become apparent that onset can either be in infancy 
with slightly delayed developmental milestones or in early childhood.357 Somer et al. 
reported a Finnish family that displayed all the characteristics of Bethlem myopathy except 
for a wide variation in the age of onset ranging from early infancy to the fifth decade. Most 
patients of this kindred had an onset in adolescence.8 Some asymptomatic middle-aged 
patients appear to have weakness on examination.10 Combining the results of a retrospective 
analysis of Boers in five families (four previously published and one novel family)4 with 
observation of new cases in the course of time in the same kindreds and an additional one, 
Jöbsis et al. could obtain data about the mode of onset in 23 children.13 Nearly all children 
exhibited neuromuscular signs during the first two years of life. Diminished fetal 
movements were noted by two mothers in three pregnancies. Nine babies were 
retrospectively described by their mothers as being "floppy". A head lag phenomenon was 
noted in all floppy children and four non-floppy ones. Torticollis, congenital or ensuing in 
the course of several months, was present in nine children. During infancy and childhood, 
contractures had a strikingly dynamic nature. Congenital clubfeet with dorsiflexion 
contractures of the ankles (in ten out of 11 children from two families carrying the same 
COL6A2 mutation) spontaneously regressed in all but one child in several years. Other 
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apparent contractures during infancy included flexion contractures of the elbows, fingers 
and knees, of which the latter disappeared spontaneously during childhood. Hypermobility 
of the wrists and fingers, noted in five children, slowly evolved into flexion contractures. 
Eight children exhibited laxity of the hip joints with an increased range of endorotation. A 
Gowers' sign was present in 11 children at the age of 2 years. 

During childhood there was difficulty in arising from a squat, clumsy or waddling 
gait, easy tripping, and a diminished inability to run. Typically insidious progression is 
observed in the first decade, later followed by a relative increase in muscle power. During 
adolescence the Gowers' sign disappeared. In some female patients muscle strength 
deteriorated during pregnancy. 

Progression of weakness is reported to be slight with most patients remaining 
ambulant with help of a cane into old age and an unaffected life expectancy. In a recent 
study on the natural course, Jöbsis et al, also focussed on progression of weakness after 
middle age.13 Thirty-six patients from seven families were assessed for impairment by 
telephone interview. After the third decade muscle weakness tended to worsen gradually, 
hallmarked by the reappearance of the Gowers' sign. In most patients ability to work was 
preserved until old age. However, with advancing age, nearly all patients experienced 
sufficient weakness to warrant alterations at home, ranging from an elevated toilet seat to a 
fully automated system to assist the bed-wheelchair transfer. More than two-thirds of 
patients, aged 50 years and over, preferentially used a wheelchair for at least part of their 
ambulation, especially outdoors. Respiratory insufficiency necessitating artificial ventilation 
at night has been described in two patients.1413 

Examination of a patient with Bethlem myopathy will reveal generalized slight 
atrophy of the musculature and diffuse mild weakness, proximal more severe than distal. 
Extensors are weaker than flexors. The muscles innervated by the cranial nerves are 
preserved, except for slight facial weakness in a single patient from one family.12 In virtually 
all kindreds hypertrophic calves are absent, except for one individual from a Finnish 
pedigree8 and multiple sibs from two French families.6 Hypertrophy of the extensor 
digitorum brevis muscle has been reported in one pedigree.10 

Flexion contractures of the interphalangeal joints of the four last fingers (Figure 1), 
elbows (Figure 2), and ankles (pes equinovarus) are present in nearly all patients. The 
former, caused by a shortening of the flexor digitorum profundus muscle, is most striking at 
full wrist extension. Contractures of the metacarpophalangeal joints, wrists, knees, hips, and 
shoulders are encountered in many patients. Two reports mention contractures of the 
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Figure 1. Flexion contractures of the fingers in a patient with Bethlem myopathy (left) compared to a 
normal subject (right). 

neck and spine. Contractures of the neck are present in one member from one pedigree with 
19 examined patients and seven patients from two other families with 15 affected sibs, 
whereas limitation of the dorso-lumbar spine are present in one and three patients 
respectively.510 There is no relationship between the contractures and the severity of 
weakness.2'35 One author reports slow progression of contractures with age.10 Torticollis, 
either congenital or becoming apparent during the first two years of life, due to contracture 
of the sternocleidomastoideus muscle is reported in 11 patients from seven families out of a 
series of 19 published kindreds. Contractures can however be entirely absent. A recent 
report described a kindred with a collagen VI gene mutation (see below), in which only 
three patients out of 11 exhibited diminished joint movement.15 

Deep tendon reflexes are either preserved, decreased or absent, irrespective of the 
severity of weakness. 

Details on the clinical features of Bethlem myopathy are mostly derived from articles 
describing one family only, thus making an objective comparison difficult. Interfamilial 
variability could mainly reflect interobserver variability. With the recent discovery of the 
genetic defect, some publications have appeared that hardly provide clinical details. Often it 
remains unclear whether the presence of contractures has been investigated systematically. 
However, certain features appear to be restricted to some families, e.g. congenital 
dorsiflexion contractures of the ankles present in two families that carry the same genetic 
defect.13 Neonatal hypotonia seems more prevalent in these kindreds as well. Muscle cramps 
occur preferentially in one kindred.13 Calf muscle hypertrophy has been recognized in two 
French families,6 and hypertrophy of the extensor digitorum brevis muscle in one Italian 
kindred.10 With regard to severity of weakness and contractures, interfamilial variability is 
not evident as indicated by equal distribution of the use of wheelchairs and other aids.13 
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Within families clear differences exist, e.g. a 17 year old patient partially wheelchair 
dependent whose 68 year old uncle does not require any aid or facility.13 

Figure 2. Flexion contracture of the elbow in addition to mainly proximal muscle wasting. 

Additional investigations 

Serum creatine kinase (CK) activity is either normal or slightly elevated (2-5 times the 
upper limit). In one study a moderate increase in CK activity (up to 15 times the upper 
limit) was noted in three young individuals.10 

Generally, the electromyogram (EMG) shows on voluntary activity short-duration, 
small-amplitude, rapidly recruiting potentials with increased polyphasia. In most patients 
there is no spontaneous muscle activity at rest;2,5 however, in some patients fibrillation 
potentials, positive sharp waves, and high-frequency bizarre discharges are present.4-8 

Satellite potentials and long-duration motor unit action potentials have been noted by some 
authors.4,8 In a minority of cases the EMG is entirely normal or shows a neurogenic picture 
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with mildly prolonged insertional activity and reduced number of increased-amplitude 
polyphasic motor units.48 Motor conduction velocities are normal. 

Computerized tomography scans of the musculature show diffuse replacement of 
muscle tissue by fat, with proximal preponderance and an increase with age.4-11 Unexpected 
early involvement of the lumbar paravertebral muscles was reported by Merlini et al.10 On 
magnetic resonance imaging, predominant involvement of the quadriceps femoris muscle 
was evident, whereas the gracilis and sartorius muscles and the hamstrings were relatively 
spared.8,9 

Cardiac involvement, assessed by medical history, physical examination, chest X-
ray, electrocardiography, echocardiography, and Holter monitoring, is absent.2'51016 

Muscle biopsy specimens show non-specific myopathic changes, including variation 
in muscle fibre diameter with a moderate increase in fibres with internal nuclei, a marked 
increase in fatty tissue, and a small increase in connective tissue. Lobulated or moth-eaten 
type 1 fibres have been noted in a few patients.2-78 Except for occasional necrosis and 
regeneration, structural abnormalities are absent (refs. 9-11 and unpublished observations). 
Staining for dystrophin and sarcoglycan reveals a normal pattern,10 as does staining for 
merosin.13 Electron microscopy reveals no specific changes in the muscle fibres. 

Three autopsies have been reported showing no convincing abnormality of brain, 
spinal cord, or peripheral nerves.25 The distribution of pathological features in skeletal 
muscles is similar to that found clinically. Histopathological findings are comparable to 
those of muscle biopsies. Except for changes consistent with atherosclerotic coronary artery 
disease, microscopic examination of the heart is normal.5 

Management 

No specific therapy is known. Patients should be counselled about the natural course of this 
myopathy. Many patients receive physical therapy to prevent worsening of contractures, its 
effectiveness has not been evaluated. Due to the dynamic nature of contractures in infancy, 
corrective surgery should be delayed unless hindrance interferes with development. Except 
for orthopaedic shoes no supportive measures are required in childhood and adolescence. 
From middle age onwards progressive weakness leads to sufficient impairment to 
necessitate additional aids like a cane, home alterations and wheelchairs, in the majority of 
cases.13 

The identification of the molecular defect has enabled presymptomatic diagnosis. 
Due to practical restraints and genetic heterogeneity (see below), prenatal diagnosis will be 
limited to those families with an identified mutation. Counselling is difficult and should 
emphasize clinical heterogeneity. Whether the severity of the disorder warrants an abortion 
depends on the couple involved. The fact that before the identification of collagen VI gene 
mutations in Bethlem myopathy some patients opted not to procreate because of the familial 
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affliction (unpublished observations), conveys sufficient weight to implement prenatal DNA 
testing in particular cases. 

Differential diagnosis 

Bethlem myopathy shares many features with Emery-Dreifuss muscular dystrophy (EDD) 
and the rigid spine syndrome (RSS); slowly progressive weakness of limb-girdle 
musculature, onset in infancy or early childhood, and widespread contractures1718 However, 
due to cardiac involvement both EDD and RSS run a less benign course. RSS usually 
occurs sporadically and mostly in males. EDD usually has an X-linked recessive 
inheritance, secondary to mutations in the gene for emerin,19 but autosomal dominant forms 
exist.20 Most but not all X-linked EDD patients have an emerin deficiency whereas emerin 
staining is normal in autosomal dominant cases.21 Autosomal dominant EDD kindreds link 
to the same locus on chromosome lq as autosomal dominant limb girdle muscular 
dystrophy with atrio-ventricular conduction disturbances (LGMD1B),22 and carry mutations 
in the lamin A/C gene.23 

Several congenital myopathies have a limb-girdle distribution of weakness with slow 
or absent progression.24 Flexion contractures sometimes occur. Muscle biopsy should lead 
to the correct diagnosis. 

Limb girdle muscular dystrophy with autosomal dominant inheritance (LGMD1) 
usually has its onset after adolescence,1 although exceptions to this rule occur.25" 
Progression is more rapid than in Bethlem myopathy, with the exception of LGMD1B.27 

Early-onset contractures are usually absent.1>27,28 

Frijns et al. characterized a family with a dominant trait of congenital atrophy and 
weakness of mainly the lower limbs, tight heel cords and hyperlaxity of the elbows.29 

Muscle biopsy disclosed evidence of a neurogenic disorder. 
Taylor et al. reported on seven kindreds with a slowly progressive, early onset, 

autosomal dominant myopathy with proximal muscle weakness, calf hypertrophy, 
contractures, spinal rigidity and, in five adults a cardiac conduction defect.30 A deficiency of 
laminin ßl was restricted to the adult cases, most likely reflecting a secondary phenomenon. 
Two Bethlem myopathy patients, aged 11 and 40 years, have been reported to show normal 
laminin ßl staining, however clinical and molecular data have not been provided.30 Aspects 
of these laminin ßl deficient families atypical of Bethlem myopathy consist of spinal 
rigidity, calf hypertrophy and cardiac conduction defects. Contractures of the spine were 
present in four cases out of 19 in a Bethlem myopathy family with an identified COL6A3 
mutation (see below),531 and in three out of eight sibs of an Italian family that maps to the 
COL6A1-COL6A2 Bethlem myopathy locus on chromosome 21q (see below and Chapter 
2.2).10 Calf hypertrophy has been reported in three Bethlem myopathy families. 
Hypertrophic calves are present in a single case from a Finnish family with linkage to the 
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C0L6A1-COL6A2 locus (Chapter 2.2).8 No molecular data are available on two French 
kindreds with calf hypertrophy; in one family all affected sibs displayed this feature, in the 
other it was present in some patients.6 

Although Bethlem myopathy is apparently a distinct nosological entity, some 
reported kindreds share many, but not all, features with Bethlem myopathy, thus making a 
definite classification rather difficult. A family described by Bailey et al. showed onset of 
limb-girdle weakness in early infancy with delayed developmental milestones and very slow 
progression, contractures of elbows, heel cords, and knees, pes equinovarus, spine rigidity 
and thoracic scoliosis, absence of cardiac involvement, and a normal or moderately elevated 
CK.32 The findings of EMG and muscle biopsy were consistent with a myopathy. 
Inheritance was suggestive of an autosomal dominant trait with incomplete penetrance. A 
peculiar facies with frontal bossing and low-set ears in multiple cases and brisk tendon 
reflexes with ankle subclonus were features atypical of Bethlem myopathy. 

Schmalbruch et al. described a family with benign limb-girdle weakness with onset 
in early childhood and autosomal dominant inheritance, Achilles tendon shortening, and 
torticollis in some individuals." Although not mentioned in the clinical description, 
contractures of the elbows can be observed from the photograph of one patient. However, 
the muscle biopsies showed features atypical of Bethlem myopathy, i.e., a necrotizing 
myopathy with pronounced regeneration and formation of aberrant myofibrils (ringbinden) 
and prominent fibrosis. 

1.2 MOLECULAR BIOLOGY 

Linkage analysis 

From the published pedigrees it can be inferred that the mode of inheritance is autosomal 
dominant with complete penetrance. The clinical features and the aspecific myopathic 
changes seen on muscle biopsy provide no biochemical clue to the underlying defect. A 
genetic study with 17 protein polymorphisms failed to disclose significant linkage in one 
family.3 A genome-wide linkage analysis in six families using highly informative 
microsatellite markers established linkage with the telomeric region of chromosome 21q.34, 

35 A combined two-point lod score exceeded 6.00 for markers PFKL and COL6A1, the 
maximum two-point lod score obtained within one family was 3.76. Data of all families was 
in support of genetic linkage. The region contained a cluster of two genes (COL6A1 and 
COL6A2) that encode constituent peptides of an apparent candidate protein, collagen VI. 
One recombination with COL6A1, in a 67 year old patient with flexion contractures of the 
fingers but no weakness or wasting, placed the Bethlem myopathy locus telomeric of this 
gene. Whether COL6A2 was excluded depended on the orientation of the COL6A1-COL6A2 
cluster. With various genetic maps showing different orientations,36"38 the results were 
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equivocal. The region telomeric of the cluster contained no other informative markers or 
interesting genes. 

Three additional families, one from Finland and two from Italy were analysed for 
linkage to COL6A1 (Chapter 2.2). Confirming the absence of genetic heterogeneity of the 
first study, all families showed genetic linkage to the COL6A1-COL6A2 locus. One 
recombination was present. On reexamination it was deemed uncertain whether this person 
was affected. Linkage data in a family of French-Canadian descent, however, firmly 
excluded the telomeric region of 21q.39 Instead, this family showed linkage to 2q37. This 
region was investigated as it contained the COL6A3 gene, encoding the third peptide of 
collagen VI. The established linkage to either the COL6A1-COL6A2 region or to the 
COL6A3 region provided compelling support for collagen VI to be the protein at stake in 
Bethlem myopathy. 

Mutation analysis 

Sequence analysis of the entire coding region of COL6A1 and COL6A2 in four Dutch 
families revealed mutations in three.40 A COL6A1 mutation, c.962G>T (G286V) was 
present in one family whereas a COL6A2 mutation, c.898G>A (G250S), was shared by two 
other families. Both missense mutations resulted in disruption of the Gly-X-Y motif of the 
triple helical domain by substitution of glycine for another amino acid. Sequence analysis in 
a French-Canadian family identified a mutation in subdomain N2 of the N-terminal globular 
domain of COL6A3; c.5291G>A (G1679E).31 

Lamandé et al. reported a mutation in the splice acceptor site at the end of intron 11 
of the triple helical domain of COL6A].'5 The genomic G to A substitution of the terminal 
nucleotide of the intron causes the first nucleotide of exon 12 to be spliced off, thus yielding 
an one nucleotide deletion in mRNA with a frame shift and premature stop 22 codons 
downstream. Subject to nonsense-mediated mRNA decay the mutant transcript is unstable 
and almost completely absent from fibroblasts and skeletal muscle. Sequence analysis 
(cDNA) in four Dutch COL6A1-COL6A2 linked families yielded a mutation in three.40 

Apart from a mutation in a regulatory sequence, an intron nucleotide change leading to pre-
mRNA instability might explain the absence of a cDNA variation in the fourth family, in 
which linkage to COL6A3 was excluded. A recent report described two novel mutations in 
two Italian families, one disrupting the Gly-X-Y motif of the triple helical domain of 
COL6A1 and one residing in the triple helical domain of COL6A3.A1 These mutations have 
not yet been published in the peer-reviewed literature. 

Six Bethlem myopathy families do not do not carry the COL6A1 c.962G>T or the 
COL6A2 c.898G>A mutation.40 Except for one family that is too small to contain linkage 
information, these families display genetic linkage to the COL6A1-COL6A2 locus on 
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chromosome 21q but not to COL6A3 on chromosome 2q (chapter 2.2).35 These kindreds 
remain to be genotyped. 

1.3 PATHOPHYSIOLOGY 

Collagen VI structure 

Collagen VI is a member of the extensive collagen family that consists of 19 different types 
(collagen I-XIX), encoded by 33 genes. Collagen VI forms a microfibrillar network in the 
extracellular matrix of virtually all connective tissues, including skeletal muscle.42 In 
association with interstitial collagen fibres, the collagen VI meshwork is situated around 
cells and in contact with basement membranes. Collagen VI is comprised of three different 
polypeptide chains; ccl(VI) encoded by COL6A1 on chromosome 21q, a2(VI) encoded by 
COL6A2 on chromosome 21q and a3(VI) encoded by COL6A3 on chromosome 2q.43 It is 
characterized by a short triple helical region with large N-terminal and C-terminal globular 
domains which make up greater than 70 % of the mass (Figure 3). In the triple helical 
domain every third amino acid is a glycine, a motif designated as Gly-X-Y, enabling the 
tight turns of the peptides to form an a helix. 

N-TERMINAL DOMAINS TRIPLE HELIX C-TERMINAL DOMAINS 

N10 N9 N8 N7 N6 N5 N4 N3 N2 N1 

VA 

C1 C2 C3 C4 C5 

0(1 (VI) 

G>A> ct2(VI) 

VA VA | VA J VA l VA I VA ! VA VA VA VA __, a3(VI) 

Figure 3. Schematic structure of collagen VI a chains. 
VA: von Willebrand factor A subdomain 
FUI: fibronectin type III subdomain 
K: Kunitz inhibitor subdomain 

The globular domains are composed of several subdomains with homology to the von 
Willebrand factor A domain, the fibronectin III domain, the Kunitz protease inhibitor 
domain, and several other recognised protein motifs.44"47 Alphal(VI) and a2(VI) each 
consist of one N-terminal von Willebrand factor A domain and two C-terminal von 
Willebrand factor A domains. The cc3(VI) peptide is much larger, it has ten N-terminal von 
Willebrand factor A domains (N10-N1), two such C-terminal domains, one fibronectin type 

22 



Review 

III domain and one Kunitz type protease inhibitor domain. Alternative splicing at the 5'-end 
and 3'end of collagen a2(VI) and a3(VI) leads to heterogeneity at the protein level.48"50 

The three peptides cd-3(VI) associate intracellularly into a collagen VI monomer. 
These monomers align into antiparallel, overlapping dimers, held together by disulfide 
bonds.51 Prior to excretion, dimers form tetramers by covalent association with their ends in 
register.5253 Extracellularly, tetramers aggregate into microfibrils in an end-to-end 
association by interaction of the globular domains with each other and with the triple helical 
domains.54,53 

Collagen VI function 

Collagen VI has both cell adhesion properties and a range of extracellular matrix protein 
binding activities, suggesting a bridging role between cells and the pericellular matrix.46,55'56 

The interaction spectrum of collagen VI is complex. Matrix components and membrane 
proteins that have been shown to interact with collagen VI include various proteoglycans, 
several collagens, hyaluronan, heparin, and numerous integrins. Conflicting results, partially 
depending on the kind of collagen VI substrate used, hamper interpretation of various 
studies.57,58 Table 1 summarizes various studies on the interaction spectrum of collagen VI. 
Furthermore, results of a yeast two-hybrid system indicate functional interactions with 
proteins that need yet to be defined.58 Relative affinities of native collagen VI tetramers to 
several collagens (I, II, IV, V, VI, XI) and fibronectin indicate that the major ligands for 
collagen VI appear to be collagen IV, collagen VI itself and fibronectin.58 

Extracellular matrix components are thought to be essential for morphogenesis of 
virtually all tissues, including skeletal muscle.59,60 By connecting matrix components to 
cells, collagen VI could serve a role in regulation of proliferation and differentiation.61"64 

Several observations suggest such a role. In a myoblast cell line (C2C12) expression of 
COL6A2 mRNA is absent in exponentially growing cells and reaches peak levels just prior 
to myotube formation in an identical fashion as MyoDl and myogenin.65 A similar pattern 
of expression of Col6a2 occurs during initial phases of myogenic differentiation in mice. 
Collagen VI has a stimulatory effect on mesenchymal cell growth and inhibits apoptosis.61,64 

Integrins, an extensive family of transmembrane proteins with cell signalling and 
regulatory properties, link the cytoskeleton to the extracellular matrix. Interaction of 
integrins with matrix components are critical in triggering metabolic events in myogenic 
differentiation.66 During myotube formation up-regulation of integrin ßlD occurs together 
with a down-regulation of the integrin ßlA and cc5ßl, aVß3 forms.67"6'5 BetalD associates 
with several alpha subunits, the switch from the ßlA subunit to ßlD during myogenic 
differentiation coincides with the expression of al subunit.70 Integrin a7ßl, expressed in 
skeletal and cardiac muscle, binds laminin-1, with high affinity laminin-2/4, and 
fibronectin.71"73 Interaction of collagen VI with integrin a lß l and a2ßl mediates attachment 
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and migration of cells.57'61,74'75 Interaction of collagen VI with integrin a3ßl seems to play a 
role in fibroblast migration, development and matrix architecture of the cornea.76 

By modulating laminin expression, insulin-like growth factor 1 and transforming 
growth factor beta have differential effects on mesenchymal cell adhesion to collagen VI.75 

Alternative splicing events of COL6A3 mRNA leading to variation of the number of N-
terminal von Willebrand factor A modules in the <x3(VI) chain, occur in a tissue specific 
manner, and might thus modulate cell adhesion and interaction with other matrix 
components.77 

protein location further interactions with (not complete) 

decorin extracellular 

NG2 transmembrane 

perlecan extracellular 

mac-2 extracellular 

MBP2 extracellular 

fibulin-2 extracellular 

fibronectin extracellular 

KIAA018158 ? 

collagen IV extracellular 

integrins transmembrane 

collagen I, collagen II"0111 

actin, fibronectin, laminins, tenascin, collagen I, 
collagen V106"109 

fibulin-2112 

collagen IV, collagen V, fibronectin, nidogen, 
integrins"3 

collagen IV, nidogen, fibronectin 

fibronectin, nidogen, perlecan, collagen IV114 

integrins, MBP258'"5'"6 

nidogen, MBP2, integrins58 

laminin-1, laminin-2/4, fibronectin, actin57-61-71'76 

Table 1. Proteins with affinity to collagen VI. 

Pathophysiological model 

Collagen VI is a component of virtually all connective tissues, patients with a collagen VI 
mutation exhibit however only muscle weakness and contractures. Mice that homozygously 
lack the cd (VI) chain, leading to an extracellular matrix completely deficient of collagen 
VI, merely show myopathic features.78 The mechanism by which collagen VI mutations give 
rise to Bethlem myopathy remains to be established. In view of the cell-extracellular matrix 
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interaction of collagen VI, an analogous perturbation of the attachment of muscle cells to 
the surrounding matrix as hypothesised in various muscular dystrophies79 seems plausible. 
The difference in mode of inheritance must be accounted for; the muscular dystrophies 
caused by perturbation of the dystrophin-laminin axis are recessive in nature whereas the 
collagen VI mutations give rise to a dominantly inherited disorder. 

The only collagen VI protein study in the Dutch kindreds involved staining of 
muscle biopsies with monoclonal antibodies, revealing a normal pattern of collagen VI 
distribution in the endo- and perimysium (unpublished observations). Except for exclusion 
of a massive reduction, no quantitative conclusion can be drawn from this. Although no 
collagen VI protein synthetic studies or structural analyses have been performed, the Gly-X-
Y disrupting mutations of COL6A1 and COL6A2 are likely to be causative. This type of 
mutation is commonly encountered in other collagen disorders, like ostogenesis imperfecta, 
Ehlers-Danlos syndrome type IV and Alport syndrome. Gly-X-Y disruption leads to altered 
intracellular processing of procollagen, disturbed formation of monomers and higher order 
structures.8081 Abnormal folding of the a helix has been visualised.82 With few exceptions, 
mainly transient fetal stages where ccl(VI) and cc2(VI) mRNAs can be more abundant than 
a3(VI) mRNA (without translation to collagen VI protein)62, nearly all tissues contain 
equimolar amounts of the constituent chains of collagen VI.83"87 If an allele of an a chain 
with a Gly-X-Y disrupting mutation is normally translated and intracellulary processed into 
monomers, dimers and tetramers, statistically one out of two monomers would by wild-type. 
For dimers this would be one out of four and for tetramers only one out of 16 would be 
wild-type. With such a dramatic reduction of normal tetramers, the building blocks of the 
microfibrillar network, it is easily envisaged that the described heterozygous mutations act 
in a dominant-negative fashion. 

Fibroblasts harbouring the missense mutation in the N2 domain of cc3(VI) express 
a3(VI) mRNA of normal length and in a normal cd(VI):a3(VI) ratio as analysed by 
Northern blot.31 Biosynthesis studies show that these fibroblasts produce collagen VI in 
normal amounts and with normal ratios of the constituent peptides. The <x3(VI) chain differs 
from the other two chains by the presence of the N10-N2 domains and the C3-C5 domains 
(Figure 3). The function of these extended terminal domains is unclear. The N10-N7 
domains are not required for assembly into monomers, dimers or tetramers.88 The N-
terminal domain of a 1 (VI) binds with other extracellular matrix components like fibronectin 
and collagen IV.58 The tissue-specific distribution pattern of the various splice variants 
suggests the extended N-terminal domain mediates interaction with other matrix 
components.77 The established normal assembly of collagen VI protein by fibroblasts with 
the N2 mutation underscores the hypothesis about the function of the extended N-terminal 
domain. As described above, a heterozygous mutation will leave only one out of 16 
tetramers unaffected, thus conveying a dominant-negative effect on the interaction with 
other matrix components. 
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The intron 11-exon 12 redefining cd(VI) mutation yields an unstable mRNA 
molecule which is subject to nonsense-mediated decay.15 The resultant diminished 
availability of a 1 (VI) chains leads to intracellular formation of excess amounts of assembly 
intermediates composed of an cc2(VI) and an a3(VI) chain. These assembly intermediates 
are degraded intracellularly. The extracellular matrix shows a greatly reduced amount of 
collagen VI. The reduction of collagen VI deposition has not been quantified, but was 
apparent on simple staining of fibroblasts culture. If <x2(VI)-a3(VI) assembly intermediates 
partake in the formation of dimers and tetramers in competition with normal monomers, the 
reduction of excreted tetramers could fall below critical levels to maintain the structural 
function of muscle cell adhesion or matrix-matrix interaction. The clinical details of the 
kindred harbouring this mutation have not been published in extent, but contractures seem 
to be present in only three out of 11 patients. This relative scarcity of contractures could be 
a reflection of the difference of net effect of the mutation; reduction of normal collagen VI 
versus a normal amount of altered collagen VI in the extracellular matrix. 

The pathogenicity of each of the described collagen VI mutation remains to be 
formally established. The type of mutation, e.g. the predicted disruption of the Gly-X-Y 
motif, or the effect, the greatly reduced amount of protein in case of the intronic mutation 
with haploinsufficiency, makes it very unlikely these sequence alterations are merely linked 
polymorphisms. Further evidence is provided by the recently created mouse model for 
Bethlem myopathy. Inactivation of Colóal by targeted gene disruption gives rise to a 
myopathy in homozygously deficient animals. Milder myopathic changes are present in 
heterozygous mutant mice.78 

Several muscular dystrophies are due to aberration of cell anchoring structures.79 The 
dystrophin-glycoprotein complex spans from the cytoskeletal protein actin to the 
extracellular matrix protein laminin. Duchenne and Becker muscular dystrophy are due to 
mutations of dystrophin.89 The autosomal recessive limb girdle muscular dystrophies 
LGMD2C, LGMD2D, LGMD2E, and LGMD2F have mutations in the sarcoglycans y, a, ß, 
and ô respectively.90"94 Mutations in laminin <x2 give rise to several congenital muscular 
dystrophies including the merosin-negative form,95 and the d^'/dy2' mouse.96 Mice 
homozygously lacking dystroglycan have an embryonic lethality thought to arise from 
defects in extra-embryonic structures and their association with the extracellular matrix.97 

For some cell anchoring structures that are mutated in muscular dystrophies, it is not yet 
clear whether they are part of the dystrophin-glycoprotein complex. Caveolin-3, a structural 
and regulatory integral membrane protein found at the sarcolemma, partially co-purifies 
with dystrophin but patients with a caveolin-3 mutation have no evident secondary 
deficiency of dystrophin or sarcoglycans.98 And, conversely, caveolin-3 expression is not 
reduced in patients with primary mutations in either dystrophin or the sarcoglycans.99 

Likewise, the connection of plectin, a cytoskeleton-membrane anchorage protein, to the 
dystrophin-glycoprotein complex remains to be established. Mutations resulting in a 
deficiency of plectin cause autosomal recessive muscular dystrophy with epidermolysis 
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bullosa.10010' Patients with a dystrophinopathy show some increased staining of plectin.102 

Mutation of integrin a7ßl, a transmembrane protein that connects actin to laminin-1 and 
laminin-2/4 in skeletal and cardiac muscle, gives rise to progressive myopathic changes in 
mice with some dystrophic features like fibre necrosis and fibre regeneration.103 Skeletal 
muscle of animals homozygously lacking integrin a7 show no reduced amounts of 
dystrophin, dystroglycan, a-sarcoglycan, laminin-1 (cdßlyl), or laminin a2. The 
phenotype was mild and no overt weakness was noticed, taking into account however that 
observation was limited to 100 days after birth. So far, three patients with an integrin a 7 
mutation have been reported.104 All were sporadic cases with delayed motor development. 
Two patients had neonatal torticollis. Whether contractures were systemically sought for is 
not clear. In one patient with concomitant mental retardation, brain MRI scan was normal. 
Serum CK activity was mildly elevated (to 3 times upper limit of normal). Biopsied muscle 
showed non-specific myopathic changes. 

It is very likely that mutated collagen VI leads to Bethlem myopathy through 
aberration of its cell anchorage function. It remains to be seen through which 
transmembrane protein, either directly or indirectly, collagen VI mediates its function. 
There are many candidates. A direct interaction with laminin is not apparent from the 
literature. A brain MRI scan in a Bethlem myopathy patient failed to show white matter 
changes that are observed in merosin-negative congenital muscular dystrophy (unpublished 
observation).105 Furthermore, merosin staining was normal in one patient.13 The similarities 
between Bethlem myopathy and the congenital myopathy observed in patients with an 
integrin cc7ßl mutation, are striking. There is evidence for direct binding of collagen VI to 
integrin ßl,57-617475 and indirect binding through fibronectin.68'7173 Other transmembrane 
proteins that are candidates include proteoglycan NG2 and plectin.105"109 
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Abstract 

Bethlem myopathy is a rare autosomal dominant myopathy characterized by slowly 
progressive limb-girdle muscular atrophy and weakness, and contractures of multiple joints. 
To identify the genetic localization we used highly polymorphic microsatellite markers in a 
genome-wide search in six Dutch families. After excluding genetic linkage with 52 markers 
distributed evenly over the autosomes, significant linkage was present with the 21q22.3 
locus PFKL (two-point lod score of Zmax = 6.86 at 0 = 0.03). There was no indication of 
genetic heterogeneity. The pattern of recombinations observed with adjacent markers 
indicated a localization distal to PFKL. Recombination of a marker within the collagen 
al(VI) gene (COL6A1) excluded this apparent candidate gene in one of the Bethlem 
myopathy families. The disease gene is most likely located in the region between COL6A1 
and the telomere of chromosome 21q. 

Introduction 

Bethlem myopathy (early-onset benign autosomal dominant limb-girdle myopathy with 
contractures) is a hereditary myopathy with slowly progressive muscular atrophy and 
weakness, and contractures of multiple joints.1'2 Onset of weakness is usually either in the 
neonatal period, presenting with hypotonia, or in early childhood.3 There is generalized, 
slight atrophy of the musculature and diffuse, mild weakness, proximal more severe than 
distal. Involvement of the facial muscles is absent. Nearly all patients have flexion 
contractures of the interphalangeal joints of the four last fingers, elbows and ankles.2-4 

Contractures of the metacarpophalangeal joints, wrists, knees, hips, and shoulders are less 
common. In contrast with X-linked Emery-Dreifuss muscular dystrophy, contractures of the 
neck and spine are rarely present.2 The contractures, present from onset of weakness 
onwards,24 give little or no functional impairment in most patients.2 In spite of slowly 
ongoing deterioration of muscle power, ability to work is preserved until old age.2 Some 
patients remain ambulant, often with help of a walking cane, whereas others become 
wheelchair-dependent for outdoor transportation. There is no cardiac involvement2,5 and 
life expectancy is unaffected.1 Ancillary investigations such as electrophysiological studies 
and muscle biopsy indicate a myopathic origin of the disease.2 

Bethlem myopathy has an autosomal dominant mode of inheritance with complete 
penetrance. A previous linkage effort failed to detect genetic linkage.6 In the current study 
we carried out a genome-wide search with highly polymorphic microsatellite markers in six 
Dutch families. 
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Methods 

Subjects. Sixty-eight family members (of whom 34 patients) from six pedigrees had blood 
drawn. Data from Families A to E have previously been published.1'36 Genealogical 
investigation could not establish links between the first three pedigrees from the beginning 
of the eighteenth century onwards. No proper genealogical studies have been undertaken 
for Families D to F. Pedigree D is of Polish descent and the other families are not known to 
be related to each other. Except for two new patients, all patients had previously been seen 
at our department. Variability in severity of weakness as well as nature and site of 
contractures is present within and between families. Individuals were considered affected 
on the basis of the presence of weakness and/or contractures. The clinical characteristics 
are summarized for each family in Table 1. 

Family A B C D E F 

number of patients 6 8 5 4 9 2 

Weakness and wasting 

upper limb, proximal 5 8 5 4 8 2 

upper limb, distal 5 7 2 4 6 1 

lower limb, proximal 5 8 5 4 7 2 

lower limb, distal 5 3 3 3 8 -

neck flexors 5 7 3 3 7 -

Contractures 6 8 5 4 7 2 

Reflexes 

reduced or absent 3 5 3 3 5 1 

Table 1. Clinical features in 34 patients with Bethlem myopathy 

Microsatellite typing. Genomic DNA was extracted from leukocytes. Individuals were 
genotyped using highly polymorphic microsatellites derived from published sources 
(GenomeDataBase). Primers for polymerase chain reaction (PCR) were obtained from the 
Dutch Microsatellite Primerbank (NWO, The Netherlands) or were synthesized on a 
Cyclone Plus DNA synthesizer (Millipore). PCR, electrophoresis and detection of alleles 
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were performed following standard protocols with some minor modifications.7 

Additional chromosome 21q22.3 markers. The COL6A1 polymorphisms (Taql and BamHl 
RFLPs, Taql and BamHl VNTRs) were detected with cDNA probe PI8 (ATCC 61312) as 
previously described.8,9 COL6A1 VNTRs could not be reliably scored. Because not all 
méioses were informative for the COL6A1 RFLPs, three intron sequences (intron 3, 10B 
and 17) of the triple helical domain of COL6A1 were investigated for polymorphisms by 
means of single strand conformation (SSC) polymorphism analysis.10 Primers for intron 
PCR were selected from the COL6A1 genomic sequence (Genbank S75385S01 through 
S75385S18) using the PRIMER computer software program. Intron 3 was found to contain 
a SSC polymorphism (confirmed by sequence analysis) that was used in the construction of 
a COL6A1 haplotype. A CD 18 3' untranslated region polymorphism was detected using 
SSC as published with minor modifications.10 

Linkage analysis. Allelotypes were placed in the pedigrees and analyzed for linkage. Two-
point lod scores were obtained by means of the MLINK subprogram of the LINKAGE 
software package (FASTLINK version 2.2)." Linkage calculations and homogeneity tests 
(HOMOG program version 3.33)12 were performed using the computing facilities of the 
UK Human Genome Mapping Project Resource Centre. The disease was considered to be 
autosomal dominant with complete penetrance and a gene frequency of 0.000001. The 
recombination fractions were taken to be equal in males and females. For COL6A1, a 
haplotype was constructed from the alleles of four COL6A1 polymorphisms. 

Results 

Initially, we analysed apparent candidate regions like the dystrophin-like protein (utrophin) 
gene on chromosome 6q24, the limb girdle muscular dystrophy 1A locus (LGMD1A) on 
5q22.3-31.3, LGMD2A on chromosome 15ql5.l-q21.1, LGMD2B on chromosome 2pl6-
pl3, and LGMD2C on chromosome 13ql2 without detecting linkage. A total of 52 
microsatellite markers from all autosomes were examined without finding linkage, thereby 
excluding roughly 30% of the autosomal genome (two-point lod scores Z < -2.0, data not 
shown). 

Significant linkage was found with the 21q22.3 marker D21S171 (Table 2). 
Additional markers (ordered from telomere to centromere) COL6AJ, CD18, PFKL, 
D21S1259, D21S49, D21S212, D21S1260, D21S266, HGM14 and D21S211, all showed 
linkage (Table 2). PFKL yielded the highest pairwise lod score, Zmax = 6.86 at 6 = 0.03. The 
maximum two-point lod score obtained within one family (Family 2) with this marker was 
3.76 at 6 = 0.00. Each marker displayed at least one recombination. 
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Recombination fraction 

Marker 0 0.01 0.05 0.1 0.2 0.3 7 
max 

^ tnax 

COL6A1 -co 6.21 6.27 5.71 4.19 2.52 6.37 0.03 

Cd 18 -co 3.31 3.76 3.6 2.77 1.71 3.76 0.05 

PFKL -co 6.69 6.76 6.22 4.66 2.85 6.86 0.03 

D21sl71 -co 2.37 3.93 4.08 3.33 2.1 4.1 0.09 

D21S1259 -co 5.62 5.81 5.4 4.11 2.56 5.85 0.04 

D21S49 -co 3.89 4.66 4.46 3.39 2.06 4.67 0.05 

D21S212 -co 4.15 5.49 5.42 4.28 2.72 5.55 0.07 

D21S1260 -co 5.12 5.8 5.5 4.25 2.69 5.81 0.05 

D21S266 -co 2.82 4.37 4.5 3.68 2.34 4.53 0.08 

HGM14 -co -0.85 0.95 1.43 1.38 0.93 1.5 0.14 

D21S211 -co -0.97 0.51 1.04 1.19 0.9 1.22 0.17 

Table 2. Two-point lod scores for six Bethlem myopathy pedigrees and markers (from telomeric to 
centromeric) on chromosome 21q22.3 

The families were analysed for genetic heterogeneity by means of the HOMOG program. 
To obtain maximal informativeness of each analysis, the following tightly linked markers 
were constructed into haplotypes: D21sl71 and PFKL (genetic distance ± 2cM), D21S1259 
and D21S49 (± 1 cM) and D21S1260 and D21S266 (0 cM).13-15 In each analysis the overall 
maximum likelihood of either homogeneity or heterogeneity was obtained with alpha = 
1.00 (alpha is proportion of families showing linkage to the marker). For instance, for 
COL6A1, the maximum likelihood for alpha = 0.80 was 9.69 x 104 at 0 = 0.00, whereas the 
overall maximum likelihood was 1.86 x 106 (6 = 0.05 and alpha = 1.00). For COL6A1, 
D21sl71 + PFKL, D21S1259 + D21S49, and D21S212 the overall maximum likelihoods 
were found at 0 = 0.05, and for D21S1260 + D21S266 at 0 = 0.10. These data suggest 
genetic homogeneity; however, the families are not sufficiently large to prove that only one 
gene is involved. 

The alleles of all tested 21q22.3 markers were contructed into a haplotype to 
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obtain the most probable localization of each crossover event. Telomeric markers 

(COL6A1, Cd]8 and PFKL) showed fewer recombinations than the more centromeric 

markers (see Table 2). From this haplotype contruction it was apparent that in one patient 

(in Family A) all markers including the most distal marker (COL6A1), recombined with the 

disease. Clinical reassessment affirmed that this individual was indeed affected; he had 

flexion contractures of the interphalangeal joints. A second blood sample was obtained and 

DNA extracted from this sample was retested for the COL6A1 polymorphisms, yielding 

identical results to the first sample. 

Discussion 

The linkage data of the present study indicate that the Bethlem myopathy locus is located 

on the distal part of chromosome 21q. A two-point lod score exceeding 3.00 in one family 

is compelling evidence for linkage, as is the case for Family B with COL6A1, PFKL and 

D21S212. Because the statistical power of a homogeneity test with linkage data like ours is 

limited,12 we cannot conclude definitely that all pedigrees are linked to chromosome 

21q22.3. However, the HOMOG results indicate that genetic homogeneity is more likely 

than heterogeneity. 

From the haplotype constructions all families contribute to linkage. Distal markers 

give rise to fewer recombinations than proximal markers. Taken together with the 

recombination between the markers and the disease in one patient from Family A, the most 

likely localization is distal to COL6A1. Located on a telomere, markers are only available at 

one side of the locus, thus making it difficult to confine precisely by genetic analysis the 

candidate region. COL6A1 is located on the most distal Notl fragment of chromosome 21q 

with an estimated size of 0.8 Mb.13 

The collagen VI genes might be considered good candidate genes for Bethlem 

myopathy because of the involvement in binding of the basal lamina to extracellular matrix 

glycoproteins,1617 the expression in skeletal muscle,18 and the widespread occurence of 

contractures. The collagen VI protein consists of three peptides: a l(VI) (COL6A1), a2(VI) 

(COL6A2) and <x3(VI) {COL6A3)}9 The COL6A1 and COL6A2 genes on the distal end of 

chromosome 21q,19 have probably arisen from a duplication event.20 On the Notl 

contiguous map of the IVth International Workshop on Human Chromosome 21 COL6A1 

is shown as the most distal gene.13 This orientation and the recombination with COL6A1 

observed in one patient exclude the COL6A1-2 genes as disease genes of Bethlem 

myopathy. The only identified gene telomeric of the COL6A1-2 cluster on chromosome 

21q encodes the ß subunit of protein S-100 (S100B).n As it is mainly expressed in glial 

cells and not in skeletal muscle,21 this gene is not a good candidate for Bethlem myopathy. 

In conclusion, the present study has assigned Bethlem myopathy to the telomere of 
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chromosome 21q. Most likely, the disease gene is an as yet unidentified gene distal of 
COL6A1. Bethlem myopathy displays typical clinical characteristics with a virtually 
constant expression. Nonetheless, there are some reports of limb-girdle myopathies with 
contractures displaying some atypical features.22,23 The identification of the genetic defect 
of Bethlem myopathy will help to delineate the nosological classification of those families. 
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Abstract 

Bethlem myopathy is a benign, early-onset myopathy characterized by weakness and 
contractures of multiple joints, and an autosomal dominant mode of inheritance. We have 
reported linkage to the telomere of chromosome 21q in six Dutch families. This region 
contains two apparent candidate genes, encoding the al (COL6A1) and a2 (COL6A2) 
subunits of collagen VI, an anchoring protein in the basal lamina of striated muscle. A 
French-Canadian kindred does not link to the COL6A1-COL6A2 cluster but to the COL6A3 
region on chromosome 2q. By PCR amplification of a VNTR within the COL6A1 gene, we 
confirm linkage to the COL6A1-COL6A2 cluster in three additional kindreds, two from Italy 
and one from Finland. Joint two-point lod scores exceed 8. The families do not share a 
common allele of the COL6A1 VNTR. These findings provide further support for the role of 
collagen VI in Bethlem myopathy. 

Introduction 

The category of limb-girdle syndromes contains an entity characterized by moderate 
weakness, contractures of multiple joints, absence of cardiac involvement, onset in early 
childhood, a benign course, and an autosomal dominant mode of inheritance.' Initially 
described in three Dutch families by Bethlem and van Wijngaarden,2 this entity has become 
known as Bethlem myopathy.3 Several kindreds with Bethlem myopathy have been 
reported, all displaying remarkably uniform features. 

A genome-wide search in six families from the Netherlands yielded linkage with 
markers in the telomeric band of chromosome 21q.4,5 Two candidate genes have been 
mapped to the region, COL6A1 and COL6A2, encoding two subunits of collagen VI. 
However, a French-Canadian kindred, clinically indistinguishable from the Dutch families, 
did not link to this locus.6 Instead, this kindred showed linkage to a region on chromosome 
2q containing the gene encoding the third subunit of collagen VI, i.e. COL6A3. 

In this study we analyse three additional Bethlem myopathy kindreds for linkage to 
the COL6A1-COL6A2 cluster. Apart from BamHl and Taq\ RFLPs, a cDNA probe 
representing the triple helical (TH) domain of COL6A1 has been reported to detect two 
informative VNTRs, also after either BamHl or Taq\ digestion.7-8 To our experience, both 
VNTRs were difficult to visualize and therefore, we designed a PCR assay to genotype the 
COL6A1 VNTR. 
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Figure 1. Participating sibships of three Bethlem myopathy pedigrees. Individuals genotyped are 
indicated with a dot below the pedigree symbol. Gray pedigree symbol refers to individual with 
equivocal clinical findings. 

Patients and Methods 

The pedigrees are depicted in Figure 1. Clinical descriptions have been published for 
Families 1 and 29 and Family -3.10 After obtaining informed consent, genomic DNA of 44 
family members was isolated from peripheral blood using standard protocols. 

To identify the location of the COL6A1 VNTR, genomic DNA of the COL6A1 TH 
domain was amplified using the Expand™ Long Template PCR System (Boehringer 
Mannheim) following the manufacturer's guidelines. The following oligonucleotides were 
used as primers: COL6A1F1 (5'-CACCGTCTCCTCCTGTGTGTGTTCCAGGGAAGAC-3', starting at 
posi t ion -25 of exon 3 of the TH domain) , COL6AIF2 (5'-
CTCCCTCCATGTCTCTCCACTCAGGGTGGC-3', pos. -24 of exon 11), COL6A1R1 (5'-
CTGGGAAGACCGGGGAGTCACAACGCTG-3', pos. -1 of exon 9), COL6A1R2 (5'-
GGGACCCTCATCGCCTCGGTAGCCTTTAGG-3',pos. 51 of exon 13), and COL6A1R3 (5-
GCCCTGCAGTGACGGGAGAGCACTTGGTTA-3', pos. 3 of exon 17); sequences were derived from 
Genbank (S75385S01-16). After 0.8 % agarose gel electrophoresis, PCR products were 
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visualized by ethidium bromide staining. Genomic DNA was allelotyped for the COL6A1 
VNTR (primers COL6A1F1 and COL6A1R1); alleles were scored from the agarose gels. 
Segregation of the VNTR was investigated for the three Bethlem myopathy families at study 
and 73 persons from seven other kindreds. 

Genotypes were analysed using maximum likelihood methods to perform pairwise 
linkage analysis with the MLINK program of the FASTLINK package" with complete 
disease penetrance and assumed equal frequencies of six alleles. One individual from 
Family 2 was scored as unknown (see below). 

Lodscores at recombination fraction of 

Family 0 0.01 0.05 0.1 0.2 

1 1.44 1.41 1.29 1.14 0.82 

2 3.01 2.96 2.77 2.51 1.95 

3 3.65 3.58 3.32 2.98 2.25 

E 8.1 7.95 7.38 6.63 5.02 

Table 1. Two-point lod scores for three Bethlem mypathy kindreds and a COL6A1 VNTR 

Results 

Genomic amplification of almost the entire TH domain rendered products of roughly 10 kb 
displaying some variation in length. Kpn\ digestion of the PCR product pinpointed the 
length polymorphism between exon 3 and exon 7.12 To enhance allele separation, more 
approximate VNTR flanking primers were used; primer combination COL6A1F1 and 
COL6A1R1 amplified a fragment of about 2.5 kb with length variation (Figure 2). At most 
two different amplification products were observed for each person, whereas six different 
alleles were found in total. Alleles segregated in a Mendelian fashion without instability. 
The observed rate of heterozygosity was 77% in 117 individuals from 10 families. 

Table 1 displays the results of the lod score calculation for linkage between the 
COL6A1 VNTR and Bethlem myopathy. For one person from Family 2, the marker 
recombined with the attributed disease status. Resampling yielded identical VNTR alleles. 
However, detailed clinical examination at the time of resampling revealed that the 
previously attributed disease status might not have been correct. In brief, the clinical details 
were as follows; 

This 32 year old man (unaffected individual III-1 from Family 2 in the original 
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report)9 had no history of weakness. Equivocal findings consisted of minimal weakness of 
the orbicularis oculi and oris muscles and the left extensor digitorum muscle, and 
ambiguous flexion contracture of the distal interphalangeal joints. Muscle computer-
tomography showed no definite muscle degeneration. 

— 3.1 kb 

2.0kb 

Figure 2. Example of allele segregation of the COL6A1 VNTR. 

Discussion 

The investigated polymorphism is located between exon 3 and exon 7 of the TH domain of 
COL6A1. Previously, a COL6A1 VNTR has been described detected with a cDNA fragment 
encoding the TH domain (from exon 8 to exon 17) on Taq\ Southern blots (GDB GOO-155-
404).7 Given the genomic map of the region12 and a Taql site in exon 6, the published 
VNTR is most likely identical to the present polymorphism. The addition of Pwo DNA 
polymerase with proof-reading activity to the PCR enables reliable amplification of the 
VNTR previously typed by Southern blotting. 

All studied families display linkage to COL6A1. The families do not share a common 
disease allele, suggesting the mutations have occurred independently. The absence of a 
common allele could, however, be due to meiotic instability of the VNTR.13 Like previously 
found in the Dutch kindreds,5 recombinations were present in the Italian families with more 
proximally located markers D21S171, PFKL, and D21S212 (results not shown). 

The uncertain clinical status of one person in Family 2 hampers interpretation of the 
genetic data of that family. Weakness of the facial musculature is unusual for Bethlem 
myopathy. It has however been described in an other Italian Bethlem myopathy kindred.14 

Young adult Bethlem myopathy patients display relatively little weakness.15 Given the 
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uncertainty of the disease status of this person, he was scored as unknown in the linkage 
analysis. Multiple recombinations with COL6A3 polymorphisms ruled out a localisation at 
chromosome 2q in Family 2 (results not shown). 

In the original report on Family 3, Somer et al. did not make a definite diagnosis of 
Bethlem myopathy.10 Features considered atypical of Bethlem myopathy included onset in 
adolescense for most individuals and hypertrophic calves in one patient. Linkage to the 
COL6A1-COL6A2 cluster could be taken as confirmation of this family being afflicted with 
Bethlem myopathy, alternatively one could argue for it being an allelic but nosologically 
separate entity. 

Collagen VI, present in the extracellular matrix of many tissues including skeletal 
muscle16 forms microfibrils that are believed to play a role in cell-matrix interactions.17 

These interactions may involve the dystrophin-associated proteins via laminin in the basal 
lamina of skeletal muscle.18 Alterations of these proteins have been reported in several 
muscular dystrophies, the association of Bethlem myopathy with collagen VI is in line with 
these findings. 
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Abstract 

Among the diverse family of collagens, the widely expressed microfibrillar collagen VI is 
believed to play a role in bridging cells with the extracellular matrix. Several observations 
imply substrate properties for cell attachment' as well as association with major collagen 
fibres.2 Previously, we have established genetic linkage between the genes encoding the 
three constituent a chains of collagen VI and Bethlem myopathy.3"5 A distinctive feature of 
this autosomal dominant disorder consists of contractures of multiple joints in addition to 
generalized muscular weakness and wasting.6"10 Nine kindreds show genetic linkage to the 
COL6A1-COL6A2 cluster on chromosome 21q22.3 (refs 3, 4, Chapter 2.2) whereas one 
family links to markers on chromosome 2q37 close to COL6A3.5 Sequence analysis in four 
families reveals a mutation in COL6A1 in one and a COL6A2 mutation in two other 
kindreds. Both mutations disrupt the Gly-X-Y motif of the triple helical domain by 
substitution of Gly for either Val or Ser. Analogous to the putative perturbation of the 
anchoring function of the dystrophin-associated complex in congenital muscular dystrophy 
with mutations in the a2 subunit of laminin, our observations suggest a similar mechanism 
in Bethlem myopathy. 

We analysed COL6A1 and COL6A2 cDNA from four Bethlem myopathy families, with 
linkage to the COL6A1-2 cluster,3,4 by PCR amplification and sequencing. The 
amplification products showed no differences in length from the expected size. For 
COL6A1, we identified a heterozygous missense mutation c.962G>T (G286V) in the triple 
helical domain, present in both cDNA and genomic DNA of a patient from Family B. 
Sequence analysis of both parents and restriction analysis of the remaining 18 family 
members (loss of a NlaTV site) showed perfect co-segregation of the mutation with the 
Bethlem myopathy trait (Figure la). All patients were heterozygous for the mutation. The 
base substitution was not present in 50 unrelated controls. The predicted change of amino 
acid entails a disruption of the triple helix defining Gly-X-Y motif. We did not detect the 
mutation c.962G>T (G286V) in six additional Bethlem myopathy pedigrees tested. 

For COL6A2, two Bethlem myopathy kindreds (Families D and E) shared a 
heterozygous missense mutation c.898G>A (G250S) in the triple helical region (Figure 2). 
This mutation also resulted in a disruption of the Gly-X-Y motif, co-segregated with the 
Bethlem myopathy trait as studied by loss of a Styl restriction site (Figure lb), and was 
absent in 50 controls. It was not present in six other kindreds. In addition to these 
mutations, we have identified other nucleotide changes (results not shown). These 
alterations are thought to be irrelevant to Bethlem myopathy by virtue of being either silent, 
homozygously present or also present in control samples. 
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Figure 1. Segregation of COL6A1 and COL6A2 mutations visualized by restriction analysis, a) 
COL6A1 mutation c.962G>T (G286V) resulting in loss of a MalV site in a sibship of Family B 
(lanes 2-7), lane 1 not digested PCR product, b) COL6A2 mutation c.898G>A (G250S) with loss of 
Styl site shown for a part of Family E (lanes 2-7), lane 1 not digested PCR product. 

From the genetic linkage data and the subsequent mutation analysis we conclude Bethlem 
myopathy is a collagen VI disorder. Collagen VI mutations have not been reported before, 
neither have neuromuscular diseases based on collagen aberrations. The mutations, present 
in one allele as expected in an autosomal dominant disorder, segregate with the disease. It 
is unlikely the base substitutions are merely linked polymorphisms because the predicted 
amino acid changes involve glycine substitutions in the collagenous domain. They do not 
arise in 100 control chromosomes. Our observations imply genetic heterogeneity as the two 
mutations are not present in six additional, 21q22.3 linked Bethlem myopathy families. 

Of the four kindreds studied, we have identified a COL6A1 or COL6A2 mutation 
in three. The failure to find a mutation in Family C might be due to a restriction of the 
method used. The mutation analysis was carried out on PCR amplified cDNA, and aberrant 
splicing or mutations in regulatory sequences can escape detection. For COL6A1, but not 
COL6A2, we have found heterozygosity for a polymorphism at pos. 2784, indicating that 
both alleles of this gene are transcribed at least in part. The alternative possibility that 
COL6A3 is the disease gene in this family instead of either COL6A1 or COL6A2, is made 
unlikely by multiple recombinations with D2S345, a tightly COL6A3 linked marker5 

(results not shown). 
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M 1 2 3 4 5 6 7 

Figure 2. COL6A2 cDNA sequence data from four Bethlem myopathy kindreds and one control, as 
sequenced with a reverse primer annealing at pos. 1081 showing a heterozygous C to T mutation in 
two samples indicated by the asterixes, representing the c.898G>A (G250S) mutation in Family D 
and E. 

Disruption of the triple helix motif, as we have found in both COL6A1 and COL6A2 for 
Bethlem myopathy, is commonly encountered in other collagen disorders, like osteogenesis 
imperfecta (OMIM 120150/120160), Ehlers-Danlos syndrome type IV (OMIM 120180) 
and in Alport syndrome." The sequelae of such alterations comprise altered proteolytic 
cleavage,12 poor post-translational processing,12 and disturbed formation of both collagen 
monomers'3 and of larger multimeric assemblies.14 Collagen VI is not only present in the 
endomysium and perimysium of skeletal muscle,15 but also in many other tissues.1617 The 
features of Bethlem myopathy are however restricted to skeletal muscle. This divergence, 
which is similar to other collagen disorders like e.g. Alport syndrome, awaits proper 
explanation.18 

We suggest the disease mechanism either consists of an effect on the 
differentiation process of myoblasts or, more likely, interferes with the structural 
organization of the extracellular matrix. Synthesis of collagen VI is increased considerably 
upon differentiation of mesodermal cells like myoblasts.19 Differentiation may depend on 
the presence of collagen VI and therefore, altered molecules or a decreased amount may 
interfere with development of myofibres. The features of Bethlem myopathy can be present 
from birth onwards, manifesting in some patients as congenital torticollis,6 contractures or 
neonatal floppiness,8 suggesting a congenital nature. Many patients however do not develop 
significant weakness before the first years of life and this tends to worsen gradually, 
especially in adulthood. 

Components of the dystrophin-associated complex are mutated in several 
muscular dystrophies, like dystrophin in Duchenne and Becker muscular dystrophy, and of 
various sarcoglycans in limb girdle muscular dystrophies.20"22 Linking the cytoskeletal 
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protein actin with the extracellular matrix, the dystrophin axis is secured to the basal lamina 
by the a subunit of laminin. Mutations in the laminin a2-chain gene (LAMA2) are present 
in merosin-negative congenital muscular dystrophy23 and also in the dy2J/dyJ mouse.24 The 
identification of collagen VI mutations in Bethlem myopathy seems to extend the fixation 
system one step beyond, from laminin into the surrounding endomysial connective tissue. 

Methods 

RNA isolation and reverse transcription. RNA was extracted from cultured skin fibroblasts 
or a deep frozen muscle biopsy specimen of four affected individuals from Bethlem 
myopathy kindreds linked to 21q22.3 markers;3,4 Families B,6 C,6 D,9 and E;8 and from a 
control subject using guanidine isothiocyanate. Total RNA (2 ug) was used for reverse 
transcription with random primers and reverse transcriptase (Gibco BRL) using standard 
protocols. 

COL6A1 and COL6A2 cDNA sequence analysis. The entire coding sequence of both genes 
was PCR amplified in multiple, overlapping fragments, ranging from 700 to 1600 bp in 
length. In case of COL6A1 (joint GenBank sequences HSCOLIN, HUMCOLTHA and 
HSCOLIC; 4115 bp with ATG at 49 and TAG at 3135) the most 5' forward primer 
represented nucleotides 4-29 and the most 3' reverse primer nucleotides 3230-3256. For 
COL6A2 (joint Genbank sequences HUMCOL6A2A from the start of exon 1 at 2141, 
HUMCOL6A2B, HUMCOL6A2C, HUMCOLTHB and HSCOL2C1; 3394 bp with ATG at 
91 and TAG at 3147) the ultimate primers represented nucleotides 36-60 and 3179-3207 
for amplification of the major N-terminal (AS7) and C-terminal (ce2C2) splice variant. The 
lesser N-terminal (AS5, AS5a and AS5b) and C-terminal (a2c2a and a2c2a') splice variants 
were not amplified and thus not analyzed. Both strands of the amplification products were 
cycle sequenced using internal primers labelled with Y~33P> a nd Sequiterm DNA 
polymerase (Epicentre Technologies) according to standard protocols. Primers for PCR 
amplification and cycle sequencing are available upon request. Deviations from the 
published COL6A1-2 sequence (as above plus S75385S01-18, S75425S01-19, R36608, 
R82996, and T80711) and from the sequence of a control sample was confirmed by cycle 
sequencing of PCR products of genomic, leukocyte derived DNA from the same patient. 

Segregation analysis. Segregation was studied by restriction analysis of PCR amplified 
genomic DNA of family members. In case of the COL6A1 mutation G286V, the primers 5'-
TGGGTACCAGGGAATGAAGG-3' (pos. 27, exon 3 of TH domain) and 5'-
CCTCACTCACCTTCTCCCCA-3' (pos. 37, exon 4 TH domain) rendered a 155 bp fragment with 
one variable (G286V dependent) and two constant sites for NlaYV. For the COL6A2 
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mutation G250S, primers 5'-GCCTCGATGTACTCTTTCTCTGCT-3' (pos. -29 exon 6) and 5'-
GGGTCTCCCTGTGAAGGACA-3' (pos. 8 exon 7) rendered a 170 bp fragment with one variable 
(G250S dependent) site for Styl. Six additional Bethlem myopathy kindreds -that either link 
to the COL6A1-6A2 gene cluster, Families A,6 1 and 2,10 and 3,26(see Chapters 2.1 and 2.2) 
or are too small to establish linkage, Families F and 4 (both unpublished),- not included in 
the cDNA sequence analysis due to lack of fibroblasts of patients, were screened for these 
mutations by similar restriction analyses. Furthermore, 50 unrelated controls from the same 
population background were checked for each mutation. 

Linkage analysis COL6A3 locus. Eight members of Family C were genotyped for D2S345 
(GDB G00-246-292) using standard methods. Genotypes were analysed for pairwise 
linkage with the MLINK program of the FASTLINK package25 with assumed full 
penetrance, disease frequency of 0.000001 and equally distributed frequencies of eight 
alleles. 
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Chapter 3 

Abstract 

Bethlem myopathy is an early-onset benign autosomal dominant myopathy with 
contractures caused by mutations in collagen type VI genes. It has been reported that onset 
occurs in early childhood. We investigated the natural course of Bethlem myopathy in five 
previously published kindreds and two novel pedigrees, with particular attention to the 
mode of onset in 23 children and progression of weakness in 36 adult patients. Our analysis 
shows that nearly all children exhibit weakness or contractures during the first 2 years of 
life. Early features include diminished fetal movements, neonatal hypotonia and congenital 
contractures which are of a dynamic nature during childhood. The course of Bethlem 
myopathy in adult patients is less benign than previously thought. Due to slow but ongoing 
progression, more than two-thirds of patients over 50 years of age use a wheelchair. 

Introduction 

Bethlem and van Wijngaarden described three families with a novel disease designated as 
an early-onset benign autosomal dominant myopathy with contractures.' Nearly all patients 
exhibited flexion contractures of the fingers, wrists, elbows and ankles. In addition, 
contractures of knees, hips and shoulders were common and congenital torticollis was 
present in some patients. Mild weakness with some preponderance of proximal and 
extensor muscles gave rise to only limited functional impairment, even in old age, and 
involvement of cranial and cardiac musculature was absent.2 Serum creatine kinase activity 
was normal or slightly elevated and muscle biopsy showed non-specific myopathic 
changes. Subsequently several authors have described similarly affected kindreds.3'12 

Mohire et al. proposed that this syndrome be called Bethlem myopathy. Despite a relatively 
uniform clinical picture, slight variation exists between patients.5 Onset of weakness may 
occur before 5 years of age with mildly delayed motor milestones35'8 or it may occur at a 
later stage, in the fourth6 or sixth decade.8 As some adult patients remain unaware of 
weakness, an age of onset can not always be reliably established.10 Differential findings 
include calf muscle hypertrophy,6-8 extensor digitorum brevis muscle hypertrophy,10 and 
slight facial weakness.12 In young patients creatine kinase activity may be highly elevated, 
up to 15 times the upper limit of the normal value.10 Some dystrophic findings, i.e. necrotic 
and regenerating fibres, can be present on muscle biopsy.6'9"" 

Recent genetic evidence implicates collagen VI as the defective protein in 
Bethlem myopathy. Collagen VI consists of three peptides, ccl (encoded by COL6A1), a2 
{COL6A2) and a3 (COL6A3). Bethlem myopathy families show genetic linkage to markers 
from either the COL6A1-COL6A2 cluster region on chromosome 21q1314 or the COL6A3 
region on chromosome 2q,15 and mutations in either COL6A1, COL6A2 or COL6A3 have 
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been identified.1617 Collagen VI is a widely expressed protein with cell adhesive 
properties.18 The pathophysiology remains to be elucidated. 

Investigation of two novel kindreds and re-evaluation of previously reported 
families, ̂ 3,4 as part of a genetic linkage study, disclosed aspects that differ from previous 
observations shedding new light on the onset and natural course of Bethlem myopathy 
which often appears to present at birth. To illustrate this we provide three case histories. 
Furthermore, slow but ongoing progression of weakness leads to more functional 
impairment than apparent from previous reports. 

Methods 

Details of patients from seven families were studied. Families A, B and C are from the 
original report of Bethlem,1 Family D has been described by Arts3 and Family E has been 
described in a thesis.4 Family F (two patients) and G (five patients) were newly identified at 
our outpatient clinic. The diagnosis of Bethlem myopathy was made on the following 
criteria: generalized weakness and contractures with onset in infancy or early childhood, 
absence of cardiac involvement, inheritance compatible with an autosomal dominant mode 
and myopathic features on muscle biopsy without structural changes other than occasional 
necrotic or regenerating fibres. 

Family B carries the COL6A1 mutation G286V while Family D and Family E 
share the COL6A2 mutation G250S.16 Both Family A and Family C show genetic linkage to 
the COL6A1-COL6A2 region14 and recombinate with COL6A3 region markers.16 Nucleotide 
analysis of the COL6A1 and COL6A2 coding sequence of a patient from Family C was 
unrevealing whereas this analysis could not be done for Family A due to lack of mRNA.16 

Family F was too small to contain any linkage information and Family G remains to be 
genotyped. 

Thirteen mothers, from Families A-E, provided a detailed history of the early 
motor development of their 20 affected children. For three patients from Family G, this 
information was derived from case notes. Functional grading of impairment (modified from 
established scales)19,20 and information on the use of aids was assessed by telephone 
interview or at the last out-patient follow-up in 36 patients aged 12 years and over. 
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Figure 1. Case 1 with slight weakness of the shoulder girdle. 

Case description 

Case 1. Patient B-21 from Family B was last seen at our department at the age of 3 years 2 
months. Compared with a previous pregnancy his mother had experienced less fetal 
movements but there had been no apparent neonatal hypotonia. The patient had difficulty 
raising his head while lying prone and preferred sleeping supine. Instead of crawling, he 
went about by sliding forward on his buttocks. He was able to sit upright at 5 months and 
able to walk unsupported at 20 months but he could not get up from the floor without using 
his hands, and being less sturdy than his peers he easily tired while playing. Otherwise 
there was a normal motor and mental development. 

On examination there was muscular atrophy and weakness of the shoulder girdle 
(Figure 1), a minimal flexion contracture of the proximal and distal interphalangeal joints 
of the right hand and slight limitation of dorsiflexion of the ankles, which was more 
apparent on the right with an increase in muscle tone of the calf. While standing valgus of 
the ankles was apparent but there were no contractures of the other joints nor of the spine. 
He had a waddling gait, a positive Gowers' sign and he was barely able to run. Tendon 
reflexes were present. 
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Case 2. Patient D-05 from Family D was examined at several stages between the age of 13 
and 34 years. In comparison with a later carriage his mother had felt less fetal movements 
and at birth bilateral dorsifiexion contractures of the ankles (Figure 2) had been apparent as 
well as hypotonia which persisted for some months. The club feet regressed without 
treatment after several months. Four weeks after birth a swelling of the neck musculature 
was noted. Spontaneous improvement occurred but eventually a left-sided torticollis was 
noticed at four months. He was never able to crawl properly but instead he slid forward on 
his front without support of arms and legs. He started to walk unsupported between 20 and 
24 months but he still needed support for getting up. He had striking flexion contractures of 
the knees and fell frequently. Generalized weakness remained apparent until puberty, the 
Gowers' sign and flexion contractures of the knees disappeared as well. 

Examination at the age of 34 years revealed slight to moderate generalized paresis 
with proximal preponderance and moderate weakness of the neck flexors. There were slight 
contractures of the right shoulder, the right elbow, fingers and ankles (plantar flexion). 

Figure 2. Bilateral congenital clubfoot (Case 2). 
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Figure 3. Illustrative playing position with hyperendorotation of the hips due to joint laxity (Case 2). 

Case 3. Patient E-07 from Family E, seen at the age of 1 year 5 months, was delivered by 
vacuum extraction. He had dorsiflexion contractures of the feet at birth but no apparent 
floppiness. Unable to lift his head he had refused to sleep pronate as a baby. At 8 months he 
could sit without support and at 16 months he could stand but not walk unsupported. 
Within 6 weeks from birth there was spontaneous regression of the right club foot and from 
8 weeks onwards the left clubfoot was treated with a plaster cast with little success. At 5 
months a splint was applied without regression of the clubfoot. 

On examination there was slight weakness of the shoulder muscles, atrophy and 
weakness of the calf musculature with hyperextension of the ankles, limitation of plantar 
flexion of the left ankle to 90° and limitation of extension of the knees to 170°. Hypotonia, 
facial weakness and Gowers' sign were absent and tendon reflexes were depressed. 

Because of functional impairment and absence of regression of the left-sided 
clubfoot with conservative treatment, operative lengthening of the peroneal tendons was 
performed at 2 years of age and again at 4 years. 
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Results 

Table 1 presents the symptoms and signs in infancy of 23 patients. Diminished fetal 
movements were noted by two mothers in three pregnancies but six mothers could not 
comment as their offspring consisted only of affected children (11 patients). Five mothers 
with both affected and unaffected children had noticed no difference in fetal movements. 
Nine babies were retrospectively described as being "floppy", gradually improving in the 
first 2 years. Two mothers gave birth to both floppy and non-floppy babies with Bethlem 
myopathy. The mothers had noted a head lag phenomenon in all floppy infants and in four 
non-floppy babies. Two patients (A-11 and E-15) that were reported to have been floppy 
infants became relatively severely affected as indicated by becoming wheelchair dependent 
at the age of 30 and 17 years, respectively. However, the severity of weakness and 
contractures in adult life of the seven other patients with neonatal floppiness fell within the 
same range as the 15 patients without neonatal floppiness. For instance, formerly floppy D-
04 with only a minimal flexion contracture of the fingers but no weakness or atrophy at the 
age of 36 years was definitely less affected than 30-year-old B-10 with evident weakness 
and widespread contractures who had not been a floppy baby. 

All children from Families D and E, except one, had bilateral clubfeet with 
dorsiflexion contractures of the ankles at birth but clubfeet were conspicuously absent in all 
other kindreds. In all but one patient (Case 3, E-07), spontaneous regression occurred in 
several weeks to one year. Disappearance of club feet is commonly followed by slow 
development of tight heel cords over several years. Torticollis, truly congenital or being 
noted after several months, was a feature of nine patients from five families. Regression 
occurred in one who had undergone physical therapy after several months, the other 
children underwent corrective surgery. Other contractures apparent at infancy consisted of 
flexion contractures of the elbows, fingers and knees. These latter, observed in four 
children (D-04, D-05, E-10, E-ll) disappeared during childhood. Hypermobility of the 
wrists and fingers was noted in five children (A-06, C-01, C-03, E-14, E-15), slowly 
evolving to flexion contractures (A-06, C-03, E-15). Several children exhibited laxity of the 
hip joints with an increased range of endorotation (D-04, D-05, E-02, E-07, E-10, E-ll , E-
14, E-15) (Figure 3). 

Nearly all children fell more often than usual for their age and often on their faces. 
During childhood muscle weakness remained stable but deterioration of walking due to 
development of tight heel cords was however noted in seven patients (A-03, A-l 1, B-10, B-
13, B-20, C-07, F-03). Achilles tenotomy in two patients resulted only in temporary 
improvement, in a few years the ankle contractures had returned. As the other contractures 
did not give rise to functional impairment, most children were unaware of any change. All 
patients reported improvement of muscle power in puberty resulting in disappearance of 
the Gowers' sign, except one (B-10) who experienced slight worsening. In early adulthood 
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Table 1. Symptoms and signs in infancy grouped by family. Age in years at ascertainment above 
patient code. Details of patients from Families A-E were obtained by interviewing the mothers, those 
from Family G were derived from case notes. Atypical crawling: either sliding forward on front 
without limb support or sliding on buttocks. Delayed motor milestones: inability to walk unsupported 
at 18 months of age. Mutation: 1 refers to COL6A1 mutation G286V, 2 to COL6A2 mutation G250S 
and ? to mutation unknown.16 

strength remained stable except for some deterioration with pregnancy perceived by several 
female patients (B-03, B-10, B-13, C-07, D-02). Slow deterioration of strength is 
experienced from 25 to 40 years of age onwards. No objective worsening of contractures 
was noted on outpatient follow-up. Cramps seemed to hamper four out of five patients from 
Family C whereas only one patient from another family volunteered this complaint. 

Table 2 summarizes the interviews on impairment and use of aids with increasing 
age. Of 15 patients aged 50 years and over, 11 used a wheelchair (73 %). Most patients 
started to use a wheelchair in their sixth or seventh decade and the mean age at onset of 
wheelchair use was 54 5/12 years (range 17-82 years). With an estimated maximum 
walking distance of 10 to 50 metres, virtually all wheelchair patients continued walking 
indoors with a cane or support from furniture. One patient aged 59 years, who had become 
completely wheelchair bound, had an extensive, powered system of ropes and railings fitted 
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to the ceiling in his home for assistance with transfers. This patient also reported increasing 
difficulty in keeping his head upright while sitting. Recently, respiratory insufficiency 
necessitated artificial ventilation at night. The youngest Bethlem myopathy wheelchair 
patient (E-15) also suffered from Klinefelter syndrome. The requirement of devices for 
physical support was equally distributed among the pedigrees. 

Discussion 

Our systematic evaluation of the mode of onset in 23 children and review of the course in 
36 patients from seven pedigrees reveals novel aspects of Bethlem myopathy. Several 
authors have reported an earlier onset in some patients than originally described by 
Bethlem and van Wijngaarden (1976). A previous report on a Dutch family with Polish 
ancestors described a child with congenital torticollis and slightly delayed motor milestones 
(our Case 2, D-05) (Arts et al., 1978). In a large French-Canadian kindred there were two 
children with a congenital abnormal configuration of the shoulders and three others with 
delayed early developmental milestones.5 In a Finnish family two children had slightly 
delayed motor milestones8 and in a Japanese family reduced fetal movements were reported 
in one patient and congenital contractures in another." In our series detailed questioning of 
mothers reveals that onset in infancy appears to be the rule instead of the exception. Fifteen 
out of 23 children exhibited either contractures at birth or signs of weakness within the first 
year and all except two children displayed neuromuscular features in the first 2 years of 
life. The dynamic nature of the contractures in infancy and childhood has previously 
escaped description, neither have hypermobility of fingers, wrists and hips been reported 
before in Bethlem myopathy. We feel that unless severe functional impairment has 
occurred, corrective surgery for contractures in early childhood should be delayed. 

With regard to the symptoms and signs in infancy there is both interfamilial and 
intrafamilial variability. Congenital dorsiflexion contractures of the ankles are restricted to 
two families that share the COL6A2 mutation G250S and floppiness at birth occurs more 
frequently, but not exclusively, with this mutation. Neonatal hypotonia does not predict 
severity later on. Except for muscle cramps, we did not observe clear interfamilial 
variability in adult life. An increase in weakness precipitated by pregnancy, similar to that 
observed in other muscular dystrophies and congenital myopathies,21 was noted by some 
women from three kindreds with different genotypes. 

A description of symptoms and signs in childhood was accomplished 
retrospectively for most of our cases, as a diagnosis of Bethlem myopathy had already been 
established at the time of the analysis and therefore, our data are subject to recall bias. The 
neonatal and early childhood features of weakness are non-specific, including floppiness 
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E-10 36 
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S" 

G-04 40 
A-01 43 
F-03 44 
A-11 47 
B-20 47 
G-01 54 

S" 

G-04 40 
A-01 43 
F-03 44 
A-11 47 
B-20 47 
G-01 54 

G-04 40 
A-01 43 
F-03 44 
A-11 47 
B-20 47 
G-01 54 

C-07 57 
C-04 59 
E-12 60 
B-08 61 
D-02 63 
B-16 64 
B-02 65 
E-09 65 
B-03 68 

C-07 57 
C-04 59 
E-12 60 
B-08 61 
D-02 63 
B-16 64 
B-02 65 
E-09 65 
B-03 68 

A-02 71 
F-01 71 
A-03 74 
D-01 89 

A-02 71 
F-01 71 
A-03 74 
D-01 89 

Table 2. Self reported impairment and use of aids, patients ranked by age at ascertainment. 
Shoulder girdle: 1) unrestrained upper arm abduction and elevation. 2) upper arm abduction and 
elevation only possible with bent elbow. 3) unable to raise hand above head but can bring glass of 
water to mouth. 
Pelvic girdle: 1) walks and climbs stairs without railings. 2) walks and climbs stairs with aid of a 
railing. 3) walks and climbs stairs slowly and cumbrously with aid of a railing. 4) walks and rises 
from chair unassisted but cannot climb stairs. 5) walks but cannot rise from chair unassisted. 6) able 
to walk 50 metres (possibly with aids) but preferential use of a wheelchair. 7) wheelchair confined, 
transfers without assistance. 8) wheelchair confined, transfers only with assistance. 
Aids: 1) walking cane or orthopaedic shoes. 2) adjustments at home like raised toilet seat, staircase 
with lowered steps or triple chair. 3) wheelchair. 

and delayed motor milestones. The diagnosis will rely heavily on the family history. The 

diagnostic work-up of a baby with, for example, neonatal floppiness and torticollis and an 

apparently negative family history should include consideration of Bethlem myopathy. 

Evidence for contractures of fingers, wrists, elbows and ankles should be systemically 

sought for in the parents, who are probably at an age where there are no sings of muscular 

weakness in individuals with Bethlem myopathy. The kindreds described by Taylor et al. 

with early onset, autosomal dominant myopathy with rigidity of the spine and a secondary 

deficiency of laminin ßl in adult patients, share many features with Bethlem myopathy, 
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thus making differentiation difficult.22 Differences can include cardiac conduction 
abnormalities (not encountered in Bethlem myopathy),2 spinal rigidity (rare in Bethlem 
myopathy)5 and calf hypertrophy (rare in Bethlem myopathy),8 but these features are not 
obligatory in the kindreds with secondary laminin ßl deficiency. Laminin ßl was normal in 
two patients diagnosed with Bethlem myopathy,22 but the criteria applied in the diagnosis 
of Bethlem myopathy in that study were unclear. We have not examined our patients for 
laminin ß 1, merosin was present in normal amounts in muscle of one patient (results not 
shown). 

From the literature on Bethlem myopathy a deceptively innocuous picture of a 
benign myopathy with mild weakness and little disability emerges. Progression of 
weakness is reported to be slight with most patients remaining ambulant with a walking 
cane in their seventh or eighth decade and an unaffected life expectancy.''3-5 From 122 
Bethlem myopathy patients only three have been reported to use a wheelchair.1'3"12 Our data 
show that with advancing age nearly all patients experience sufficient impairment to 
warrant alterations at home, ranging from an elevated toilet seat to a fully automated 
system to assist the bed-wheelchair-toilet transfer and ventilatory support at night in one 
patient. More than two-thirds of patients aged 50 years and over preferentially use a 
wheelchair for at least part of their ambulation. Typically this entails use of a wheelchair 
outdoors with patients remaining ambulant within their homes. As our study did not 
quantify muscle strength or degree of contractures, there is no evidence that the functional 
deterioration with time is due to worsening of either. Nevertheless, it is our experience that 
weakness is slowly progressive while contractures remain virtually constant in adulthood. 
The high frequency of the need to use wheelchairs and other aids might reflect the 
accessibility of such devices in the Netherlands. When informing patients about prognosis 
however, e.g. for career advice, one should convey the message that substantial hindrance 
often starts to occur in middle age. Referral to and follow-up by a rehabilitation physician 
should be considered. 

In conclusion, Bethlem myopathy runs a characteristic course. Congenital in 
nature it can present with diminished fetal movements, contractures at birth including 
torticollis, neonatal hypotonia, or slightly delayed motor milestones. Although many 
children exhibit neuromuscular features in the first 2 years of life, most patients do not 
become fully symptomatic before 5 years of age. During childhood contractures have a 
dynamic nature and slight worsening of weakness often ensues to be followed by relative 
recovery during puberty. Except for contractures many patients are nearly asymptomatic 
during early adult life. From middle age onwards slow deterioration becomes established, 
in sufficient degree to warrant several aids, facilities and wheelchairs in most elderly 
patients. 
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Summary 

Bethlem myopathy is an autosomal dominant myopathy with contractures. Its clinical 
features consist of slow progression of generalized weakness with limb-girdle 
preponderance from early childhood onward with periods of arrest for some decades and 
contractures of several joints, especially the fingers, elbows and ankles. The contractures 
are not due to joint abnormalities but to relative shortening of muscles compared to their 
antagonists. There is no cardiac involvement and life expectancy is unaffected. Chapter 1, 
a review of the literature, contains a discussion on the clinical characteristics, including 
attention to differences among Bethlem myopathy kindreds and delineation from other 
nosological entities. Most patients are reported to become symptomatic in their early 
childhood albeit that detailed observation provides evidence for a congenital nature of the 
disorder (Chapter 3). During adolescence most patients display little or no weakness but 
from middle age onward weakness slowly worsens. Insidious progression eventually leads 
to more impairment than evident from the epitaph "benign" which is usually assigned to 
this disorder. More than two-thirds of patients aged 50 years and over experience sufficient 
weakness to necessitate a wheelchair (Chapter 3). 

The key objective of the study was molecular characterization of Bethlem myopathy. In the 
absence of a biochemical clue a genome-wide linkage investigation was undertaken in six 
kindreds (Chapter 2.1). After exclusion of roughly one-third of the genome, co-
segregation of genetic markers with the Bethlem myopathy trait eventually lead to 
identification of the first locus, the COL6A1-COL6A2 cluster in the telomeric region of 
chromosome 21q. The highest two-point lod score obtained within one family exceeded 3 
and genetic homogeneity seemed more likely than heterogeneity, for the six families 
studied. Genetic linkage to the COL6A1-COL6A2 locus in three additional families 
affirmed genetic homogeneity (Chapter 2.2). Equivocal clinical features of two individuals 
and conflicting orientations of the COL6A1-COL6A2 gene cluster on genetic maps 
hampered interpretation of the genetic data, which possibly even ruled out COL6A1 and 
COL6A2 as candidate genes. 

In collaboration with Speer et al., exclusion of the COL6A1-COL6A2 locus in a 
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French-Canadian kindred ultimately established collagen VI as the protein at stake, as this 
family displayed genetic linkage to COL6A3 markers on chromosome 2q. Subsequently, 
sequencing of the entire coding sequence of COL6A1 and COL6A2 in four families 
revealed a mutation in either gene in three families (Chapter 2.3). Collagen VI mutations 
had not been described before. The COL6A1 and COL6A2 mutations consisted of a 
nucleotide substitution that gave rise to a putative disruption of a conserved amino acid 
sequence, the Gly-X-Y motif. Analogous to mutations in other collagen disorders with a 
similar disruption of the Gly-X-Y motif, these nucleotide substitutions were thought to be 
pathogenic instead of linked polymorphisms. 

A collagen VI molecule consists of three peptides, ocl(VI), a2(VI) and a3(VI), encoded by 
the COL6AJ, COL6A2 and COL6A3 genes. Mutations in all three genes have now been 
identified in Bethlem myopathy. Collagen VI, a widespread extracellular matrix protein, is 
thought to be involved with anchorage of cells to the surrounding matrix. Several 
myopathies are caused by perturbation of cell anchoring structures like dystrophinopathies 
and congenital muscular dystrophies. Chapter 1 addresses the possible pathophysiology 
with particular attention to the dominant effect of the mutations and candidate matrix and 
transmembrane structures that interact with collagen VI. 
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Bethlem myopathie is een erfelijke spierziekte die gepaard gaat met contracturen van 
diverse gewrichten. De aandoening erft autosomaal dominant over. De spierzwakte, 
proximaal aan de schouder- en heupgordel meer uitgesproken, neemt geleidelijk toe vanaf 
de vroege kinderleeftijd om tijdens de adolescentie en vroeg-volwassenleeftijd tijdelijk tot 
stilstand te komen. De verminderde bewegelijkheid van de gewrichten wordt veroorzaakt 
door relatieve verkorting van spiergroepen ten opzichte van hun antagonisten, meestal 
betreft het flexiecontracturen van de vingers, ellebogen en enkels. Er is geen betrokkenheid 
van de hartspier en de levensverwachting is onverkort. Hoofdstuk 1, een overzicht van de 
literatuur, bevat een vergelijking van de klinische kenmerken van Bethlem myopathie 
families en bespreekt het onderscheid met andere neuromusculaire aandoeningen. 
Doorgaans wordt een aanvang op vroege kinderleeftijd vermeld, echter bij nauwkeurige 
bestudering blijkt dat het merendeel van de patiënten al voor het tweede levensjaar 
symptomatisch zijn (Hoofdstuk 3). Na een tijdelijke afname tijdens de puberteit en de 
vroeg-volwassenleeftijd neemt de zwakte op middelbare leeftijd weer toe. Uiteindelijk leidt 
deze geleidelijke progressie tot dusdanig veel beperkingen dat de meeste patiënten behoefte 
krijgen aan diverse aanpassingen. Meer dan tweederde van de patiënten ouder dan 50 jaar 
heeft een rolstoel nodig (Hoofdstuk 3). 

Het doel van het onderzoek was het karakteriseren van het moleculaire defect van Bethlem 
myopathie. In afwezigheid van een biochemische aanwijzing werd het gehele autosomale 
genoom onderzocht voor een genetische lokalisatie. In zes families werd de overerving van 
markers vergeleken met de overerving van de aandoening (Hoofdstuk 2.1). Na ongeveer 
eenderde van het genoom uitgesloten te hebben, waren er aanwijzingen voor een lokalisatie 
van het Bethlem myopathie gen in de telomere regio van chromosoom 21q, en wel in de 
buurt van het COL6A1-COL6A2 cluster. Dit leek het geval te zijn voor alle zes de families. 
Deze genlokalisatie werd vervolgens bevestigd in drie andere Bethlem myopathie families 
(Hoofdstuk 2.2). Vanwege geringe verschijnselen was het onduidelijk of twee personen 
aangedaan waren, voorts bestond er onduidelijkheid over de volgorde van de markers, 
inclusief COL6A1 en COL6A2, in het gebied. Derhalve bleef het onzeker of COL6A1 en 
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COL6A2 als kandidaatgenen konden worden beschouwd. 
In samenwerking met Speer et al. bleek dat een Frans-Canadese familie geen 

koppeling vertoonde met COL6A1-COL6A2 maar met COL6A3 markers op chromosoom 
2q. Dit gaf de doorslag om de base-paar volgorde te bepalen van het coderende gedeelte 
van COL6A1 en COL6A2, Drie van de vier onderzochte families toonden een mutatie voor 
een van de twee genen (Hoofdstuk 2.3). Dit waren de eerst beschreven collagen VI 
mutaties. Beide mutaties resulteerden in onderbreking van een geconserveerde aminozuur
herhaling, namelijk het Gly-X-Y motief. Vanwege het feit dat dit type mutatie frequent 
voorkomt bij andere collagenopathieën, werden deze nucleotide veranderingen als 
oorzakelijk beschouwd voor Bethlem myopathie in plaats van een gekoppeld 
polymorfisme. 

Een collagen VI molecuul bestaat uit drie peptiden, al(VI), a2(VI) en a3(VI), die 
respectievelijk gecodeerd worden door de genen COL6A1, COL6A2 en COL6A3. Mutaties 
in alle drie de genen zijn momenteel beschreven bij Bethlem myopathic De functie van 
collagen VI, dat aanwezig is in vrijwel alle weefsels, bestaat uit de verankering van cellen 
aan de omgevende extracellulaire matrix componenten. Verschillende spierziekten worden 
veroorzaakt door verstoring van een verankeringsketen van spiercellen, zoals het geval is 
bij de dystrofmopafhieën en congenitale spierdystrofieën. Hoofdstuk 1 gaat in op de 
mogelijke pathofysiologie van de collagen VI mutaties, onder andere het dominante effect 
van de mutaties, en beschrijft kandidaat eiwitten die betrokken zijn bij de interactie met 
collagen VI bij de verankering van spiercellen aan de extracellulaire matrix. 
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Dankwoord 

Het is evident dat het beschreven werk is verricht met hulp van veel mensen. Zonder de 
medewerking van de Bethlem myopathie patiënten en hun familieleden zou het onderzoek 
niet mogelijk zijn geweest. Ik ben hen hier erkentelijk voor. Het moge duidelijk zijn dat ik 
de diverse co-auteurs dankbaar ben voor hun inzet. Soms bestaat de indruk dat co
auteurschap op dubieuze gronden kan worden verkregen. Dat was niet het geval voor de 
artikelen die in dit proefschrift zijn opgenomen. 

De inzet van enkele mensen is minder evident voor de buitenstaander. Allen die zo 
dikwijls de broodnodige oligonucleotiden synthetiseerden ben ik dankbaar en dat geldt ook 
voor degenen die verantwoordelijk waren voor het dagelijks reilen en zeilen op het 
laboratorium, met name Mia van Meegen en Gerard Hensels. Ik wil Frank Baas bedanken 
voor het oplossen van vele praktische problemen, onder andere die met de automatische 
sequencer. 

Mijn bijzondere dank gaat uit naar enkele personen. Weinigen realiseren zich dat ik dankzij 
de inspanningen van Vianney de Jong aan dit proefschrift heb kunnen werken. Mede met 
behulp van een door hem verworven fonds was ik in staat om vier jaar onderzoek te doen. 
Helaas bleef het resultaat van het genetisch onderzoek bij familiaire amyotrofische lateraal 
sclerose achter bij de vondsten bij Bethlem myopathic Toen het zwaartepunt van het werk 
derhalve verschoof viel zijn opstelling hierin als groots te bestempelen. Daarnaast heeft hij 
mij altijd de gelegenheid geboden van zijn kamer gebruik te maken om in rust te kunnen 
schrijven. 

Piet Bolhuis heeft gezorgd voor de condities die het hoge niveau van het 
Neurozintuigen-laboratorium op moleculair gebied mogelijk hebben gemaakt. De zes 
Nature Genetics artikelen die (mede) vanuit het laboratorium tot stand zijn gekomen tussen 
1992 en 1996 zijn daar een afspiegeling van. Het spreek vanzelf dat mijn onderzoek daar 
profijt van heeft getrokken, evenals van zijn begeleiding. Ik stel het op prijs dat hij, hoewel 
hij inmiddels een nieuwe werkkring heeft, bereid is om mijn co-promotor te zijn. 

Ik heb veel te danken aan mijn promotor. Zonder haar betrokkenheid was deze 
dissertatie waarschijnlijk niet afgerond. Degenen die Marianne de Visser kennen zal het 
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niet verwonderen dat ik op talloze momenten baat heb gehad van haar scherpe, analytische 
geest en tomeloze inzet. Haar efficiënte manier van werken is bewonderingswaardig. Haar 
vrijwel grenzeloze geduld in de eindfase van het onderzoek (enkele jaren) was 
uitzonderlijk. Het meest wil ik haar echter danken voor de gelegenheid die ze mij heeft 
gegeven om tijdens de laboratorium-jaren onder haar supervisie patiënten te zien op de 
polikliniek Spierziekten. Niet alleen omdat ik daardoor kennis heb kunnen nemen van een 
breed scala neuromusculaire problemen of omdat het een geapprecieerde onderbreking 
inhield van het laboratoriumwerk, maar vooral omdat het mijn reddingslijn vormde voor de 
weg terug naar de kliniek. 
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