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Abstract

Mutations in the collagen VI genes (COL6A1, COL6A2, and COL6A3) result in Ullrich congenital
muscular dystrophy (UCMD), Bethlem myopathy (BM) or phenotypes intermediate between UCMD
and BM. While UCMD can be caused by either recessively or dominantly acting mutations, BM has
thus far been described as an exclusively autosomal dominant condition. We report two adult siblings
with classic Bethlem myopathy who are compound heterozygous for a single nucleotide deletion
(exon 23; ¢.1770delG), leading to in-frame skipping of exon 23 on the maternal allele, and a missense
mutation p.R830W in exon 28 on the paternal allele. The parents are carriers of the respective
mutations and are clinically unaffected. The exon skipping mutation in exon 23 results in a chain
incapable of heterotrimeric assembly, while p.R830W likely ameliorates the phenotype into the
Bethlem range. Thus, autosomal recessive inheritance can also underlie Bethlem myopathy,
supporting the notion that UCMD and BM are part of a common clinical and genetic spectrum.
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Introduction

Bethlem myopathy (BM) was first described in 1976 by Bethlem and van Wijngaarden in 28
patients from 3 Dutch families manifesting a myopathy following autosomal dominant
inheritance characterized by slowly progressive muscle weakness and typical flexion
contractures of the long finger flexors, wrists, elbows, pectorales muscles and ankles, as well
as of the spine [1]. Patients with Bethlem myopathy usually become symptomatic during the
first or second decade of life although hypotonia in infancy can be seen [2,3]. Two-thirds of
patients over age 50 years are at least partially wheelchair dependent [3]. Findings on muscle
imaging of an “outside-in” pattern of muscle degeneration are diagnostically helpful [4,5].
Ullrich CMD is a more severe disorder of congenital onset with significant weakness, joint
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hyperlaxity as well as contractures [6]. The ability to ambulate may be achieved briefly and
subsequently lost during the first decade of life, or may not be achieved at all [7].

Collagen VI constitutes a microfibrillar component in a number of extracellular matrices,
including those in muscle, tendon and skin [8]. Collagen VI directly associates with basement
membranes in various tissues [9], including skeletal muscle. Functions considered for collagen
VI have included roles in differentiation and cell survival. Mutations in the collagen VI genes
lead to an abnormal collagen VI matrix as well as a conspicuous loss of the tight connection
of collagen VI with the basement membrane, visible in dermal fibroblast culture [10,11].

In the majority of patients, both of the classical clinical phenotypes are caused by mutations
in the three genes coding for collagen type VI, located on chromosome 21 (COL6AL and
COLG6A?2) as well as on chromosome 2 (COL6A3) [12]. Thus far, the mutations which have
been described as associated with Bethlem myopathy have been exclusively dominant, with
the in-frame skipping of exon 14 in COL6AL and missense mutations affecting invariant
glycine residues in the initial part of the triple helical domain, constituting the most common
types of mutation [12]. Mutations causing Ullrich CMD, on the other hand, can be either
autosomal recessive as initially described [13,14] or follow a more severe dominant negative
mechanism as recognized more recently [11,15]. Recessive mutations seen in typical UCMD
are often nonsense mutations, carrier status for which is not associated with a clinical
phenotype. An increasing number of patients with phenotypes of intermediate severity between
Bethlem and Ullrich are now being recognized with the availability of genetic testing in the
collagen VI genes. The distinct phenotype of myosclerosis myopathy presenting with early,
progressive contractures of proximal and distal joints in patients also has recently been
associated with specific recessive collagen VI mutations [16].

In a family with two affected siblings we now provide evidence that the classic phenotype of
Bethlem myopathy can also be caused by recessive mutations in collagen VI, suggesting the
presence of a spectrum of collagen VI associated disorders, that is both clinical as well as
genetic.

Case reports

Patient A, age 43 years, and his biological brother (patient B), age 41 years, were seen for
evident weakness and contractures. Patient A was born full-term following an uncomplicated
pregnancy and delivery. There were no abnormal findings at the time of birth. The patient had
no delay in motor milestones; however, he reported that he was never able to run as fast as
other children his age. He reported a history of obligate toe walking since approximately 6
years of age. Bilateral Achilles tendon release surgery was performed at 10 years of age. He
noticed gradual progressive weakness over time. In his 30s, he clearly noticed significant
proximal weakness, and by age 40 years he started to use a cane for ambulating outside of the
home. At present, he is unable to arise from the floor without holding onto furniture. A muscle
biopsy performed at 8 years of age was described as inconclusive (not available for our review).

Physical examination of patient A at 43 years of age revealed proximal muscle weakness in
the MRC grade 4-/5to 4/5 range and contractures of the pectorales muscles, elbows, long finger
flexors and Achilles tendons bilaterally (Figure 1b). There was mild hyperlaxity of the distal
fingers along the DIP joints. The patient walked with a marked Trendelenburg gait but was
able to walk unassisted across the examination room. Deep tendon reflexes were 1+ at the
bilateral brachioradialis, biceps, triceps and Achilles and trace at the bilateral patellae. There
was stiffness of the lumbar spine. Skin examination revealed keratosis pilaris along the extensor
surfaces of the bilateral arms and legs. There was evidence of a poorly-healing scar just inferior
to the right clavicle, at the site of a recent surgical excision of a basal cell nevus.
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Patient B (patient A’s biological brother) was born full-term following an uncomplicated
pregnancy and delivery. There were no abnormal findings at the time of birth. The patient was
noted to show obligate toe walking as a toddler and underwent bilateral Achilles tendon release
surgery between 7 and 8 years of age, which was repeated at 14 years of age along with
concomitant tendon transfer to the dorsal surface of the feet. The patient had no delay in motor
milestones; however, he reports never being able to run as fast as other children his age. He
noticed a gradual progression of proximal weakness over time. Now at 41 years of age, he is
able to ambulate independently without the use of mobility aids. He is unable to arise from the
floor without holding onto furniture, however.

Physical examination of patient B at 41 years of age revealed proximal muscle weakness in
the MRC grade 4/5 range and contractures of the bilateral pectorales muscles, elbows, long
finger flexors and Achilles tendons bilaterally (Figure 1b). There was mild hyperlaxity of the
distal fingers along the DIP joints. The patient walked with a Trendelenburg gait. He was able
to walk across the examination room without assistance. Deep tendon reflexes were 1+ at the
bilateral brachioradialis, biceps, triceps, patellae and Achilles tendons. Skin examination
revealed evidence of keratosis pilaris along the extensor surfaces of the arms and legs as well
as along the back.

Muscle ultrasounds performed at the time of patient A and patient B’s clinic evaluation revealed
evidence of a “central cloud” phenomenon in the rectus femoris, reflecting degeneration around
the central fascia in the rectus femoris [4], as well as a peripheral increase in echogenicity,
similar to the pattern described on CT and MRI in Bethlem myopathy (not shown) [2,5].

Genomic DNA was extracted from serum samples from patients A, B and their parents, and
direct genomic sequencing of all exons and exon-intron boundaries of COL6A1, COL6A2 and
COL6A3 was performed on patient A using SCAIP technology [17]. Mutations were
discovered in the COL6A2 gene: a single nucleotide deletion in exon 23 (c.1770delG),
predicted to result in a premature termination codon (p.Thr590ThrfsX4), was in cis with a
missense change in exon 26 (c.2351G>A, p.R784H) and was inherited from the mother (figure
2a). The ¢.1770delG mutation also converted the exon 23 splice donor site from ‘acgGTAGGT’
to ‘cacGTAGGT’, decreasing the MaxENT score from 10.15 to 6.85 [18]. Exon 23 skipping
would lead to a 12 amino acid in-frame deletion of the C-terminal TH domain
(p.Gly579_Thr590del). RT-PCR analysis on RNA isolated from a dermal fibroblast culture
from patient A using primers localized on exon 16 and 26 thus amplifying a fragment containing
exon 23 respectively revealed the presence of two bands, the smaller of which on sequencing
had skipped exon 23, confirming the effect of the ¢.1770delG mutation on splicing (figure 2b).
The other allele, inherited from the patient’s father, showed a missense mutation in exon 28
(c.2488C>T), causing a change from arginine to tryptophan at position 830 (p.R830W) (figure
2a, ¢). This residue is located next to a MIDAS motif and shows evolutionary conservation
(Figure 2c). Modeling of the mutation using ProtScale with the Zimerman-Eliezer-Simha
polarity scales [19] on the Expasy server [20] demonstrated a clear change in the polarity scale
of the protein centered around the mutation, consistent with the change from a positively
charged polar (R) to a nonpolar (W) sidechain (Suppl Figure 1). Patient B was confirmed to
carry both the maternal c.1770delG and p.R784H alleles and the paternal p.R830W allele; both
parents were found to be carriers of the respective mutations and are clinically unaffected.

Dermal fibroblasts were cultured from the skin biopsy obtained from patient A to

subconfluency and supplemented with ascorbic acid for another three days to allow for optimal
formation of the collagenous extracellular matrix, followed by staining for collagen VI using
polyclonal and monoclonal antibodies [21]. Microscopic analysis showed that the fibroblasts
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were able to deposit a collagen VI extracellular matrix; however, compared to the matrix
deposited by normal fibroblasts, it seemed more sparse and less smooth with a “speckled”
appearance (Figure 3b), as can be seen in cultures from patients with Bethlem myopathy
[22]. There also was evidence of some intracellular retention of immunoreactive material after
cells were permeabilized with triton (Figure 3d).

Discussion

Here we report two adult brothers presenting with the classic phenotype of Bethlem myopathy,
including childhood onset, expected progression, patterns of weakness and contractures, as
well as typical skin findings and changes on muscle imaging. Within the Bethlem phenotype
these patients can be considered to be affected fairly typically. Both siblings are compound
heterozygous for mutations in the COL6A2 gene, while each parent is a clinically unaffected
carrier of one of these mutations.

The single nucleotide deletion in exon 23 (c.1770delG) on the maternal allele is an leads to the
in-frame skipping of exon 23 at the N-terminal end of the triple-helical domain. In-frame
deletions in this location of the triple helical domain render the chain incapable of incorporation
into the heterotrimer, leading to complete exclusion of the mutant allele from the assembly
process [22]. Thus, the mutation effectively results in a recessively acting null allele [21]. Our
non-quantitative RT-PCR analysis suggests that this exon skipping occurs at a high rate (Figure
2b), but even if the skipping were to occur at a less complete rate, the single nucleotide deletion
would result in a frameshift and premature stop, since the nucleotide is part of the coding region.
Carriers for null mutations in COL6A2 are clinically unaffected [13,14]. In the homozygous
state the mutation would be predicted to lead to the total lack of assembly-competent alpha2
(V1) chain allowing for no collagen V1 basic heterotrimer to form [21], which would lead to
the phenotype of Ullrich congenital muscular dystrophy [7,12].

The missense mutation p.R830W on the paternal allele thus acts on this virtual null background
from the maternal allele. The fact that this mutation leads to the less severe phenotype of
Bethlem myopathy suggests that it must be considerably milder in terms of its effect on collagen
VI function compared to a null mutation. Pathogenic missense mutations in the COL6A2 C2
domain have been observed only rarely (L837P [15], R876S [23]). R830W has not been
reported before as a mutation or as a polymorphism in the available databases (www.dmd.nl),
nor has it been seen in our own unpublished experience. The arginine at position 830 is
conserved between species (Figure 2c) and localizes at the beginning of the C2 domain, in
close proximity to a modified metal ion-dependent adhesion site (MIDAS) motif (position
839-843) (Figure 2c), which is of importance in metal-ion mediated protein-protein
interactions, likely coordinating the formation of the collagen V1 antiparallel dimer [24]. The
p.R830W amino acid change is nonconservative, changing the polarity of the protein in the
region (Suppl Figure 1), conceivably changing the functionality of the MIDAS motif, although
we have not formally demonstrated this. The missense change p.R784H coinherited in cis with
¢.1770delG on the maternal allele will not be part of assembled collagen V1 because the
preceding exon skipping renders the chain incompetent for assembly. It likely qualifies as a
polymorphism as it has been observed before without clear disease association [17] (and
personal observation).

The patients presented here provide evidence that classic Bethlem myopathy can be inherited
in an autosomal recessive manner. Thus, Bethlem myopathy joins Ullrich congenital muscular
dystrophy in that both dominant and recessive genetic mechanisms have now been established
as underlying these two classic disorders which lie at the ends of the phenotypic spectrum of
collagen VI related myopathies. The fact that an “Ullrich mutation” in compound

heterozygosity with a presumably milder “Bethlem mutation” results in a Bethlem myopathy
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phenotype leads to the conclusion that the collagen V1 related myopathies are best understood
as existing along a clinical and genetic spectrum, in which the severity of the mutations and
the resulting functional abnormality of the collagen VI matrix dictate a phenotypic spectrum,
ranging from severe Ullrich to mild Bethlem with phenotypes of intermittent severity
connecting the two. Consequently, a fundamentally different genetic or biochemical
mechanism distinguishing Ullrich congenital muscular dystrophy from Bethlem myopathy can
no longer be assumed.

This observation significantly impacts genetic counseling and the interpretation of genetic
testing in a patient with Bethlem myopathy, since the finding of one missense mutation of
unclear significance now should prompt consideration of the possibility of an additional second
mutation on the other allele, consistent with recessive inheritance. Furthermore, studies in the
extended family are imperative to determine the mode of inheritance as well as disease
association of a given genetic change of unclear significance. Obviously, the determination of
recessively acting mutations in a patient with Bethlem myopathy drastically reduces the risk
of disease recurrence in the patients own offspring.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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exon 23; c1770 delG exon 23; c1770 delG
exon 28; p.RE30W exon 28; p.R830W
b
Fig. 1.

Patient genotype and phenotype. Pedigree with inheritance of the two mutations (a). Clinical
photographs of patients A and B demonstrating typical finger flexor contractures (b).
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Fig. 2.

Collagen VI alpha 2 (COL6A2) mutations and consequences. (a) Diagrammatic representation
of the two mutations in the collagen VI alpha 2 (COL6A2) gene, demonstrating the effect of
€.1770delG on exon 23 splicing, causing in-frame skipping of the entire exon 23, which will
result in exclusion of the chain from assembly; and the position of the exon 28 missense
mutation ¢.2488C>T (R830W) relative to the modified MIDAS motif in the C2 domain. (b)
Gel electrophoresis of RT-PCR product from RNA isolated from fibroblasts from patient A
amplified with primers on exon 16 and 26 in collagen VI alpha 2 demonstrating a smaller PCR
product lacking exon 23 (asterix). (c) Evidence of sequence conservation of the 830 residue
with nearby MIDAS motif indicated. (Alignment was carried out using the BLAST program,
http://www.ncbi.nlm.nih.gov/BLAST/download.shtml.)
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10 mm

Fig. 3.

Immunocytochemistry for collagen VI on cultured fibroblasts derived from patient A and
normal control fibroblasts with monoclonal anti-collagen V1 antibody. The matrix in the patient
(b) is sparse and has a “speckled” appearance compared to control (a) which has a dense, well-
formed matrix. Addition of Triton X-100 reveals significant intracellular retention of
immunoreactive material in the patient’s fibroblasts (d) but not in the control (c). Insets with
DAPI nuclear staining to demonstrate equal cell density. Images were taken at x20
magnification. Bar = 10pm.

Neuromuscul Disord. Author manuscript; available in PMC 2010 December 1.



