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Abstract

The collagen VI-related myopathy known as Ullrich congenital muscular dystrophy is an early-

onset disease that combines substantial muscle weakness with striking joint laxity and progressive 

contractures. Patients might learn to walk in early childhood; however, this ability is subsequently 

lost, concomitant with the development of frequent nocturnal respiratory failure. Patients with 

intermediate phenotypes of collagen VI-related myopathy display a lesser degree of weakness and 

a longer period of ambulation than do individuals with Ullrich congenital muscular dystrophy, and 

the spectrum of disease finally encompasses mild Bethlem myopathy, in which ambulation persists 

into adulthood. Dominant and recessive autosomal mutations in the three major collagen VI genes

—COL6A1, COL6A2, and COL6A3—can underlie this entire clinical spectrum, and result in 

deficient or dysfunctional microfibrillar collagen VI in the extracellular matrix of muscle and other 

connective tissues, such as skin and tendons. The potential effects on muscle include progressive 

dystrophic changes, fibrosis and evidence for increased apoptosis, which potentially open avenues 

for pharmacological intervention. Optimized respiratory management, including noninvasive 

nocturnal ventilation together with careful orthopedic management, are the current mainstays of 

treatment and have already led to a considerable improvement in life expectancy for children with 

Ullrich congenital muscular dystrophy.

Introduction

The collagen VI-related myopathies encompass a spectrum of disease ranging from severe 

Ullrich muscular dystrophy to mild Bethlem myopathy. These diseases are caused by 

mutations in the genes that encode the three major α-chains of collagen type VI. They are 

unique among the hereditary myopathies in that they are hybrid disorders with clinical 

features attributable to both muscle and connective tissue. As such, they are paradigmatic 

disorders of the ‘myomatrix’—the extracellular matrix of muscle—and highlight the 

importance of the myomatrix in the functioning and maintenance of muscle.

Although precise prevalence data are lacking, Ullrich congenital muscular dystrophy (CMD) 

is probably the most common type of CMD encountered in the North American population, 

and is the second most common form (after Fukuyama CMD) in the Japanese population.1 

In northern England, the prevalence of Ullrich CMD is 0.13 cases per 100,000 of the 
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population, and that of Bethlem myopathy is 0.77 cases per 100,000.2 In a study based 

purely on immunohistochemistry, collagen VI-related disorders were the second most 

frequently identified form of CMD after the α-dystroglycanopathies.3

This Review will provide a succinct clinical picture of this distinct group of conditions, and 

highlight their physiological basis, current management and potential new avenues for 

treatment.

The clinical spectrum of disease

On the basis of clinical as well as genetic findings, Ullrich CMD and Bethlem myopathy can 

justifiably be regarded as being positioned at the flanking ends of a continuous spectrum of 

disease, rather than as distinct clinical entities.

Ullrich congenital muscular dystrophy

Presentation—Prenatal movements might be reduced in fetuses with Ullrich CMD;4–10 

however, the classic phenotype described by Ullrich4,5 (Box 1) is usually evident at birth. 

Symptoms such as hypotonia and weakness are present, with striking hyperlaxity in 

particular of the distal joints (Figure 1a,b). The hands and fingers are extremely flexible and 

can bend backwards against the forearm, while the feet are often bent backwards against the 

shin, a finding that parents often remember as one of the first signs noticed. Coexisting joint 

contractures might also be evident at birth, affecting the elbows, knees, spine 

(kyphoscoliosis) and neck (torticollis). Clubfoot can also be seen, instead of the retroflexed 

foot mentioned above.

Course of disease—Some transient feeding difficulties might occur in the neonatal 

period, leading to moderate to severe dysphagia in patients with severe forms of Ullrich 

CMD.11 Even some children without overt dysphagia may need a temporary or permanent 

gastric feeding tube support to maintain an adequate nutritional and fluid intake.

In the most severe presentation of Ullrich CMD, the ability to walk is never achieved. 

Patients with this presentation were referred to as having ‘early severe’ disease in a large 

French series of early-onset collagen VI-related myopathies.12 However, even these severely 

affected infants can usually learn to roll, crawl and maintain a sitting position. Some 

severely affected children who are not able to ambulate owing to knee contractures that 

prevent an upright posture might walk on their knees for a period of time. The majority of 

patients with typical Ullrich CMD will, however, achieve the ability to ambulate after a 

delay of up to about 2 years. This group was referred to as having ‘moderately progressive’ 

disease in the French series (Box 2).12 These children will, however, eventually lose the 

ability to walk, often by the early teenage years, but sometimes at a considerably younger 

age or as late as young adulthood (Figure 1c).11,12

The muscle weakness itself is slowly progressive, but the resulting disability is aggravated 

by progressive contractures of the large joints, in particular affecting external rotation in the 

shoulder, elbows, hips, knees and ankles. Some early contractures can improve during the 

first year of life, but will recur at a later point and then continue to worsen over time. The 
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presence of multiple lower extremity contractures, in particular, interferes with the ability to 

ambulate. After the loss of ambulation, patients tend to be quite stable in terms of their 

muscular strength, although the contractures might still show ongoing progression, 

particularly in the ankles, knees, hips and elbows. Of particular concern is the development 

of substantial scoliosis, which might have developed as early as the preschool years, but is 

frequently evident by the end of the first decade of life and requires spinal instrumentation in 

many patients.11,12

Although respiratory insufficiency is not common at birth, it becomes an important aspect of 

the disease as the condition progresses. Respiratory insufficiency usually manifests 

following the loss of ambulation, but some patients can develop impending respiratory 

insufficiency while they still have the ability to walk.11 A progressive decline in the 

percentage of predicted forced vital capacity is observed, on average, from the age of 5 years 

to the early teens.11 Respiratory insufficiency typically manifests initially at night, as 

nocturnal hypoxemia, and sleep studies may be necessary to identify its first signs. The 

introduction of noninvasive bilevel positive airway pressure ventilation is usually sufficient 

to treat this situation effectively for many years. In most patients respiratory support is only 

needed at night; however, it should not be overlooked. Failure to institute adequate 

respiratory support has led to the death of teenagers with Ullrich CMD.

Careful studies are now required to establish the long-term course of the disease under the 

current standards of medical care. Early data on the long-term outcomes of patients with 

Ullrich CMD are difficult to evaluate, as much of that experience was gathered from patients 

who had not received active respiratory intervention, with the result that many of these 

individuals succumbed to respiratory failure in their late teenage years.7 With the availability 

of effective respiratory interventions, other aspects of the disease could potentially surface 

now that patients with Ullrich CMD routinely survive into adulthood.

Intermediate collagen VI-related myopathies

Presentation—Patients with collagen VI-related myopathies of intermediate severity 

cannot be easily classified as having either Ullrich CMD or Bethlem myopathy. No exact 

definitions exist yet as to where the Ullrich CMD phenotype stops and the intermediate-

severity phenotype begins. Similarly, at the other end of the range, a transition from 

intermediate-severity disease to the classic Bethlem phenotype occurs. To define this disease 

spectrum, and to determine whether discrimination between the various phenotypes is 

possible, an international study capturing the range of phenotypic expression in patients with 

collagen VI-related myopathies is currently underway.

Patients with intermediate phenotypes of collagen VI-related myopathies were referred to as 

having ‘mild’ early-onset collagen VI myopathy in the French series.12 Similarly to children 

with Ullrich CMD, these patients also typically present in the neonatal period but achieve 

the ability to walk, usually ambulating into young adulthood and sometimes beyond. They 

are, therefore, considered to have a milder form of disease than patients with the typical 

Ullrich CMD phenotype. However, most of the clinical features outlined for Ullrich CMD 

will still be clearly recognizable in these patients.
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Course of disease—Although contractures are not necessarily prominent early on in 

intermediate-severity disease, they start to develop during childhood and are progressive, 

particularly in the ankles and the elbows, but also in the knees. Scoliosis and/or spinal 

rigidity can be marked. Patients might be able to walk for limited distances, particularly on 

flat surfaces and indoors, but they may require assistance such as a mobility scooter for 

prolonged ambulation. However, spending increased amounts of time in the sitting position 

will aggravate contractures of the knee flexors and the hips, and further interfere with the 

patient’s ability to walk. Upright mobility should, therefore, be maximized for as long as 

possible.

Progressive respiratory insufficiency is also of concern in patients with intermediate 

phenotypes of collagen VI-related myopathy, and a consistent decline in the percentage of 

predicted forced vital capacity is observed in the early teenage years.11 This group of 

patients is again particularly susceptible to nocturnal respiratory insufficiency, which can 

develop even in individuals who are still able to walk and, therefore, careful monitoring of 

these patients is required.11

Bethlem myopathy

Presentation—Considerable variability exists within the Bethlem myopathy phenotype. 

Many of the same clinical problems described for the other forms of collagen VI-related 

myopathy can be encountered in principle, but the symptoms are altogether milder. Although 

often understood to be a myopathy of adulthood, the clinical symptoms experienced by 

patients with Bethlem myopathy can frequently be traced back to early infancy;13 affected 

babies might exhibit hypotonia, foot deformities and torticollis (which has been noted in up 

to 50% of patients).13 However, the congenital contractures largely tend to resolve in the 

first 2 years. Young children might exhibit evidence of mild weakness only, and at this early 

age display distal joint hyperlaxity rather than contractures. Some patients present with 

weakness in a proximal distribution without notable contractures and have been reported as 

limb-girdle muscular dystrophy.14 By contrast, others have contracture-predominant disease 

without much weakness, a phenotype referred to as myosclerosis.15,16 In such individuals, 

the muscles are said to have a ‘woody’ feel. A specific recessive mutation has been 

associated with this phenotype, as discussed later in this article.

Course of disease—In Bethlem myopathy, typical contractures of the Achilles tendons 

(Figure 1d) and elbows tend to develop late in the first decade of life and during teenage 

years. These contractures progress to involve the long finger flexors and the shoulders; they 

can also affect the spine and cause a degree of spinal rigidity in some patients. On 

dorsiflexion of the wrist, contractures of the long finger flexors prevent complete finger 

extension—the typical ‘Bethlem sign’ (Figure 1e).13 Even in patients whose muscle 

weakness progresses only very slowly, progression of the contractures can be the cause of 

serious disability in their own right (as they are for patients with severe forms of collagen 

VI-related myopathy). Eventually, the combination of weakness and contractures can lead to 

walking difficulties—about two-thirds of patients over the age of 50 years require help with 

ambulation, usually using a mobility scooter or wheelchair.13 Patients with Bethlem 
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myopathy who had been stable for many years often report a noticeable decline in muscle 

strength in their 4th and 5th decades of life (Figure 1f).

Patients with Bethlem myopathy have an increased risk of restrictive lung disease, with the 

possibility of resulting respiratory insufficiency, particularly if this impairment occurs in 

combination with other causes of obstructive sleep apnea. Sleep studies are, therefore, useful 

to diagnose nocturnal hypoventilation proactively.

Diagnosis

Clinical diagnostic features

Connective tissue involvement—A common feature across the entire spectrum of 

collagen VI-related myopathies is the prominent and clinically evident involvement of 

connective tissue.17 This characteristic assists the clinical diagnosis as well as substantially 

adding to the patient’s disability.

Evidence from research in a mouse model of collagen VI deficiency indicates that this 

condition is associated with morphological abnormalities of the tendons (M.-L. Chu et al., 
personal communication). These results indicate the presence of a tendinopathy that 

probably contributes both to the laxity of small joints and to the contractures. Further 

analysis could reveal whether patients display additional symptoms or signs relating to 

altered collagen VI expression in other extracellular matrices, such as the lens, intervertebral 

discs, joints and vessels. For instance, analysis of mice with collagen VI deficiency has 

revealed an increased propensity for osteoarthritic joint degeneration.18

Skin involvement—A characteristic skin phenotype is associated with collagen VI-related 

myopathy. The most notable manifestations are prominent keratosis pilaris of the extensor 

surfaces of the arms and legs, giving the skin a rough appearance, the propensity for 

abnormal (keloid or atrophic) scar formation, and/or a particularly soft and velvety texture to 

the palmar skin of the hands and feet, which are marked by a fine criss-cross pattern of 

palmar creases. The latter skin features are not specific for collagen VI-related myopathy, as 

they are also seen in patients with Ehlers–Danlos syndrome.19

Differential diagnosis

Depending on the age of the patient and the leading clinical features, a number of 

considerations are relevant in the differential diagnosis of collagen VI-related myopathy.

Limb-girdle muscular dystrophy—Some patients with Bethlem myopathy present with 

weakness in a proximal distribution without notable contractures, which can resemble limb-

girdle muscular dystrophy.14 Bethlem myopathy might, therefore, need to be considered as a 

differential diagnosis in patients whose clinical features suggest limb-girdle muscular 

dystrophy. The use of muscle imaging (see below) is most helpful in this situation by 

recognizing a Bethlem-typical pattern of muscle involvement.

Ehlers–Danlos syndrome—In the young child with moderate to severe weakness and 

notable joint laxity, Ehlers–Danlos syndrome needs to be considered, particularly the type 
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VI (kyphoscoliotic) form.20 The hypermobile type of Ehlers–Danlos syndrome, which 

results from tenascin X deficiency, should be considered, particularly in teenage and adult 

patients with notable hyperlaxity.21 In these patients, however, the associated muscle 

weakness and contractures will be milder than in Bethlem myopathy. In addition, in tenascin 

X deficiency there is hyperelasticity of the skin, which is not seen in the collagen VI-related 

myopathies. Interestingly, ultrastructural examination of skin biopsies from patients with 

Ullrich CMD show abnormal structures for the large fibrillar collagens as well as abnormal 

deposition of elastic fibers, which resemble some of the findings seen in classic Ehlers–

Danlos syndrome.19 Abnormal fibrillogenesis of the large fibrillar collagens, therefore, 

probably underlies the clinical similarities between these two diseases, consistent with a role 

for collagen VI in collagen fibrillogenesis.22,23

Emery–Dreifuss muscular dystrophy—In patients with a contracture-predominant 

phenotype, the Emery–Dreifuss muscular dystrophies (which result from LMNA, EMD and 

FHL1 mutations) should be considered in the differential diagnosis, particularly as the 

patterns of contractures caused by these two conditions are very similar. The presence of 

cardiac involvement clearly favors the presence of an Emery–Dreifuss muscular dystrophy, 

as primary cardiac involvement is not seen in the collagen VI-related myopathies. Mutations 

in the LMNA gene might present as CMD;24 however, the pattern of weakness and 

contractures in LMNA-related CMD is sufficiently different from that in collagen VI-related 

myopathies to enable its clinical differentiation, as patients with LMNA-related CMD show 

very early rigidity of the spine and striking weakness of the neck, but very little knee or 

elbow contracture, and only moderate laxity.

Central core disease and fiber type disproportion—Secondary changes that might 

be seen in muscle biopsy samples from patients with collagen VI-related myopathies include 

minicore-like lesions resembling those in patients with RYR1-associated multiminicore 

disease. Fiber type disproportion, resembling the pathological diagnosis of congenital fiber 

type disproportion, is sometimes observed in biopsy samples taken very early in the course 

of collagen VI-related myopathies. These lesions can be a source of confusion and 

misdiagnosis in the histopathological assessment of a biopsy from a patient with a collagen 

VI-related myopathy, especially as some patients with particular recessive RYR1 mutations 

and minicores in their biopsy samples might also present with notable laxity, albeit not quite 

to the extent that is typical for a young patient with a collagen VI-related myopathy.25–27

Laboratory and imaging findings

The findings in muscle biopsy specimens from patients with collagen VI-related myopathies 

are quite variable and change over time. In samples from patients in more-advanced stages 

of the disease, overtly dystrophic features are evident, including rare degenerating and 

regenerating fibers and a prominent build-up of interstitial fibrous tissue in the muscle. In 

biopsy samples taken very early in the course of disease, however, the findings can be 

inconspicuous, often just showing evidence of fiber atrophy or even fiber type disproportion 

without overt dystrophic features.28

Bönnemann Page 6

Nat Rev Neurol. Author manuscript; available in PMC 2017 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Immunohistochemical examination for the amount and localization of collagen VI in the 

muscle is a useful diagnostic tool. In individuals with recessive null mutations, this analysis 

will reveal a virtually complete absence of collagen VI in the muscle.29 In patients with 

dominant mutations in particular, muscle immunohistochemistry will show a considerable 

amount of collagen VI immunoreactivity in the extracellular matrix, but the normal 

localization of collagen VI in the basement membrane is lost. This loss can be highlighted if 

double staining with a basement membrane marker is used (Figure 2).30,31 This observation 

also suggests that the immunoreactivity visible in the matrix in muscle samples from these 

patients does not represent functionally normal collagen VI and that the mutant protein is 

not able to establish a normally interactive microfibrillar network.

Cultures of dermal fibroblasts from patients with collagen VI mutations often display 

changes of the collagen VI matrix, ranging from absence to abnormal formation. This 

analysis, therefore, is also a useful diagnostic tool (Figure 2).30,32–34

MRI of muscle can be very useful in the recognition of a collagen VI-related myopathy and 

in the differentiation of collagen VI-related myopathies from LMNA-related Emery–

Dreifuss muscular dystrophy, as well as from other myopathies associated with contractures 

and spinal rigidity.35,36 In the collagen VI-related myopathies, a characteristic concentric 

pattern of imaging changes is observed, in that the initial degenerative changes seen on 

imaging are most evident on the outer aspects of the muscle, rather than the inside (Figure 

3). In the rectus femoris, however, a typical central zone of altered signal is seen, originating 

around the central fascia that extends into this muscle.37 This phenomenon is also clearly 

seen on ultrasonography and has been designated a ‘central cloud’.38 This pattern is not seen 

in LMNA-related Emery–Dreifuss myopathy, although prominent involvement of the 

posterior thigh muscles and the medial gastrocnemius can be observed.35,36 However, these 

characteristic imaging findings in collagen VI-related myopathies may become less obvious 

as the disease progresses.37

Properties of collagen VI

Assembly and tissue distribution

Collagen type VI, along with the fibrillins, is one of the microfibrillar components of the 

extracellular matrix. Collagen VI microfibrils are found in a wide variety of extracellular 

matrices, including muscle, skin, tendon, cartilage, intervertebral discs, lens, internal organs 

and blood vessels. These microfibrils show a particular association with basement 

membranes,39,40 and favor a pericellular distribution around cells without basement 

membranes, such as tendon fibroblasts.41

Three major collagen VI genes have been identified—COL6A1, COL6A2 and COL6A3. 

COL6A1 and COL6A2 lie in a head-to-head arrangement on chromosome 21, whereas 

COL6A3 is on chromosome 2.42 Three additional genes have been identified by comparative 

analysis as being related to COL6A3;43,44 in mice all three genes, Col6a4, Col6a5 and 

Col6a6, are expressed, whereas in humans COL6A4 is interrupted by a translocation and is 

no longer fully functional. The tissue distribution of the collagen α5(VI) chain and collagen 

α6(VI) chain proteins is more limited than that of the original three chains.45
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The peptides encoded by COL6A1 and COL6A2 consist of short α-chain domains flanked 

by N-terminal and C-terminal globular domains of about equal size.46 The product of 

COL6A3 contains a similar-sized α-chain domain; however, its N-terminal globular domain 

is much larger compared with COL6A1 and COL6A2, and is alternatively spliced. The C-

terminal domain of the COL6A3 transcript is proteolytically processed once secreted into 

the extracellular matrix as part of the assembled collagen VI (Figure 4).47

Collagen VI undergoes an extensive assembly process in the cell before being secreted into 

the extracellular matrix.42,48 A basic understanding of this assembly process is important to 

comprehend the consequences of the various disease-causing mutations. The assembly 

begins with the formation of the basic monomer, which is composed of one of each of the 

three α-chain subunits encoded by COL6A1, COL6A2 and COL6A3. Similarly to other 

collagens, the three α-chains first associate at their C1-terminal globular domains and come 

to lie adjacent to each other. Hydrogen bonding then links the three α-chains in a zipper-like 

fashion from the C-terminal to the N-terminal end, resulting in a triple-helical structure 

(Figure 4).

The next assembly step involves the formation of an antiparallel dimer, stabilized by 

disulfide bridging between crucial cysteines in the N-terminal ends of the triple-helical 

domain and in the globular domain.49–51 Two such dimers then associate in a staggered 

parallel orientation to form a tetramer, which is again stabilized by disulfide bridging 

between cysteine residues in the triple-helix regions.49,50,52 These tetramers are secreted 

into the extracellular space, where they associate in an end-to-end fashion to form 

characteristic ‘beads on a string’ collagen VI microfibrillar structures, which have a 

periodicity of 100–105 nm and a diameter of 4.5 nm (Figure 4).48,49,53,54

Physiological roles of collagen VI

In the extracellular matrix, collagen VI interacts with a large number of matrix molecules 

(Box 3). The identity of the molecular partner (or partners) mediating the interaction of 

collagen VI in the muscle basement membrane is not yet known. One possible candidate 

would be collagen type IV,40 the most important collagenous component of basement 

membranes. Since collagen VI binds to biglycan,55 which interacts with the sarcoglycan and 

dystroglycan complex,56,57 collagen VI might be indirectly linked to muscle cell surface 

receptors via biglycan and the dystrophin-associated protein complex.

Possible functions of collagen VI pertaining to various cell types have been suggested. 

These functions include the promotion of adhesion,58–60 proliferation,61 migration62,63 and 

survival.64,65 Collagen VI also has crucial roles in the regulation and differentiation of 

adipocytes and of normal and malignant mammary ductal cells.63,64,66 Judging by the 

clinical features seen in patients with collagen VI-related myopathies, the tissues where 

collagen VI has the most important roles include muscle, tendon and skin, although 

abnormalities in collagen VI might also have important, albeit more-subtle, effects in other 

tissues. In tendons, collagen VI is expressed by the resident tendon fibroblasts, around which 

it assumes a close pericellular distribution.41 In muscle, the cell of origin for collagen VI is 

the interstitial fibroblast.67,68 The collagen VI-related myopathies are quite unique, 

therefore, in that they are non-cell-autonomous disorders of muscle.
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A mouse model of collagen VI deficiency has been generated by knockout of the collagen 

VI Col6a1 locus, resulting in a complete absence of collagen VI expression in muscle.69 In 

contrast to the human disease, these mice only show a mild neuromuscular disorder without 

much overt weakness.69 Muscles from these animals also show an increased incidence of 

apoptosis, which correlates with facilitated breakdown of the potential across the 

mitochondrial permeability pore when primed with oligomycin.65 This effect was 

preventable by inactivation of cyclophilin D using ciclosporin, its derivative 

Debio0025,70–72 or genetic inactivation of cyclophilin D.73 These interventions also resulted 

in decreased apoptosis and improved physiological functioning of isolated muscles from the 

collagen VI-knockout animals.65,72 Subsequent work using the same model suggests that 

impairments in autophagocytic flux (including impaired mitochondrial autophagy) also 

occur in the muscle cells of collagen VI-deficient mice, and possibly exacerbate the 

accumulation of defective mitochondria.74

Attachment of cells to the extracellular matrix is important for preventing apoptosis in 

general,75 which could be particularly relevant for muscle disorders that directly involve 

interactions between matrix and muscle, as is the case for both collagen VI-related and 

LAMA2-related CMDs.76–78 Work in cell cultures has shown that collagen VI-deficient 

cells exhibit decreased adherence to their surroundings,60,79 emphasizing the importance of 

this muscle cell–extracellular matrix interface.

Genotype–phenotype correlations

So far, all collagen VI mutations associated with the Ullrich CMD, intermediate or Bethlem 

myopathy spectra of disorders have occurred in the COL6A1, COL6A2 and COL6A3 
genes,10 while no mutations have been observed to date in the newly recognized human 

collagen VI chains (COL6A5 and COL6A6).43,44

A genetic spectrum clearly underlies the clinical variability that is seen in the collagen VI-

related myopathies. Although researchers initially thought that recessive mutations in the 

collagen VI genes underlie Ullrich CMD and that dominant mutations underlie Bethlem 

myopathy, this distinction is no longer valid. Ullrich CMD occurs through both recessive 

and dominant genetic mechanisms, the latter most typically as de novo autosomal-dominant 

mutations. In fact, in populations with a low degree of consanguinity, de novo autosomal-

dominant mutations are the most common underlying mechanism of Ullrich CMD.1,30,32,80 

Furthermore, although the typical genetic mechanism and pattern of inheritance for Bethlem 

myopathy is dominant, recessive mutations have also been seen in affected patients, albeit 

rarely.81,82 For example, the myosclerosis phenotype15 has emerged as a recessive form of 

Bethlem myopathy, in which a homozygous nonsense mutation in the COL6A2 gene results 

in a stable chain lacking the C2 domain but retaining the C1 domain,16 which presumably 

interferes with its ability to interact with other components in the extracellular matrix.

Recessive mutations that underlie typical Ullrich CMD mostly lead to complete absence of 

collagen VI in the extracellular matrix in muscle and in dermal fibroblast cultures.83 Such 

functional null alleles may be caused by nonsense mutations83 as well as splice-site 

mutations and intragenic deletions resulting in an out-of-frame transcript29,83,84 or in an 

assembly-incompetent chain (if located towards the C-terminal end of the collagenous triple-
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helical domain).80 If nonsense mutations affect alternatively spliced parts of the gene, such 

as the N-terminal globular domain of the collagen α3(VI) chain, their phenotypic effect can 

be milder than those of nonsense mutations in other sites.1,85–87

Although intragenic deletions in collagen VI loci have been recognized,88,89 large-scale 

genomic deletions can clearly also occur in the COL6A1 and COL6A2 locus on 

chromosome 21, encompassing the entirety of one or both of the collagen VI genes located 

there, or parts of one of the genes. Complete deletions of one copy of these genes also act in 

a recessive fashion, meaning that carriers of the deletion are clinically asymptomatic until a 

second mutation is present on the other allele. This characteristic also means that complete 

haploinsufficiency of all three collagen VI genes is not associated with clinical disease. 

Although homozygous missense mutations are a less common cause of severe Ullrich CMD 

than the null mutations discussed above, they have been described. Such mutations 

presumably affect crucial functions of the collagen VI protein and its interactions.16,90

Soon after the initial discovery of recessive mutations in collagen VI genes,83 a substantial 

number of patients with sporadic Ullrich CMD were found to carry de novo autosomal-

dominant mutations in one of the three major collagen α(VI)-chain genes.30,32 Typically, 

this type of mutation leads to an in-frame skipping of exons in the N-terminal part of the α-

chain domains. Owing to their location, such mutations do not prevent the C-terminal 

association of the three subunits of collagen VI, which allows the altered α-chain to be fully 

incorporated into the triple-helix monomer.80 If the cysteine residues in the N-terminal 

region of the triple helix (which are necessary for subsequent assembly of these monomers 

into tetramers) are spared by the deletion, only 1 in 16 of the resulting collagen VI tetramers 

will be completely normal, and the other 15 will include at least one mutant α-chain. This 

outcome is the basis of the strong dominant-negative effect of such mutations. Omissions of 

exon 16 in the α3(VI) chain account for the single most common mutation of this type, 

which is usually associated with a severe Ullrich CMD phenotype.32,80

Mutations that delete crucial cysteine residues in the collagenous triple helix domains of 

collagen VI subunits, as is the case for skipping of exon 14 in the α1(VI) chain, seem to 

have a more limited dominant-negative effect that shifts the clinical phenotype of collagen 

VI-related myopathy towards the mild end of the spectrum.30,80 Indeed, exon-14-skipping 

mutations are the single most common mutation type seen in patients with Bethlem 

myopathy.30,85,88,91–93 In-frame exon-skipping mutations located in the C-terminal end of 

the collagenous triple-helical domain interfere with assembly of the three peptide subunits 

into collagen VI monomers, with the consequence that abnormal peptides are prevented 

from assembly into tetramers. In patients who have collagen VI-related myopathies of 

intermediate severity, either dominant or recessive mechanisms might underlie their 

presentation, although a substantial number of patients will have exon-skipping mutations or 

de novo autosomal-dominant substitutions of glycine residues, as discussed below.

The other important dominant type of mutation is represented by substitutions of glycine 

residues in the Gly–X–Y motifs of the N-terminal collagenous triple-helical 

domain.14,85,93–95 This type of mutation is a common cause of collagen VI-related 

myopathy,96 and also acts in a dominant-negative fashion because mutated α-chain subunits 
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can become incorporated into collagen VI monomers (although they introduce an 

ultrastructurally visible kink into the completed triple-helical domain).97 The molecular and 

clinical consequences of autosomal-dominant substitutions in Gly-X-Y motifs are variable 

and depend on the exact sequence context in which they occur.98 Glycine substitutions 

might, therefore, be seen in families affected by typical Bethlem myopathy, but also occur as 

de novo mutations in patients with sporadic collagen VI-related myopathy phenotypes in the 

Ullrich CMD or intermediate range.1,12,98

The pathogenetic effects and modes of action (recessive versus dominant) of other types of 

missense mutation are very difficult to predict.32,90 In addition, mutation analysis of the 

collagen VI genes has led to identification of a growing number of polymorphic variants of 

unknown significance. These variants require careful genetic and biochemical analysis to 

prove or disprove their pathogenetic roles. With the increased availability of mutational 

analysis, the fact that some patients with typical clinical features do not have a known 

mutation in one of the three collagen VI genes is becoming increasingly apparent.99 For 

patients with Bethlem myopathy and relatively mild phenotypes of intermediate collagen 

VI-related myopathy, the proportion of patients without mutations in the collagen VI genes 

has been reported as substantial—perhaps ≈25% (Bushby, personal communication).100 

This figure may be considerably lower in patients who closely conform to the classic Ullrich 

CMD phenotype, but even among these individuals clear evidence exists for genetic 

heterogeneity.99

Treatment

Current approaches

The value and effect of appropriate general medical care in patients with collagen VI-related 

myopathies cannot be overestimated. Appropriate respiratory management alone has 

changed Ullrich CMD from a condition that was frequently lethal in teenage years into a 

condition in which survival well into adulthood should now be the norm.11 Even in the field 

of appropriate general medical management for patients with collagen VI-related 

myopathies, however, many challenges remain, including the optimal management of 

contractures and early scoliosis. Extensive prospective studies into the natural history of the 

collagen VI-related myopathies will be necessary to fully address these issues, and a review 

based on expert consensus on the standard of care of these conditions has been published.101

Future directions

Molecular therapies that would directly target the defects in collagen VI genes are 

conceivable but are in very early stages of development. To date, no single hypothesis can 

fully explain the development of muscle weakness in patients with the collagen VI-related 

myopathies or provide all targets for therapies, although important leads have been 

discovered. The most useful finding is that of increased myofiber apoptosis, which was 

reported in the mouse model of collagen VI deficiency.65 Pharmacological inhibition of 

cyclophilin D using ciclosporin or its derivative DEBIO-025 (alisporivir), which does not 

inhibit calcineurin, minimized this apoptosis in cultured human myoblasts from patients 

with collagen VI-related myopathy and in live collagen VI-deficient animals by interfering 
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with the opening of mitochondrial permeability transition pores.70–72 In a small pilot study 

of five patients with collagen VI-related myopathies, biopsies were performed before and 

after 4 weeks of treatment with ciclosporin.102 This treatment apparently stabilized 

mitochondrial function, and fewer apoptotic nuclei were found in post-treatment biopsy 

samples than in pretreatment samples, suggesting an in vivo effect of ciclosporin in these 

patients.102 However, muscle strength was not measured in this study. Clearly these results 

will need to be validated in a controlled fashion in a large cohort of patients, preferably with 

an agent that has a more favorable long-term adverse-effect profile than that of ciclosporin. 

Potentially suitable drugs with a similar antiapoptotic mechanism to that of ciclosporin are 

on the horizon.

Additional data suggest that the increased opening of mitochondrial permeability transition 

pores is not specific to the collagen VI-related disorders, but can also be seen in other 

neuromuscular disorders,103 which would mean that the treatment approach outlined above 

would be applicable in other muscle disorders, as has already been suggested for the δ-

sarcoglycan-deficient and dystrophin-deficient mouse models.104 A crucial step will be to 

establish exactly how collagen VI deficiency in the extracellular matrix leaves muscle cells 

vulnerable to apoptosis; that is, how the presence of normal collagen VI in the extracellular 

matrix contributes to the health of myofibers. Elucidating the pathways involved will 

probably yield additional novel targets for therapeutic intervention.105 Furthermore, 

defective autophagy of malfunctioning cellular organelles might also underlie the increased 

apoptosis of muscle cells from animals and patients with collagen VI deficiency, and 

targeting of this pathway could result in additional treatments.74

Conclusions

The collagen VI-related myopathies are a unique group of muscle disorders that combine 

features of a muscle disease with those of a connective tissue disorder. The distinctive 

combinations of hyperlaxity, contractures and weakness associated with these disorders 

mean that they are usually readily recognizable from their clinical features. An increasingly 

established spectrum of disorders is now recognized, ranging from severe Ullrich CMD, via 

intermediate phenotypes, to the mild Bethlem myopathy. The genetic basis of these 

conditions is complex—both recessive and dominant mechanisms are possible for all clinical 

phenotypes of collagen VI-related myopathy, which can affect any of the three classic 

collagen VI genes, and evidence also exists for additional genetic heterogeneity in patients 

who are not carriers of collagen VI gene mutations. Careful evaluation of a given genetic 

variant is, therefore, necessary before it can be declared pathogenetic. Although much 

remains to be learned about the exact pathogenesis of these disorders, the finding of 

increased mitochondrially mediated apoptosis has revealed interesting treatment options that 

might soon lead to clinical trials.
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All other clinicians completing this activity will be issued a certificate of participation. To 
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disclosures; (2) study the education content; (3) take the post-test and/or complete the 

evaluation at http://www.medscape.org/journal/nrneurol; (4) view/print certificate.
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Learning objectives

Upon completion of this activity, participants should be able to:

1. Describe clinical features of Ullrich CMD and other collagen VI-

related myopathies.

2. Describe mutations underlying collagen VI-related myopathies.

3. Describe treatment and management of collagen VI-related 

myopathies.
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Key points

■ The spectrum of collagen VI-related myopathies encompasses Ullrich 

muscular dystrophy and Bethlem myopathy as well as intermediate clinical 

phenotypes

■ Clinical hallmarks frequently include a combination of joint hyperlaxity and 

contractures in addition to weakness and nocturnal respiratory failure

■ Collagen VI-related myopathies are caused by mutations in the three major 

genes encoding the collagen VI α-chains—COL6A1, COL6A2 and 

COL6A3

■ Both dominant and recessive autosomal mutations underlie the entire 

phenotypic spectrum of these myopathies

■ The mutations result in formation of abnormal collagen VI and downstream 

effects that probably include increased apoptosis of muscle cells, which 

could represent a target for pharmacological treatments
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Box 1

History of the collagen VI-related myopathies

In the early 1930s, Otto Ullrich described a unique group of pediatric patients with a new 

condition, which he termed scleratonic muscular dystrophy (Skleratonische 

Muskeldystrophie). The notable feature of this disease was the coexistence of prominent 

early-onset weakness and joint laxity with severe and progressive contractures in the 

proximal joints.4,5 Ullrich congenital muscular dystrophy (CMD) was initially discussed 

largely in the Japanese and German literature,6–8 although a few articles were published 

in English-language journals.

In 1977, Jaap Bethlem and George K. van Wijngaarden described three families with 

dominant transmission of a benign myopathy characterized by slow progression and 

prominent contractures.106 Additional families with Bethlem myopathy were then 

identified, which emphasized the typical clinical features of early onset and a mild 

course, despite progression into adulthood.107 Several research groups identified linkage 

of this disease to chromosomes 2 and 21, which subsequently led to the identification of 

causative mutations in the COL6A1, COL6A2 and COL6A3 genes.94,108,109 Bethlem 

myopathy was, therefore, established as the first collagen VI-related myopathy.94,108,109

In 2002, Enrico Bertini, Mimma Pepe and colleagues recognized the similarities in 

clinical features between patients with Bethlem myopathy and those with Ullrich CMD. 

These researchers analyzed muscle biopsy samples from patients with Ullrich CMD, and 

identified three patients with a complete absence of collagen VI associated with recessive 

null mutations in COL6A2.83 The identification of collagen VI mutations as the 

underlying cause of both Ullrich CMD and Bethlem myopathy led to renewed 

international interest in these disorders.
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Box 2

Spectrum of collagen VI-related myopathy phenotypes

Severe Ullrich CMD (early severe*)

Patient achieves sitting, sometimes knee walking, but not independent ambulation, 

frequently severe contractures.

Typical Ullrich CMD (moderate progressive*)

Patient achieves independent ambulation, albeit after some delay, but loses this ability 

again by age 20 years; ambulation is typically lost by age 5–15 years, frequently severe 

contractures.

Intermediate phenotype (mild*)

Ambulation beyond 20 years into young adulthood, contractures more variable.

Bethlem myopathy

Typical Bethlem myopathy: ambulation into adulthood

■ Myosclerosis variant: the degree of contractures by far outweighs weakness; 

‘woody’ feel to the muscles

■ Collagen VI-related limb-girdle syndrome: juvenile or young adult onset, 

weakness in a proximal distribution with only minimal, if any contractures

*The descriptions represent the phenotype classifications suggested for the Ullrich CMD 

to intermediate-severity spectrum of early-onset collagen VI-related myopathy.12 

Abbreviation: CMD, congenital muscular dystrophy.
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Box 3

Molecules that interact with collagen VI

In the extracellular matrix, collagen VI interacts with a large number of molecules and 

cell surface receptors: collagen II, collagen IV, fibulin 2, fibronectin, perlecan, 

microfibril-associated glycoprotein 1, membrane-associated chondroitin sulfate 

proteoglycan 4, heparin, hyaluran, decorin, biglycan, and collagen XIV.40,55,110–118

■ Biglycan and decorin interact with the N-terminus of collagen VI55

■ Biglycan seems to encourage branching of collagen VI into hexagonal 

networks119

■ Interactions of biglycan or decorin with matrilin 1 encourage the formation 

of large collagen VI complexes in the extracellular matrix120

■ Biglycan also interacts with the sarcoglycan and dystroglycan complex;56,57 

thus, collagen VI might be indirectly linked to muscle cell surface receptors 

via biglycan and the dystrophin-associated protein complex

■ Cell binding to collagen VI might be mediated by the membrane-associated 

chondroitin proteoglycan NG2,116–118 and integrins α1β1 and α2β1, 

whereas integrins α5β1 and αVβ3 can bind to a hidden Arg–Gly–Asp motif 

in collagen VI58,121
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Review criteria

Papers were found by reviewing the existing literature and references therein. The main 

search terms used for a PubMed search included “collagen type VI”, “congenital 

muscular dystrophy”, “Ullrich”, “Bethlem”, “extracellular matrix” and “muscle”. Papers 

were selectively cited on the basis of their relevance to the context of this particular 

Review. Some identified papers were not included in the reference list owing to the 

restrictions on space and focus.
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Figure 1. 
Joint laxity and progressive joint contractures in patients with Ullrich CMD and Bethlem 

myopathy. a,b | Typical pronounced distal hyperlaxity seen in children with Ullrich CMD, 

particularly in the fingers. c | A patient with typical Ullrich CMD who had an initial period 

of ambulation but can no longer walk—note evolving contractures in the shoulders, elbows 

and knees, round face with mild facial erythema, as well as distal joint laxity. d | Pronounced 

Achilles tendon contractures in a teenager with Bethlem myopathy. e | Typical long finger 

flexor contractures in an adult patient with Bethlem myopathy prevent full extension of the 

fingers when the palms are placed together with dorsiflexed hands and elevated elbows (the 

‘Bethlem sign’). f | An adult with Bethlem myopathy. The typical upper body posture results 

from contractures at the elbows and shoulders. She also has contractures of the Achilles 

tendons. Abbreviation: CMD, congenital muscular dystrophy. Written consent for 

publication was obtained from the father of the patient featured in part c.
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Figure 2. 
Immunohistochemical identification of collagen VI in the muscle. Images showing dual 

immunohistochemical labeling for collagen VI (red) and the basement marker laminin 

subunit γ-1 (green). a | Note the colocalization of collagen VI and laminin γ-1 in the 

basement membrane in a healthy individual, which results in a yellow color. b | In a patient 

with collagen VI-related myopathy, a gap is evident between the collagen VI staining and 

the basement membrane staining. This patient has a dominant-negative mutation, so that 

altered collagen VI can be excreted into the matrix but is then not able to function or interact 

properly.

Bönnemann Page 26

Nat Rev Neurol. Author manuscript; available in PMC 2017 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Muscle MRI findings in patients with collagen VI-related myopathies. T1-weighted MRI 

scans of the thigh in patients with a–d | Bethlem myopathy and e–h | Ullrich congenital 

muscular dystrophy of variable severity. Characteristic fatty degeneration (white areas) is 

seen along the fascia in the center of the rectus femoris (long arrows) and along the rim of 

the vastus lateralis (arrowheads)—the characteristic ‘outside-in’ pattern. The findings in 

parts d and h are still visible in the patients with severe forms of these diseases. Permission 

obtained from Elsevier Ltd © Mercuri, E. Neuromuscul. Disord. 15, 303–310 (2005).
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Figure 4. 
Schematic diagram of the domains and organization of collagen VI. One of each of the three 

α-chains (α1, α2 and α3) combine along their collagenous triple-helical domains to form 

the collagen VI monomer. Within the cell, these monomers associate to form dimers, which 

pair up into tetramers. These tetramers are then secreted into the extracellular matrix, where 

they assemble by interacting at the globular domains to form the microfibrillar structures 

typical of collagen VI. Abbreviations: C1–C5, C-terminal globular domains 105; N1–N10, 
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N-terminal globular domains 1–10; TH, triple-helical domain. Modified after Lampe and 

Bushby (2005)10 and Furthmayr et al. (1983).49
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