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INTRODUCTION

Collagen type VI is a microfibrillar collagen found in many extracellular matrices including
those of muscle, skin, tendon, and vessels. It is composed of three a chains encoded by three
independent genes on chromosomes 2 and 21 (Table 5.1). Mutations in these three genes
have been found to underlie a group of muscle disorders that are now referred to as collagen
VI-related myopathies. The collagen VI-related myopathies encompass a spectrum of
disorders ranging from the more severe Ullrich congenital muscular dystrophy (UCMD)
through phenotypes of transitional severity to the milder Bethlem myopathy (BM). An
additional, mostly contractural, phenotype, referred to as myosclerosis, has also been
delineated and associated with mutations in COL6AZ.

UCMD was initially described in a series of papers in the 1930s by Otto Ullrich (Ullrich,
1930a, b), who referred to the condition as “atonic-sclerotic muscular dystrophy” because of
the characteristic occurrence of weakness and striking joint hypermobility (together
imposing an “atony” in the original description) in conjunction with significant and evolving
contractures (the “sclerotic” part of the initial description). Ullrich’s disease was maintained
as a distinct diagnostic entity mainly in the Japanese and European literature (Furukawa and
Toyokura, 1977; Nonaka et al., 1981; Voit, 1998). After collagen VI mutations had been
identified in BM it was the realization by Enrico Bertini and Mimma Pepe in 2001 in Italy
that some of the clinical features in UCMD were reminiscent of BM that led to the first
discovery of collagen VI mutations in this condition as well (Camacho Vanegas et al., 2001).

BM was initially reported in 1976 by Bethlem and van Wijngaarden in the Netherlands as an
autosomal dominant early-onset but relatively benign myopathy associated with the
development of characteristic contractures. Several others then reported similar cases,
including a report of a large French-Canadian kindred, the authors of which then suggested
the name Bethlem myopathy (Mohire et al., 1988). Linkage to the collagen VI genes was
first established in larger families in Holland and the USA, leading to the identification of
collagen VI mutations in these original families in 1996 (J6bsis et al., 1996) and 1998 (Pan
et al., 1998). Genetic analysis in many patients with clinically convincing UCMD and BM
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has now clarified that the majority of patients with these phenotypes have underlying
dominant or recessive mutations in the three known collagen VI genes COL6A1, COL6AZ,
and COL6A3 (Lampe and Bushby, 2005). This has been true in particular for the clinically
more distinct phenotype of UCMD. There is, however, a definite number of patients with
convincing clinical features who have no detectable mutations in these three collagen VI
genes (Tetreault et al., 2006; Petrini et al., 2007), indicating that there is some degree of
genetic heterogeneity underlying an otherwise fairly typical phenotype. This number may
indeed be larger in the sometimes less distinct clinical phenotype of Bethlem (K.M.D.
Bushby, personal communication).

Prevalence numbers are slowly emerging. In the population followed by the Muscle Centre
in Newcastle upon Tyne, UK, the prevalence of UCMD has been calculated as 0.13 per
100000 and that of BM as 0.77 per 100000 (Norwood et al., 2009). In other populations it is
now emerging that the collagen VI-related muscle disorders are one of the most common
entities subsumed under the category of congenital muscular dystrophy (Okada et al., 2007;
Peat et al., 2008).

CLINICAL FEATURES

As introduced above, there are two classical clinical phenotypes associated with mutations
in the collagen VI genes: the severe Ullrich congenital muscular dystrophy and the milder
Bethlem myopathy (outlined separately below), which were thought to be distinct entities
but which are now connected by phenotypes showing clinical features of intermediate
severity between the two. Not surprisingly, certain aspects of the clinical phenotype of the
collagen VI-related myopathies are shared to a greater or lesser degree by all the disorders in
this spectrum, in particular as far as the contractural and joint hypermobility aspects of the
phenotypes are concerned. The typical severe congenital presentation in this group of
disorders includes congenital weakness and hypotonia, associated with striking joint laxity
particularly of the distal joints, whereas more proximal joints such as hips, knees, elbows,
and spine may be affected by congenital contractures (Bertini and Pepe, 2002). In the milder
presentation of Bethlem myopathy the laxity is less conspicuous but still is often present
during the early phases of the disease in childhood. In contrast, later the clinical picture in
the typical case of Bethlem myopathy is much more dominated by the prominent
contractures that develop over time (Merlini et al., 1994). The relative contribution of laxity
and contractures can vary widely in an individual patient, so that patients with a clinical
presentation of predominant joint hypermobility as well as patients with a presentation
almost entirely governed by contractures (“myosclerosis”) may be seen. Meticulous
attention to such connective tissue-related aspects of the phenotype probably provides the
best clues for a clinical diagnosis in this group of conditions.

Ullrich congenital muscular dystrophy

Ullrich disease or congenital muscular dystrophy type Ullrich (UCMD; MIM #254090)
(Ullrich, 19304, b) presents with clinical manifestations that are typically readily apparent at
birth or during the first year of life. Frequently, however, the diagnosis of a neuromuscular
disorder is not readily made at birth but only later when the acquisition of motor milestones

Handb Clin Neurol. Author manuscript; available in PMC 2017 January 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bdnnemann

Page 3

is delayed. During pregnancy there may be a history of perceived reduced prenatal
movements, but polyhydramnion, indicative of decreased prenatal swallowing as sometimes
seen in other congenital disorders of muscle, is rarely reported in Ulllrich CMD (UllIrich,
19304, b; Nonaka et al., 1981; Voit, 1998; Bertini and Pepe, 2002; Lampe and Bushby,
2005).

Signs and symptoms at birth include hypotonia and weakness associated with extreme distal
joint laxity while at the same time contractures and skeletal deformities can be seen in more
proximal joints in about 50% of the patients (Figure 5.1). Hands, fingers, and feet are
extremely hyperlax, allowing for the fingers to bend back onto the dorsum of the hands with
ease, whereas the hand may drop down at the wrist, clinically reminiscent of Ehlers—Danlos
syndrome (EDS). Hip dislocation/dysplasia is seen in about 50% of the patients. There may
be congenital pes adductus, but, more commonly, the feet may be seen dorsiflexed against
the shin because of initial hyperlaxity at the ankle. A prominent calcaneus is often evident at
birth and remains a conspicuous feature in a patient with typical UCMD. It is, however, not a
specific sign as it can also be seen in other congenital disorders associated with significant
hypotonia.

Additional clinical features at birth may include dislocated hips, torticollis, and
kyphoscoliosis, as well as contractures of the hips, knees, and elbows. Even though
contractures may be present at birth, a clinical picture corresponding to a distally
predominant arthrogryposis multiplex congenita (Hall, 1997) is not usually seen. Overall, at
birth the presence of hyperlaxity is seen more consistently in UCMD than the presence of
contractures. Frequently, the more severe contractures found immediately at birth have a
tendency to improve over the first several months of life; however, new and eventually
progressive contractures will set in later in most, but not all, patients.

In the most severe cases walking is never achieved, although some patients manage to crawl.
More commonly, though, children with UCMD will achieve the ability to walk, often with
some delay and sometimes only with the use of assistive devices (Nonaka et al., 1981; \oit,
1998). Walking then is typically lost again during childhood with a median age around 10
years (but as early as 3.5 years of age and as late as early adulthood) (Nadeau et al., 2009),
mostly as a result of an increase in weakness and an even more noticeable increase in
contractures, in particular in the knees and hips, with the contractures sometime progressing
faster than the weakness (Figure 5.2). Thus, some children will have a period in which they
prefer to ambulate on their knees as the contractures do not allow for the knees to be straight
and yet there remains sufficient strength in the hip muscles to enable this mode of
ambulation.

Even as the contractures progress to involve the spine, pectoralis, elbows, hips, knees, and
long finger flexors, the hyperlaxity of the distal joints often persists to very late stages of the
disease. This distal hyperlaxity typically involves all interphalangeal joints, including the
most distal ones, while at the same time there will be increasing evidence of evolving
contractures of the long finger flexors that first become evident upon extension of the fingers
in the metacarpophalangeal joint. Scoliosis is often a serious and progressive problem,
requiring surgical intervention in many patients. The scoliosis may evolve out of
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kyphoscoliosis present at birth, or start to develop independently before ambulation is lost
(Nadeau et al., 2009), and even more significantly in the nonambulant patient and during the
teenage years. Surgical intervention for scoliosis may be necessary before the loss of
ambulation, so that changes in functional abilities after surgery will have to be considered as
well. We have the impression that prominent rigidity of the spine may sometimes help delay
excessive scoliosis. Osteopenia has been observed in a number of patients as early as in
Ullrich’s original description (Ullrich, 1930a, b). Weakness tends to be diffuse and can be
variable in its relative distribution. Antigravity strength in arms and legs seems initially
preserved, even in severely affected infants.

The nature of the contractures, which can progress independently from the weakness, and
the simultaneously persistent significant distal hyperlaxity already point to the nature of this
condition as a disorder affecting both skeletal muscle and connective tissue. Skin is another
significantly affected tissue in collagen VI-related disorders, leading to a number of notable
dermatological findings (Kirschner et al., 2005). Excessive scar formation including the
formation of large keloids can be a significant problem in some but not all patients, and has
to be taken into account when surgical interventions are considered. Keratosis pilaris often is
seen prominently on extensor surfaces of the limbs. This dermatological finding is not
specific to collagen VI-related disorders, but is quite consistent in the more severely affected
patients, so that it is diagnostically useful in the overall context of the clinical presentation.
In contrast to the roughness of the keratosis pilaris, the skin in the palms of the hands and
feet is notably soft and velvety, akin to the skin texture in EDS. A general tendency for
hyperhidrosis that some of the children show was commented upon by Ullrich (19304, b).

Respiratory involvement manifesting as progressive respiratory insufficiency due to
restrictive lung disease occurs in the majority of severely affected patients during the first 15
years of life and is due to a combination of weakness of the diaphragm and accessory
muscles as well as stiffness of the chest wall. Early clinical signs are mostly related to night-
time hypoventilation, so that sleep studies are the most effective way to monitor for early
respiratory insufficiency. Regular pulmonary function testing should also be performed in all
patients in order to monitor the decline in predicted forced vital capacity. In most patients
there will be a clear decline in forced vital capacity toward the end of the first decade of life
and into the beginning of the second decade, when the decline will be less marked on
average (Nadeau et al., 2009). In those patients who need it, night-time noninvasive
ventilatory support will be necessary during the second decade on average, but may be as
early as 3 years of age or delayed into adulthood, reflecting the significant variability in
clinical severity seen in these patients. In contrast to Duchenne muscular dystrophy, in some
patients with UCMD night-time ventilatory support may become necessary before the ability
to walk is lost (Nadeau et al., 2009), although in the majority ambulation is lost before onset
of respiratory support.

After the initiation of noninvasive ventilation the respiratory situation tends to be quite stable
over many years. Failure of initiation of noninvasive respiratory support in patients with
signs of respiratory failure will lead to death in a relatively short amount of time (Nonaka et
al., 1981; Nadeau et al., 2009). Cardiac involvement in UCMD usually is not seen, although
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there has been a rare observation of cardiac arrhythmia in UCMD (F. Muntoni, personal
communication) and it is not clear whether this was coincidental or is more common.

Feeding difficulties and, at times, prominent gastroesophageal reflux have been observed in
more severely affected infants. Some infants have required transient nasogastric tube
feeding, whereas a minority have received G-tube feeding later in life to avert the risk of
nutritional deficiency and dehydration with intercurrent illnesses (Nadeau et al., 2009).
Swallowing difficulties have been reported and may need to be monitored (Nadeau et al.,
2009).

Much of the natural history and the incidence of late complications in patients with severe
collagen VI deficiency remain to be fully explored but will probably become clearer as
patients now regularly survive well into adulthood with the institution of well-managed
ventilatory support.

Intermediate phenotypes

Both UCMD and BM had been described initially as distinct clinical syndromes, but the
subsequent discovery of collagen VI mutations in both of these conditions and the
availability of better diagnostic tools leads to the realization that there are clinical
presentations of transitional severity that are difficult to classify as clearly Ullrich or
Bethlem (Demir et al., 2002, 2004; Mercuri et al., 2002). Included in this group are patients
with clinical presentations that are more severe than classical Bethlem but milder compared
with classical Ullrich, indicating that there is a phenotypic spectrum bridging the two
classical presentations. Patients with intermediate phenotypes between Ullrich and Bethlem
present with significant weakness in early childhood and often show features typical of both
presentations, including the Ullrich-like distal laxity of the most distal interphalangeal joints,
while at the same time showing early Bethlem-like contractures of the long finger flexors.
Ambulation in these patients is achieved, although weakness can be considerable.
Ambulation may be maintained into adulthood — beyond the age at which walking is usually
lost in patients with typical UCMD. Walking may become difficult for these patients,
however, necessitating aids such as crutches or walkers, and ambulation may be lost as early
as late teenage and early adult years. Progressive respiratory impairment is an important
feature in the intermediate patients also.

Bethlem myopathy

In the milder Bethlem myopathy (BM, MIM #158810) (Bethlem and van Wijnaarden, 1976)
the onset of the disease may also be congenital, but children are affected to a much milder
degree (Mohire et al., 1988; Merlini et al., 1994; Jobsis et al., 1999; Bertini and Pepe, 2002;
Lampe and Bushby, 2005). Equinovarus deformity or, more commonly, foot dorsiflexion
contractures and torticollis (50%) have been noted at birth in infants born with Bethlem
myopathy (Jobsis et al., 1999). Hypotonia at birth may not have been noted or is
remembered only in hindsight. Although surgical release of the torticollis has been
performed successfully in a number of cases (J6bsis et al., 1999), the early contractures,
when present, tend to resolve. Children may be found to have only mild weakness during
childhood, frequently associated with some degree of notable distal joint laxity.
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New contractures then set in, typically towards the end of the first decade of life, affecting
Achilles tendons, elbows, pectorales muscles, long finger flexors, and the interphalangeal
joints of digits 2 to 5 in particular, as well as in other muscle groups (Jébsis et al., 1999)
(Figure 5.3). Once established, contractures often are stable, or they may progress and
become disabling in their own right, including restricted hand function due to the flexion
contractures. Compared with the Ullrich phenotype, spinal rigidity is moderate in Bethlem
myopathy. The distribution of the muscle weakness often shows a proximal predominance,
but there can be distal weakness as well. The weakness is stable or may even improve
somewhat in time with the normal increase in strength in puberty. There is, however, a
slowly progressive increase in weakness starting in the third to fourth decades of life, so that
on average two-thirds of patients over the age of 60 years need assistance with ambulation
(Jobsis et al., 1999). In other patients the onset of symptoms may be delayed into childhood
or young adulthood, or the patient may have been noted to be a toe-walker in childhood
before the onset of any perceptible weakness. Some family members may not even be aware
of the presence of mild contractures or mild weakness (Merlini et al., 1994), so it is
important to examine family members closely in order to establish inheritance within a
family.

A potential complication associated with progression of Bethlem myopathy is the
development of respiratory insufficiency resulting from restrictive pulmonary disease on the
basis of a combination of stiffness of the rib cage together with respiratory/diaphragmatic
muscle weakness (Haq et al., 1999). Most of the more typically affected patients have milder
respiratory symptoms, but should be monitored by regular sleep studies. Cardiac
involvement has not been reported so far in patients with Bethlem myopathy, except for one
patient in whom asymmetrical septal hypertrophy was seen, probably a coincidental finding
(de Visser et al., 1992).

Involvement of the skin is similar to that seen in UCMD, although soft and velvety skin is
less typical whereas the development of keloidal scars can be substantial (Nadeau and
Muntoni, 2008).

There is wide clinical variability associated with the Bethlem phenotype. Some patients may
present with predominantly proximal weakness and very few contractures, thus presenting
more akin to a limb-girdle muscular dystrophy (LGMD) (Scacheri et al., 2002), whereas
others may show a more contractural picture with relatively mild weakness, a phenotype
historically referred to as myosclerosis (Bradley et al., 1973); see below. Later onset with
rather minimal clinical manifestation has also been seen. Even within the same family there
may be striking degrees of variability in the degree of the contractures and of the weakness.

LGMD presentation of Bethlem myopathy

Some patients have been reported as presenting with mostly proximal weakness, without any
significant contractures over the course of the disease or showing development of
contractures much later, thus carrying a diagnosis of LGMD on clinical grounds (Scacheri et
al., 2002). Dominantly acting collagen VI missense mutations found in this context were
located in the COL6A1and COL6AZ2 genes (COLB6AL: K121R; COL6A2: D630N) in two
such families (Scacheri et al., 2002), indicating that collagen VI-related myopathies have to
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be considered within the differential diagnosis of a patient with proximal muscle weakness
and a nonspecifically myopathic muscle biopsy. However, the same mutation seen in one of
the families with the LGMD presentation (COL6A2: D630N) was also seen by us in a
family with typical Bethlem myopathy in some family members. The LGMD-like
presentations as well as contractural presentations may even coexist in the same family.
Thus, limb-girdle weakness without significant contractures is best viewed as one possible
clinical presentation along the phenotypic spectrum of collagen VI-associated myopathies
and not as a separate clinical entity. Nonetheless, it is important to be aware of this
presentation as there may be few typical clinical clues pointing towards a collagen VI-
associated myopathy.

Myosclerosis

A phenotype that is related to Bethlem myopathy but that also shows some significant
differences is known as myosclerosis. The term “myosclerosis” was used by Guillaume
Duchenne when he observed that muscle fibers in the biopsy from patients were completely
encased by connective tissue (sclerotic) (Duchenne, 1868). A phenotype of myosclerosis
was then more described clearly by Lowenthal in 1954, when the term was used to refer to
the development of contractures without significant weakness, as well as a certain “woody”
feeling upon palpation of the muscles (Bradley et al., 1973). It has been pointed out in the
latter report that there was evidence for etiological heterogeneity in patients considered to
have this diagnosis on clinical grounds (Bradley et al., 1973). In 2008, however, Merlini
described a pair of siblings fulfilling the clinical diagnosis of myosclerosis, who were
homozygous for a truncating mutation at the end of the C1 domain of COL6AZ (Merlini et
al., 2008b), situated just before the beginning of the alternate splice events that lead to the
three C2 domain isoforms recognized in the COL6AZ2 gene. This mutation has not been seen
outside of this phenotype. The patients presented with moderate weakness and significant
and progressive contractures of multiple joints, including masseter muscles, neck, shoulders,
elbows, fingers, knees, and Achilles tendons, without significant joint hyperlaxity at any
point. Muscles had a firm “woody” feel. Biopsies were severely fibrotic with partial collagen
VI deficiency in the basement membrane and complete collagen VI deficiency around
intramuscular capillaries, which also had a thickened basement membrane. Myosclerosis,
with its predominance of contractures and comparatively mild weakness, could be
understood as lying at the opposite end of a weakness/contracture spectrum to the LGMD-
like presentation, with almost no contractures but significant weakness. Whether
myosclerosis will maintain a separate phenotypic and genetic position within the collagen
VI-related myopathies remains to be seen as more cases are identified and correlated with
collagen VI mutations.

COLLAGEN VI AND MOLECULAR PATHOGENESIS

Collagen VI synthesis and interactions

Collagen VI belongs to the nonfibrillar collagens forming a network of beaded microfibrils
in the extracellular matrix (Chu et al., 1990a; Timpl and Chu, 1994). The major three a
chains, al1(VI), a2(VI), and a3(VI), are encoded by three genes: COL6AIand COLEAZ2on
chromosome 21922 and COL6A3 on chromosome 2937 (Weil et al., 1988; Heiskanen et al.,
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1995) (Figure 5.4). These three chains form the heterotrimeric monomer that is the basic
building block of most of collagen VI. All three chains have relatively short triple helical
collagenous domains of 335-336 amino acids containing single cysteine residues in the N-
terminal part of the triple helical domains that are important for later intracellular assembly
of the dimer and tetramer before secretion into the extracellular matrix (Chu et al., 1988).

The al1(VI) and a2(V1) chains are related and likely arose by gene duplication on
chromosome 21922 where they are oriented head to tail (Heiskanen et al., 1995). They both
have two C-terminal and one N-terminal globular von Willebrand factor A domain (Chu et
al., 1990b). The a3(VI) chain on chromosome 237 has a larger and extensively spliced N-
terminal domain that is again rich in von Willebrand factor A domains (Chu et al., 1990a).
The regulation and physiological function of these splice isoforms is not known, but when a
stop mutation occurs in one of the alternately spliced exons its effect seems to be lessened
compared with that of the nonspliced exons (Demir et al., 2002). The C-terminal domains of
the a2(V1) and a3(VI) domain undergo further splicing and post-translational processing
respectively.

The COL6AZ gene generates two splice versions of the C2 domain in addition to the full-
length version, which is predominant. The C1 domain alone is sufficient for assembly of the
monomer, yet lack of the C2 domain or mutations in the C2 domain cause significant disease
(Baker et al., 2005; Petrini et al., 2007; Merlini et al., 2008b). The most C-terminal domain
of a3(VI) protein undergoes proteolytic processing in the extracellular matrix after
secretion. More recently two additional COL6AZrelated collagen V1 chain genes have been
identified: COL6A5and COL6AG6 in human and col6a4, 5, 6in the mouse (COL6A4 in the
human is interrupted no longer functional) (Fitzgerald et al., 2008; Gara et al., 2008).

The expression pattern of these novel chains differs from that of the traditional chains, but
there is evidence now that they are able to combine into a hetero-trimer with the a1(VI) and
a2(VI) chains (Fitzgerald et al., 2008; Gara et al., 2008). Yet, it seems that there is no clear
evidence that this heterotrimer has the ability to ameliorate the phenotype, as the disease in
patients with COL6A3 mutations is not obviously milder than that in patients with mutations
inthe COL6AIand COL6AZ genes, as would be expected if the COL6A5 or COLEAE
chains were able to compensate for mutations in the COL6A3 gene. It remains to be seen
whether mutations in these additional genes will be found to cause disease or whether
variation in expression of these genes is capable of modifying the clinical phenotype of
patients with mutations in the classical three genes.

Collagen VI undergoes a complex assembly process inside and outside of the cell (Engvall
etal., 1986; Timpl and Chu, 1994) (Figure 5.5). All three primary a chains have to combine
to form a heterotrimeric monomer, the basic building block of collagen VI (Engvall et al.,
1986). The monomer will thus contain the a1(VI), a2(VI), and a3(V1) chains in equal
stoichiometry. Assembly proceeds from the C1 domain along the triple helical domains to
the N-terminal domain. Similar to other collagens, the collagenous Gly-X-Y motifs at the C-
terminal ends of the individual triple helical domains are crucial for the initiation of the
triple helix formation, which successively proceeds from the C-terminal end towards the N-
terminal end of the triple helical domains. Two of these triple helical monomers then
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associate in an antiparallel arrangement mediated by a single cysteine residue located in the
N-terminal part of the a1(VI) or a2(VI) collagen chain triple helical domain, interacting
with a cysteine residue in one of the C-globular domains (Furthmayr et al., 1983; Chu et al.,
1988; Colombatti et al., 1995). Two dimers then associate in a parallel orientation (Engvall
et al., 1986), mediated by a similar triple helical cysteine in the a3(VI) chain to form a
tetramer (Furthmayr et al., 1983; Chu et al., 1988; Bonaldo et al., 1990). The tetramers are
then secreted into the extracellular space, where they associate end-to-end to form the
beaded microfibrillar network that is characteristic of collagen VI (Furthmayr et al., 1983;
Engvall et al., 1986; Lamande et al., 1998).

The assembled extracellular collagen VI microfibrils have a diameter of 4.5 nm and a
periodicity of 100-105 nm (Furthmayr et al., 1983; Chu et al., 1989; Baldock et al., 2003).
Collagen VI has a widespread distribution, and is found in most matrices and tissues,
including muscle, vessels, skin, intervertebral discs, cartilage, eye, and others. It shows a
distinctly pericellular distribution in particular around tendon cells (Senga et al., 1995; Ritty
et al., 2003) and also displays a particular affinity for basement membranes (Keene et al.,
1988; Kuo et al., 1997). Thus, on immunohistochemical examination, collagen VI
immunofluorescence is found to overlap with markers of basement membranes such as
perlecan, laminin-y1 and collagen type IV around endothelium, nerve, and muscle (Pan et
al., 2003). Collagen VI interactions that have been suggested include collagen types Il
(Bidanset et al., 1992), IV (Kuo et al., 1997), and possibly type I, fibulin-2 (Sasaki et al.,
1995), fibronectin and perlecan (Tillet et al., 1994), microfibril-associated glycoprotein 1
(Finnis and Gibson, 1997), heparin and hyaluran (Specks et al., 1992), decorin and biglycan
(Bidanset et al., 1992; Wiberg et al., 2001), collagen X1V (Brown et al., 1993) and, amongst
cell surface receptors, NG2 (Burg et al., 1996), integrin (Aumailley et al., 1991; Pfaff et al.,
1993), and CD44. Through decorin and biglycan, collagen V1 also interacts indirectly with
chondroadherin and matrilin (Wiberg et al., 2003) and possibly also with the sarcoglycan
and dystroglycan complexes (Bowe et al., 2000; Rafii et al., 2006). Collagen VI is able to
bind to the collagen-binding integrins a1p1 and a2f1 via its native triple helical domain,
whereas unfolded collagen VI is able to bind to a5p1 and ap3 via a cryptic Arg-Gly-Asp
(RGD) motif (Aumailley et al., 1991; Pfaff et al., 1993). The membrane-associated
chondroitin sulfate proteoglycan NG2 is the other known cell surface receptor for collagen
VI (Stallcup et al., 1990; Nishiyama and Stallcup, 1993; Burg et al., 1996). The precise
receptor or receptors for collagen V1 in skeletal muscle are currently unknown.

Collagen VI functions, molecular pathogenesis

Functions suggested for collagen V1 have included roles in cell adhesion (Aumailley et al.,
1991; Klein et al., 1995), proliferation, stimulation of DNA synthesis of mesenchymal cells
(Atkinson et al., 1996), and neural crest cell migration (Perris et al., 1993). Work in patient
biopsies and cell culture has suggested that there is a loss of connection between the
basement membrane and the interstitial matrix (Ishikawa et al., 2002, 2004; Pan et al.,
2003), resulting in reduced anchorage to the matrix (Kawahara et al., 2007). Abnormal
regulation of the putative collagen VI receptor NG2 has been seen (Petrini et al., 2005),
although it is currently not clear whether there is a direct link from the muscle via NG2 and
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collagen VI to the rest of the matrix. In several cellular systems collagen VI seemed to infer
resistance to apoptosis through as yet poorly understood pathways (Ruhl et al., 1999).

Further analysis of a mouse model of collagen VI deficiency generated by homologous
inactivation of the co/6a locus (Bonaldo et al., 1998) revealed apoptosis in the muscle
mediated by mitochondrial changes (Irwin et al., 2003). In this mouse model there was
evidence for easy breakdown of mitochondrial potential because of dysfunction of the
mitochondrial permeability transition pore (PTP) in mitochondria prechallenged with
oligomycin. There also were morphological differences in the mitochondria, which looked
abnormally ballooned, as well as abnormalities of the sarcoplasmic reticulum. This
inappropriate opening of the PTP is mediated by cyclophilin D and was correctable by the
addition of wild-type collagen VI and of the cyclophilin D inhibitor ciclosporin A (Irwin et
al., 2003) and the ciclosporin analog Debio25 (Tiepolo et al., 2009). Crossing the collagen
VI null mouse with a cyclophilin D knockout mouse to create a collagen V1 cyclophilin D
double-knockout situation also prevented the inappropriate opening of the PTP and
significantly decreased apoptosis in the muscle, reaffirming the central role of cyclophilin D
in this part of the disease process (Palma et al., 2009). The same phenomenon of increased
apoptosis because of inappropriate opening of the PTP has also been described in human
cell culture and in biopsies obtained from human patients with collagen VI mutations
(Angelin et al., 2007; Merlini et al., 2008a). Thus, an apoptotic mechanism, rather than
dystrophy due to an unstable plasma membrane, appears to be a major contributor to
myofiber loss in this condition, although this mechanism involving cyclophilin D is not
specific to collagen VI deficiency and was also observed in a merosin-deficient CMD mouse
model (Millay et al., 2008). The pathways mediating between the presence of collagen VI in
the matrix and the mechanisms controlling apoptosis are less clear and remain to be worked
out in detail.

MUTATIONAL SPECTRUM/GENOTYPE-PHENOTYPE CORRELATIONS

Bethlem myopathy

Many mutations have now been described in the three collagen VI genes both in patients
with UCMD and in those with BM, so that a number of observations about genotype—
phenotype correlations are beginning to emerge. Many of the mutations have been
summarized by Lampe and colleagues (Lampe and Bushby, 2005) in great detail. Thus far,
mutations in BM have mostly been dominant, i.e., acting from one allele either as an
inherited change in families with Bethlem myopathy or as de novo mutations. Typical
mutation types seen in BM are missense mutations of glycine residues of the collagenous
Gly-X-Y motif at the N-terminal end of the triple helical domain (J&bsis et al., 1996; Pepe et
al., 1999a; Scacheri et al., 2002; Lampe et al., 2005; Lucioli et al., 2005). This mutation
introduces a kink into the triple helical domain of the assembled tetramer, thus exerting a
dominant negative effect on the structure of the tetramer (Lamande et al., 2001). The effect
of these N-terminal triple helical glycine mutations is variable, correlating with the variable
clinical phenotype associated with this type of mutation (Pace et al., 2008). If the effect on
assembly is more profound, the phenotype will be more severe and fall into the intermediate
or even Ullrich range of severity (Okada et al., 2007; Pace et al., 2008). The other recurrent
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type of mutation in BM is an inframe deletion of exon 14 in the a1(V1) chain (Pepe et al.,
1999b, 2006; Vanegas et al., 2002; Pan et al., 2003; Lampe et al., 2005; Lucioli et al., 2005).
This mutation removes one of the cysteines necessary for dimer assembly, blunting its
dominant negative effect on the assembly (Pan et al., 2003; Baker et al., 2007). As outlined
below, cysteine-sparing mutations in this location are otherwise associated with the more
severe phenotype of UCMD because of the more pronounced dominant negative effect. It
should be noted, however, that similar to the effect of dominant glycine missense mutations
at the N-terminal end of the triple helical domain skipping of exon 14 in the a1(VI) chain
can also result in phenotypic severities in the interim range between Ullrich and Bethlem. A
range of other mutations has been described in BM, including missense mutations that do
not affect the triple helical glycine residues (Scacheri et al., 2002; Lucioli et al., 2005),
including in the families with a LGMD-like presentation.

Not all of the hitherto reported mutations associated with BM have been fully analyzed as to
their pathogenic effect on collagen VI. Particular caution is necessary as there are many
polymorphisms in the collagen VI genes that have not yet been fully catalogued, so that it
may be hard to determine whether a newly encountered sequence change in a patient is in
fact pathogenic or a polymorphism. Most recently, recessive mutations in the COL6AZ gene
have been seen in patients with typical Bethlem myopathy (Foley et al., 2009; Gualandi et
al., 2009). These patients (from three independent families to date) were carrying a null
mutation on one allele and a missense mutation on the other, and all these mutations have so
far occurred in the COL6AZ gene. The mutations were asymptomatic in the carrier state.
Homozygosity for the null allele would, of course, give rise to the more severe phenotype of
UCMD, so that the missense mutation on the other allele appears to ameliorate the
phenotype into the Bethlem range. Thus, both clinical and genetic data clearly support the
notion of a clinical and molecular spectrum of the collagen VI-associated myopathies.

Ullrich congenital muscular dystrophy

In UCMD the first mutations that were detected were recessive null mutations, leading to an
absence of collagen VI in muscle biopsy sections and in culture of dermal fibroblasts
(Camacho Vanegas et al., 2001; Higuchi et al., 2001). A larger variety of recessively acting
mutations, mostly leading to premature termination codons, has subsequently been
described, including some with milder manifestations because of their localization in
alternatively spliced exons (Demir et al., 2002; Giusti et al., 2005; Lampe et al., 2005;
Okada et al., 2007). Splice-site mutations may lead to out-of-frame exon skipping, thus
acting as recessive null mutations (Camacho Vanegas et al., 2001; Ishikawa et al., 2002;
Lucarini et al., 2005). Haploinsufficiency for one of the collagen V1 chains in general does
not lead to a clinical phenotype, so that carriers of these null mutations are not significantly
affected clinically (Camacho Vanegas et al., 2001; Higuchi et al., 2001; Peat et al., 2007;
Foley et al., 2009). Subsequently, it has become evident that de novo dominant mutations in
all three collagen VI genes are responsible for a substantial proportion of patients presenting
with sporadic UCMD (Pan et al., 2003; Baker et al., 2005; Lampe et al., 2005, 2008; Okada
et al., 2007). These mutations are typically inframe exon-skipping mutations (on the basis of
splice-site mutations or genomic deletions; Pepe et al., 2006) of exons coding for the N-
terminal part of the triple helical domain, but sparing the cysteine residues responsible for
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higher-order assembly of the basic heterotrimer into the dimer and tetramer state (Pan et al.,
2003; Lampe et al., 2008). As the skipped exon is located at the N-terminal end of the triple
helical domain, the deleted chain is effectively incorporated into the heterotrimeric
monomer. Owing to the fact that the deleted chain preserves the cysteine, the following
higher-order assembly will include the mutant containing monomers, so that 15 of 16
secreted tetramers will then include at least one mutant chain as the basis of the strong
dominant negative effect that these mutations exert (Pan et al., 2003; Baker et al., 2005;
Lampe et al., 2008). In contrast, inframe exon skipping mutations that occur more towards
the C-terminal end of the triple helical domain will be excluded from assembly into even the
basic heterotrimeric monomer and, therefore, act in a recessive way (Demir et al., 2002;
Ishikawa et al., 2004; Baker et al., 2005; Lampe et al., 2005, 2008). These dominant
negative mutations in collagen VI are associated with a phenotypic range approaching the
severity of recessive null mutations; however, patients with dominant negative mutations
may be more likely to at least achieve some limited time of ambulation, compared with
those with a complete null situation. In the dominant negative mutations,
immunohistochemical analysis of the muscle biopsy will show presence of collagen VI in
the extracellular matrix; however, careful labeling with markers of the basement membrane
shows that the normally tight connection between collagen VI and basement membrane has
been lost (Pan et al., 2003; Ishikawa et al., 2004). This double-labeling technique has
emerged as the most sensitive immunohistochemical technique to suggest the presence of a
collagen VI disorder (see below).

DIAGNOSIS, DIFFERENTIAL DIAGNOSIS, GENETIC COUNSELING, AND
TREATMENT

Clinical diagnosis and differential diagnosis

The first step in the diagnosis of a collagen VI-related condition is the recognition of the
salient clinical features that raise the index of suspicion for the presence of UCMD, BM, or a
related disorder of intermediate severity. In a juvenile or adult patient with the findings of a
prominent contractural phenotype associated with weakness, a collagen VI-related
myopathy of intermediate severity, Bethlem myopathy, and myosclerosis are definite
diagnostic considerations.

The most important differential diagnosis to consider in this scenario are the Emery-
Dreifuss muscular dystrophies (EDMDs), caused by mutations in emerin for the X-linked
form and /amin A/C for the autosomal form. There can be considerable overlap in the
pattern of contractures, making a reliable distinction based on that feature alone difficult
(Bonne et al., 2000), although, in our experience, contractures of the long finger flexors, in
particular, are seen more commonly in the collagen VI-related disorders compared with the
Emery-Dreifuss group. There is no Emery-Dreifuss typical cardiac involvement in the
collagen VI disorders, whereas clinically relevant involvement of the skin seen in the
collagen VI-related disorders does not occur in the Emery—Dreifuss group of disorders. For
the UCMD group, in the younger child with EDS-like hyperlaxity together with contractures
and weakness, this differential diagnosis of EDMD disorders is less relevant, although a
CMD presentation of /amin A/C mutations is now being recognized and can be the basis of
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some confusion (Quijano-Roy et al., 2008). Usually the hyperlaxity of the distal joints is
sufficiently striking to provide a high enough index of suspicion for the presence of a
collagen VI disorder; however, hyperlaxity can also be a feature of other neuromuscular
disorders (Voermans et al., 2009). For example, core disorders such as multi-minicore
disease or more severe neonatal central core disease can also lead to a high degree of joint
laxity in some patients and may have to be considered in the differential diagnosis (Ferreiro
et al., 2002). The presence of additional and purely dermatological findings, such as striking
keloid formation and extensive keratosis pilaris, is a strong indicator of the presence of a
collagen VI-related disorder (Kirschner et al., 2005).

In the child, adolescent, or young adult with a predominantly rigid spine presentation, the
differential diagnosis to consider in addition to the collagen VI-related disorders includes
again the EDMDs caused by emerinand /famin A/C mutations, FHL I-related myopathies
(reducing body myopathy and an EDMD-like presentation of FAHL 1 mutations), partial
merosin deficiency, the contractural phenotype of LGMD2A (calpain mutations), and early-
onset myofibrillar myopathies.

Muscle imaging

Muscle imaging can be helpful in the clinical differentiation of these disorders as there are
suggestive patterns of muscle involvement associated with each of the conditions
(Deconinck et al., 2010; Mercuri et al., 2010). Imaging in the collagen VI disorders will
reveal a picture with characteristic fatty and connective tissue replacement of muscle starting
around the fascias surrounding or traversing the muscle, as seen on muscle magnetic
resonance imaging (Mercuri et al., 2005). The rectus femoris and vastus lateralis muscles
show this pattern most consistently. A similar appearance can be appreciated on muscle
ultrasonography, where the degeneration around the central fascia in the rectus femoris
generates the appearance of a “central cloud” (Bénnemann et al., 2003). This peculiar
“outside-in” picture of degeneration seen on muscle imaging is helpful when present,
although it is not seen in all patients or may no longer be discernible in advanced cases, such
as in late BM, or in more severely involved UCMD (Mercuri et al., 2005).

Muscle biopsy and dermal fibroblast analysis

Muscle biopsy findings in the collagen VI-related disorders can be quite variable and range
from close to normal or mildly myopathic-appearing muscle with atrophic fibers and some
degree of fiber-type disproportion (Schessl et al., 2008), to more dramatically myopathic
pictures with variability of fiber diameter including the appearance of sometimes extremely
atrophic fibers and build-up of extracellular connective and fat tissue. These histological
abnormalities usually become more evident with increasing age of the patient. Evidence for
myofiber degeneration also becomes more evident later in the disease, although it is never a
strikingly prominent aspect of the histological picture. Core-like abnormalities in the
myofibers may also be seen on occasion and can be source of confusion with the true core
myopathies (personal observations).

Collagen VI immunhistochemistry on muscle biopsy sections can be performed and may be
helpful, particularly in recessive cases of UCMD where staining is absent or severely
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reduced. In the case of dominant mutations in UCMD there will be strong labeling for
collagen VI immunoreactivity in the matrix, but the proper overlap of collagen VI with the
basement membrane will be lost, indicating that the mutant collagen VI protein is being
secreted but is not capable of proper function (Pan et al., 2003; Ishikawa et al., 2004) (Figure
5.6). Careful double labeling of the basement membrane with antibodies to collagen 1V,
laminin y1 or perlecan is thus important in order to assess collagen VI localization in the
tissue properly. In the milder BM, this lack of connection between collagen VI and the
basement membrane may only be partial and sometimes may not be apparent at all (Pan et
al., 2003), thus the muscle immunohistochemical analysis can appear to be normal. Analysis
of collagen VI production in dermal fibroblast cultures can also be helpful in implicating
collagen VI as being involved, ranging from completely absent or severely reduced with
intracellular retention in UCMD to more subtle abnormalities in BM (Jimenez-Mallebrera et
al., 2006; Hicks et al., 2008).

Molecular genetic analysis

Mutational analysis can now be achieved on genomic DNA by sequencing all exons for all
three collagen V1 chains (Lampe et al., 2005). As alluded to before, it is important to point
out that this analysis will not infrequently generate sequence changes that may be unknown
in their significance, i.e., a given change may not yet have been seen as a disease-associated
mutation or as a polymorphism. In this situation, it is important to trace the mutation in the
family to see whether it follows the expected pattern of inheritance for a disease causing
change in a given family.

In patients in whom the clinical suspicion for the presence of a collagen VI-related
myopathy is strong, but, in using genomic sequencing, no mutations in the collagen VI
genes are found or a change of uncertain significance is uncovered, it may also be useful to
analyze a dermal fibroblast culture for collagen VI production and deposition as well as for
possible effects on splicing, by performing reverse transcription—polymerase chain reaction
analysis on RNA isolated from the dermal fibroblasts. This latter analysis may be important,
as a change of unknown significance may influence splicing or there may be a deep intronic
mutation interfering with splicing that is not detected on exon-based genomic sequencing
(Lucarini et al., 2005; Martoni et al., 2009).

Lastly, it has become apparent recently that larger genomic deletions can occur, particularly
inthe COL6AIand COL6AZlaci, that also will not be detected on exon-based genomic
sequencing (which is dosage insensitive); therefore, these deletions require dosage-sensitive
techniques such as multiplex ligation-dependent probe amplification or genomic single
nucleotide polymorphism arrays for detection (Foley et al. in press 2010). Latest-generation
molecular tools including chip-based sequencing arrays will be able to detect large genomic
deletions as well as deep intronic sequence changes.

Genetic counseling

Genetic counseling in BM usually assumes the presence of an autosomal dominant condition
with a risk of 50% for an affected individual of passing on the mutant allele. Although this
assumption is holding up for the majority of patients, a potential caveat is the possibility of
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recessively acting mutations underlying Bethlem myopathy (Foley et al., 2009; Gualandi et
al., 2009), which obviously carry a very different recurrence risk for the offspring of an
affected patient. Thus, sporadic patients with BM likely carry a de novo dominant mutation,
but they may rarely carry recessive mutations. The identification of the actual collagen VI
mutation will help greatly in understanding the inheritance pattern so mutation analysis
should always be attempted. In such a patient, in whim one missense mutation is detected
that is inherited from an asymptomatic parent, the presence of a larger genomic deletion of
the other allele should be suspected and pursued appropriately (see above). In the sporadic
patient with UCMD both recessive mutations as well as a de novo dominant negative
mutations can be expected with about equal likelihood, depending on the patient population
of origin. Patients from populations with a degree of consanguinity or common ancestry are
more likely to present with recessive UCMD, whereas patients from populations with mixed
heritage are more likely to present with de novo dominant mutations, although either
mutation type is possible in both settings.

Recessive versus de novo dominant mutations are obviously associated with greatly different
recurrence risk estimations for future pregnancies of a couple with a single (sporadic)
affected child and a negative family history. The risk of recurrence would be 25% for the
recessive scenario, whereas for the a de novo dominant mutation only the theoretical risk of
germ-line mosaicism has to be assumed. Only by the definitive identification of the
causative mutations in the collagen V1 genes can this situation be clarified.

In general, counseling for the possibility of a certain degree of individual clinical variability
is important in families with collagen VI-related disorders, even if the mutation found is a
known disease-associated mutation with a given phenotype. Prenatal diagnosis is possible by
haplotype analysis and collagen VI staining of a chorionic villus biopsy (Brockington et al.,
2004), but is much more straightforward and reliable once the disease-causing mutation(s)
are known in the family, allowing for direct testing of the pregnancy.

Management and therapeutic interventions

Therapeutic intervention in the collagen VI disorders currently consists mainly of careful
clinical and preventive management of the various clinical aspects of these conditions.
Contractures are usually addressed initially by an aggressive stretching program in
combination with dynamic splinting. Such a program is helpful in delaying worsening of the
contractures; however, rarely can the progression of the contractures be entirely stopped.
Surgical release of the contractures can be helpful, in particular in the Achilles tendons to
preserve normal walking in patients with Bethlem myopathy, although the contractures have
a tendency to recur after surgery. Very importantly, surgical release of other joint
contractures, such as flexion contractures in the knees, has less clear efficacy and there is
much less underlying clinical experience.

Management of early and progressive scoliosis can be challenging. Bracing may have a
temporizing effect but never stops the eventual progression of the scoliosis. Experience with
newer scoliosis surgical techniques such as the VEPTER (vertical expandable prosthetic
titanium rib) is limited; however, it will likely be explored more in the future and will likely
have a place in the surgical management of young children with UCMD and early
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progressive scoliosis. Careful respiratory monitoring by pulmonary function testing (upright
and supine to assess for diaphragmatic involvement) as well as by sleep studies with timely
institution of respiratory support is of prime importance and usually consists of noninvasive
ventilatory support such as bilevel positive airway pressure. Respiratory insufficiency is
clearly progressive in the collagen VI-related myopathies (Wallgren-Pettersson et al., 2004,
Nadeau 2009); however, once ventilatory support is instituted, there will be a long period of
stability in respiratory status. Adequate nutritional support is of great importance as many of
the more severely affected children will have inadequate oral intake of food and fluids, even
though there is no frank dysphagia. It is important to monitor bone density and consider
calcium and vitamin D supplementation when appropriate. In selected children with
collagen VI-related myopathies, a temporary percutaneous gastrostomy tube has become
necessary.

Myofiber apoptosis has already been identified as a potential therapeutic target in the animal
model of collagen VI deficiency. Pharmacological agents that may counteract the apoptosis
that is part of the downstream effect of the collagen VI dysfunction are thus under
investigation. A recent uncontrolled study of five patients with collagen VI mutations treated
for 1 month with ciclosporin A (acting as a inhibitor of the mitochondrial permeability
transition pore) demonstrated decreased apoptosis and increased stability of the
mitochondrial permeability transition pore, although strength improvement was not recorded
(Merlini et al., 2008a). Antiapoptotic agents with less long-term toxicity are now under
active clinical investigation and may enter clinical trials in these patients.

A particular challenge lies in the combined predominance of dominant mutations in all of
the collagen VI-related disease. In this situation, gene replacement approaches obviously
will not work, and other strategies such as inactivation of the dominant negative allele will
have to be devised. Stem cell therapy will have to take into account that the collagen VI cell
of origin in muscle is predominantly the muscle interstitial fibroblast (Zou et al. 2008). As
mentioned above, there are a minority of patients with UCMD for whom mutations in the
three collagen V1 genes have been ruled out, indicating that there should be additional genes
causing their phenotype that still await discovery. Very recently reduced autophagocytic flow
has also been implicated in the pathogenesis of collagen VI deficiency (Grumati P, Coletto
L, Sabatelli P et al. (2010). Autophagy is defective in collagen VI muscular dystrophies, and
its reactivation rescues myofiber degeneration. Nat Med 16: 1313-1320.)
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Figure5.1.
Neonatal presentation of Ullrich congenital muscular dystrophy. Note elbow contracture and

flaccid-appearing hands in (A) and kyphosis in (B).

Handb Clin Neurol. Author manuscript; available in PMC 2017 January 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Bdnnemann

Page 24

C

Figure5.2.
Ullrich congenital muscular dystrophy (UCMD). The patient in (A) is able to walk, but note

knee and elbow contractures. This patient lost the ability to walk at 9 years of age. The
patient in (B) shows typical contractures in the nonambulatory patient, affecting the
pectoralis, elbows, hips, knees, and Achilles tendons. The feet in (C) show the typical
prominent calcaneus and the soft plantar skin, whereas (D) demonstrates the striking distal
hyperlaxity seen in the fingers in a patient with UCMD. (D: Courtesy of Marjo van der
Knaap, Amsterdam, Netherlands)
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Figure5.3.
(A) Adult patient with Bethlem myopathy (BM). Note typical elbow and Achilles tendon

contractures. (B) demonstrates the typical finger flexor contractures in BM that make it
impossible to put the fingers close together with the elbows extended. (C) demonstrates
excessive keloid formation in a patient with BM. (C: Courtesy of Claudia Castiglione,
Santiago, Chile.)
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Figure5.4.

Schematic depiction of the three a chains, a1(VI), a2(VI), and a3(VI), highlighting the
domain structure and the triple helical domains with the cysteine residues that are involved
in higher-order assembly.
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Figure5.5.
Schematic of the collagen VI assembly process. Upper panel depicts intracellular assembly

from the heterotrimeric monomer composed of all three a chains (*), via antiparallel dimer
(1) to tetramer (f) formation. The lower panel depicts the formation of the beaded
microfilaments with 100-nm periodicity, formed by close interaction of the C- and N-
terminal globular domains. Also note the interchain disulfite bridges. (Reproduced with
permission from Bertini and Pepe (2002), incorporating a modified schematic from Timpl

and Chu (1994).)
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'

Patient *©

Figure5.6.
Immunolocalization of collagen V1 in the muscle of a patient with a dominant negative

mutation in collagen V1. In the normal biopsy, collagen VI (red) overlaps with the basement
membrane (green), resulting in a yellow color. In the patient’s biopsy there is a considerable
amount of collagen VI immunoreactivity in the matrix; however, the colocalization with the
basement membrane is lost, resulting in the green color of the basement membrane. Nuclear
counterstain in blue.
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Table 5.1

The three collagen VI genes and a. chains

achains Size(kDa) Corresponding Gene

gene position
al(vl) 140 COL6A1 21¢22.3
a2(Vl) 140 COL6A2 21022.3
a3(Vl)  pg0-330* COL6A3 2937

*
Size variable depending on state of glycosylation.
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