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Abstract

Abstract

Collagen VI (ColVI) is an extracellular matrix protein forming a microfilamentous
network in various tissues, and composed by three chains, a1(VI), a2(VI) and a3(VI),
encoded by separate genes. Mutations of ColVI genes in humans cause various muscle
diseases, including Bethlem Myopathy and Ullrich Congenital Muscular Dystrophy
(UCMD). Mice lacking ColVI (Col6al-/-) display a myopathic phenotype with
mitochondrial dysfunction and spontaneous apoptosis of muscle fibers. Analysis of
muscle biopsies and primary cultures of UCMD patients revealed a similar phenotype,
which could be normalized by treatment with cyclosporin A or its non-
immunosuppressive derivatives.

During the first two years of my PhD work, I focused on studies aimed at elucidating
collagen VI pathomolecular defects in human disorders, characterizing three novel
ColVI chains in humans and mice and understanding molecular pathways underlying
the phenotype of Col6al-/- mice.

Considering the remarkable apoptotic phenotype displayed by Col6al~- and UCMD
myoblasts, and persuaded by the regenerative effect of cyclosporin A treatment in
UCMD patients, during the second half of my PhD work I started investigating muscle
regeneration and satellite cell (SC) activity in the Col6al”/- mouse model. SCs are an
adult stem cell population of skeletal muscle, representing the main player in skeletal
muscle regeneration. Under physiological condition, I found that Col6al-/- mice
display an altered regenerative activity when compared to wild-type mice. In order to
investigate further muscle regeneration capability of Col6al-/- mice, I analyzed the
regenerative response after muscle injury, induced either by cardiotoxin injection or
by muscle training by voluntary exercise on running wheels. Light microscopy
showed that after repeated cardiotoxin injury Col6al~/- mice lose the ability to
properly regenerate muscles, compared to wild type mice. Further studies, using
Pax7 as a marker for SCs, revealed that in Col6al7/- muscles SCs are able to complete
muscle regeneration, but are unable to expand and maintain their pool. Interestingly,
during the first stages of regeneration wild-type muscles showed a marked increase
of ColVI deposition in the regenerating area, where Pax7-positive cells were found to

proliferate extensively. In addition, almost all Pax7-positive cells were found in close
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contact with ColV], and some of these cells were totally surrounded by the protein.
Moreover, apoptotic nuclei were found to be strongly increased in Col6al-/- muscles
during starting events of regeneration, when compared to both untreated Col6al-/-
and cardiotoxin-treated wild-type muscles. In order to perform further studies on SC
activity, I set up an in vitro experimental system with single myofiber cultures
derived from wild-type and Col6a1-/- EDL muscles. These in vitro studies showed that
wild-type SCs doubled during myofiber culture and gave origin both to activated cells
(Pax7*MyoD*) and cell returned to the quiescence state (Pax7+*MyoD-). Conversely,
the number of quiescent Pax7-positive cells per fiber was strongly reduced in Col6al-
/= cultures compared to both wild-type cultures and freshly isolated Col6al-/-
myofibers.

Altogether, these in vivo and in vitro studies strongly suggest a new role for ColVI in
skeletal muscle regeneration and indicate that in Col6al-/- muscles SCs have an
impaired ability to expand and maintain the stem cell pool. We are currently
investigating the mechanism through which ColVI signals are transduced in SCs in

vivo and in vitro.
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1. Introduction

1.1 Skeletal muscle and extracellular matrix.

Skeletal muscle is a tissue composed by highly specialized post-mitotic,
multinucleated myofibers that contract to generate force and movement. Thousands
of muscle fibers form together an individual skeletal muscle surrounded by
connective tissue, called epimysium, from which processes start to form the
perimysium that enwrap several myofibers; each single myofiber is further
surrounded by the endomysium, composed by a basement membrane in contact with
connective tissue characterized by scarce extracellular matrix (ECM), capillaries and
nerve terminals (Buckingham 2001). The basement membrane is constituted by the
inner basal lamina, in tight connection with the plasma membrane of cells, and the
fibroreticular lamina, that bound to the connective tissue (Sanes, 2003). The basal
lamina is mainly constituted by two proteins, collagen IV and laminin (Timpl, 1996),
which interact each other through nidogen/entactin and perlecan. The importance of
these proteins is not only due to the anchoring role between endomysium and basal
lamina, but also in the interaction with a number of cell receptors, like a1 integrin
(Campbell and Stull, 2003). The fibroreticular lamina is characterized by the presence
of a microfilament network of collagen VI, which guarantees the connection between
the basal lamina and the connective tissue (Kuo et al., 1997). For long time ECM was
considered only as a mechanical support to tissues, but in the last years its role in
regulating growth factors availability and molecular pathways became evident. In
skeletal muscle, the importance of ECM/cell contact and ECM integrity is evident in a
number of animal models and human patients where the absence or defects in ECM
proteins or in proteins connecting myofibers to ECM lead to muscle diseases (Sanes,

2003).

1.2 Collagen VI.

Collagen VI (ColVI) is an ECM protein forming a microfilamentous network in several
organs including skeletal muscle, skin, cornea, lung, blood vessels, intervertebral

disks and joints (Knee et al.,, 1988). It consists of three chains, a1(VI), a2(VI) and
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a3(VI), encoded by distinct genes (COL6A1, COL6A2, COL6A3, respectively) (Fig. 1).
The a1(VI) and a2(VI) chains are about 140 kDa, while the a3(VI) chain has several
alternatively spliced variants with molecular weigh of 250-300 kDa (Bonaldo e tal,,
1989; Bonaldo et al,, 1990; Chu et al,, 1990; Doliana et al., 1990). Each chain contains
a short triple helical domain of 335-336 amino acids and two large N- and
C-terminal globular ends composed of repeated domains of 200 amino acids sharing
similarity with the type A module of von Willebrand factor (VWF-A) (Colombatti and
Bonaldo, 1991). The larger a3(VI) chain also shows additional peculiar domains: C3
is a proline rich domain, C4 show similarity with the III module of fibronectin, and C5
is similar to the Kunitz protease inhibitor domain. It was found that C5 domain is
cleaved when collagen VI is deposited in the ECM (Nanda et al, 2004), and its

function remains to be clarified.

— al(Vl)

— a2(V1)

[N10[N9 | N8 [ N7 N6 | N5[ N4 | N3 [ N2| N1 a3(VI)
TH C3 CACS

Figure 1. Structural organization of collagen VI alpha chains. In grey are

indicated the regions undergoing alternative splicing. TH: triple helix.

ColVI is synthesized and secreted by cells organizing ECM such as skin and muscle
fibroblasts and smooth muscle cells, and transcriptional regulation is a key step in its
production (Braghetta et al, 2008). In muscle, ColVI is mainly produced by
fibroblasts, and is a major component of the endomysium (Zou et al., 2008; Kuo et al,,
1997). The assembly of collagen VI require the intracellular interaction of the three
alpha chains to form monomers, which are further assembled into dimers and
tetramers (Colombatti et al., 1987) (see also in “Part II: other projects, Studies on
patients affected by collagen VI related pathologies”). Finally, tetramers are secreted
from cells in the extracellular space, where they interact each other to form the

typical network of beaded microfilaments (Fig. 2).
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Figure 2. Collagen VI organization. On the left it is shown the localization of
collagen VI (green) in human skeletal muscle cross-section. On the right,
beaded microfilaments of collagen VI are visualized by rotary-shadowed
electron microscopy in a primary skin fibroblast culture. Images modified

from Bovolenta et al, 2010 (reported in section II: other projects).

ColVI has a wide range of interactions with ECM components (Bonaldo et al., 1990;
Kuo et al,, 1997; Sabatelli et al., 2001). In particular, the strong interaction between
ColVI and collagen IV permits the formation of a physical connection between muscle
cells and ECM. Moreover, ColVI have an important role in mediating the adhesion of
fibroblast and other cells. ColVI is able to interact with specific cell surface receptors,
including a.1f1 and a2f1 integrins and NG2 proteoglycan (Pfaff et a., 1993; Burg et al,,
1996). Some studies suggested that NG2 has a role in signal transduction, regulating
cell adhesion and proliferation and modulating integrin activity (Midwood and Salter,
2001; Stallcup et al., 2002). Even if recent studies demonstrated that the absence of
ColVI in skeletal muscle alters molecular signals and cell viability (Irwin et al., 2003;
Grumati et al., 2010), the cell receptors responsive to ColVI and mediating its survival

effects are still unknown.

1.3 Muscular dystrophies and muscle pathologies linked with

collagen VI.

Muscular dystrophies are referred to a wide heterogeneous group of hereditary
muscle disorders characterized by progressive muscle weakness and wasting
(Durbeej and Campbell, 2002). As previously mentioned, several muscular

dystrophies involve the alteration or absence of proteins located in the ECM or
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involved in myofiber/ECM connection, and ColVI-related disorders represent a major
group of such diseases. One of the most frequent forms of dystrophy in humans are
dystrophinopathies, in which mutations occur in proteins composing the dystrophin
glycoprotein complex (DGC). This large protein complex is associated with the plasma
membrane and shows an important role in regulating signalling pathways and
anchoring myofibers to the basal lamina, connecting the laminin-2 of the basement
membrane to cytoskeletal actin (Durbeej and Campbell, 2002). Differently, mutations
in LAMAZ gene, encoding for the a chain of laminin-2, are involved in a group of
congenital muscular dystrophies named MDC-1A. Laminin-2 is the main component
of basal lamina, and it is involved in interaction between DGC, integrins and ECM.
Even if DGC represent an anchoring structure belonging to myofibers, and laminin is
present outside of cells, it is evident that the connection between myofibers and the
basal lamina is of key importance for the normal behaviour of skeletal muscle. This is
true also for proteins that are “more distant” from myofibers, such as ColVL
Deficiency or alteration of ColVI in humans, due to mutations in the COL6 genes,
causes two main syndromes, Bethlem Myopathy (BM) and the more severe Ullrich
Congenital Muscular Dystrophy (UCMD) (Lampe and Bushby, 2005). The wide
spectrum of mutation associated to COL6 genes and the related pathologies revealed
an important role of the protein in muscle not only on the basis of its quantity, but
also depending on qualitatively alterations (see also in “Part II: other projects, Studies

on patients affected by collagen VI related pathologies”).

1.4 Collagen VI null mouse model.

In 1998 Paolo Bonaldo’s laboratory developed the Col6al/- mouse via targeted
mutation of the second exon of Col6al gene. The generated mutation causes an
interruption of Col6al gene, which becomes null, leading to the absence of the a1(VI)
chain. Even if the other two chains composing ColVI, a2(VI) and a3(VI), are normally
transcribed, the absence of al(VI) chain does not allow the formation of ColVI
monomers, thus preventing the assembly and secretion of ColVI, and therefore
Col6al-/- mice completely lack ColVI in their tissues. Col6al/- mice show an early

onset myopathic disease, characterized by histological alterations of skeletal muscle
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tissue, like necrosis, centrally nucleated fibers and variability of myofibers size
(Bonaldo et al., 1998). Moreover, muscle weakness was demonstrated by strength
measurements ex vivo, underling a significant reduction of tension developed by
Col6al-/- muscles compared to wild type (Irwin et al., 2003). Further studies carried
out on ColVI null mice allowed to understand the mechanisms underlying BM and
UCMD, and these mice represent an excellent model for human ColVI diseases.
Ultrastructural and molecular studies performed on Col6al-/- mice revealed novel and
unexpected aspects of the pathogenetic mechanisms underlying the myophatic
phenotype. By electron microscopy, alterations in mitochondria and sarcoplasmic
reticulum (SR) were identified in Col6al-/- muscles. In addition, electrondense nuclei
were found in myofibers lacking ColVI, suggesting apoptotic events. Indeed, TUNEL
analysis confirmed a seven-fold increase of spontaneous apoptosis in Col6al-/-
diaphragm compared to wild type. Further studies carried out on myofibers isolated
from flexor digitorum brevis (FDB) muscle revealed, in association with apoptosis, the
presence of a latent mitochondrial dysfunction, that could be unmasked by
oligomycin (Irwin et al, 2003). In these studies, the mitochondrial membrane
potential was monitored by fluorescence microscopy using tetramethylrhodamine
methyl ester (TMRM), a fluorescent lipophilic cation that is accumulated in energized
mitochondria and is released when mitochondria undergo depolarization. The
addition of oligomycin, a drug inhibiting the mitochondrial FiFo ATP-synthase,
revealed a latent mitochondrial dysfunction in Col6al-/- myofibers, which showed a
rapid mitochondrial depolarization, at difference from wild type fibers. The reason
why Col6al-/- mitochondria are not able to maintain their membrane potential is to
the increased sensibility to opening of the permeability transition pore (PTP), a large
pore present in the inner membrane of mitochondria (Irwin et al, 2003). PTP
opening not only leads to mitochondria depolarization, but also causes the release of
cytochrome ¢, a strong inductor of apoptosis (Bernardi et al., 2001; Forte and
Bernardi, 2005; Zamzami et al., 2005). Treatment of Col6al-/- fibers with cyclosporin
A (CsA), a drug able to bind mitochondrial cyclophilin D, leads to desensitization of
PTP opening and rescues both mitochondrial and apoptotic phenotypes. The same
phenotypes could also be rescued by growing Col6al-/- myofibers onto a purified

native ColVI substrate. Remarkably, in vivo administration of CsA for four days to
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Col6al-/- mice rescued of apoptotic-mitochondrial defects and led to a marked

recovery from the myopathic phenotype (Irwin et al., 2003).

The reason why an ECM protein is able to influence in such a manner the activity of
mitochondria remains still unknown. However, the scientific impact of these studies
on human ColVI diseases was very important, since the cell and molecular features
displayed by ColVI deficient mice are similar to those detected in BM and UCMD
patients. Indeed, subsequent studies in muscle sections and primary muscle cultures
derived from BM/UCMD patients showed spontaneous apoptosis and mitochondria
dysfunction that could be normalized by CsA (Angelin et al., 2007). On the basis of
these findings, a pilot clinical trial was performed on four UCMD patients and one BM
patient by oral treatment for one month with CsA. The endpoint of this study was the
evaluation of apoptotic-mitochondrial phenotype in muscles biopsies before and after
CsA treatments. Interestingly, one-month CsA treatment led to a strong reduction of
apoptotic-mitochondrial phenotype and increased muscle regeneration in the

patients (Merlini et al., 2008a).

Recently, other studies carried out in Col6al”/- mice throw further light on the
molecular pathways involved in the myopathic disease. These studies have revealed
that the AMP-dependent protein kinase (AMPK) is markedly activated in Col6al-/
muscles, suggesting an energetic imbalance in muscles lacking ColVI. Further analysis
demonstrated an impaired autophagic flux in Col6al/- muscles, with persistent
activation of the mTOR pathway and decreased levels of Beclinl and Bnip3,
molecules playing a key role in regulating the starting events of autophagy. Although
autophagy has been known since many years, it became recently clear that this
process is essential for tissue homeostasis by clearing of altered/aged organelles and
proteins through the lysosome system. Remarkably, an impairment of the autophagic
machinery was also demonstrated in UCMD/BM patients and forced reactivation of
autophagic flux in Col6al/- mice allowed the rescue of myopathic phenotype,
indicating that defective autophagy plays a key pathogenic role in ColVI diseases
(Grumati el al., 2010) (see also in “Part II: other projects, Study of autophagy in

collagen VI null mice”).
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1.5 Skeletal muscle regeneration.

Skeletal muscle has the great ability to regenerate itself, responding with a highly
synchronized process to a number of physiological conditions or injured stimuli. The
main players in muscle regeneration are the so-called satellite cells (SCs), a particular
population of muscle cells located between the basal lamina and the plasma
membrane of muscle fibers (Mauro et al, 1961). SCs are necessary for postnatal
muscle growth, and are responsible for maintenance, hypertrophy and repair of adult
skeletal muscle (Ono et al., 2009). On the basis on these characteristics and their
ability to differentiate and self-renewing, SCs are defined as adult muscle stem cells
(Zammit et al., 2006). During physiological growth and maintenance conditions, the
myonuclei turnover is a rare event that involves a small number of myonuclei in
skeletal muscle (Spalding et al.,, 2005). In this contest, SCs do not need to migrate
away from their position, but they can undergo proliferation and differentiation in
situ giving their support where new nuclei are specifically needed (Kuang et al,
2008). The context strongly changes when the muscle is subjected to an injury.
Indeed, after a muscle injury muscle regeneration can be divided into two distinct
phases: i) degeneration and ii) regeneration. The inital events of degeneration is
characterized by a rapid necrosis of the injured muscle fibers, with subsequent
release of cytosolic proteins, like creatine kinase, in the extracellular space, and
accumulation of inflammatory cells (Karalaki et al., 2009). The first inflammatory
cells that invade the injured tissue are neutrophils, than the predominant
inflammatory cells are macrophages (McClung et al., 2007). After the inflammatory
infiltration, macrophages not only remove cell debris, but also release factors to
activate myogenic cells, thus enhancing the regenerative phase (Lescaudrom et al,,
1999). SCs activation concerns not only cells associated with degenerated fibers, but
also those present in undamaged fibers and neighboring intact muscles (Kuang et al,,
2008). After the activation, myogenic cells start to proliferate and migrate to the
damaged site, differentiate into myoblasts and fuse with existing damaged fibers for
repair or fuse each other for new myofiber formation (Snow et al., 1977). Only when
fusion is completed, myofibers start to increase their size and myonuclei, located in
the centre of the fiber, begin to move to the periphery (Karalaki et al, 2009). In

humans migration of myonuclei to cell periphery is a relatively fast process, but in
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mouse centrally myonuclei are maintained for months. Despite the phases of muscle
repair are similar following different types of injury, the amplitude and kinetics of
each phase may depend on the type and extent of damage. One of the commonly used
experimental models for injury is muscle injection of cardiotoxin, a snake venom that
induces myofiber degeneration but preserves basal lamina, thus sparing SCs, vessels
and nerves. In this way, basal lamina and SCs act as the scaffold on which muscle

regeneration can occur (Kuang el al., 2008).
1.5.1 Adult skeletal muscle stem cells.

Even if SCs are considered the main players in skeletal muscle regeneration, in vitro
and transplantation experiments have been shown that other progenitor cells located
outside the basal lamina, such as pericytes, endothelial and interstitial cells, display a

myogenic potential (Tedesco et al.,, 2010) (Fig. 3).

Myofibril

Hematopoietic
celis

Endothelial [ L BRI Basal lamina
cell

Pericyte —2

Interstitial 3 Myonucleus
cell

Figure 3. Representation of a muscle fiber and adjacent small vessel, SCs

and other myogenic precursors. Image modified by Tedesco et al., 2010.

A number of not yet fully characterized subpopulations of hematopoietic stem cells
seem to display myogenic potential, even if with low capability. The CD45* and
CD133* fraction populations of bone morrow have been found to contribute to
muscle repair when transplanted in animal models or in DMD patients (McKinney-
Freeman et al., 2002; Gussoni et al., 2002; Corbel et al.,, 2003; Camargo et al., 2003;
Torrente et al.,, 2004; Benchaouir et al.,, 2007). Other mesoderm-derived cells were

shown to exhibit myogenic potential in vitro, after genetic modification, drug
8
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treatments or co-culture with SCs or myoblasts, and in some cases this potential was
also observed in vivo. Mesenchymal stem cells (Gang et al., 2009), multipotent adult
progenitor cells, muscle-derived stem cells, mesoangioblasts (Sampaolesi et al,,
2003), endothelial progenitors cells and adipose-derived stem cells (Meliga et al,,
2007) are all included in this class of myogenic cells (Tedesco et al., 2010). Even if all
these adult stem cells are able to differentiate in skeletal muscle cells, it seems that

this potential is very low compared to that displayed by SCs.
1.6 Satellite cells.

SCs are determined during the embryonic development of skeletal muscle, when the
somites, spheres of paraxial mesoderm, start to generate skeletal muscle (Shi et al,,
2006; Sambasivan et al., 2007). However, the exact progenitor from which SCs derive
remains to be identified. SCs exist in the mammalian skeletal muscles as a quiescent
cell population and represent from 2.5 to 6% of all myonuclei of a skeletal muscle,
although their percentage is different and characteristic for each muscle (Tedesco et
al, 2010). SCs are unmistakably identified by their anatomic location between the
basal lamina and the plasma membrane of myofibers (Mauro et al., 1961). In the last
years, a number of characteristic (but not unique) markers for SCs were
characterized. The combination of multiple markers is a useful tool to identify SCs in
either quiescent, activated or differentiated state (Tab. 1). The most widely used
marker is the transcriptional factor paired box 7 (Pax7) (Zammit et al., 2006), which
is essential for SC specification and survival (Kuang et al.,, 2006). Conversely, the SC
expression of another paired box, Pax3, is limited to few skeletal muscles, like

diaphragm (Relaix et al., 2006).

After muscle injury, SCs becomes activated and start to proliferate. A number of
signals, triggered by damaged fibers and inflammatory cells, are necessary to induce
SCs activation. These signals include HGF (Tatsumi et al., 1998), FGF (Floss et al,,
1997), IGF (Musaro, 2005) and NO (Wozniak et al., 2007). After activation, SCs start
to proliferate, differentiate and fuse with either damaged myofibers or each other to
form new fibers. In mouse, these events end after 7 days from an acute injury
(Zammit et al., 2002). SCs differentiation fate is mainly triggered and controlled by

myogenic regulatory factor 5 (Myf5) and myogenic regulatory factor 1 (MyoD)

9
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(Tajbakhsh et al., 1996). Indeed, SC fates are determined by MyoD expression: those
few cells that are Pax7+*MyoD- return to quiescence, thus maintaining the progenitor
pool; differently, SC cells expressing both Pax7 and MyoD (Pax7+*MyoD*) are
committed to differentiation (Zammit et al., 2004). To increase the complexity of this
regulatory process, experimental data suggest that some Pax7+*MyoD+* cells can lose

MyoD expression and revert back to a SC-like Pax7+*MyoD- state (Crosgrove et al,,

20009).
Table 1
SC markers
Marker SC expression Localization Function Prospective Expression in Rel
isolation® other tissues/cells
Pax7 100% of quiescent and Nucleus Transcription Pax7-GFP Absent 14
activated SCs factor
Pax3 Quiescent SCs Nucleus Transcription Pax3-GFP Melanocyte 16
(only in a subset of muscles) factor stem cells
Myfs Most quiescent SCs and all Nucleus Transcription Myf5-nLacZ Absent 17
proliferating SCs and myoblasts factor
Syndecan-3 and -4 98% of quiescent Membrane Transmembrane Cell Brain, dermis, BM, 18
and activated SCs heparan sulfate sorting bone, smooth
proteoglycan muscle, tumors
VCAM-1 Quiescent and activated SCs Membrane Adhesion Cell Activated endothelial cells 19
molecule sorting
c-met Quiescent and activated SCs Membrane HGF receptor Not used Many tissues and tumors 20
Foxk1 Quiescent and activated SCs Nucleus Nuclear factor Not used Neurons 21
Cd34 Quiescent and activated SCs Membrane Membrane Cell Hematopoietic, endothelial, 13
protein sorting mast, and dendritic cells
M-cadherin Quiescent and activated SCs; Membrane Adhesion Not used Absent 22
myoblasts protein
Caveolin-1 Quiescent and activated SCs; Membrane Membrane Not used Endothelial fibrous and 23
myoblasts protein adipose tissue
«; Integrin Quiescent and activated SCs; Membrane Adhesion Cell Vessel-associated 24
myoblasts protein sorting cells
B Integrin Quiescent and activated SCs Membrane Adhesion Cell Many tissues 25
protein sorting
Cds6 Quiescent and activated SCs; Membrane  Homophilic binding Cell Glia, neurons, and 26
myoblasts glycoprotein sorting natural killer cells
SM/C2.68 Quiescent and activated SCs; Unknown Unknown Cell Unknown 27
myoblasts sorting
Cxcrd Subset of quiescent SCs Membrane SDF1 Cell HSCs, vascular endothelial 28
receptor sorting cells, and neuronal cells
Nestin Around 98% of quiescent SCs  Intermediate Intermediate Nestin Neuronal precursor cells 29
and myoblasts filament filament protein GFP

AProspective isolation: direct isolation of cells from tissue, usually based upon cytoflucrimetric sorting with antibodies directed against cell surface markers
ENovel monecional antibedy directed against an unknown antigen present on SCs. Foxk1, forkhead box k1

Table 1. SC markers and their use (from Tedesco et al.,, 2010).

Generally, the choice of a stem cell to undergo self-renewal is carried out through
either asymmetric or symmetric cell divisions (Cosgrove et al, 2009). These two
mechanisms of cell division fulfil two different requests of stem cells in the tissue: i)
asymmetric self-renewal, in which each stem cell divides into one stem cell and one
differentiated cell, allows to maintain a constant number of stem cells, sufficient
under physiological conditions; ii) symmetric self-renewal, in which each stem cell

gives two daughter stem cell, permit to have an expansion of the stem cell pool,

10
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needed after an injury or disease (Morrison and Kimble, 2006). The mechanisms by
which SCs undergo self-renewal started to be elucidated in recent years. Several data

suggest that both asymmetric and symmetric division are involved in SC self-renewal

(Fig. 4).

Myofiber
Plasma Quiescent Symmetric Asymmetric
membrane satellite cell self-renewal self-renewal

Basal
lamina

l _JL—Delta-1*
apicalpg | T .., v \ /
Ry Vangl2 ¥ = 3+
F"a”“"—I—’ ............. localization e Notch-3
basal¥ | e eoeessssssensan st
Quiescent satellite cell Activated satellite cell
Pax7* Myf5- Pax7* Myf5*

Figure 4. Model of SC self renewal (from Crosgrove et al,, 2009).

The so called “immortal DNA strand” hypothesis have demonstrated an asymmetrical
cosegregation of older (immortal) and younger DNA strands in daughter cells during
SC division, suggesting an asymmetric cell division of SCs. More in detail, it was
observed that the older strand is cosegregated in the self-renewing daughter cell,
while the younger template is cosegregated in the differentiating daughter cells
(Shinin et al., 2006; Conboy et al., 2007). Another evidence of SCsasymmetric division
was suggested by the analysis of the cytosolic protein Numb, a repressor of Notch
signalling (Conboy and Rando, 2002; Shinin et al, 2006). Notch signals play an
important role during muscle regeneration, regulating SC activation and inhibiting
myogenic differentiation (Brack et al., 2008; Conboy and Rando, 2002; Conboy et al,,
2003). Thus, asymmetric retention of Numb can suggest a different fate of the
daughter cells, with cells that retain Numb more differentiated than those that lose
Numb. Although it was observed a Numb-mediated asymmetric segregation during
SC division and muscle progenitor cell development (Conboy and Rando, 2002), it
was also found that high level of Numb are expressed by those daughter cells that
retain the old immortal DNA strand, and therefore are stem cells and not
differentiated cells (Shinin et al., 2006). These contrasting studies suggest a more
complex mechanism underlying SC self-renewal division than the initially proposed
model. In addition, other studies have reported that Myf5, a potential target of Notch
signalling (Delfini et al., 2000; Kopan at al., 1994), could play a role in SC self-renewal.

In mouse only 10% of Pax7-positive SCs never express Myf5 and these cells remain
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under the basal lamina during asymmetric division, each generating one Pax7+*Myf5-
“stem cell”, that maintains the contact with the basal lamina, and one Pax7+Myf5+*
daughter cell that loses the contact with the basal lamina and contact the myofiber
plasma membrane (Kuang et al.,, 2007). This study suggests that the choice between
asymmetric and symmetric self-renewal divisions is dictated by the mitotic spindle
orientation of SCs. In the asymmetric division, it was observed that the Notch ligand
Delta-1 is asymmetrically expressed by the apical and basal daughter cells, with
higher expression in apical committed Pax7+Myf5+*cells, while the basal less
differentiated Pax7+Myf5- SCs show increase level of receptor Notch-3. In this
scenario the role of Notch signalling seems to be crucial in determining the
differentiation state of the two interacting daughter cells. Conversely, symmetric cell
division is associated to the formation of two identical daughter cells, both
differentiated or both undifferentiated, that are in planar alignment with the
myofiber plasma membrane and basal lamina (Kuang et al., 2007). In addition, recent
findings demonstrated that the niche factor Wnt7a play an important role in the
symmetric self-renewal regulation, controlling planar tissue morphogenesis (Le
Grand et al, 2009). To make these events even more complex, some studies
demonstrated the possibility of committed cells to go back into a stem cell state
(Zammit et al, 2004). Emerging evidence suggests that in skeletal muscle the
described models of SC self-renewal are controlled by specific molecular components

of the SC niche (Crosgrove et al., 2010).
1.6.1 Niche and extracellular signals regulating satellite cell function.

It is well known that the ability of a stem cell to maintain its properties is strongly
determined by the so-called niche. Stem cell niche is defined as the local
microenvironment that sustains stem cells identity and regulates their function,
directing a slow cell division during homeostasis, and assuring the activation and the
maintenance of stem cell pool after an injury (Cosgrove et al., 2009; Kuang et al,,
2008). Although the exact activity of niche needs to be established for most stem
cells, its importance was demonstrated in several stem cells, such as hematopoietic,
intestinal crypt, hair follicle and neural stem cells (Fuchs et al., 2004; Moore et al,,
2006; Scadden et al., 2006). In skeletal muscle, SC niche, consisting in the surrounding

microenvironment, is characterized by asymmetric distribution of its components: i)
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myofibers that contact SCs through the apical surface, and ii) ECM components that

lie on their basal surface (Fig. 6).

Myofiber Basal lamina
Whnt7a Whnt3a
LRP5/6
Deta Fzd7 Fzd1
Notch
FGFR
Asymmetric | [ Symmetric Symmetric bFGF
self-renewal | | self-renewal | | commitment
®O /(00 /| OO Een
Apical-basal af-int
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M-cadherin Satellite Mechano-
cell transduction
E=12kPa

@ Quiescent satellite cell O Activated satellite cell or myogenic progenitor

Figure 4. Niche and regulators of SC activity and fate (from Crosgrove et al.,

2009).

In this way SCs are subject to a “bipolar signal” system, receiving myofiber signals on
their apical surface and ECM signals on their basal surface. In other tissues,
asymmetric signals were found to be essential for stem cell polarity and asymmetric
self-renewal (Fuchs et al., 2004; Kuang et al., 2008). The myofiber basal membrane is
composed by several proteins and proteoglycan able to interact directly or indirectly
with SC surface receptors. The scenario is further complicated when considering the
role of ECM components in growth factors distribution and function, either
sequestering them in an inactive form or presenting them in active signalling state.
Indeed, ECM proteoglycans are able to bind a number of growth factors derived from
systemic, SCs, interstitial cells, or myofibers sources, including basic fibroblast
growth factor (bFGF), hepatocyte growth factor (HGF), epidermal growth factor
(EGF), insulin-like growth factor-1 (IGF-1), and the large Wnt family of glycoprotein
ligands (Brack et al., 2008; DiMario et al., 1989; Golding et al., 2007; Le Grand et al,,
2009; Machida and Booth, 2004; Tatsumi et al.,, 1998). All these factors can modify
the activity, survival and proliferation of SCs (Cornelison et al., 2001; Jenniskens et al.,

2006; Langsdorf et al., 2007; Tatsumi et al., 1998). On the other side, myofibers exert
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similar effects, secreting a number of factors that influence SC activity. SC migrating
response is mediated by myofiber-secreted SDF-1, which in turn is able to bind
CXCR4 receptors present on SC surface (Ratajczak et al., 2003; Sherwood et al., 2004).
Moreover, M-cadherin expressed on myofibers membrane modulates their
interaction with SCs and seems to be important in SC fusion (Irintchev et al.,, 1994). In
addition, SCs display ligands able to regulate their own fate through autocrine and
juxtacrine signals, including Notch ligands (Conboy and Rando, 2002; Conboy et al.,
2003; Kuang et al, 2007). Recent studied suggested a fundamental role of
mechanotransduction in SC differentiation and survival (Gilbert et al., 2010). Indeed,
ECM microenvironment can strongly affect proliferation, differentiation, and
morphogenesis of a number of different cell types, including muscle cells, through its
mechanical properties called the elastic modulus (E) (Guilak et al., 2009; Lopez et al,,
2008). Healthy muscle tissue present a particular E value (E =12 kPa), that is altered
during aging, disease and injury, as revealed in dystrophyn-deficient mdx mouse
model of Duchenne muscular dystrophy (Engler et al., 2004) and in aged mice (Gao et
al., 2008). These studies strongly suggest an important role of biophysical stimuli on

SC function.
1.6.2 Satellite cell function and muscular dystrophies.

The involvement of SCs in muscular dystrophies was not an obvious evidence, and
only in the recent years studies of human dystrophies and/or mouse models have
investigated the correlation between muscle disorders and SC activity. It have been
reported that a number of muscle dystrophies not only result in myofiber wasting,
but also involve SCs, as pathogenic mutations can directly or indirectly influence the
activity of SCs (Morgan and Zammit, 2010). Mutations of dystrophin, one component
of DGC, cause Duchenne muscular dystrophy (DMD) and Becker muscular dystrophy
(BMD) in humans. Even if dystrophin is only expressed in myofibers and not in SCs,
the myofiber wasting due to mutations in this protein indirectly involves also SC
activity. Indeed, the compensation response of SCs to muscle wasting is characterized
by their continue activation and proliferation associated to repeated cycles of muscle
degeneration and regeneration, which at the end lead to ineffective regenerative
capabilities in DMD patients. The mdx murine model of this pathology also displays

cycling events of degeneration and repair, but the inability of SCs to regenerate
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muscle is not lost, and with age the dystrophic phenotype is milder than in humans
(Morgan and Zammit, 2010). This apparently contrasting feature observed between
humans and mice seems to be due to the higher ability of murine SCs to maintain
telomeres of proper length during division (Sacco et al., 2010). Differently from DMD,
were the mutated protein is expressed only by myofibers, in CMD due to mutations of
laminin-2 the pathogenic effects are linked to both myofibers and SCs, since the
protein is expressed by both cells. A dystrophic phenotype is present in laminin-2
null mice, which do not compete muscle regeneration in response to injury, with
excessive death of cells associated with immature fibers observed during the abortive
regenerative response (Kuang et al., 1999). Other types of muscular dystrophies seem
to be associated to alteration in SC activity, and more in detail in the perturbation of
their ability to activate from quiescence, proliferate to expand the myoblast pool,
efficiently differentiate, fuse into existing myofibers or fuse together to produce new
myotubes, thus maintaining the stem cell pool by self-renewal (Morgan and Zammit,

2010).

15






Part I: main project Methods

2. Methods

2.1 Mice.
Six and two month, and two week old wild type C57BL/6 and Col6a1~- (Bonaldo et al.,

1998) mice were used to perform the studies described in this thesis. Animals were
sacrificed by cervical dislocation and all analysis were made comparing almost three

wild type and Col6al7/- mice at the same age and sex.

2.2 Muscle injury by cardiotoxin injection.

Wild type and Col6al~/- mice were subject to anesthesia using isofluorane (Merial)
and treated with 10 ul subcutaneous injection of anti paining Rymadil (Carprofen,
Pfizer). Each TA muscles were injected with 30 ul of cardiotoxin (Naja mossambica
mossambica, 10 uM; Sigma). After the needed time, mice were sacrificed by cervical
dislocation and TA and EDL muscles were isolated; TA muscles were freezing in
liquid nitrogen, and EDL was previously dispose in cryomolds (Tissue tek II) and
covered by OCT tissue tek (Sakura) before freezing. For multiple injuries, TA muscles

were injected with cardiotoxin one month after the previous injection.

2.3 Mice training.

Two months old wild type and Col6al”/- mice were subject to muscle training by
voluntary exercise on running wheels. After one month, exercise was continually
monitored for next two months (analysis kindly provided by Dr Alvise Schiavinato).
TA and diaphragm muscles were isolated and frozen in liquid nitrogen before starting

with next analysis.

2.4 Histological analysis.

TA and EDL muscles were used to obtain cryo-cross sections of 7 um. Hematoxylin-
eosin staining was performed immersing slides in Meyer hematoxylin (Sigma) for 3.5
minutes, which color in blue negative-charged basic cellular components, like nuclei.
Next step was the incubation of slides in water for 3.5 minutes, and then stained with
2% eosin-distilled water solution (Sigma) for 3 minutes. Eosin permits the staining of
cell structure displaying positive-charged acid characteristics, as cytoplasm, in

various shades of red, pink and orange. To dehydrate muscle sections, slides were
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subject to sequential immersion in alcoholic solutions: 30 seconds in 50% ethanol-
water; 30 seconds in 70% ethanol-water; 30 seconds in 100% ethanol; 10 minutes in
100% ethanol. Before covering slides, sections were treated 3 minutes with 100%
xylene solution.

Tricromic Azan staining was performed on cryosections of muscles starting with
azocarmine coloration at 56 °C for 30 minutes. After cooling, slides were incubated
for 5 minutes with aniline oil at 90 °C, and put in a mordant solution for 1 hour. Next,
slides were stained with Mallory solution (aniline blue and orange G mix) for 2 hours
at room temperature, dehydrated in crescent alcoholic solutions, washed in xylene
for 3 minutes, and covered before analysis. Nuclei, erythrocytes, fibrin, fibrinoid,
acidophilic cytoplasm, epithelial hyalin, and so on are stained "red" with azocarmine.
Collagen fibers, basophilic cytoplasm, mucus, and so on are counterstained blue with
Mollory solution.

Images were acquired by optical microscope (Leica DC500 ZEISS Axioplann); cross
sectional area of myofibers (more then 1000 per each experiment) were valued using

IM2000 program.

2.5 Single fiber isolation from EDL muscle.

EDL muscles were isolated from wild type and Col6al/- mice and subject to
enzymatic digestion by collagenase I (Gibco) for 80 minutes at 37 °C. Enzymatic
digestion was blocked with Dulbecco’s Modified Eagle Medium (DMEM, Sigma) added
with L-glutamine (0.2 M, Invitrogen), penicillin-streptomicyn (1:100, Invitrogen),
fungizone (1:100, Invitrogene), and horse serum (10%, Gibco). Single fibers were
genteelly released from the muscle in a petri and, to eliminate other not muscles cells
and tissues, were passed for five time in new petri containing fresh media, and
maintained at 37 °C in cell incubator almost 15 minutes between each wash cycle.
Single fibers not damaged were selected and one part was fixed in 20% PFA-PBS

solution and others fibers used to culture.

2.6 Single fiber culture.

Chamber slides (Thermo Scientific) were coated with ECM gel (1:20, Sigma) and used

to perform single fiber culture; each well was used for a single fiber culture. Fibers
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were grown in Dulbecco’s Modified Eagle Medium (DMEM, Sigma) added with L-
glutamine (0.2 M, Invitrogen), penicillin-streptomicyn (1:100, Invitrogen), fungizone
(1:100, Invitrogene), horse serum (10%, Gibco), fetal bovine serum (20%, Gibco), and
chick embryo extract (1%, DBA Italia). This growing media permit the survival of
myofibers and SCs division. After 48 hours of culture, single fibers were fixed in 20%

PFA-PBS solution before starting with immunofluorescence analysis.

2.7 Fluorescence microscopy.

Analysis performed at fluorescent microscopy had permit the identification and
characterization of proteins, cellular markers and apoptotic nuclei in muscle and
fibers samples. In this studies were used either epyfluorescence microscope (Leica

DC500 ZEISS Axioplann) or confocal microscope (Leica SP5).

Immunofluorescence on muscle sections. Cryosections of TA and EDL muscles were
fixed 20 minutes with 20% PFA at room temperature and washed three times in
phosphate buffered saline (PBS) buffer. Permeabilization of tissue was performed
using cold 100% methanol for 6 minutes at -20 °C, then slides were dry and washed
two times in PBS. To unmask nuclear antigens, slides were incubated two times in
citric acid (0.1 M, pH 6) for 5 minutes at 70 °C. After washing slides in PBS, samples
were incubated with 4% BSA IgG-Free (BBBSA, Jackson) in PBS solution for 2 hours,
washed in PBS buffer and treated with for 30 minutes a blocking solution containing
the Fab fragment anti-mouse IgG (0,05 mg/ml, Jackson). Slides were washed one time
in PBS buffer and three times in 0,1% BSA IgG-Free (Jackson) in PBS (BSA-PBS)
solution, and incubated at 4°C over night with primary antibodies diluted in BBBSA
solution. The antibody used were mouse anti-Pax7 (1:25; Developmental Studies
Hybridoma Bank); rabbit anti-collagene VI (1:100070-XR95, Fitzgerald); rat anti-
laminina, (1:250; 4H82, Enzo); rat anti-MOMA2 (1:500; SM065P, Acris). Next step
was washing slides three times in BSA-PBS solution before incubation for 45 minutes
with secondary antibodies at room temperature. For Pax-7 staining anti-mouse
biotynilated (1:1000; 115-007-003, Jackson Immunoresearch) antibody was used,
while antibodies anti-mouse CY2 (1:200; 115-226-062, Jackson Immunoresearch)
anti-rabbit IRIS5 (1:300; 5WS-08, Cyanine Technologies), anti-rabbit CY2 (1:200;
111-225-144, Jackson Immunoresearch) and anti-rat CY3 (1:300; 112-165-167,
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Jackson Immunoresearch) were directed against the others primary antibodies. After
washing slides in BSA-PBS solution, when needed samples were incubated for 30
minutes at room temperature with the streptavidin CY5 or CY3 (1:2500; 016-160-
084, Jackson Immunoresearch) in BBBSA to reveal Pax-7, and followed by washing
passages. All samples are next incubated for three minutes with Hoechst 33258
(1:100; Sigma) for nuclei staining. After washing, slides were covered and ready to

analyse at fluorescence microscope.

Immunofluorescence on single myofibers. Single fibers were washed in PBS,
permeabilized with 5% Triton-PBS solution for 10 minutes at room temperature, and
incubated with the blocking solution of 20% goat serum in PBS for one hour. Primary
antibodies were diluted in 1% goat serum in PBS solution and incubated for 2 hours
at room temperature or over night at 4° C. For the analysis were used the following
antibodies: mouse anti-Pax7 (1:25; Developmental Studies Hybridoma Bank); rabbit
anti-collagene VI (1:1000; 70-XR95, Fitzgerald); rat anti-laminina (1:250; 4H82,
Enzo), and rabbit anti-MyoD (1:20; Developmental Studies Hybridoma Bank). After
three washing step in 1% goat serum in PBS solution, single fibers were incubated
one hour with the secondary antibodies diluted in 1% goat serum in PBS solution:
anti-mouse CY2 (1:200; 115-226-062, Jackson Immunoresearch) anti-rabbit IRIS5
(1:300; 5WS-08, Cyanine Technologies), anti-rabbit CY2 (1:200; 111-225-144,
Jackson Immunoresearch). Single fibers were after washed in 1% goat serum in PBS
solution for three times on slides and covered before starting with the analysis at

fluorescence microscope.

TUNEL analysis. TUNEL assays were performed with the Dead End Fluorometric in
situ apoptosis detection system (Promega). The system measures the fragmented
DNA of apoptotic cells by catalytically incorporating fluorescein-12-dUTP at 3’-OH
DNA ends using the Terminal Deoxynucleotidyl Transferase, Recombinant, enzyme
(rTdT). rTdT forms a polymeric tail using the principle of the TUNEL (TdT-mediated
dUTP Nick-End Labeling) assay. The fluorescein-12-dUTP labelled DNA can then be
visualized directly by fluorescence microscopy. Muscles cryosections were
permeabilized in methanol-acetone 50:50 at -20 °C for 10 minutes. After dried, slides
were washed in PBS and treated 5 minutes with proteinase K at room temperature,

then washed and incubated with equilibration buffer for 10 minutes. Samples were
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further incubated with buffer containing fluorescent nucleotides, rTdT enzyme and
hoechst for 1 hour at 37 °C. SSC solution was used to block the activity of rTdT

enzyme, before washing and preparing slides for microscopy analysis.

2.8 Statistical analysis.

Data were expressed as means * s.e.m. Statistical significance was determined by
unequal variance Student’s t test. A P value of less than 0.05 was considered

statistically significant.
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3. Results

3.1 Col6al/- muscles display phenotypic features suggesting

abnormal regeneration.

To assess the relative positions of ColVI and SCs in muscle, I first performed
immunofluorescence analysis on cross-sections of tibialis anterior (TA) muscle from
wild-type mice (Fig. 1A). Under physiological conditions, collagen VI seems to cover
SCs (Fig. 1A, a and b), which are under the basal lamina (Fig. 1A, ¢ and d). To
investigate whether lack of ColVI affects muscle regenerative response, I carried out
histological studies on tibialis anterior (TA) and extensor digitorum longus (EDL)
muscles of 6-month-old wild type and Col6al7/- mice maintained in standard
physiological conditions. Hematoxylin/eosin staining (Fig. 1B, a, b, e and f) was used
to assess muscle features such as myofiber cross-sectional area (CSA) and centrally
nucleated fibers, while Azan staining (Fig. 1B, c and d) allowed evaluate the amount of
fibrillar collagens in the ECM surrounding myofibers. Col6al/- TA and EDL muscles
displayed an increased number of centrally nucleated myofibers, a well-established
marker of muscle regeneration (Fig. 1C, a and b). Immunofluorescence showed that
both muscles of Col6al7/- mice had significantly more cells expressing Pax7, a marker
for SCs, when compared to the corresponding wild-type muscles (Fig. 1C, ¢ and d).
Despite the increased incidence of SCs and of centrally nucleated myofibers, the mean
myofiber CSA was lower in both TA and EDL muscles of Col6al7/- mice, suggesting an
alteration of the muscle regenerative response (Fig. 1C, e and f). To assess whether
the muscle alterations observed in adult Col6al~- mice were also present in youngest
animals, hematoxylin-eosin and Pax7 staining were performed on two-week-old mice
(Fig. 2A). No significant difference in centrally nucleated myofibers and Pax7-positive

cells was observed between two-week-old wild-type and KO mice Col6a1~- (Fig. 2B).

3.2 Col6al/- mice have an altered regenerative response to muscle
injury.
In order to investigate further whether lack of ColVI affects muscle regeneration, |

experimentally induced muscle injury in mice, a widely used tool for unmasking

regenerative defects (Garry et al., 2000; Tedesco et al., 2010). Towards this aim, wild
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type and Col6al-/- TA and EDL muscles were injected with a solution containing
cardiotoxin, mice were sacrificed at different times after injury and muscles
processed for histology (Fig. 3). Two time points (7 and 30 days) were chosen to
check two different phases of muscle regeneration. Indeed, at seven days post-injury,
the acute phase of degeneration and inflammatory recruitment is declining and newly
forming fibers can be detected. Differently, at one month post-injury the muscle
structure is reestablished and SC activity becomes similar to that observed under
physiological conditions (Shea et al., 2010). Both TA and EDL muscles showed a slight
delay in muscle regeneration at 7 days from cardiotoxin injection in Col6al~- mice,
when compared to the corresponding wild-type samples. Indeed, in Col6al7/- muscles
the newly forming fibers were less defined, inflammatory infiltration was more
evident and some myofibers were still in degenerative phase (Fig. 34, a and c; Fig. 3D,
a and c). Nonetheless, at 30 days post-injury wild type and Col6al7- muscles became
indistinguishable (Fig. 3A, b and d; Fig. 3D, b and d). Repeated muscle injury is a well-
known tool used to analyze SC self-renewal (Castets et al., 2010). In order to evaluate
the self-renewal capability of Col6al7/- SCs, I performed multiple injuries in TA and
EDL muscles. One month after the first injury, muscles were subjected to a second
injury by cardiotoxin injection and animals were sacrificed at 7 and 30 days from
second injury (Fig. 3B and E). Defective muscle regeneration was more evident in
Col6al/- TA and EDL after 7 days from second injury, compared to what displayed by
muscle subjected to single injury (Fig. 3B, a and b; Fig. 3E, a and b). Despite of this, at
one month after second injury Col6al/- and wild-type muscles showed similar
abilities to recover tissue structure (Fig. 3B, b and d; Fig. 3E, b and d). I next
performed a third injury with cardiotoxin, one month after the second one, in order to
push further the muscle regenerative activity (Fig. 3C and F). While wild-type muscles
were able to regenerate properly after triple injury, muscle regeneration was strongly
decreased in Col6al/- mice at both 7 and 30 days from the third injury. This was
particularly marked in Col6al/- TA, where muscle tissue was in a large part
substituted by fibrous connective tissue (Fig. 3C, c and f).

The reduced regenerative capability of Col6al~- muscles was confirmed by analysis of
muscle mass before and after cardiotoxin injection (Fig. 4). Indeed, the effect of
altered regeneration observed after triple injury was macroscopically evident, with

much thinner post-injury muscles in Col6al”- mice than in wild-type animals (Fig.
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4A). These findings were quantified by measurement of TA weight in either non-
injured conditions, at 30 days from single, double and triple injury, and at 60 days
from double and triple injury (Fig. 4B). In order to allow for a full restoration of the
initial tissue conditions, I waited until 60 days from cardiotoxin injection before
starting the analysis. Under physiological conditions, the normalized weights of TA
from wild-type and Col6al7/- mice were similar. Conversely, normalized TA weights
after 30 days from either single or triple injury were significantly lower in Col6al~-
mice compared to wild-type animals. A significantly lower normalized weight was
also present after 60 days from cardiotoxin injection in double and triple injured
Col6al/- muscles, when compared to the corresponding wild-type samples (Fig. 4B).
To investigate whether the regenerative defects observed in Col6al/- mice could
involve the early phases of muscle regeneration, I analyzed TA muscles at 4 days from
single injury (Fig. 5). Immunofluorescence analysis of wild-type TA muscles showed a
strong increase of collagen VI deposition in the endomysial ECM during the early
phases of muscle regeneration. In addition, almost all Pax7-positive cells were
surrounded by or in contact with ColVI (Fig. 5A, a and b). Immunofluorescence for
MOMAZ2, a marker for activated monocytes and macrophages, did not show any
obvious difference in the recruitment of inflammatory cells between wild type and
Col6al’/- muscles at 4 days post-injury (Fig. 5B). TUNEL analysis in regenerating
muscles showed a strong increase of apoptotic nuclei in Col6al”/- TA, when compared
to both untreated Col6al~- TA and cardiotoxin-treated wild-type TA (Fig. 5C).

Given the crucial and well-known role of SCs in muscle regeneration, I investigated
the incidence of Pax7-positive cells in injured muscles of Col6al”/- and wild-type
animals. Pax7 immunofluorescence was performed on regenerated TA muscles after
30 days from single, double and triple injury for the evaluation of SC ratio. At
difference from wild-type muscles, where the incidence of Pax7-positive cells was
markedly increased at 30 days after single and double injury, Col6al~- muscles did
not show any increase of Pax7-positive cells (Fig. 6A). The incidence of Pax7-positive
cells changed in wild-type muscles at 30 days from triple injury, returning to the
levels observed under physiological conditions. Conversely, the incidence of SCs was
decreased in triple injured Col6al”/- muscle, when compared to either the

corresponding wild-type samples and all the other Col6al~- conditions (Fig. 6A).
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Myofiber CSA was measured in TA and EDL muscles at 30 days after single, double
and triple injury (Fig. 6B and C). Despite myofiber CSA was significantly lower in
Col6al/- muscles than wild-type under physiological condition, after 30 days from
single injury both Col6al~/- TA and EDL muscles showed higher myofiber CSA when
compared to the corresponding wild-type samples. Conversely, at 30 days from
double injury myofiber CSA of both Col6al~- muscles decreased when compared to
the corresponding wild-type samples, but also in comparison to untreated Col6al~/
muscles. In triple injured TA muscles, CSA differences between wild-type and Col6al-
/- were lost at 30 days, but a significant decrease was observed when comparing both
genotypes with physiological conditions. Differently from what observed in TA
muscles, CSA of EDL muscles at 30 days from triple injury was markedly lower in

Col6al/- when compared to wild-type samples (Fig. 6C).

3.3 Effects of training exercise on muscle phenotype and

regeneration in Col6a1/- mice.

In order to induce a chronic muscle injury, we subjected in parallel age- and sex-
matched wild-type and Col6al-/-mice to muscle training by voluntary exercise on
running wheels. Interestingly, Col6al-/- mice were found to cover significantly
shorter distances than wild-type littermates, and they also displayed a gradual
decline of their locomotory activity (Fig. 7A). Running exercise was continued for
three months and at the end of the experiment muscles were analyzed and compared
to muscles of non-exercised littermates. Prolonged exercise caused a striking
worsening of the myopathic phenotype and a marked increase of muscle fiber death
in ColVI null mice, while the wild-type maintained a normal muscle survival (Fig. 7B).
In particular, the incidence of myofibers with apoptotic nuclei, which is consistently
maintained in the range of about 50-60 TUNEL-positive nuclei/sq.mm in Col6al-/-
diaphragms (Irwin et al, 2003; Palma et al, 2009; Tiepolo et al, 2009), was
significantly increased in the diaphragms of exercised Col6al-/- mice, with about two-
fold higher values than non-exercised Col6al-/- mice (Fig. 7B). Both wild type and
Col6al-/- mice showed an increase of centrally nucleated fibers, with a higher rise in
Col6al-/- mice (Fig. 7C). Remarkably, long-term exercise led a marked decrease of

Pax7-positive cells in Col6al-/- muscles, while it had ho effect on wild type muscles
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(Fig. 7D). These findings strengthen the hypothesis that SCs are not able to respond

properly to regeneration stimuli in ColVI deficient muscles.

3.4 Ex vivo studies reveal altered SC activity in Col6al~- mice.

In parallel with the in vivo studies, and in order to further investigate SC activity, I set
up an ex vivo approach with single intact myofibers derived from EDL muscles of
wild-type and Col6al-/- mice. This experimental model allows not only to study SCs,
by maintaining as much as possible their niche, but also to analyze their activity
during myofiber culture. Towards this aim, [ analyzed freshly isolated myofibers,
right after dissection from muscle (time 0) in order to have information about the
physiological state of SCs. Moreover, I performed culture of single myofibers to study
the activation, proliferation and differentiation of SCs (48-hour culture). Since muscle
fibers were cultured singularly, SCs showed a consistent response to culture, miming
their activation during in vivo muscle regeneration. Immunofluorescence analysis of
myofibers derived from wild-type muscle showed that the extracellular network of
ColVI was well preserved in the freshly isolated myofibers (Fig. 8A). In particular,
ColVI formed a thin microfibrillar network surrounding the myofiber and close to
SCs. Pax7 immunofluorescence of freshly isolated myofibers at time 0 showed that
SCs were increased in Col6al”/- myofibers compared to wild-type, thus confirming the
in vivo findings (Fig. 8B). To assess the activation and differentiation of SCs, single
myofibers were cultured for 48 hours and subjected to immunofluorescence for Pax7
and MyoD. In these experiments, I divided cells in three subpopulations: i) SCs
returned to quiescence, classified as cells expressing only Pax7; ii) activated and/or
committed SCs, corresponding to cells positive to both Pax7 and MyoD; and iii)
differentiated SCs, corresponding to cells expressing only MyoD (Fig. 8B and C). As
expected, wild-type fibers showed an increased number of SCs after 48 hours of
culture, maintaining Pax7-positive subpopulation and increasing Pax7- and MyoD-
positive cells. Conversely, Col6al”/- SCs did not show any increase, and the SC
population was composed of a lower amount of Pax7-positive cells and a similar
incidence of Pax7- and MyoD-positive cells (Fig. 8B). Interestingly, the incidence of
differentiated SCs, expressing only the MyoD marker, was not different between wild

type and Col6al~/- fibers (Fig. 8C).
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4. Discussion

Col6al/- mice have been revealed a fundamental model for the understanding of the
pathomolecular muscle defects caused by lack of ColVI and for the identification of
novel therapeutic opportunities for human BM and UCMD patients. Indeed, studies
carried out in ColVI null mice revealed a spontaneous apoptosis associated to
mitochondrial dysfunction in myofibers and muscle-derived cells, defects that could
be normalized by addition of ColVI or treatment with cyclosporin A (Irwin et al,
2003). Moreover, the molecular mechanisms underlying the accumulation of
abnormal mitochondria and the ensuing cell death in Col6al-- muscles were recently
elucidated, showing a link between impaired autophagic signaling and the
development of the myopathic phenotype (Grumati et al., 2010). Remarkably, the
pathogenic mechanisms identified in Col6al~- mice were also confirmed in UCMD and
BM patients (Angelini et al, 2007; Grumati et al, 2010). In addition, the
demonstration of the therapeutic efficacy of cyclosporin A in Col6al”/- mice, led to a
promising clinical trial with cyclosporin A in UCMD and BM patients, opening new
therapeutic perspectives. Interestingly, cyclosporin A treatment not only was found
to be able to recover apoptosis and mitochondrial dysfunction, but also promoted

muscle regeneration in UCMD pediatric patients (Merlini et al., 2008a).

In some muscular dystrophies, the pathogenic mutation not only results in myofiber
wasting, but also directly impairs SC function thus compromising the efficient
maintenance and repair of myofibers (Zammit et al., 2010). ColVI is abundantly
present in the ECM located in the close periphery of myofibers, thus is can be
hypothesized that ColVI may influence the behaviour of either myofibers and/or SCs.
Considering the remarkable apoptotic phenotype displayed by Col6al~/- and UCMD
myoblasts, and persuaded by the regenerative effect of cyclosporin A treatment in
UCMD patients, during the second half of my PhD work I started investigating muscle

regeneration and SC activity in the Col6al~- mouse model.

[ found that under physiological conditions TA and EDL muscles of 6-month-old
Col6al/- mice display activation of baseline regeneration, with increased incidence of
centrally nucleated myofibers and of Pax7-positive cells ratios. This is in agreement

with the myopathic phenotype of these mice, which was demonstrated to cause
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muscle defects and myofiber degeneration (Bonaldo et al., 1988; Irwin et al., 2003).
Although centrally nucleated myofibers are typically considered a sign of muscle
regeneration, they are also representative of a dystrophic condition, since muscle
regeneration is often a consequence of muscle damage due to a dystrophic process.
For these reasons, it was not surprising to find an increase of centrally nucleated
myofibers in ColVI null muscles. In agreement with the need for muscle regeneration,
SCs were found increased in number in Col6al~- mice. Similar features were observed
in the dystrophic phase of mdx mice, where the absence of dystrophin protein leads
to extensive and cycling events of muscle degeneration and regeneration, associated
with increased activity of SCs (Morgan and Zammit, 2010). Interestingly, these events
were more rare in Col6al”/- muscles, where centrally nucleated myofibers and Pax7-
positive cells were respectively four- and two-fold increased compared to wild-type
muscles. Furthermore, Pax7-positive cells detected in Col6al7/- muscles seemed to be
in a typical ‘satellite’ position, underneath the basal lamina, both in muscles in vivo
and in myofibers ex vivo (data not shown). The increased number of activated SCs
should generate more differentiated myogenic cells able to fuse with pre-existing
myofibers, leading to increased myofiber size. Instead, Col6al~/- TA and EDL muscles
showed a lower mean cross-section area (CSA) compared to wild-type muscles,
suggesting alteration in SC activity. Further experiments are needed to get a better
understanding of Col6al7/- SC state under physiological conditions, in terms of
quiescence, activation and proliferation. Experiments in this perspective are already
ongoing, where Col6al/- mice are treated in vivo with EdU (5-ethynyl-2’-
deoxyuridine), a modified nucleoside that is incorporated during DNA synthesis in
proliferating cells. This approach will allow us to get detailed information about SC

proliferation under physiological conditions in Col6al~/- mice.

Altered activation of SCs represents one of the possible causes of their increased
number in Col6al/- muscles. In addition, modified determination of the SC pool
during mouse development could also explain the phenotype observed in adult
Col6al/- mice. In order to test this possibility, I performed SC analysis in young (two-
week-old) wild-type and ColVI null TA muscles. It was previously demonstrated that
two-week-old mouse muscles display an increased incidence of SCs compared to

adult, and they reach SC adult levels after three weeks, with no significant changes
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thereafter (White et al., 2010). In the case the observed increased incidence of SCs in
ColVI null muscles is of embryological origin, it may be argued that two-week-old
mice should have a more evident increase of Pax7-positive cells when compared to
wild-type mice of the same age. Differently, I did not observed any significant
difference between wild-type and Col6al~- two-week-old muscles, both in terms of
centrally nucleated myofibers and of SC ratios. These findings seem to exclude an
involvement of SC embryonic determination in the increased SC ratio observed in 6-
month-old Col6al~/- mice, and suggest that this alteration becomes apparent only in

adult mice.

In order to investigate further muscle regeneration capability, I subjected 6-month-
old wild-type and ColVI null mice to acute muscle injury by cardiotoxin injection.
Histological analysis at 7 days from injury showed a slight delay of new myofiber
formation in Col6al7/- muscles. In addition, and at difference from the corresponding
wild-type samples, myofibers undergoing degradation were still present at this time
point in injured Col6al~/- muscles. The importance of the recruitment of cells of the
immune system for the elimination of dead myofibers and for the activation of early
events of muscle regeneration was demonstrated in a number of studies (Lescaudrom
et al,, 1999; McClung et al., 2007). Thus, a possible delay or decrease of immune
system recruitment may explain the retarded muscle regeneration of Col6al~/-
muscles. Detection of active monocytes and macrophages at 4 days from cardiotoxin
injury, by immunofluorescence with the MOMA2 marker, did not reveal any obvious
difference between wild-type and ColVI null muscles, suggesting that other
mechanisms should be responsible for the incomplete elimination of damaged
myofibers in Col6al”/- mice. One possibility is the impaired activation of the
autophagic degradative process, a major defect recently found in ColVI null mice

(Grumati et al., 2010) and which may explain at least in part these features.

Although the histological analysis after 30 days from cardiotoxin-induced injury
suggests a rescue of Col6al/- muscle structure, other parameters reveal an altered
progression of muscle regeneration. Indeed, analysis of the incidence of Pax7-positive
cells ratio at 30 days from injury showed strong differences between the responses of
wild-type and Col6al~- null TA muscles. Despite the strong increase of Pax7-positive

cells in injured wild-type muscles, also reported in another work (Shea et al.,, 2010),
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Pax7-positive cells were reduced in injured Col6al”/- muscles, suggesting that the
ability of SCs to maintain their pool after an acute injury was compromised in Col6al-
/- mice. Interestingly, although ColVI null myofibers showed an increased mean CSA
after 30 days from injury, the weight of TA muscles was decreased when compared to
the corresponding wild-type samples. These results suggest that regenerated Col6al-
/- muscles were composed by a lower number of larger myofibers compared to
regenerated wild-type muscles, highlighting a decreased regenerative capability of
ColVI null mice. The observation that regenerated Col6al/- muscles display an
increased mean CSA indicate that SCs are able to correctly differentiate in myoblasts
and fuse with myofibers. Altogether, these findings strongly suggest that in Col6al~-
muscles SCs are able to complete muscle regeneration, but are unable to expand and

maintain their pool like in wild-type muscles after injury.

Remarkably, similar results were obtained by analyzing wild-type and Col6al7/- mice
subjected to muscle training by voluntary exercise on running wheels. It was previously
shown that an increased level of physical activity, such as running or resistance
training, can also stimulate SC mitotic activity (McCormick and Thomas, 1992) and
results in elevated SC numbers (Kadi and Thornell, 2000). Exercise training by
progressive treadmill running results in SC activation together with morphological
changes indicative of ongoing muscle fibre injury and repair (McCormick and
Thomas, 1992). Our data show that, in addition to decreased muscle activity and
increased myofiber apoptosis, three months of running wheel exercise results in a
strong reduction of Pax7-positive cells in Col6al/- muscles, when compared to both
exercised wild-type mice and non-exercised Col6al”/- mice. At difference from
cardiotoxin injection, muscle training represents a more prolonged and less invasive
method to induce chronic muscle injury, mimicking in a better way the physiologic
damage observed in the human disease. Since two different injury approaches led to
similar effects on Pax7-positive cells, we can strongly suppose that SCs are not able to

maintain their pool after activation in a muscle lacking ColVI.

It was shown that SCs are capable of both self-renewal and differentiation during
skeletal muscle repair (Montarras et al., 2005; Collins et al., 2005; Kuang et al., 2007;
Sacco et al.,, 2008; Cerletti et al.,, 2008). The mechanism by which this happens is

linked to asymmetric and symmetric division of SCs (Crossgrove et al., 2009). Since
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Pax7-positive cells were reduced in regenerated Col6al/- muscles, 1 decided to
perform multiple injuries to test the ability of SCs to self-renew. Indeed, a second
injury, carried out in regenerated muscles, activates those SCs that performed self-
renewal during the first injury. If SC self-renewal is impaired, repeated injuries
determine a progressive loss of SC stem pool with consequent reduction of
regenerative capability. Interestingly, the inability of Col6al7- muscles to regenerate
correctly was more evident following multiple muscle injuries. Col6al~- muscles
displayed decreased muscle regeneration at 7 days from a second injury, and this
decrease was even more marked at 7 days from a third injury. Moreover, regenerated
muscles investigated after 30 days from double cardiotoxin injury showed evident
histological alteration with lower mean CSA in Col6al/- mice compared to wild-type,
suggesting a secondary reduction of myogenic cells. Furthermore, Col6al~- muscles
subjected to triple injury were largely unable to regenerate, showing connective
tissue substitution and strong decrease in muscle mass. It is interesting to note that
also wild-type muscles started to display some problems in muscle regeneration after

a triple injury, since mean CSA decreased when compared to untreated condition.

In order to ascertain whether the features displayed by multiple injured Col6al~-
muscles could be only due to a delay in muscle regeneration, muscle mass was also
measured after 60 days from double and triple injury. Interestingly, even at 60 days
from injury, Col6al/- muscles were not able to recover muscle mass like wild-type
mice, suggesting a decreased regenerative capability rather than a delay of the
regeneration process. Looking at the SC ratio in double injured muscles, we found
that Col6al”/- ratio was not increased like in wild-type muscle, in agreement to what
was observed after the first injury. However, no significant differences in the SC ratio

were found between Col6al-/- and wild-type muscles after a triple injury.

Altogether, these results strongly suggest that ColVI plays a role in muscle
regeneration and SC maintenance. Similar alterations of SCs were recently described
for intracellular proteins involved in muscle homeostasis. Shea and colleagues
showed that Sprouty 1 (Spry1l), a receptor tyrosine kinase inhibitor, is required for
the return to quiescence and homeostasis of the SC pool during repair. When Spry1 is
disrupted, muscles display a decreased number of Pax7-positive cells after injury

(Shea et al,, 2010). In another work, similar effects were observed in mice lacking
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selenoprotein N, a protein whose deficiency causes a group of inherited

neuromuscular disorders in humans (Castes et al., 2010).

Since the lower regenerative ability of Col6al-/- mice seemed to be due to the
inability of SCs to maintain their pool after injury, I decided to analyze ColVI
deposition in wild-type muscles during the starting events of muscle regeneration,
when SCs are induced to proliferate and expand their pool (Kalaraki et al., 2009).
Interestingly, after 4 days from cardiotoxin injection, wild-type TA muscles showed a
marked increase of ColVI deposition in the regenerating area, where Pax7-positive
cells were found to proliferate extensively. In addition, almost all Pax7-positive cells
were found in close contact with ColVI, and some of these cells were totally
surrounded by the protein. These data suggest that ColVI may be a component of the
SC niche that plays a role during SC activation, and do not exclude a potential role of
the protein during the quiescent state of SCs. Various studies demonstrated that the
niche is crucial for maintaining the stemness of different kind of stem cells (Fuchs et
al, 2004; Moore et al, 2006; Scadden et al.,, 2006). In skeletal muscle, the ECM
surrounding SCs is considered part of their niche and seems to be essential in
regulating SC self-renewal (Crossgrove et al, 2009). These evidences strongly
support the hypothesis that ColVI is a component of SC niche necessary to induce a
correct return to quiescence of SCs. A number of literature data indicate that ECM
elasticity regulates the activity of a number of cells, including stem cells, by means of
its mechanical properties (Lopez et al, 2008; Guilak et al, 2009). Gilbert and
colleagues demonstrated that substrate elasticity regulates SC self-renewal in culture,
while other works showed altered muscle elasticity during aging, disease and injury
(Gilbert et al.,, 2010). Therefore, it cannot be excluded that lack of ColVI can alter
elasticity in Col6al-/- muscles, leading to improper activity of SCs. It will be very
interesting to investigate the ECM mechanical properties of Col6al-/- muscles, and

studies were planned towards this aim.

Based on the finding that ColVI is likely needed during the early phases of muscle
regeneration, I investigated apoptosis in wild-type and Col6al-/-muscles following
cardiotoxin-induced injury. Apoptotic nuclei were found to be strongly increased in
Col6al-/- muscles after injury, when compared to both untreated Col6al-/- and

cardiotoxin-treated wild-type muscles. Since the peak of apoptosis was at 4 days from
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injury, it is possible that SCs contributed to the apoptotic increase. It may be
speculated that Col6al-/- SCs after activation are not able to properly self-renew and
undergo apoptosis. Although this hypothesis needs to be carefully investigated in
vivo, it remains plausible since Pax7-positive cells, obtained from Col6al-/- muscle
cultures, showed increased apoptosis in vitro (results not shown). Furthermore,
apoptosis occurring in SCs unable to undergo proper self-renewal was reported in
different works (Gilbert et al.,, 2010; Shea et al., 2010), and in more general terms
precocious differentiation of stem cells was also associated to apoptosis (Georgia et
al,, 2006; Liu et al., 2008). It was reported that during the critical phase of stem cell
activation from quiescence, anti-apoptotic signals play an important role in
preserving the full complement of SCs (Golding et al., 2007). Based on these findings
and our data, we can hypothesize that the SC pool is not properly maintained in
Col6al-/- muscles because part of SCs that should return to quiescence undergo

apoptosis.

In order to perform further studies on SC activity, I set up an in vitro experimental
system with single fiber cultures derived from wild-type and Col6al1-/- EDL muscles.
Since SC are maintained in their niche and in contact with host myofibers, single fiber
cultures represent one of the best in vitro model systems to study SC self-renewal
(Zammit et al., 2004). Moreover, I optimized the conditions for muscle dissection and
myofiber dissociation, in order to preserve as much as possible the endomysial ECM.
Indeed, although myofibers were subjected to enzymatic and mechanic dissociations,
the extracellular network of ColVI in wild-type samples was maintained around
myofibers and SCs after isolation, thus confirming the appropriateness of the
approach. Analysis of Pax7-positive cells in freshly isolated EDL myofibers confirmed
the in vivo observations, showing about twofold increase of SCs in Col6al-/- compared
to wild-type samples. Interestingly, although the total amount of Pax7-positive cells
per single fiber was not different between wild-type and Col6al-/- when cultured for
48 hours, Col6al-/- Pax7-positive cells did not expand their pool, as wild-type cells
did. More in detail, wild-type SCs doubled during myofiber culture and gave origin
both to activated cells (Pax7*MyoD+*) and cell returned to the quiescence state
(Pax7*MyoD-). Conversely, the number of quiescent Pax7-positive cells per fiber was

strongly reduced in Col6al-/- cultures compared to both wild-type cultures and
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freshly isolated Col6al-/- myofibers. In agreement with the in vivo findings, these data
provide evidences that ColVI is required for reversible quiescence of a subpopulation
of Pax7-positive cells. Interestingly, differentiated SCs (Pax7-MyoD*) revealed no
differences between wild-type and ColVI null cultures, enforcing the hypothesis put
forward by the in vivo experiments, which showed a normal ability of differentiated

myogenic cells to fuse with myofibers and increase their size.

Altogether, our in vivo and in vitro studies suggest that Col6a1-/- SCs have an impaired
ability to expand and maintain their stem cell pool. It was reported that Notch and
Wnt pathways direct SC proliferation and self-renewal, and alterations in one or both
of their players lead to reduced SC self-renewal (Conboy and Rando, 2002; Conboy et
al., 2003; Le Grande et al., 2009; Pisconti et al., 2010). In addiction, several growth
factors also display the ability to regulate SC proliferation and self-renewal (Machida
et al., 2004; Tatsumi et al 2006). Thus, ColVI may either act directly in regulating SC
self-renewal, or modulate growth factors and signal molecules involved in this fine
process. These different possibilities can be explored by studies in single myofiber
cultures, which permit to monitor SC activity in response to different culture
conditions, including ECM substrates, addition of growth factors, and modulation of
signaling pathways with specific activators and/or inhibitors. In addition, with this
model we will also be able to provide purified ColVI to myofiber cultures and analyze

its consequences on wild-type and Col6a1-/- SCs.

Since Col6al-/- mice display a marked rescue of the myopathic phenotype when
treated with cyclosporin A or when autophagy is reactivated (Irwin et al, 2003;
Grumati et al., 2010), it will be interesting to study SC activity when the myopathic
phenotype of ColVI null mice is rescued by different genetic, pharmacological or
dietary means. Along this line, I performed some preliminary studies on muscle
regeneration in wild-type and Col6al-/- mice treated for 10 days with either vehicle
or 10 mg/kg/day cyclosporin A. However no significant difference could be observed
between mice treated with the drug or with vehicle (data not shown). Despite that,
studies on the effects of cyclosporin A treatment during the regenerative phases
following single and repeated cardiotoxin-induced muscle injury are ongoing. In
addition, studies on single myofiber cultures will also help to assess the effects of

cyclosporin A or autophagy inducers on SC survival, division and self-renewal. These
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experiments will allow determine whether these treatments have any beneficial
effect on SC survival, stemness and differentiation. It will be also interesting to study
SCs in UCMD and BM patients, before and after cyclosporin A treatment. The
identification of a pathogenic contribution of SCs in these human conditions may

open new frontiers for therapeutic approaches.

In conclusion, the data reported in this thesis reveal that ColVI plays an important
role during skeletal muscle regeneration, and indicate that this ECM protein is
necessary for the normal expansion and maintenance of SC stem pool. These findings
constitute not only the basis for a better understanding of the pathogenic
mechanisms of Col6al-/- mice and human ColVI muscular dystrophies, but they may

also open new perspectives for therapeutic approaches.
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Figure 1. Col6al’- mice have altered muscle regeneration under
physiological condition.

A. Representative images of cross-sections from wild-type TA muscle
analyzed by epifluorescence (a and b) or confocal fluorescence (¢ and d)
microscopy. ColVI (green) and Pax7-positive cells (violet) are very close (a
and b). Pax7-positive cells (violet) are localized below laminin (red) and
ColVI (green) (c and d). Nuclei were stained with Hoechst (blue).

B. Histological analysis of wild-type (a, ¢ and e) and Col6al”" (b, d and f) TA
(a, b, c and d) and EDL (e and f) cross-sections, after staining with
hematoxylin-eosin (a, b, e and f) or Azan (c and d). Arrows indicate centrally
nucleated myofibers.

C. Quantification of centrally nucleated myofibers, myofiber cross-sectional
area, and Pax7-positive cells in TA (a, b and c¢) and EDL (d, e and f) muscles
from wild-type and Col6al”- mice. The incidence of centrally nucleated
fibers (CNF), calculated on the number of total myofibers, is significantly
increased in Col6al”/" muscles, compared to wild-type (a and d). Col6al””
muscles display a significantly lower mean cross-sectional area than wild-
type (b and e). The amount of SCs, calculated as Pax7-positive cells per area
unit, is significantly increased in Col6al”- muscles compared to wild-type (e
and f). *: p<0.05; **: p<0.01.

KO, Col6al”/"; WT, wild-type.
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Figure 2. Regenerative defects are not present in two-week old
Col6al” mice.

A. Hematoxylin-eosin staining of cross-sections of TA muscles from
2-week-old wild-type (a) and Col6al”- (b) mice maintained under
physiological conditions.

B. Histograms showing quantifications of centrally nucleated
myofibers (CNF, a) and SCs (b), calculated as CNF or Pax7-positive
cells on total myofibers, in TA muscles from 2-week-old wild-type
and Col6al”/" mice maintained under physiological conditions. NS:
not statistically significant.

KO, Col6al”/"; WT, wild-type.
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Figure 3. Histological analysis of wild type and Col6a1”/- TA and EDL
muscles after single or multiple cardiotoxin injury.

A. Hematoxylin-eosin staining of cross-sections of TA muscles from wild-
type (a and b) and Col6éal”" (¢ and d) mice at 7 days (a and c) and 30 days
(b and d) after single injection of cardiotoxin. Arrows indicate
degenerating myofibers in Col6al”/- muscles.

B. Hematoxylin-eosin staining of cross-sections of TA muscles from wild-
type (a and b) and Col6al”" (¢ and d) mice at 7 days (a and c) and 30 days
(b and d) days after double injection of cardiotoxin.

C. Cross-sections of TA muscles from wild-type (a, b and ¢) and Col6al”
(d, e and f) mice at 7 days (a and d) and 30 days (b, c, e and f) days after
triple cardiotoxin injection. Hematoxylin-eosin (a, b, d and e) or Azan (c
and f) staining were performed. Arrows indicate substitution of muscle
with fibrotic tissue.

D. Hematoxylin-eosin staining of cross-sections of EDL muscles from wild-
type (a and b) and Col6éal”" (¢ and d) mice at 7 days (a and c) and 30 days
(b and d) from single injection of cardiotoxin. Arrows indicate
degenerating myofibers in Col6al”/- muscles.

E. Hematoxylin-eosin staining of cross-sections of EDL muscles from wild-
type (a and b) and Col6al”" (¢ and d) mice at 7 days (a and c) and 30 days
(b and d) from double injection of cardiotoxin.

F. Cross-sections of TA muscles from wild-type (a, b and ¢) and Col6al”
(d, e and f) mice at 7 days (a and d) and 30 days (b, c, e and f) days after
triple cardiotoxin injection. Hematoxylin-eosin (a, b, d and e) or Azan (c
and f) staining were performed.

KO, Col6al”/"; WT, wild-type.
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Figure 4. Effects of muscle injury on muscle mass in wild-type and
Col6al/" mice.

A. Images showing representative wild-type and Col6al”- TA muscles at 7
days and 30 days following double injury or triple cardiotoxin injection.
After triple injury, Col6éal”/- TA muscles are smaller than WT muscles.

B. Histograms showing quantification of TA muscle weight normalized on
mouse weight and expressed in percentage (%). Wild-type and Col6al”
muscles were analyzed before (NT) and after 30 days from single, double
and triple cardiotoxin (CdTx) injection, and 60 days from double and
triple cardiotoxin (CdTx) injection. Regenerated Col6al”/- TA muscles
display a decreased muscle weight compared to wild-type muscles. All
differences are statistically significant with p<0.01, expect where noted.

NS, not significant.
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Figure 5. Characterization of early events of muscle regeneration
in wild-type and Col6a1”/- mice.

A. Immunofluorescence for Pax7 (red) and ColVI (green) in cross-
sections of wild-type TA 4 days after CdTx injection. During
regeneration, ColVI is abundantly deposited in the endomysial ECM
and the protein takes contact with Pax7-positive cells (a, low
magnification; b, high magnification). Hoechst was used to stain all
nuclei (blue).

B. Immunofluorescence for MOMA2 (red) in cross-sections of wild-
type (a) and Col6al”- (b) TA muscles after 4 days from cardiotoxin
(CdTx) injection. Nuclei were stained with Hoechst (blue).

C. Histograms showing the incidence of apoptotic nuclei in wild-type
and Col6al”- TA muscles before (NT) and 4 days after cardiotoxin
(CdTx) injection by TUNEL analysis. Apoptotic nuclei were calculated

on area unit (mm?). **: p<0.01.
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Figure 6. Col6al’- muscles display alterations in SCs and myofiber
cross-sectional area in response to muscle injury.

A. Histograms showing quantification of Pax7-positive cells in TA muscles
from wild-type and Col6al”- mice in untreated conditions (NT), after 30
days from single, double and triple cardiotoxin (CdTx) injection, and 60
days from double cardiotoxin (CdTx) injection. Pax7-positive nuclei were
calculated on the number of total fibers, and the value was expressed in
percentage (%). All differences are statistically significant with p<0.01.

B. Histograms showing quantification of myofiber cross-sectional area in
TA muscles. The analysis was performed in muscles from wild-type and
Col6al”" mice in untreated conditions (NT), after 30 days from single,
double and triple cardiotoxin (CdTx) injury, and 60 days from double
cardiotoxin (CdTx) injection. Area is expressed in um?. All differences are
statistically significant with p<0.01, expect where noted. NS, not
significant.

C. Quantification of myofiber cross-sectional area in EDL muscles from
wild-type and Col6al”/- mice in untreated conditions (NT), after 30 days
from single, double and triple cardiotxin (CdTx) injection. All differences

are statistically significant with p<0.01.
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Figure 7. Muscle training affects survival and regeneration in Col6al-
/- muscles.

A. Running activity measured by voluntary running wheel exercise. The
diagram plots the distance covered during a period of five days (d1-d5) by
sex- and age-matched wild-type (WT, n=3) and Col6al”/- (KO, n=3) mice.
Diagram of wild-type mice show a “stair-step” pattern, reflecting night
activity and daily rest.

B. Incidence of TUNEL-positive nuclei in diaphragm of 6-month-old wild-
type (WT) and Col6al”/ mice housed either in standard conditions (no
run) or after 3 months of running wheel exercise (3M run). * p<0.05.

C. Quantification of centrally nucleated myofibers (CNF) in wild-type (WT)
and Col6al”/-(KO) TA muscles before (no run) and after 3 months (3M
run) of voluntary running wheel exercise. ** p<0.01.

D. Quantification of Pax7-positive cells in wild-type (WT) and Col6al”
(KO) TA muscles before (no run) and after 3 months (3M run) of voluntary
running wheel exercise. Pax7-positive nuclei were calculated on the
number of total fibers, and the value was expressed in percentage (%).**
p<0.01.
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Figure 8. Ex vivo analysis revealed altered Col6a1”/- SCs activity.

A. Representative image of single fiber immediately after isolation from
wild-type EDL muscle and analyzed by immunofluorescence for Pax7 (red,
arrow) and ColVI (green). ColVI form a thin microfibrillar network in the
ECM around the myofiber and is abundant in the close periphery of Pax7-
positive cells.

B. Histograms showing quantification of Pax7- and MyoD-positive cells in
myofiber cultures of wild type and Col6al” mice. Single myofibers were
derived from EDL and analyzed for Pax7 and MyoD nuclear markers by
immunofluorescence. For time zero (t0), myofibers were fixed immediately
after isolation. Some fibers were cultured for 48 hours (48h) in a medium
containing factors stimulating SC proliferation. The ratios of Pax7-positive
(Pax7*), and Pax7/MyoD-positive (Pax7*MyoD*) cells were calculated per
single fiber. *, p<0.05.

C. Single fibers from wild type and Col6al”/" mice were analyzed after 48
hours culture by immunofluorescence for MyoD, and nuclei expressing the

marker were counted per single fiber.
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1. Studies on patients affected by collagen VI disorders.

Mutations in one or more COL6 genes cause various types of muscle disorders in
humans. More than 70 different mutations were associated with either UCMD and BM
(Lampe et al.,, 2005), and in addition collagen VI mutations were also found in other
muscle disorders, such as limb girdle muscular dystrophy (Guglieri et al., 2005) and
myosclerosis myopathy (Merlini et al., 2008). Until now, a comprehensive genotype-
phenotype correlation could not be established between different COL6 gene
mutations and the clinical symptoms and severity of the disorders. It can be predicted
that different COL6 gene mutations have different impacts at the protein level, by
affecting either collagen VI synthesis, assembly, secretion or function in the ECM.

BM (MIM #158810) is characterized by axial and proximal muscle weakness with
finger and joint contractures. The patients have moderate atrophy of trunk and limb
muscles (Bethlem & Wijngaarden, 1976). The hallmark of the disease is the presence
of contractures of the interphalangeal joints of the last four fingers (Merlini et al,,
1994). BM is a very heterogeneous disorder and patients show a wide range of
clinical features, from mild myopathy to more severe cases with early onset and
features of progressive muscular dystrophy (Jobsis et al, 1999). The mode of
inheritance is autosomal dominant, and mutations can occur in any of the three COL6
genes. Missense mutations in either the triple helical or the vWF-A domains of the
three COL6 genes were described for various BM families (Jobsis et al.,, 1996; Sasaki
et al.,, 2000; Scacheri et al., 2002). Immunohistochemistry shows apparently normal
or mildly reduced levels of ColVI in the endomysium of most BM patients.

UCMD (MIM #254090) is a severe congenital muscular dystrophy characterized by
early onset, generalized and rapidly progressive muscle wasting and weakness,
proximal joint contractures and distal joint hyperflexibility. Walking ability is rarely
achieved or preserved in UCMD patients, and the rapid progression of the clinical
symptoms usually leads to early death, due to respiratory failure (Camacho et al,,
2001; Demir et al,, 2002). Usually, UCMD shows an autosomal recessive inheritance
with homozygous or compound heterozygous mutations in the COL6 genes. However,
several cases of UCMD with dominant heterozygous mutations were reported (Pan et
al, 2003; Baker et al, 2005; Angelin et al, 2007), and patients with a UCMD
phenotype but without mutations in COL6 genes were also described. ColVI appears

to be strongly reduced or absent in muscle biopsies from UCMD patients, suggesting
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that UCMD mutations severely affect the synthesis and secretion of ColVI (Camacho et

al, 2001; Zang et al., 2002; Squarzoni et al., 2006).

During the first two years of my PhD, I contributed to a multicentric programme
aimed at the characterization of pathomolecular defects of a number of UCMD and
BM patients. The final objective of this project was to allow the recruitment of
genetically and molecularly characterized patients for clinical trials with cyclosporin
A and its derivatives. We also analyzed a family affected by a rare muscle inherited
disease, myosclerosis myopathy, and we found a peculiar nonsense mutation in the
COL6AZ gene, demonstrating for the first time a correlation between this rare
disorder and collagen VI. The effect of COL6 gene mutations at the protein level was
investigated by biochemical and immunohistochemical studies in muscle biopsies and
in primary fibroblast cultures from patients. My major contribution to these studies
was the elucidation of the effects of COL6 mutations on collagen VI chain synthesis,

assembly and secretion by means of biochemical studies.
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1.1 Myosclerosis myopathy is a collagen VI disorder.

We studied a family affected by myosclerosis myopathy (MIM 255600), a rare muscle

inherited disorder characterised by slender muscles with firm “woody” consistency and

severe restriction of movement of all joints. In the two affected siblings, we found that a

homozygous nonsense COL6A2 mutation lead to a peculiar pattern of defects on collagen

VI synthesis, assembly, secretion and extracellular organization. These studies indicate, for

the first time, that myosclerosis myopathy should be considered a collagen VI disorder

allelic to UCMD and BM.
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Autosomal recessive myosclerosis

myopathy is a collagen VI disorder

ABSTRACT

Objective: To determine the clinical and molecular features of a new phenotype related to collagen
VI myopathies.

Methods: We examined two patients belonging to a consanguineous family affected by myoscle-
rosis myopathy, screened for mutations of collagen VI genes, and performed a detailed biochem-
ical and morphologic analysis of the muscle biopsy and cultured fibroblasts.

Results: The patients had a novel homozygous nonsense COL6AZ2 mutation (Q819X); the mutated
messenger RNA escaped nonsense-mediated decay and was translated into a truncated «2(VI)
chain, lacking the sole C2 domain. The truncated chain associated with the other two chains,
giving rise to secreted collagen VI. Monomers containing the truncated chain were assembled into
dimers, but tetramers were almost absent; secreted collagen VI was quantitatively reduced and
structurally abnormal in cultured fibroblasts. Mutated collagen did not correctly localize in the
basement membrane of muscle fibers and was absent in the capillary wall. Ultrastructural analy-
sis of muscle showed an unusual combination of basement membrane thickening and duplication,
and increased number of pericytes.

Conclusions: This familial case has the characteristic features of myosclerosis myopathy and carries
a homozygous COLEAZ2 mutation responsible for a peculiar pattern of collagen VI defects. Our study
demonstrates that myosclerosis myopathy should be considered a collagen VI disorder allelic to Ull-
rich congenital muscular dystrophy and Bethlem myopathy. Neurology® 2008;71:1245-1253

GLOSSARY

BM = Bethlem myopathy; cDNA = complementary DNA; ECM = extracellular matrix; mRNA = messenger RNA; NMD =
nonsense-mediated decay; UCMD = Ullrich congenital muscular dystrophy.

The term myosclerosis was first introduced by Duchenne. Observation of the needle muscle
biopsies obtained from his original case led him to hypothesize that the fundamental anatomic
lesion was hyperplasia of the interstitial connective tissue, which prompted him to propose the
term paralysie myosclérosique as an alternative to paralysie musculaire pseudohypertrophique.’

Myosclerosis was first considered a new familial degenerative illness of the intermysial connective
tissue (myosclerosis, congenital, of Lowenthal; MIM 255600) in a report of six patients in two
families presenting a restriction of articular mobility.>? Under the name “syndrome of myosclero-
sis,” a new condition was described in two siblings of a nonconsanguineous family.* Difficulty in
walking was noted in early childhood, together with toe walking and progressive calf contractures.
The clinical picture in the early 30s was characterized by slender muscles with firm “woody” consis-
tency and restriction of movement of many joints because of muscle contractures.

Collagen VI is an extracellular matrix (ECM) protein with a broad distribution and essential for
skeletal muscle integrity and function. The protein consists of three distinct a1(VI), a2(VI), and

*These authors contributed equally.

From the Department of Experimental and Diagnostic Medicine (L.M., E.M., A.F., F.G.), Section of Medical Genetics, University of Ferrara;
Department of Histology, Microbiology and Medical Biotechnologies (P.G., A.U., P.B.), University of Padova; and IGM-CNR (P.S., S.S.), Unit of
Bologna c/o IOR, ltaly.

Supported by grants from the Italian Telethon Foundation (GGP04113 and GUP07004), the Italian Ministry for University (PRIN 2005), and the
Italian Health Ministry (RF 2005).
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a3(VI) chains encoded by separate genes
(COLGAI, COL6A2, and COLGA3). Mutations
of collagen VI genes cause two major pheno-
types: Bethlem myopathy (BM; MIM 158810)
and Ullrich congenital muscular dystrophy
(UCMD; MIM 254090).>% BM is a relatively
mild, dominantly inherited disorder and is char-
acterized by proximal muscle weakness with
joint contractures mainly involving the fingers,
elbows, and ankles.? The “scleroatonic” UCMD
is a recessive/dominant condition characterized
by severe muscle weakness, resulting in limited
ability or inability to walk independently, proxi-

A

Figure 1

Clinical features

(A) Patient shows diffuse muscle wasting, flexion contractures of both elbows, forward ab-
duction of shoulders, and flexion of fingers. There is fixed flexion of the trunk with lumbar
hyperlordosis and marked flexion contractures of the knee and ankle joints in the left lower
limb. (B) Transverse section of muscle biopsy from the index case (P1, left) and the affected
sibling (P2, right), showing endomysial fibrosis, increased fatty connective tissue, variability
of fiber size, and several internal nuclei. Hematoxylin and eosin staining. Bar, 200 pm.
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mal joint contractures and striking hypermobil-
ity of distal joints, and early respiratory failure.'
A pure limb-girdle presentation with absent or
mild/late contractures was also recognized in
three unrelated families with missense muta-
tions in COL6AI and COL6A2.M

Here we report a family with autosomal reces-
sive myosclerosis myopathy due to COL6A2 mu-
tation, expanding the spectrum of collagen VI
myopathies. The mutation is a novel pathogenic
variation of the COL6A2 gene and represents the
first truncating mutation occurring in homozygos-

ity in the C1 domain of the 02(VI) chain.

METHODS Patients. The index case presented at age 21 years
for correction of equinus of the feet. Born to consanguineous parents,
the patient had one affected and three unaffected siblings. Developmen-
tal motor milestones were normal. Slight difficulty in running and
climbing stairs and Achilles tendon contractures were noted during
carly childhood, followed by progressive contractures of all joints, in-
cluding jaws, spine, shoulders, elbows, wrists, fingers, hips, and knees.
Distal joint hypermobility was never noticed. He underwent surgical
elongation of Achilles tendons at 5 years and then for relapse at 16 years.

On neurologic examination, he was short with mild thoraco-
lumbar scoliosis and accentuated lumbar lordosis. He had mild fa-
cial weakness with inability to completely bury the eyelashes, and a
nasal voice. His muscles were thin and “sclerotic” on palpation.
There was mild girdle and proximal limb weakness (grade 4/5 upper
and 4/5 lower) and moderate distal weakness (grade 3/5 upper and
lower). The most striking finding was the diffuse restriction of
movements of all joints (figure 1A). Opening of the mouth was only
1.5 cm. Mobility of the cervical spine was limited in all planes and
particularly in flexion. Elbows were bent to 120° and limited in
further flexion to 30°. Shoulders were limited in abduction and in
extrarotation and intrarotation. Hand fingers were flexed and lim-
ited in both extension and further flexion, and the wrist was also
rigid. The thoracolumbar spine was rigid in both flexion and exten-
sion. The patient had flexion of the hips with limitation of passive
extension. Knees were bent and restricted in both flexion and exten-
sion. He was severely and progressively limited by the contractures,
whereas muscle weakness remained relatively mild. He was able to
slowly walk and climb stairs. He showed moderate restriction on
pulmonary function testing (forced vital capacity 1,820 mL, 44%
predicted). Creatine kinase was twice the upper limit of normal.

The 17-year-old affected sibling had normal motor milestones,
developed progressive contractures after age 4 years, and had Achil-
les tendons release bilaterally at 11 years and on the right feet at 17
years. She had stiff walking and climbed stairs slowly with the aid of
railing. Contractures were diffuse and severe, involving the jaw,
spine with marked limitation in neck flexion and rigid lumbar hy-
perlordosis, upper and lower girdles, and proximal and distal limb
joints. Muscles were thin and of woody consistency on palpation.
Forced vital capacity was 52% of predicted. Creatine kinase was 1.5
times the upper limit of normal.

In this family, the disease was linked with COL6AI-
COLGA2 cluster, whereas rigid spine muscular dystrophy 1 in
1p35-36 and COL6A3 locus were excluded.!?

The study was approved by the local ethics committee.

Muscle biopsy. Biopsies (tibialis anterior of index case and
two age-matched healthy donors; quadriceps of affected sibling)
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Figure 2 DNA sequencing and mutation analysis ‘
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(A) Patient's chromatogram showing a homozygous C >T transition creating a TAA premature termination codon in exon 27 of
the COLBA2 gene. The sequence substitution is located seven nucleotides upstream of the donor splice site of intron 27. (B)
Predicted effect of the identified mutation on COLEAZ2 protein product. Top: Wild-type «2(VI) chain with N-terminal (N1), triple
helical, and C-terminal (C1, C2) domains. Bottom: Truncated «2(VI) chain completely lacking the C2 domain. (C) Position of the
identified mutation within exon 27, which represents the last common exon of the three 3’ alternatively spliced isoforms of
COLBA2 messenger RNA (mRNA). (D) Real-time PCR expression analysis in cultured fibroblasts from the patient, showing the
absence of nonsense-mediated decay of the mutated COL6A2 mRNA. The relative ratios of COL6A2/COL6A1 (A2/A1),
COL6A1/COLBA3 (A1/A3), and COLE6A2/COLBA3 (A2/A3) mRNAs from control fibroblasts were normalized to 1. (E) Real-time
PCR expression analysis in cultured fibroblasts and muscle tissue showing a global reduction of COL6 transcripts in the patient,
more marked in fibroblasts. The relative ratios of COL6/actin mRNAs in control tissues were normalized to 1.

were snap frozen and stored in liquid nitrogen. Unfixed 7-um by RNeasy (Qiagen) following manufacturer instructions.
frozen sections were incubated with antibodies for laminin 81~ DNase treatment and complementary DNA (cDNA) synthesis
(Chemicon), fibronectin, or collagen IV (both Sigma); double  were performed as previously described.”” The 3" RNA splicing
isoforms of COLGA2 (2C2 NM_001849, 2C2a NM_058174,
2C2a" NM_058175) were analyzed by using a single forward

primer (26F: 5'-gccctcaagrttgectacgace-3") and  different

labeling with anti—collagen VI and perlecan (Chemicon) was
performed as described.!> Samples were observed with a Nikon
fluorescence microscope. For ultrastructural analysis, biopsies
were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer
for 3 hours and embedded in Epon E812.! Ultrathin sections

were observed in a Philips EM 400 transmission electron micro-

isoform-specific reverse primers (2C2R: 5'-ctcgtgcagactgtegtt-
gee-3'; 2C2aR: 5'-catgggaagaggetgggaget-3'; 2C2a'R: 5'-
cgagtcggtagaggaaatgeag-3') according to standard PCR and
scope, operated at 100 kV. sequencing procedures. To exclude the occurrence of exon 27

Genomic sequence analysis. Genomic DNA was extracted skipping, seminested PCR was performed on amplification

from whole blood by standard methods. Exon 27 of COL6A2

gene was amplified, including 3" and 5" intronic boundaries, and

product of primers 25F (5'-gtcatcgacagctecgagage-3') and
2C2R, using 26F as an internal primer.

sequenced according to standard procedures. Oligonucleotide Real-time PCR. Commercially available TaqMan expression as-

says (Applied Biosystems) were used for COLG genes (COLGAI:
Hs00242448_m1; COLG6A2: Hs00365167_ml; COLGA3:

sequences were 5'-cagccgetgtctagegtgag-3' (A2.27 forward) and
5'-gccatctecctaaggageage-3' (A2.27 reverse).

RNA purification and reverse transcriptase PCR. Total
RNA was isolated from cultured fibroblasts and muscle biopsy

Hs00915111_m1) and for actin as a reference gene (AC7B Endog-
enous Control). Real-time PCR was performed in triplicate on the
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Figure 3

Immunostaining and Western blot of muscle biopsies
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(A) Immunofluorescence of muscle sections from control donor (a) and patients (b, index case; c,
affected sister). Collagen VIimmunolabeling appears reduced and unevenly distributed in muscle of
both patients when compared with control. Bar, 200 um. (B) Labeling of collagen VI (a, d, g, and I),
perlecan (b, e, h, and m), and overlaid images (c, , i, and n) of control (a-c), index case (d-i), and af-
fected sibling (I-n) muscle biopsies. In normal control, collagen VI and perlecan colocalize at the
basement membrane of muscle fibers (arrowheads) and capillary (arrows), as demonstrated by yel-
low fluorescence in merge (c). In muscle biopsy of both patients, collagen VI labeling is reduced and
discontinuous at basal lamina of muscle fibers (d and |, arrowheads) and absent at the basement
membrane of capillaries (g and |, arrows), whereas perlecan immunostaining shows an intense and
continuous labeling (e, h, and m), as in normal control (b). In overlaid images of the patients (f, i, and n),
collagen and perlecan do not colocalize (red fluorescence) in some areas of myofiber basement
membrane (f and n, arrowheads) and around capillary vessels (i and n, arrows). Bar, 40 um. (C) West-
ernblot analysis for collagen VI in muscle biopsies from control (CTRL), index case (P1), and affected
sister (P2). Samples (10 pg total protein) were separated by electrophoresis under reducing condi-
tion ona 4% to 12% polyacrylamide gradient gel, and immunoblot was performed with an antibody
recognizing the three chains. The migration and size in kilodaltons of the protein molecular weight
markers are shown on the left. The migration positions of the collagen VI chains are indicated on the
right: the «1(VI) and «2(VI) chains comigrate at approximately 140 kd, whereas the «3(VI) chain
migrates with multiple bands at approximately 220 to 300 kd. Migration of the «3(VI) chain in mus-
cle samples is distorted by the large amount of myosin heavy chains (asterisk). Control for loading
was performed by immunoblot with an antibody for actin.
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Applied Biosystems Prism 7300, using 10 ng fibroblast cDNA and
default parameters. Evaluation of COL6 ¢DNAs compared with
actin and relative quantification of the three COL6 cDNAs were
performed by the comparative CT method (AACT Method; Ap-
plied Biosystems User Bulletin #2). cDNAs from control muscle
and fibroblasts were used as calibrators.

Immunoblotting and immunoprecipitation of collagen
VI. Twenty-micrometer frozen sections were prepared from bi-
opsies and dissolved in a buffer containing protease inhibitors
(lysis solution). Dermal fibroblasts were grown until confluence,
incubated 24 hours in OPTI-MEM (Invitrogen) containing
0.25 mM L-ascorbic acid, and cell layer solubilized in lysis solu-
tion. Western blot was performed under reducing conditions
(5% B-mercaptoethanol) by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis onto 3% to 8% (wt/vol) gradient poly-
acrylamide gels, followed by transfer to Immobilon membrane
(Millipore). Collagen VI was pulled down using a polyclonal
antibody (H-200, Santa Cruz)

A-Sepharose, and the immunoprecipitated material was sub-

conjugated to protein

jected to electrophoresis onto composite 2.4% acrylamide, 0.5%
(wt/vol) agarose gels under nonreducing conditions. Collagen VI
was detected with a polyclonal antibody recognizing all three

chains (70-XR95, Fitzgerald Industries).

Immunoelectron microscopy and rotary shadowing.
Fibroblasts were grown onto coverslips until 2 days after conflu-
ence in the presence of 0.25 mM L-ascorbic acid. Cells were
incubated with a monoclonal anti-collagen VI antibody
(Chemicon) diluted 1:25 with Dulbecco’s modified Eagle me-
dium and with 5-nm colloidal gold-labeled immunoglobulin G
(Amersham). Rotary shadowing electron microscopy was per-

formed as described.!¢

RESULTS Identification of a homozygous nonsense
COLG6A2 mutation. Sequence analysis of the index
case revealed a homozygous C >T variation in
COLGA2 exon 27 (nucleotide 2537 of COL6AZ2 mes-
senger RNA [mRNA]; NM_001849), lying seven
nucleotides upstream of the exon 27-intron 27 junc-
tion (figure 2A). This variation introduces a prema-
ture termination codon (Q819X) downstream of the
C1 domain of the a2(VI) chain (figure 2B). The
identified mutation is expected to affect all COL6A2
splicing isoforms (figure 2C). Sequence analysis of
proband family members revealed that the Q819X
mutation was present in homozygosity in the affected
sibling and in heterozygosity in the consanguineous
healthy parents and in the three unaffected siblings.

Transcription analysis, performed on RNA iso-
lated from muscle and fibroblasts of the proband,
ruled out an effect of the C >T variation on incorpo-
ration of exon 27 into the mRNA and revealed cor-
rect amplification of @2C2, a2C2a, and a2C2a’
(data not shown).

Real-time PCR on fibroblast mRNA showed that
the mutated COLG6A2 transcript did not undergo
nonsense-mediated decay (NMD). When mRNA ra-
tios of control fibroblasts were normalized to 1.0, the
COLG6A2ICOLG6AIL, COL6A2/COLG6A3, and COLGAIl
COLG6A3 mRNA ratios of patient fibroblasts were 1.13,
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Ultrastructural analysis

| Figure 4

(A) Electron microscopy of muscle biopsy. In unaffected control (a), lamina reticulata (aster-
isk), made of microfibrils and fibrillar collagen, leans against lamina densa (arrow) of myofi-
bers. In the muscle of patient (b), the lamina reticulata (asterisk) shows focal areas devoid of
microfibrillar and fibrillar components, which appear as electron transparent areas (arrow-
heads). On the contrary, the lamina densa looks normal (arrow). Bar, 400 nm. (B) Electron
microscope examination of capillaries in muscle of control (a and b) and patient (c-f). In
normal control, capillary wall appears constituted by a single layer of endothelial cells and
rare pericytes (asterisk); basement membrane (thickness range: 40-100 nm) is present at
the abluminal side of the endothelial cells (b, arrow). Capillary vessels of the patient (c-f)
appear encircled by several superimposed layers of basement membrane (arrows) of abnor-
mal thickness (50-300 nm), which enclose several pericytes (asterisks). Bar, 400 nm.

1.35, and 1.19 (figure 2D). Analysis of the global
amount of COLG transcripts revealed decreased COL6
mRNA levels in patient samples (figure 2E).

Collagen VI deficiency in muscle biopsy. Muscle of
both patients showed a myopathic pattern character-
ized by fibrosis, with proliferation of endomysial and

perimysial connective tissue, variation of myofiber
diameter, and internal nuclei (figure 1B). Laminin
B1 was reduced in the extrajunctional basal lamina of
myofibers, and fibronectin was increased around the
capillary wall, whereas collagen IV showed a normal
pattern (figure e-1 on the Neurology® Web site at
www.neurology.org). Collagen VI showed a discon-
tinuous distribution at the basal lamina of myofibers
(figure 3A), but it was absent at the basal lamina of
most endomysial and perimysial capillaries (figure
3B). Western blot confirmed decreased amounts of
collagen VI in the muscle of patients (figure 3C).

At the ultrastructural level, defects were found in
the basement membrane of muscle fibers and vessels.
In approximately 6% of myofibers, focal areas of
lamina reticulata showed a reduced density and were
devoid of fibrillar and microfibrillar collagen,
whereas lamina densa and plasma membrane ap-
peared normal (figure 4A). Blood vessels showed in-
creased thickness of the basement membrane (figure
4B). In some areas, basement membrane was com-
posed of several layers enclosing pericytes. The num-
ber of pericytes was increased, and most of them
displayed a phenotype resembling smooth muscle
cells, consisting of extended contractile apparatus

and long cytoplasmic processes (figure 4B).

Q819X mutation causes defects of collagen VI synthe-
sis in cultured fibroblasts. Immunofluorescence of
cultured fibroblasts from the index case revealed a
decreased amount of collagen VI deposited in the
ECM. The microfibrillar network appeared poorly
organized, and abnormal aggregates were detected in
the pericellular ECM. Collagen VT secreted by con-
trol fibroblasts developed an extensive three-
dimensional network, and abnormal aggregates were
never detected (figure 5A). Western blot of cell layer
and medium samples confirmed a quantitative defi-
ciency of collagen VI in patient cells. Moreover, a
band migrating slightly faster than the normal
al(VI)/a2(VI) chains was detected in the patient
cell layer. This abnormal band likely corresponded to
the mutated a2(V1) chain, thus reflecting the trun-
cating C-terminal mutation, as also confirmed by
normal migration of the a1(VI) chain (figure 5B).
Collagen VI monomers and dimers were found in
the cell layer of both control and patient cultures. On
the contrary, tetramers were abundant in cell layer
and medium from control, but they were barely de-
tectable in patient samples. Moreover, monomers
and dimers were abnormally detected in the medium
of patient fibroblasts, albeit at low levels (figure 5C).
Electron microscope analysis of rotary shadowed
fibroblasts revealed the presence of collagen VI mi-
crofilaments containing scarcely interconnected tet-
ramers and displaying irregularly shaped globular
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Figure 5 Analysis of collagen VI in fibroblast cultures

| --

B C
CTRL P1 CTRL P1

.. a3(VI) CTRL P1 CTRL P1
e
220—
— Tetramer
180 —| W —Di
900— Dimer
al(Vl)
a2(VI)
116 —
-‘ 4 atqvy 450— ~=Monomer
- - i

Medium  Cell layer

Medium  Cell layer

(A) Immunofluorescence of collagen VI on cultured fibroblasts from unaffected control (a) and patient (b) treated for 5 days with 0.25
mM ascorbic acid after confluence. Collagen VI secreted by control fibroblasts develops an extensive three-dimensional network. In
the patient, secreted collagen VI appears reduced and abnormally organized with a dotlike appearance. Bar, 20 um. (B) Electro-
phoretic analysis of collagen VI produced by cultured fibroblasts from control (CTRL) and patient (P1). Samples corresponding to cell
layer (left panel, 10 ug) and culture medium (right panel, 20 ug) were separated by electrophoresis under reducing conditions on a 3%
to 8% polyacrylamide gradient gel. Immunoblot was performed with an antibody recognizing the three chains (left and right panels) or
with an antibody specific for the «1(VI) chain (middle left panel). The migration and size in kilodaltons of the protein molecular weight
markers are shown on the left. The migration positions of the collagen VI chains are indicated on the right. Control for loading in cell
extracts was performed by immunoblot with an antibody for actin (lower left panel). (C) Electrophoretic analysis of collagen VI assem-
bly products in cultured fibroblasts from unaffected control (CTRL) and patient (P1). Cell layers and culture media were immunopre-
cipitated with an antibody against the «1(VI) chain. Samples were resolved by electrophoresis on a composite 0.5% agarose, 2.4%
polyacrylamide gel under nonreducing conditions, and analyzed by immunoblot with an antibody recognizing the three chains. The
migration and size in kilodaltons of the unreduced forms of fibronectin and laminin are shown on the left. The migration position of
disulfide-bonded collagen VI monomers, dimers, and tetramers is indicated on the right. (D) Electron microscope analysis of replicas
obtained by rotary shadowed cultured fibroblasts from control (a and c) and patient (b and d). Collagen VI microfilaments produced by
patient cells appear constituted by several tetramers scarcely interconnected among themselves. Globular domains (arrows) display
anirregular shape when compared with normal control. An abnormal disorganized aggregate of collagen VI microfilaments is shownin
the inset of b. Panels a, b and ¢, d are at the same magnification. Bar, 400 nm.
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regions. Typical hexagonal-like structures were ab-
sent, and fibrils composed by parallel-aligned micro-
filaments were barely detected. Additionally, some
microfilaments showed an abnormal arrangement
into circular arrays (not shown), and numerous dis-
organized aggregates were found beneath the cell
membrane (figure 5D).

DISCUSSION We described two patients from a con-
sanguineous family affected by myosclerosis myopathy
due to a novel pathogenic COL6A2 mutation. Myoscle-
rosis myopathy is the fourth phenotype affecting skele-
tal muscles and connected with mutations of collagen
VI genes. Type and distribution of contractures are dis-
tinguishing features of the four disorders. The
“scleroatonic” UCMD is characterized by proximal
contractures and distal laxity,'> BM is characterized by
distal contractures,"” limb-girdle phenotype is charac-

terized by late or no contractures,'!

and myosclerosis
myopathy is characterized by early, diffuse, and progres-
sive contractures resulting in severe limitation of move-
ment of axial, proximal, and distal joints.

The Q819X substitution represents the first trun-
cating mutation occurring in homozygosity in the
C1 domain of the @2(VI) chain. Nonsense or frame-
shift mutations within COLGA2 exons 24 through
28, encoding the C-terminal region of the a2(VI)
chain, were previously described in UCMD patients,
but they were either associated with a nontruncating
mutation of the partnering allele (see also hetp://
www.dmd.nl)'® or predicted to cause a largely abnor-
mal but only slightly shorter C2 domain.” In
particular, mutations involving the small exon 27
wete previously identified in two unrelated UCMD
cases, in compound heterozygosity with truncating
mutations within other exons.'® Differently from the
myosclerosis family, in both cases the mutation was
associated with exon 27 skipping, causing an in-
frame deletion of the C1 domain but leaving the C2
domain of the a2(VI) chain unaffected.

Moreover, and at a difference with more proximal
mutations, the position of Q819X within exon 27
predicts that the aberrant COL6A2 transcript is able
to escape the NMD pathway, a surveillance mecha-
nism that typically degrades transcripts containing
premature termination codons. In fact, the mamma-
lian NMD system cannot distinguish premature ter-
mination codons in the penultimate exon and
located less than 55 bp from the last intron, as hap-
pens for the Q819X mutation.”® Indeed, we have
shown that the Q819X transcript is stable in patient
fibroblasts and is translated into a truncated a2(VI)
chain, lacking the sole C2 domain.

Exon 27, in which the Q819X mutation lies, rep-

resents the last common exon of the 3" splicing iso-

forms of COLGA2 generated by recognition of
alternative splice sites within intron 27 and using dif-
ferent polyadenylation sites.?! Thus, the Q819X mu-
tation is expected to abolish this 3’ variability.
Protein data showed that a2C2 is the only isoform
detectable in tissue extracts,?' and the significance of
the C-terminal a2(VI) variability, as well as the pres-
ence of @2C2a and a2C2a’ isoforms within collagen
VI molecules, remains unknown.

The Q819X mutation provided a unique oppor-
tunity to investigate the effects of selective loss of
a2(VI) C2 domain on collagen VI biosynthesis and
assembly. In normal conditions, collagen VI chains
associate into triple-helical monomers that are fur-
ther assembled into disulfide-bonded dimers and tet-
ramers. After secretion, tetramers link together,
forming a characteristic network of beaded
microfilaments.?>?* Studies to date indicate that as-
sembly and secretion of collagen V1 is possible only if
all three chains are present.?2?42> The truncated
a2(VI) chain of our patient was able to associate with
al(VI) and a3(VI) and form collagen VI molecules,
thus implying that the &2(VI) C2 domain is not es-
sential for monomer formation. This is in agreement
with previous studies using recombinant constructs,
where a2(VI) polypeptides containing the C1 but
not the C2 domain were fully capable of forming
monomers.?*?’

Our nonreduced electrophoresis analysis indi-
cates that assembly of collagen VI molecules into
higher order structures is impaired in patient cells,
with a markedly decreased amount of tetramers
matched by an unusual accumulation of dimers.
These findings may be the consequence of a defec-
tive assembly of dimers into tetramers or a struc-
tural instability of tetramers lacking the a2(VI)
C2 domain. Electron microscopy confirmed that
patient cells secrete structurally abnormal collagen
VI products also affecting the three-dimensional
organization of microfilaments, which appear
scarcely interconnected and have a decreased abil-
ity to form extensive networks.

These findings suggest that the 2(VI) C2 do-
main contributes to supermolecular assembly and or-
ganization of collagen VI. Studies on collagen VI
biosynthesis in UCMD patients with COL6A2 mu-
tations revealed different scenarios.!®**?> A UCMD
patient was described who carried two homozygous
missense mutations in the a2(VI) C2 domain and
had complete absence of collagen VI in the ECM.?
Another UCMD patient had two compound het-
erozygous mutations in COL6A2 that caused loss of
the entire C-terminal region and part of the triple
helical domain of the @2(VI) chain.'® His mutant
a2(VI) chains formed monomers with the other
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chains, but further assembly into dimers and tetram-
ers was severely impaired.'® Interestingly, in this lat-
ter UCMD patient, mutated collagen VI did not
correctly localize at the myofiber basement mem-
brane. However, this mislocalization is not re-
stricted to COL6A2 mutations,” suggesting that
different collagen VI chains contribute to the base-
ment membrane—interstitium anchorage.*!

In both myosclerosis patients, muscle biopsy
showed a partial collagen VI deficiency at the myofi-
ber basement membrane, as described in some
UCMD cases.'*?> However, collagen VI was absent
around most endomysial/perimysial capillaries. This
represents a peculiarity of these patients and is con-
sistent with the ultrastructural alterations detected in
the biopsy. Electron microscopy showed a peculiar
combination of basement membrane and pericyte al-
terations, with thickening and duplication of capil-
lary basement membrane and proliferation of
pericytes. Thickening of capillary basement mem-
brane was reported in UCMD patients with com-
plete lack of collagen VI, whereas alterations of
pericytes were never reported in UCMD.?* Capillary
basement membrane thickening was observed in
Duchenne muscular dystrophy®* and inflammatory
myopathies,® being considered an aspect of vascular
regeneration occurring during microcirculation re-
modelling.** Unlike in our patients, in those condi-
tions pericytes appeared relatively unaffected.
Pericytes lie in close contact with endothelial cells,
contributing to ECM synthesis including basement
membrane components, and they may increase the
endothelial barrier function, as suggested by in vitro
coculture experiments.*® In the myosclerosis patients,
the combination of basement membrane thickening
and abnormal pericyte proliferation may affect me-
tabolite and oxygen delivery, thus contributing to
myofiber degeneration.

Our results demonstrate that the affected siblings
of this consanguineous family have characteristic fea-
tures of myosclerosis myopathy and carry a homozy-
gous COL6A2 mutation responsible for a peculiar
pattern of collagen VI defects. Based on these find-
ings, myosclerosis myopathy should be considered a

collagen VI disorder allelic to UCMD and BM.
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1.2 Novel splicing mutations in UCMD patients.

We studied four UCMD patients carrying unusual mutations of COL6 genes affecting
RNA splicing. Our data showed a strict correlation between transcript and protein
levels, indicating that the decreased level of a single collagen VI chain, perturbing the
stoichiometric balance of triple helical monomers, is followed by a proportional

decrease of the global amount of collagen VI secreted into the extracellular matrix.
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ABSTRACT: Splicing mutations occurring outside the invariant GT and AG dinucleotides are
frequent in disease genes and the definition of their pathogenic potential is often challenging. We
have identified four patients affected by Ullrich congenital muscular dystrophy and carrying
unusual mutations of COL6 genes affecting RNA splicing. In three cases the mutations occurred in
the COL6A2 gene and consisted of nucleotide substitutions within the degenerated sequences
flanking the canonical dinucleotides. In the fourth case, a genomic deletion occurred which
removed the exon8-intron8 junction of the COL6A1 gene. These mutations induced variable
splicing phenotypes, consisting of exon skipping, intron retention and cryptic splice site
activation/usage. A quantitative RNA assay revealed a reduced level of transcription of the mutated
in-frame mRNA originating from a COL6A2 point mutation at intronic position +3. At variance,
the transcription level of the mutated in-frame mRNA originating from a genomic deletion which
removed the splicing sequences of COL6A1 exon 8 was normal. These findings suggest a different
transcriptional efficiency of a regulatory splicing mutation compared to a genomic deletion causing
a splicing defect. ©2009 Wiley-Liss, Inc.

KEY WORDS: Ullrich congenital muscular dystrophy, collagen VI, COL6A1, COL6A2, non-canonical splicing mutations

INTRODUCTION

Ullrich congenital muscular dystrophy (UCMD; MIM# 254090) is a severe disorder, featured by early-onset
profound muscle weakness, proximal joint contractures and striking distal hyperlaxity (Bertini and Pepe, 2002).
Both recessively inherited and de novo mutations of collagen VI genes lead to UCMD (Baker et al., 2005). The
milder Bethlem myopathy (BM; MIM# 158810) is invariably associated to dominant mutations. Starting from the
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original reports describing BM and UCMD (J6bsis et al., 1996; Camacho Vanegas et al., 2001), more than 100
pathogenic variations have been described in COL6 genes, highlighting a great allelic heterogeneity and
delineating some recurrent mutational mechanisms. Missense substitutions disrupting the Gly-Xaa-Yaa motif of
the highly conserved triple helical domain represent a frequent pathogenic mechanism for both UCMD and BM
patients (Lampe et al., 2005a, 2005b; Pace et al., 2008). Besides this, splice site mutations causing exon skipping
have emerged as particularly common in COL6 genes. Skipping of exon 14 in the COL6A1 gene and of exon 16 in
the COL6A3 gene were reported as the most common mutational mechanisms in BM and UCMD patients,
respectively (Lampe et al., 2008).

Splicing-relevant base pair substitutions constitute about 9.5% of all mutations causing human inherited
diseases (Human Gene Mutation Database at www.hgmd.org; Stenson et al., 2003). Variations affecting the
obligate GT and AG dinucleotides are obviously pathogenic and comprise 64% of mutations at donor splice-sites
and 77.4% of mutations at acceptor splice-sites. Mutations affecting the consensus sequences flanking the almost
invariant GT and AG dinucleotides are equally frequent, but much less obvious in term of associated splicing
impairment (Krawczak et al., 2007). In fact, these intronic cis elements are weakly conserved and their
degenerated nature implies that the distinction between SNPs and disease-associated mutations can be challenging,
especially for highly polymorphic genes (Baralle and Baralle, 2005).

In the recent years, high-throughput genomic sequencing was performed by different groups for all three COL6
genes and in large cohorts of BM and UCMD patients (Lampe et al., 2005a, 2005b; Okada et al., 2007). These
extensive approaches have revealed the extremely high frequency of polymorphic changes both within exons and
in the intronic regions of COL6 genes. Stringent criteria for the definition of pathogenicity have been adopted and
intronic variations located at position +/-4 or more nucleotides away from the splice sites were provisionally
classified as probable polymorphisms (Lampe et al., 2005b).

We have identified and finely characterized four non-canonical mutations of COL6 genes, occurring in UCMD
patients and affecting splicing. In three cases the mutations occurred in the COL6A2 gene and were localized
within degenerated sequences flanking the obligate GT-AG dinucleotides. In the fourth case a genomic deletion
occurred, exactly removing the exon8-intron8 splicing border of the COL6A1 gene.

MATERIALS AND METHODS

Genomic analysis

Genomic DNA from UCMD patients and unaffected parents was extracted from peripheral lymphocytes after
informed consent by standard methods. PCR primers (sequences are available upon request) were designed to
amplify all the 107 exons of COL6 genes and their flanking intronic regions. Amplified fragments were directly
sequenced using BigDye Terminator v3.1 Cycle sequencing system on ABI 3130 automated Genetic Analyzer
(Applied Biosystems, Foster City, CA). Bioinformatic analysis of mutated splice sites was performed by different
tools: BDGP  available at  http.//www.fruitfly.org/seq_tools/splice.html;  Maxent  available at
http.//genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html and ASSA available at https://splice.uwo.ca.

RNA analysis

Total RNA was isolated from confluent fibroblasts by using RNeasy Kit (QIAGEN, Chatsworth, CA) and
reverse transcribed by using High Capacity cDNA Reverse Transcription Kit (Applied Biosystem, Foster City,
CA). RT-PCR was performed as previously described (Merlini et al., 2008). Sequence of primers is available upon
request. All RT-PCR products, corresponding to wild-type and aberrant splicing products, were gel purified and
sequenced either directly or after cloning into pCRII -TOPO vector (Invitrogen).

In order to quantify the steady state level of transcripts, commercially available TagMan expression assays
(Applied Biosystems) were used for COL6 genes (COL6AI: Hs00242448 ml Ex20/21; COL6A2:
Hs00242484 ml (ex 27-28) and for beta actin (ACTB Endogenous Control). Real-time PCR was performed in
triplicate on the Applied Biosystems Prism 7300 system, using 10 ng of cDNA and default parameters. For relative
quantification the AACT Method (Applied Biosystems User Bullettin #2) was utilized. cDNAs from control
fibroblasts served as calibrator.

The relative proportion among different splicing variants induced by the identified mutations was assessed by
fluorescent RT-PCR (primer sequences are available upon request) on an ABI 3130 denaturing capillary system
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(Applied Biosystems). The fragments size, values of peak height and area were determined by using the GeneScan
software.

Immunostaining of fibroblasts

Skin fibroblasts from UCMD patients and control were grown onto coverslips in Dulbecco’s modified Eagles
medium supplemented with 20% fetal calf serum and antibiotics. When confluent, the medium was enriched with
0.25 mM L-ascorbic acid (SIGMA) and changed every two days. After 48h and 10 days of ascorbic acid treatment,
coverslips were incubated with a mouse monoclonal anti-collagen VI antibody (MAB1944, Chemicon). The
immunoreaction was detected by incubation for 1 h with a secondary FITC-conjugated anti-mouse antibody
(DAKO). All samples were double-labeled with a rat anti-perlecan antibody (Chemicon), followed by incubation
with a TRITC-conjugated anti-rat antibody (SIGMA).

Protein analysis by western blot

Dermal fibroblasts were grown to confluence and incubated 24 h in OPTI-MEM (Invitrogen) in the presence of
0.25 mM L-ascorbic acid (Sigma). Medium was collected; cell layer was solubilized in a lysis solution containing
protease inhibitors and collected with a scraper. The cell layer and media fractions were quantified with BCA
Protein Assay Kit (Pierce). Western blot was performed under reducing conditions (5% [B-mercaptoethanol) by
SDS-PAGE onto 6% polyacrylamide gels, followed by transfer to Immobilon membrane (Millipore). Collagen VI
was detected with a polyclonal antibody recognizing all three chains (70-XR95, Fitzgerald Industries).

RESULTS

The four enrolled patients fulfilled clinical criteria for the diagnosis of UCMD (Pepe et al., 2002). Clinical and
molecular data are summarized in Table 1.

UCMD1 carries a heterozygous de novo A>C variation at position +3 of COL6A2 intron 5

Bioinformatic analysis indicated an effect of the +3 intronic COL6A?2 variation in weakening the intron 5 donor
splice site (wild-type: BDGP score 0.99, Maxent score 10.57, ASSA Ri 10.5; mutated: BDGP score 0.82, Maxent
score 6.80, ASSA Ri 5.7). cDNA sequencing revealed the occurrence of the in-frame exon 5 skipping in part of
COL6A2 transcript. PCR amplification with a forward primer within exon 5 and a reverse primer within exon 16,
followed by sequencing, showed a monoallelic expression of an exon 14 common polymorphism (Ser399Asn),
found to be heterozygous at the genomic level. This result implies that transcripts including exon 5 originate only
from the wild-type allele and that mRNAs originating from the +3 mutated allele invariably skips exon 5.
Fragment analysis showed that the two alleles are unequally represented with a 2.5:1 ratio between the wild type
transcript and the one with exon 5 skipping (Fig 1A).

UCMD 2 is a compound heterozygous for a G>A variation at position +5 of COL6A2 intron 8 and the nonsense
mutation R366X in COL6A2 exon 12

Bioinformatic analysis showed that the COL6A2 intron 8 +5 G>A substitution either abolished the canonical
donor site (BDGP program) or strongly reduced the site score (Maxent score from 9.16 to 5.73; ASSA Ri from
10.7 to 7.2). Two COL6A2 transcripts were detected by RT-PCR and sequencing, one with normal exon 8-exon 9
splice junction and the other with retention of the entire intron 8 and containing an in-frame premature stop codon
at nucleotide ¢.927+16. cDNA sequencing showed pseudo-homozygosity for the wild-type exon 12 sequence,
indicating that the Arg366X mutated transcript (c. 1096 C>T) undergoes non-sense mediated decay. Consequently,
both COL6A2 splicing variants, with correct exon8-exon9 junction and with intron 8 retention, originate from the
+5 mutated allele. Fragment analysis showed a 5.7:1 ratio between the correctly joined transcript and the one
retaining intron 8 (Fig 1A).
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Table 1: Clinical features of the UCMD patients and summary of molecular data
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Features Patient
UCMD1 UCMD2 UCMD3 UCMD4
Sex M M F M
Age at review, yr 3 8 13 5
Presentation Birth, arthrogryposis, distal Birth, floppiness, distal laxity, Birth, hip dislocation, floppiness Birth, talipes, floppiness
laxity elbow and knee contractures
Max motor ability Walked 18 mo-present Walked 15 mo-present Walked 20 mo-6 yrs Never walked
Contractures Elbows, ankles Elbows, ankles Elbows, knees, ankles, spine Jaw, elbows, knees, ankles,
spine
Distal laxity Moderate Moderate Mild Mild
Skin phenotype Follicular hyperplasia None Follicular hyperplasia Follicular hyperplasia
Spine involvement None Lumbar lordosis Scoliosis, kyphosis None
Creatine kinase level* 2x 2.5x 3x 1.5x
Mechanical ventilation None None 11 yrs-present None
Genomic Sequencing Het COL6A2 intron 5 Het COL6A2 exon 12 ¢.1096 Het COL6AT1 exon8 Hom COL6A2 intron25
c.801+3A>C C>T; Het COL6A2 intron 8 c.798 804+8del 15 c.1961-9 G>A
c.927+5 G>A

Inheritance De novo N/A De novo Heterozygous parents
cDNA Sequencing Het deletion of exon 5 Pseudo-het retention intron 8 Het deletion of exon§ Pseudo-het ins of 7nt ex25-26
Quantification of COL6 COLG6A2 reduced (65%) COLG6A2 strongly reduced (6%) COLG6A1 normal levels COLG6A2 reduced (20%)
transcripts
Predicted Protein p.Cys246 Lys 267del p. Arg366X, NMD; p. Lys 318 p.Pro 254 Glu268 del p. Thr 656fsX18
Consequence (N-terminal domain) fsX6 (N-terminal domain) (N-terminal TH domain) (C1 domain)
Collagen VI (WB) Mild decrease in cell layer and Marked decrease in cell layer Mild decrease in cell layer, Marked decrease in cell layer,

medium and medium marked decrease in medium mild decrease in medium
Collagen VI (IF) Mildly reduced Severely reduced Mildly reduced Significantly reduced

*Creatine kinase level: times the upper normal value. The DNA mutation numbering is based on cDNA sequence with a “c.” symbol before the number with +1 corresponding to the A of the ATC
translation initiation codon in the respective reference sequence (COL6A1 GenBank Refseq NM_001848.2; COL6A2 GenBank Refseq NM_001849.3); hom, homozygous; het, heterozygous; IF
immunofluorescence; mo, months; N/A, not available; NMD, nonsense mediated decay; TH, triple helix; WB, western blot; yr, year.
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UCMD 3 carries a heterozygous de novo 15 nucleotides deletion involving COL6A1 exon 8-intron 8 junction

The COL6A1 deletion identified in UCMD 3 patient involves 7 exonic and 8 intronic nucleotides. cDNA
sequencing showed the in-frame deletion of exon 8 in part of COL6A1 transcript. The relative amount of wild-type
and deleted transcript was 1:1.04 at fragment analysis (Fig 1A).

UCMD 4 carries a homozygous G>A variation at position -9 of COL6A2 intron 25, inherited from healthy heterozygous
parents

Bioinformatic analysis showed a decreased score of the intron 25 canonical acceptor site in the presence of the
intronic COL6A?2 variation (wild-type: BDGP score 0.76, Maxent score 6.60, ASSA Ri 5.1; mutated: BDGP score
0.65, Maxent score -0.01, ASSA Ri 4.8). Furthermore, the G>A variation creates an AG dinucleotide which is
recognized both by Maxent (4.61 score) and ASSA tools (final Ri 1.3). This novel site is predicted (by ASSA tool)
as much weaker than the natural site. Nevertheless, sequence analysis of COL6A2 transcript revealed that the
splicing machinery indeed partially recognize this acceptor site, with the insertion of 7 intronic nucleotides and
frameshifting. Part of the transcript retains a correct exon 25 -exon 26 junction. Fragment analysis showed a 5.5:1
ratio between the normally spliced transcript and the aberrant out-of-frame messenger (Fig 1A).

Effects of non-canonical splicing mutations on the steady state levels of COL6A1 and COL6A2 mRNAs

The ratio between steady state levels of COL6A2 and COL6A1 messengers in the four UCMD patients is
reported in Fig 1B. COL6A2 transcript was reduced to 65% of COL6A1 in UCMDI, to 6% in UCMD?2 and to
20% in UCMD4. In UCMD 3, carrying a genomic deletion instead of a regulatory splicing mutation, the ratio
between the levels of COL6A2 and COL6A1 transcripts in fibroblasts was similar to control (1:1.06).

Immunofluorescence analysis of collagen VI in fibroblast cultures

After 48h of treatment with ascorbic acid, the amount of collagen VI secreted and assembled in the extracellular
matrix was variable, ranging from mildly reduced in patients UCMD1 and UCMD3, to significantly decreased in
UCMD#4 and severely reduced in UCMD?2 (Fig 2A). In all four UCMD cultures, the organization of collagen VI
network appeared coarse and several spot-like collagen VI abnormal aggregates could be detected in the
extracellular matrix. Moreover, in UCMD1 and UCMD3 cultures, several fibroblasts showed intracellular labeling,
suggesting a possible impairment of collagen VI secretion (Fig 2A). To exclude artifacts related to culture
conditions and passage number, cultures were double labeled for perlecan and collagen VI after 10 days of
ascorbate treatment. Perlecan labeling showed a normal pattern in all UCMD patients; collagen VI appeared
reduced in UCMD2 and UCMD4, while UCMDI1 and UCMD?3 showed a pattern similar to normal control (data
not shown).

Western blot analysis of collagen VI in fibroblast cultures

Western blot was performed under reducing conditions in dermal fibroblasts of UCMD patients and control.
Cell layers contained both intracellular and matrix deposited collagen VI, while medium samples were analyzed to
determine a possible alteration in collagen VI secretion. In cell layer samples, bands corresponding to al(VI),
a2(VI) and the a3(VI) products were detected in control and UCMD patients (Fig. 2B left). However, the amounts
of collagen VI in cell layer samples were different. In particular, UCMD2 showed a pronounced deficiency,
UCMD#4 had significantly decreased levels of collagen VI, while a minor decrease was found in UCMDI1 and
UCMD3. Moreover, both UCMD1 and UCMDA4 displayed markedly decreased amounts of a2(VI) when compared
to control. In agreement with the cell layer, the medium of UCMD2 cells showed a marked deficiency of collagen
VI secretion. A significant decreased amount of collagen VI was also found in the medium of UCMD?3 cells, while
this decrease was weak, albeit still detectable, in the medium of UCMD1 and UCMD4 fibroblasts (Fig. 2B right).
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Figure 1. Transcriptional analysis of COL6 mRNAs in UCMD patients. A) RT-PCR analysis with a fluorescent prim
upstream the splicing mutation coupled with an unlabelled reverse oligonucleotide (arrows). A schematic drawing of the config
splicing products, as determined by cDNA sequencing, is shown. The relative proportion among different splicing variants was
by assessing the ratio (R) between peak height and area (GeneScan software — Applied Biosystems). B) Real-time PCR quanti
the ratio between the steady state levels of COL6A2 and COL6A1 messengers in the four UCMD patients. The COL6A2/COLG6.
the control fibroblast is referred as 1. The COL6A2 transcripts resulted reduced to 0.65, 0.06 and 0.20 in UCMDI1, UCMD?2 an
respectively. In UCMD3, the level of COL6A2/COL6A1 ratio is similar to control.
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Figure 2: Immunofluorescence and Immunoblot analysis of collagen VI in control and UCMD patients. A) The amount
of collagen VI deposited in the extracellular matrix was variable ranging from mildly reduced in patient UCMDI1 and UCMD3,
to significantly decreased in UCMD4 and severely reduced in UCMD2 (left panels). In UCMDI1 and UCMD?3 cultures, several
fibroblasts showed intracellular retention of collagen VI also after ascorbate treatment (left panels, arrows; right panels,
asterisk). The organization of collagen VI network was altered in all UCMD patients when compared with normal fibroblasts.
High magnification (right panels) clearly shows the presence of anomalous collagen VI aggregates in all UCMD patients
(arrows). Bar, 20 um. B) Samples corresponding to cell layers (30 pg, left) and culture media (50 pg, right), derived from skin
fibroblasts of patients (UCMD1-4) and healthy donor (CTRL), were separated by SDS-PAGE onto 6% polyacrylamide gels
under reducing conditions. Collagen VI was detected with an antibody recognizing all three alpha-chains, whose migration
positions are indicated. The migration of molecular weight marker is shown in kDa. Loading control of cell layer extracts was
performed with an antibody for B-catenin (left, lower panel). In culture media, the different a3(VI) splicing products, as well as
ol(VI) and a2(VI), could not be well separated from each other likely due to the glycosylation occurring before secretion
(Colombatti and Bonaldo, 1987).

DISCUSSION

About 1/3 of disease-causing splicing mutations affect the consensus sequences flanking the obligate GT and
AG dinucleotides (Krawczak et al., 2007). The fairly degenerated nature of these sequences makes often
challenging the distinction between SNPs and pathogenic mutations and the prediction of their consequences on
RNA processing. Nucleotide substitutions at the intronic position +5 have been described in 3 UCMD patients
affecting COL6A2 intron 23 (Ishikawa et al., 2004), COL6A3 introns 16 (Lampe et al., 2008) and COL6A3 intron
29 (Demir at al., 2002). In the two cases that were analyzed at the RNA level (COL6A2 intron 23 +5 and COL6A3
intron 16 +5), the intronic mutation caused skipping of the adjacent exon. In the present study, the +5 nucleotide
substitution of patient UCMD?2 caused intron 8 retention in part of COL6A2 transcript, without evidence of exon 8
skipping. This variable behavior among +5 mutations, seems not to be predictable by comparing either the strength
of wild type and mutated sites, or the size of the involved exons or introns, which are known relevant factors for
determining the consequences of splicing mutations (Roca et al., 2005; Krawczak et al., 2007). Substitutions at
intronic position +3 have never been detected in COL6 genes. In our UCMDI1 patient, the +3 variation completely
abolishes the recognition of the COL6A2 intron 5 donor splice site, resulting in a constitutive exon 5 skipping in
the mutated messenger.

Mutations affecting acceptor splice site consensus sequences have been reported in 3 BM and 2 UCMD patients
(Ishikawa et al., 2002; Lampe et al., 2005a, 2005b, 2008). In two cases (COL6AL1 intron 13, position -3 and
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COLG6A2 intron 23, position -3) RNA analysis showed skipping of the adjacent exons. An homozygous variation
at position -10 of COL6A2 intron 12, identified in a UCMD patient, caused exon 13 skipping as well as the
activation of cryptic splice sites (Lucarini et al., 2005). The COL6A2 intron 25 -9 variation we identified in
UCMDA4, was previously reported as a possible polymorphism (Lampe et al., 2005b). This substitution creates a
cryptic acceptor splice site which is partially recognized by the splicing machinery, leading to frameshifting and
premature termination. We demonstrated by real-time PCR a substantial reduction of the COL6A2 mRNA steady
state level in patient UCMD4 (20% of normal level), suggesting the diminished COL6A2 mRNA expression due
to non-sense mediated decay (NMD) as the primary pathogenic mechanism in this patient. Similarly, NMD is most
likely the cause of the very low level of COL6A2 transcript (6% of normal level) in UCMD?2 patient. Nevertheless,
a substantial decrease of COL6A2 transcript level (65% of normal level), affecting the exon 5 skipped allele, was
also present in UCMDI patient. This behavior is unexpected since the transcript deriving from exon 5 skipping of
UCMDI is in-frame and thus predicted to be stable. The in-frame COL6A1 transcript lacking exon 8 in UCMD3 is
indeed normally produced, suggesting a different effect on transcription of a small regulatory splicing mutation
(+3 substitution in UCMD1) in respect to a genomic deletion causing a splicing defect (del 15nt in UCMD3).

Being based on single patients, this observation warrants further investigation to be validated. Nevertheless,
increasing evidence has established that a reciprocal and mutually beneficial coupling exists between transcription
and RNA processing. Promoter strength may influence alternative splicing (“forward coupling”) and splicing can
stimulate transcription (“reverse coupling”) (Damgaard et al., 2008; Pandit et al., 2008). The influence that the
splicing process exerts on transcription seems not to be restricted only to transcription initiation, but also involves
the elongation phase (Pandit et al., 2008). This observation implies that, besides mutations involving promoter
proximal splice sites, known to influence transcription (Damgaard et al., 2008), also splicing mutations involving
distal splice sites could theoretically affect transcriptional efficiency. This mechanism might represent a relevant
modifier of pathogenic consequences of regulatory splicing mutations.

The identified gene mutations show different consequences on collagen VI synthesis, secretion and extracellular
matrix deposition. Both UCMDI1 and UCMD3 have a deletion involving few residues in the junctional region
between the N-terminal domain and the triple helix. The deletion of UCMD1 causes the loss of two highly
conserved cysteine residues located upstream the triple helical domain of a2(VI) and suggested to be involved in
intermolecular connections and/or in extracellular assembly processes. In both UCMD1 and UCMD3, the deleted
portion of the triple helix includes two residues that were shown to be glycosylated and/or hydroxylated (Chu et
al., 1988). The mutant chains contain a small deletion of the N-terminal part of the triple helical domain, therefore
they are likely to be incorporated into monomers (Pan et al., 2003), and they may affect collagen VI secretion.
Interestingly, UCMD1 and UCMD3 cultured fibroblasts showed intracellular protein retention, suggesting that
mutations could impair assembly and secretion. Western blot analysis of medium samples showed that collagen VI
secretion was more affected in UCMD3 than UCMDI. This likely reflects the different levels of the mutant
polypeptide chains in these two patients. In UCMDI, less mRNA from the mutant allele than from the normal
COLG6A? allele was detected, and less than 50% of the a2(VI) chain is expected to be mutant. In contrast, UCMD?3
had similar levels of normal and mutant COL6A1 mRNAs, and 50% of the a1(VI) chain is expected to be mutant.
Considering the multi-step assembly of collagen VI occurring before secretion (Pan et al., 2003; Lucarini et al.,
2005) the defects caused by a mutant chain are likely to be amplified during the assembly process and may
severely impair collagen VI secretion, as observed in UCMD?3.

Different truncating mutations of the C-terminal part of the a2(VI) chain were previously reported in some
patients affected by either UCMD or myosclerosis myopathy (Zhang et al., 2002; Merlini et al., 2008).

Although the mutation of our UCMD4 patient is predicted to produce a truncated o2(VI) chain with a large
deletion of the C-terminal region, western blot did not reveal any faster migrating band. A likely explanation is
that the truncated chain is unstable and/or present in very low amounts. Moreover, collagen VI shows a marked
quantitative decrease in the cell layer of UCMDA4, while the medium is less affected. Taken as a whole these data
suggest that the mutation of UCMD#4 affects the deposition and organization of collagen VI in the extracellular
matrix.

UCMD?2 patient shows the most severe decrease of collagen VI synthesis and secretion. Both mutated
COLG6A?2 transcripts undergo prevalent degradation via NMD and only the small fraction of the correctly spliced
mRNA is probably transcribed into a stable protein, thus allowing the synthesis and secretion of low amount of
collagen VI, as described for other UCMD patients (Giusti et al., 2005).
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The phenotype of the four reported patients is typical for UCMD (Pepe et al.,, 2002). No clear
genotype/phenotype correlations can be drawn by comparing disease severity in each patient with the mutation
effects on both RNA level and protein amount. Motor ability is still preserved in UCMD?2 patient at § years of age,
whereas UCMD4 never acquired walking despite of a less severe collagen VI reduction. As discussed above, the
UCMDI1 and UCMD3 mutations affect the same protein domains, but their RNA and protein effects are
significantly different. Nevertheless, the young age at examination of UCMDI1 hampers conclusion regarding
possible phenotypic consequences of this different molecular behavior.

In conclusion, our results highlight the complexity and unpredictability of the transcriptional behavior of
uncommon splicing mutations. Furthermore we propose a cis effect on the transcriptional efficiency as a possible
modifier of the pathogenic consequences of regulatory splicing mutations.
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1.3 Recessive mutations in BM patients.

A group of BM patients, who unusually carry recessive mutations of COL6 genes, was
studied. Molecular data indicate collagen VI protein defects in these patients,
confirming the pathogenic nature of mutations. Therefore, this study is the first
demonstration that a BM phenotype may be caused by recessively inherited COL6

mutations.
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ABSTRACT

Background: Bethlem myopathy is a well-defined clinical entity among collagen VI disorders, featur-
ing proximal muscle weakness and contractures of the fingers, wrists, and ankles. It is an early-onset,
slowly progressive, and relatively mild disease, invariably associated to date with heterozygous dom-
inant mutations in the 3 collagen VI genes. We have characterized the clinical, laboratory, and genetic
features of autosomal recessive Bethlem myopathy in 2 unrelated patients.

Methods: This study is based on clinical, histochemical, immunocytochemical, and electron micro-
scope evaluation of the muscle and dermal fibroblasts, CT imaging of the muscles, and biochemi-
cal and molecular analysis.

Results: Both patients carry a truncating COL6A2 mutation (Q819X; R366X) associated with
missense changes in the partnering allele lying within the C2 domain of the «2(VI) chain (D871N;
R843W-R830Q). They show decreased amounts of collagen VI in the basal lamina of muscle
fibers and in dermal fibroblast cultures and altered behavior of collagen VI tetramers. Biochemical
studies supported the pathogenic effect of identified amino acid substitutions, which involve
strictly conserved residues.

Conclusions: The reported patients illustrate the occurrence of Bethlem myopathy with a reces-
sive mode of inheritance. This observation completes the hereditary pattern in collagen VI myop-
athies with both Ullrich congenital muscular dystrophy and Bethlem myopathy underlined by
either recessive or dominant effecting mutations. This finding has relevant implications for ge-
netic counseling and molecular characterization of patients with Bethlem myopathy, as well as for
genotype-phenotype correlations in collagen VI disorders. Neurology™ 2009;73:1883-1891

GLOSSARY

BM = Bethlem myopathy; eDNA = complementary DNA; MIM = Mendelian Inheritance in Man; mRNA = messenger RNA;
NMD = nonsense mediated decay; nNOS = neuronal nitric oxide synthase; UCMD = Ullrich congenital muscular dystrophy.

Ullrich congenital muscular dystrophy (UCMD; Mendelian Inheritance in Man [MIM]
254090) and Bethlem myopathy (BM; MIM 158810) were originally described as separate
entities with distinct clinical hallmarks and inheritance patterns.!? The demonstration that
both diseases are caused by mutations in collagen VI genes*# has led to the concept of collagen
VI-related myopathies as a group of conditions covering a broad spectrum of clinical
severity.>7 Classic UCMD and BM represent the 2 major clinical forms at the opposite ends of
this spectrum, which also includes limb-girdle and myosclerosis variants.®?

UCMD is a congenital disorder characterized by severe muscle weakness resulting in the
limitation or loss of independent walking, with proximal joint contractures and striking hyper-
mobility of distal joints and early respiratory failure.!'®!! BM is a benign myopathy with onset
in early infancy, characteristic distal contractures, and slow progression.”!? In the original and
in genetically proven families, most of the patients exhibited weakness or contractures during the
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first 2 years of life, including diminished fetal
movements, neonatal hypotonia, congenital
contractures, and hypermobility of the wrist and
fingers slowly evolving to flexion contrac-
tures.>!>13 In addition to the early onset and the
characteristic contractures of the fingers, the
hallmark of the disease is its benign course. Pa-
tients with BM remain ambulant in adulthood;
some affected individuals older than 50 years
need aids for mobility outdoors.'* Mild or mod-
erate respiratory involvement has been reported
in 16% of ambulatory adult patients with BM,
whereas the necessity of mechanical ventilation
at night was rarely reported and only during
later life.>14-1¢

BM has been invariably associated with het-
erozygous, dominant mutations in COLGAI,
COLGA2, or COLGA3 genes, either inherited
from an affected parent or occurring de novo®>°
(see also http://www.dmd.nl/). Homozygous or
compound heterozygous mutations were ini-
tially found in patients with UCMD, support-
ing recessive inheritance.*!” More recently, an
increasing number of patients with UCMD
have been found to carry heterozygous de novo
mutations, increasing the puzzle of the inheri-
tance models of collagen VI disorders.!s1”
UCMD-associated heterozygous de novo muta-
tions are generally considered to have a domi-
nant negative effect, where the heterozygous
mutations interfere with collagen VI assembly.!®

We have identified 2 patients with classic BM
with compound heterozygous COL6A2 muta-
tions, inherited from healthy heterozygous par-
ents. In both patients, a nonsense mutation in
COLG6A2 gene (Q819X and R366X) is associ-
ated with 1 or 2 missense changes on the part-
(D871N; R830Q-R843W),

resulting in an allelic configuration not previ-

nering  allele

ously reported in collagen VI-related myopathies.
This finding illustrates a previously unrecognized
category of recessive BM cases.

METHODS Standard protocol approvals, registra-
tions, and patient consents. We received approval from the
institutional ethical committee on human experimentation for
genetic and clinical studies. Written informed consent was ob-
tained from all patients participating in the study. We obtained

authorization for disclosure of patient BM2’s picture.

Genomic and RNA analysis. Genomic DNA was extracted
from peripheral lymphocytes by standard methods. The coding se-

quence of all 3 collagen VI genes was sequenced (primers sequences
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are available on request) on ABI 3130 Genetic Analyzer (Applied
Biosystems, Foster City, CA). Sequence data were compared with
genomic and complementary DNA (cDNA) sequences of collagen
VI genes in Genbank databases (COL6AI: NW_927384,
NM_001848; COL6A2: NW_927384, NM_001849; COLGA3:
NW_921618, NM_004369).

Total RNA was isolated from fibroblasts using RNeasy
(QIAGEN, Chatsworth, CA) and reverse transcribed by using a
High Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems). To explore nonsense mediated decay (NMD), cDNA
was used as a template for PCR amplification of the mutated
region of COLGA2 transcript, according to previously reported
cycling conditions.” Utilized primers are available on request.

PCR products were purified and directly sequenced.

Muscle biopsy. Morphologic and histochemical analyses were
performed following standard methods. Unfixed 7-um-thick
frozen sections were labeled with antibodies against caveolin 3
(BD-Transduction, Franklin Lakes, NJ), laminin a2 and B1
(Chemicon, now part of Millipore, Billerica, MA), telethonin,
neuronal nitric oxide synthase (nNOS; Santa Cruz, Santa Cruz,
CA), emerin, lamin A/C, dystrophin (Novocastra, Newcastle
upon Tyne, UK), and a-dystroglycan (Upstate Biotechnologies,
now part of Millipore). Double labeling with anti—collagen VI
and perlecan (both Chemicon) or nidogen (Calbiochem, Merck
Group, Darmstadt, Germany) was performed as previously de-
scribed.??! Samples were observed with a Nikon Eclipse 80i flu-

orescence microscope.

Western blot analysis of collagen VI produced by
skin fibroblasts. Skin fibroblasts were grown to confluence in
OPTI-MEM medium (Invitrogen, Carlsbad, CA) in the pres-
ence or absence of 0.25 mM L-ascorbic acid (Sigma, St. Louis,
MO). Medium was collected and cell layer was solubilized in
lysis solution. Western blotting was performed under reducing
conditions in 3% to 8% polyacrylamide gradient gels and trans-
ferring to Immobilon membrane (Millipore). Collagen VI was
pulled down using an antibody recognizing a1(VI) chain conju-
gated to protein A-Sepharose (Santa Cruz). Immunoprecipitated
samples were separated by electrophoresis in a composite 0.5%
agarose—2.4% polyacrylamide gel. Collagen VI was detected
with an antibody recognizing all collagen VI chains (Fitzgerald,
North Acton, MA).

Immunofluorescence and rotary shadowing analysis of
collagen VI on cultured fibroblasts. Fibroblasts were
grown on coverslips to 2 days postconfluence in the presence of 0.25
mM L-ascorbic acid. For immunofluorescence analysis, fibroblasts
were fixed with cold methanol for 7 minutes, washed with
phosphate-buffered saline, and incubated with anti—collagen VI an-
tibody (Chemicon) diluted 1/100 for 1 hour. After washing, sam-
ples were incubated with a fluorescein isothiocyanate—conjugated
secondary antibody (DAKO, Carpinteria, CA) and mounted with
antifade medium (Molecular Probes, Invitrogen).

For immunoelectron microscopy, cells were incubated with a
monoclonal anti-collagen VI antibody (Chemicon) diluted 1:25
with Dulbecco’s modified Eagle medium and with 5- or 15-nm
colloidal gold-labeled immunoglobulin G (Amersham, GE
Healthcare, Little Chalfont, UK). Rotary shadowing electron
microscopy was performed as described.?

RESULTS Patients. Patient BM1 is a 25-year-old
woman, the only child of nonconsanguineous par-
ents with a negative family history. Early motor mile-

stones were normal. From age 2 years, she showed
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toe walking and experienced difficulty getting up
from the floor and climbing stairs. She underwent
Achilles tendon release at ages 6 and 8 years. At age
25 years, she was unable to walk further than half a
mile, needed to use a rail to climb stairs, and was
unable to get up from the floor. She had mild weak-
ness in the shoulder girdle and upper limb muscles,
and moderate weakness in the axial and hip girdle
muscles. Moderate rigidity of the spine; prominent
contractures of the shoulders, elbows, finger flexors,
knees, and Achilles tendons; and hypermobility of
the distal joints were noted. Forced vital capacity was
65% of predicted. Creatine kinase was normal. Pel-
vic and lower limb muscle MRI showed mild to
moderate diffuse fibrous substitution of muscle tissue
with a nonspecific pattern. Her parents, at ages 52
and 47 years, were normal on clinical examination.

Patient BM2 had bilateral talipes equinovarus at
birth. He walked at age 14 months. At age 4 years, he
underwent bilateral Achilles tendon lengthening. At
ages 7 and 12 years, he had repeated Achilles surgery
for marked relapse. Examination at age 19 years re-
vealed a tall man with marked bilateral equinus de-
formity. He was able to walk and climb stairs
without support, but not to run. There was a mild
limb-girdle weakness together with a moderate axial
involvement, inability to fully close the eyes, and
marked digitorum extension weakness. There were
contractures at the elbows, knees, and fingers. A mild
distal joint hypermobility was present. Creatine kinase
was 2.5 times the upper value of normal. Forced vital
capacity was 64% of predicted. Muscle CT revealed a
mild to moderate diffuse hypodensity particularly in the
legs, more pronounced at the periphery of the muscle.
At age 19 years, he underwent a bilateral triple arthrod-
esis with some improvement in stance and balance. He
remained stable until age 45 years, when after a fall he
reported a femoral neck fracture and was treated with a
prosthesis. Examination at age 47 years (figure 1)
showed marked long finger flexion contractures with-
out distal hypermobility. He was no longer able to rise
from the floor and needed support to get up from a
chair. He walked slowly with the aid of a stick. His
parents, at ages 69 and 72 years, were normal on clinical
examination.

Mutational analysis. Genomic analysis showed that
patient BM1 carries a paternal heterozygous C2537T
variation within exon 27 of the COL6A2 gene result-
ing in the nonsense mutation Q819X, and 2 mater-
nally inherited heterozygous missense mutations in
exon 28 (G2571A-R830Q; C2609T- R843W). RNA
analysis from cultured fibroblasts showed biallelic ex-
pression of COL6A2 messenger RNA (mRNA), con-
firming that the Q819X nonsense mutation escapes
NMD, as previously reported’ (figure 2A). Patient

Clinical features

Figure 1

Patient BM2 at age 47 years showing marked finger con-
tractures, equinus of the feet, and mild atrophy of thigh and
leg muscles.

BM2 carries a maternally inherited heterozygous
C1178T variation within exon 12 of the COL6A2
gene, resulting in the nonsense mutation R366X, and a
de novo heterozygous missense variation in exon 28
(G2693A-D871N). Reverse transcription PCR analysis
on cDNA from fibroblasts showed pseudohomozygos-
ity of the G2693A variation, attesting NMD of the
R366X allele and also demonstrating that the 2 muta-
tions are in trans (figure 2A). The predicted effects of
identified mutations on @2(VI) C2 domain are re-
ported in figure 2B.

All the identified missense variations are novel.
Sequencing of 200 control chromosomes excluded
common polymorphisms. Sequence comparison by
Blast analysis shows that R830Q, R843W, and
D871N mutations involve strictly conserved residues
within the a2(VI) sequences of all species present in

the Genbank databases (figure 2C).

Muscle biopsy. In patient BM1, a muscle biopsy per-
formed at age 3 years showed a myopathic pattern
with moderate to marked fibrosis, increased variation
in fiber size, type 1 fiber predominance, and in-
creased number of type 2C fibers. Collagen VI im-
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| Figure 2 Mutation analysis
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(A) Complementary DNA sequence chromatograms demonstrating balanced transcription of Q819X and R830Q-R843W mutated alleles in BM1 and
pseudohomozygosity of D871N allele in BM2. (B) Schematic representation of the predicted effect of BM1 and BM2 mutations on the C-terminal end of
«2(VI1) chain. On the left, the complete structure of «2(VI) chain produced by unaffected control (CTRL) is shown. NMD = nonsense mediated decay; TH =
triple-helical domain. (C) Sequence alignment showing strict conservation of R830, R843, and D871 residues in the «2(VI) protein sequences of distant
species.
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munofluorescence showed a reduced staining and
only a partial colocalization with basement mem-
brane markers (data not shown). Biopsy from patient
BM2, taken at age 19 years, showed a dystrophic
pattern, with proliferation of endomysial and per-
imysial connective tissue, variation in muscle fiber
diameter, and numerous internal nuclei. Several hy-
pertrophic fibers showed splitting and abnormal dis-
tribution of oxidative enzyme activity (figure e-1 on
the Neurology® Web site at www.neurology.org). Im-
munofluorescence showed a moderate reduction of col-
lagen VI (figure 3A); several muscle fibers showed a
selective reduction of collagen VI expression at the basal
lamina, as revealed by double labeling with nidogen
(figure 3B). Laminin B1 was also reduced at the basal
lamina of muscle fibers, whereas laminin y1 and a2
chain, dystrophin, caveolin 3, a-dystroglycan, integrin
a7b, nNOS, emerin, and perlecan were normal (data

not shown).

Collagen VI in skin fibroblasts. Western blot analysis
under reducing conditions and immunofluorescence
analysis revealed a reduced amount of secreted colla-
gen VI in patient BM2 and, to a lesser extent, also in
patient BM1 (figures 4A and 5A).

A band migrating faster than the normal al/a2
chains was detected in both cell layer and medium of
patient BM1 (figure 4A), likely corresponding to the
truncated a2(VI) chain, whose predicted molecular
weight is approximately 105 kd. To understand
whether the truncated protein may affect collagen VI
biosynthesis and assembly, we analyzed these aspects
in more detail. Western blot analysis of BM1 cul-
tures in nonreducing conditions showed absence of
tetramers in cell layer. In medium, a marked decrease
of collagen VI tetramers was observed, with increased
abundance of monomers and dimers when compared
with control (figure 4B). When analyzed under high
magnification, immunofluorescence of BM1 fibro-
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Figure 3 Immunofluorescence analysis of collagen VIin muscle

(A) Collagen VI appears reduced and unevenly distributed in muscle of BM2 (b) when com-
pared with control (a). Bar, 200 um. (B) Double labeling of collagen VI (a and d) and nidogen (b
and e) and overlaid images (c and f) of control (a-c) and BM2 (d-f) muscle biopsies. In unaf-
fected control, collagen VI and nidogen colocalize at the basement membrane of muscle
fibers as demonstrated by yellow fluorescence in merge (c). In muscle biopsy of BM2, colla-
gen VI labeling is discontinuously distributed in the basal lamina of muscle fibers (d) as
demonstrated by red staining in overlaid image (f). Some areas of the basement membrane
show a complete absence of collagen VI labeling (d, arrow), also visible as red staining in the
overlaid image (f, arrow). However, focal areas of the basement membrane show normal
protein expression and localization (d and f, arrowhead). Nidogen immunostaining shows an
intense and continuous labeling (e), as in normal control (b).

blasts showed a filamentous arrangement of collagen
VI, and 3-dimensional networks could be also de-
tected (figure 5A, b). Electron microscope examina-
tion confirmed the presence of collagen VI
microfilaments, which appeared correctly assembled
and interconnected. Hexagonal-like structures were
frequent, whereas parallel-aligned microfilaments
were scarcely detected (figure 5B, ¢ and d).

In BM2 cultures, Western blot analysis under
nonreducing conditions revealed that collagen VI
monomers and dimers were barely detectable in cell
layer, and tetramers were strongly decreased in the
medium (figure 4B). Immunofluorescence showed

that the protein was secreted and assembled in the
extracellular matrix, with a spotlike organization (fig-
ure 5A, ¢). Ultrastructural analysis confirmed the
presence of collagen VI microfilaments, which ap-
peared composed of several tetramers (ranging from
10 to 30). However, globular domains displayed an
irregular shape, and the microfilaments appeared
scarcely interconnected. Typical network and
hexagonal-like structures were absent, whereas few
parallel-aligned microfilaments could be detected in
the pericellular matrix (figure 5B, ¢ and f).

DISCUSSION It is increasingly recognized that clini-
cal overlap exists within the spectrum of collagen VI-
related myopathies, complicating the classification of
intermediate phenotypes?; nevertheless, BM and
UCMD as originally described remain readily distin-
guishable clinical entities. The patients we described
were still ambulant at ages 25 and 47 years, with a pre-
served respiratory function and thus clearly belong to
the classic BM presentation. Both patients carried com-
pound heterozygous COL6A2 mutations.

Our observation points out the occurrence, be-
sides dominant and recessive UCMD and dominant
BM, of previously unrecognized recessive BM cases.
The finding of compound heterozygous genotypes in
patients with BM further complicates the interpreta-
tion of genotype-phenotype relationship in collagen
VI disorders. Recessive collagen VI myopathies re-
ported so far were found to be caused by the combi-
nation of 2 truncating mutations, 1 truncating and 1
in-frame deletion, 2 in-frame deletions, or 2 missense

5624 In our

changes (see also http://www.dmd.nl/)
patients with BM, a truncating mutation either caus-
ing NMD (R266X) or removing the a2(VI) C2 do-
main (Q819X) is partnered by missense changes
within the @2(VI) C2 region. This allelic combina-
tion (truncating plus missense) was not previously
reported in collagen VI disorders.

The identified nonsense mutations were previ-
ously described in homozygosity in a recessive myo-
sclerosis myopathy family (Q819X)° and in
compound heterozygosity with a null allele in a pa-
tient with UCMD (R366X/K318£sX6).> The inter-
pretation of the 3 missense changes (R830Q,
R843W, and D871N) requires caution. Neverthe-
less, their pathogenic meaning is strongly supported
by the association with bona fide recessive mutations
in affected subjects and by the strict conservation of
the involved residues in the protein sequence from
distant species, suggesting a key role in the C2 do-
main of «2(VI) chain. Moreover, we have provided
evidence of their ability to interfere with collagen VI
assembly and molecular interactions. In fact, analysis

of collagen VT synthesis, assembly, and secretion re-
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Figure 4 Western blot analysis of collagen VI in cultured fibroblasts
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(A) Skin fibroblasts from control (CTRL), BM1, and BM2 were grown in either the presence (+) or the absence (—) of ascorbic
acid. Cell layer (20 ng) and medium (30 wg) were separated by electrophoresis under reducing conditions in 3% to 8%
polyacrylamide gradient gel, and collagen VI was detected by an antibody recognizing all chains. The migration and size (in
kilodaltons) of the protein molecular weight markers are shown on the left, and migration positions of the 3 «(VI) chains are
indicated on the right. An additional faster migrating band (arrow) is detected in the cell layer and medium of BM1. “Unspe-
cific band detected by the antibody in all medium samples. Control for loading in cell layer samples was performed by an
antibody for g-catenin. (B) Cell layer and medium were immunoprecipitated with an antibody recognizing the «1(VI) chain.
Samples were separated by electrophoresis under nonreducing conditions in a composite 0.5% agarose-2.4% polyacryl-
amide gel. Collagen VI was detected with an antibody recognizing all chains. The expected migration positions of collagen
VI monomers, dimers, and tetramers are indicated on the right. The migration and size (in kilodaltons) of molecular weight
markers (laminin and fibronectin) are shown on the left. The last lane is a lower exposure of BM1 medium.

vealed qualitative and/or quantitative protein defects
in both patients. In patient BM1, the truncated
a2(VI) chain was able to participate in collagen VI
synthesis and it was secreted, and the amounts of
collagen VI were slightly decreased when compared
with control. Analysis under nonreducing conditions
showed that the assembly or stability of collagen VI
tetramers was impaired. The presence of the Q819X
mutation in heterozygosity does not seem to cause
any pathogenic consequence, as indicated by the nor-
mal phenotype of the 2 parents of myosclerosis-
affected siblings® as well as of the father of patient
BMI1. Consequently, it is reasonable that in patient
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BMI1 the 2 missense mutations partnering Q819X
allele also contribute to the collagen VI defects. Ul-
trastructural data suggest that these mutations may
interfere with protein interactions, thus compromis-
ing the integrity of the muscle cell-matrix link. Inter-
estingly, in muscle biopsy of patient BM1, mutated
collagen VI showed only partial colocalization with
myofiber basal lamina, thus supporting the hypothe-
sis of an altered binding with extracellular matrix
components.

The D871N mutated chain is the only a2(VI)
polypeptide produced by patient BM2, because the
mRNA transcribed by the other allele undergoes
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Figure 5

Immunofluorescence and electron microscope analysis of collagen VI |

(A) Immunofluorescence analysis of collagen VI on cultured fibroblasts from control (a), BM1 (b), and BM2 (c), treated for 2
days with 0.25 mM ascorbic acid postconfluence. BM1 (b) and BM2 (c) fibroblasts show a reduced amount of collagen VI
secreted in the extracellular matrix when compared with the extensive 3-dimensional networks developed by control fibro-
blasts (a). The organization of collagen VI microfilaments shows a typical filamentous arrangement in BM1 fibroblasts (b),
whereas a dotlike appearance is detected in BM2 culture (c, arrows). Bar, 20 um. (B) Electron microscope examination of
rotary shadowed cultured fibroblasts from control (a and b), BM1 (c and d), and BM2 (e and f) labeled with anti-collagen VI
and revealed with a secondary antibody conjugated with 5 nm (a-e) and 15 nm (b, d, e, and f) colloidal gold particles. In
control fibroblasts, collagen VI microfilaments develop a well-interconnected network (a, N), with a regular distance be-
tween globular domains (b, arrows). In BM1 culture, collagen VI microfilaments appear well interconnected (c, N) and com-
posed by regular tetramers (d, arrows). In BM2 culture, the microfilaments appeared scarcely developed and
interconnected (e, arrows), and globular domains displayed an irregular shape (f, arrows). Panels a, ¢, and e are at the same

magnification, as well as b, d, and f. Bar, 200 nm.

NMD, and the amounts of collagen VI are markedly
decreased in both cell layer and medium of this pa-
tient. Considering that the R366X mutation is
present in heterozygosity in the healthy mother of
patient BM2, the clinical phenotype cannot be as-
cribed to the sole quantitative decrease of collagen
VL. The very low amount of tetramers in the medium
of BM2 cells and the presence of dimers in cell sam-
ples indicate that the single D871N substitution of
the @2(VI) C2 domain affects the synthesis and orga-
nization of collagen VI tetramers. Indeed, when in-
vestigated by rotary shadowing, secreted tetramers

showed altered globular domains and did not de-

velop extensive networks, suggesting that this muta-
tion also affects the 3-dimensional organization of
collagen VI microfilaments.

Supporting our observation, several studies indicate
that the a2(VI) C2 domain has a crucial role for the
correct assembly of collagen VI.”222627 A patient with
BM carrying a heterozygous P932L mutation showed a
defect in the incorporation of the mutated a2(VI) chain
within triple-helical monomers, leading to reduced se-
cretion of tetramers.?® In a patient with UCMD, com-
pound heterozygous COL6A2 mutations (L837P and
deIN897) were found to cause a severe decrease of colla-

gen VI assembly and secretion.?®
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The identification of patients with BM with a
compound heterozygous genotype for recessive
COLG6 mutations has relevant implication for molec-
ular diagnosis of collagen VI-related diseases, em-
phasizing the importance of a full screening of COL6
genes irrespectively of the clinical phenotype. Reces-
sive inheritance needs to be considered on a par with
dominant transmission when counseling patients
with BM, and this implies that a 50% recurrence risk
is no longer the rule in BM sporadic cases, even when
they are molecularly characterized. The peculiar allelic
combination (truncating plus missense) underlying the
BM phenotype in our patients does not support pure
haploinsufficiency as a causative mechanism for BM
and suggests that the existence of missed recessive muta-
tions could explain the rare patients with BM with het-
erozygous null mutations. These patients represent an
intriguing and still unsolved matter when weighed
against heterozygous parents of patients with UCMD,
carrying equally null collagen VI alleles, but showing no
obvious phenotype.®

Another peculiar aspect characterizing patients
BM1 and BM2 resides in the presence of collagen VI
abnormalities both in skeletal muscle and cultured
fibroblasts at conventional immunohistochemical
analysis. In fact, genetically characterized BM pa-
tients usually show normal collagen VI in muscle

192931 whereas cultured fibroblasts display a

biopsy,
variable amount of protein and/or abnormalities of
microfilament organization in the extracellular ma-
trix.*! The coexistence of collagen VI abnormalities
in both fibroblasts and muscle was previously de-
scribed in only 2 BM cases showing atypical features:
one patient, carrying a heterozygous COLGA3 de
novo mutation, had a BM borderline phenotype
with restrictive pulmonary function'; the other,
with an intermediate BM/UCMD phenotype, inher-
ited the heterozygous COL6A2 mutation from the
healthy mother,?' suggesting that this mutation may
not be the only one contributing to the clinical phe-
notype. These observations further support the hy-
pothesis that recessive mutations could have been
missed in some patients with BM, and that BM re-
cessive mutations may affect collagen VI expression
both in muscle and fibroblasts.
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1.4 BM and UCMD analysis by CGH array.

We studied a group of UCMD and BM patients for the evaluation and validation of

CGH as a new diagnostic approach.

Bovolenta et al. BMC Medical Genetics 2010, 11:44
http://www.biomedcentral.com/1471-2350/11/44
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Abstract

Background: Molecular characterization of collagen-VI related myopathies currently relies on standard sequencing,
which yields a detection rate approximating 75-79% in Ullrich congenital muscular dystrophy (UCMD) and 60-65%
in Bethlem myopathy (BM) patients as PCR-based techniques tend to miss gross genomic rearrangements as well

as copy number variations (CNVs) in both the coding sequence and intronic regions.

Methods: We have designed a custom oligonucleotide CGH array in order to investigate the presence of CNVs in
the coding and non-coding regions of COL6AT, A2, A3, A5 and A6 genes and a group of genes functionally related
to collagen VI. A cohort of 12 patients with UCMD/BM negative at sequencing analysis and 2 subjects carrying a
single COL6 mutation whose clinical phenotype was not explicable by inheritance were selected and the
occurrence of allelic and genetic heterogeneity explored.

Results: A deletion within intron 1A of the COL6A2 gene, occurring in compound heterozygosity with a small
deletion in exon 28, previously detected by routine sequencing, was identified in a BM patient. RNA studies
showed monoallelic transcription of the COL6A2 gene, thus elucidating the functional effect of the intronic
deletion. No pathogenic mutations were identified in the remaining analyzed patients, either within COL6A genes,
or in genes functionally related to collagen VI.

Conclusions: Our custom CGH array may represent a useful complementary diagnostic tool, especially in recessive
forms of the disease, when only one mutant allele is detected by standard sequencing. The intronic deletion we
identified represents the first example of a pure intronic mutation in COL6A genes.

Background

Mutations in the genes encoding collagen VI (COL6A1,
COL6A2 and COL6A3) result in two major phenotypes:
Bethlem myopathy [BM, OMIM #158810] and Ullrich
congenital muscular dystrophy [UCMD, OMIM
#254090]. Despite BM being classically reported as an
autosomal dominant condition due to heterozygous
COL6 mutations [1,2], we and others have recently
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described autosomal recessive BM patients [3,4]. In con-
trast, the allelic form UCMD was initially considered to
be an autosomal recessive disorder, with homozygous or
compound heterozygous mutations occurring in all
three COL6 genes [2], although a few double heterozy-
gous mutations in two different COL6 genes have also
been described [5]. Recently, however, up to 50% of
UCMD cases have been found to carry only one
mutated allele, indicating autosomal dominant inheri-
tance [5-7]. Thus far, roughly 100 different mutations in
COL6 genes have been associated with either UCMD or

© 2010 Bovolenta et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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BM and most of them are confined to single families
(5,8].

The distribution of mutations along COL6 genes is
rather uniform and lacks mutation hot spots, therefore
these patients require extensive genotyping, which is cur-
rently performed by genomic or cDNA sequencing [1,5].
Nevertheless, a relevant proportion of patients clinically
diagnosed as having a collagen-VI related myopathy still
lack molecular characterization. In fact, with currently
available diagnostic tools, the detection rate of mutations
of COL6 genes varies from 60-65% in BM cases and 75-
79% in UCMD patients [5]. The majority of these muta-
tions are small variations like missense, frame-shifting,
ins-del or point mutations which lead to a splicing defect.
Large, multi-exon deletions of the COL6AI gene, invol-
ving both exonic and intronic regions and thus detectable
by mRNA analysis, have been reported as causative
mutations in three patients [9,10]. One limitation of
PCR-based genome analysis techniques is their inability
to detect gross CNVs, as well as atypical mutations,
which could account for a significant proportion of unde-
tected COL6 mutations. On the other hand, the relatively
low rate of mutation detection in COL6 genes could be
due to the genetic heterogeneity of these diseases. Thus,
mutations in genes functionally related to collagen VI
could theoretically underlie UCMD and BM phenocopies
and/or be responsible for secondary collagen VI defects
[11]. In order to test this hypothesis, we selected 12
UCMD/BM patients who were found to be negative
upon extensive sequence analysis of the three COL6
genes, and two patients carrying only one mutation,
deemed insufficient to explain the clinical phenotype, it
being inherited from a healthy parent.

The occurrence of both allelic and genetic heterogene-
ity was explored in these patients by using an innovative
oligonucleotide array-based comparative genomic hybri-
dization (CGH) approach able to detect CNVs in COL6
genes, as well as in other genes functionally related to
collagen VI

A deep intronic deletion in the COL6A2 gene was dis-
covered in one BM patient, with a single mutation
inherited from the healthy mother identified at sequen-
cing analysis. Subsequently, the functional effect of the
identified mutation was demonstrated via RNA studies.
In the remaining patients, only non pathogenic CNVs
were identified.

Methods

Genome sequence analysis

Patients’ genomic DNA was extracted from peripheral
blood lymphocytes after informed consent and approval
by the local ethics committee was obtained (approval
number 7/2009). PCR primers (sequences are available

upon request) were designed to amplify all the 107 exons
of the COL6 genes, as well as their flanking intronic
regions. Amplified fragments were directly sequenced
using a BigDye Terminator v3.1 Cycle sequencing system
on the automated ABI 3130 Genetic Analyzer (Applied
Biosystems, Foster City, CA).

In order to try to attempt amplification across the
deletion within COL6A2 intron 1A, identified by the
CGH-array, the following oligonucleotides were posi-
tioned outside the maximum theoretical deleted region:
F1 CCCTGAATTCCTGGACATGAT; R1 GAACGTC-
CATCCTCCCTGAT; and flanking the region identified
by the two deleted probes (F2 AGATCCACAGCCAC-
GACTT; R2 GGCCTCACTGTGCTGCTG) (Figure 1).
Long-range PCR was performed using LA-Taq polymer-
ase and 40 cycles at 64°C.

Micro-array design, hybridization and data analysis
COL6-CGH array design was performed using the high-
density aCGH search function of the web-based Agilent
eArray database, version 4.5 [12].

The genomic regions corresponding to COL6A1-A2-
A3-AS and -A6 genes as well as a group of genes func-
tionally related to collagen VI (Table 1) [13-21] were
masked for repetitive elements and converted into a
10.197 probe set by selecting the maximum number of
exonic and intronic 60 mer oligonucleotide probes avail-
able in the Agilent database. This probe set was enriched
with 377 probes in triplicate, covering the regions of
COL6A1, 2 and 3 genes not investigated by the Agilent
CGH probe database. The final mean resolution for these
genes was one probe every 320 bp. In order to reach the
15K array format, each array was filled with control
probes from all the chromosomes (2851).

The array format utilized was 8 x 15K, made up of
eight identical 15K arrays on a single slide, thereby per-
mitting simultaneous analysis of eight different samples.
Genomic DNA was extracted from the patients’ whole
blood or cultured fibroblasts by a Nucleon™ BACC
Genomic DNA Extraction Kit (GE Healthcare). Labeling
and hybridization were performed following the proto-
cols provided by Agilent (Agilent Oligonucleotide
Array-Based CGH for Genomic DNA Analysis protocol
v5.0). The array was analyzed with the Agilent scanner
and the Feature Extraction software (v9.1). A graphical
overview and analysis of the data were obtained using
the CGH analytics software (v3.5). For identifying dupli-
cations and deletions we used the statistical calculations
based on ADM-2 algorithm provided by the CGH analy-
tics software. According to this set-up and in the case of
autosomal genes, deletions are visualized with values of
-1 if in heterozygosity and with values of minus infinite
(-4 in CGH analytics) if in homozygosity. For three
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Figure 1 CGH-array profile and COL6A2 gene allelic configuration. A). CGH-array profile of the COL6A2 intron 1A deletion and its schematic
representation in the context of the entire COL6A2 gene. A custom track containing the maximum theoretical deleted region spanning 2094 bp
(blue bar), derived from the closest normal probes (black bars), the two deleted probes (green bars) and PCR primers pairs (red bars), was
created on UCSC Genome Browser. The two deleted probes lay at 1054 bp from exon 2. The region between the 5-normal probe and the first-
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B) Schematic representation of the COL6A2 gene allelic configuration in BM Patient 1, with the maternal allele (allele 1) carrying the 6-nucleotide
deletion within exon 28 and the paternal allele (allele 2) carrying the intronic deletion within intron TA.

copies, the value would be approximately +0.6 and for
four copies the value would be +1.

The platform informations have been submitted to the
online data repository Gene Expression Omnibus (GEO)
[22], under accession number GPL9972.

Real-Time PCR

Ad hoc Real-Time PCR assays were designed for the
COL6A2 intron 1A deletion and the CNVs identified
within the ITGB1 and ITGA5/ITGA genomic regions
(Table 1 and Additional file 1). For confirming COL6A2

84

intron 1A deletion, a TagMan assay was firstly used;
MGB probe and primer design was performed by Pri-
mer Express Software 2.0 (Applied Biosystems) (FW
TTGGTCACAGGTTATGCAACA, Rev GGTGAGTTT-
CACAGCTTCAAGGA; Probe 6-FAM-AACAAGT-
TAAATAGCATGAAGTG) (see Additional file 2).
Real-Time PCR was performed in triplicate in 96-well
plates using 50 ng genomic DNA and default parameters
on the Applied Biosystems Prism 7300 system. For rela-
tive quantification, the AACT Method (Applied Biosys-
tems User Bulletin #2) was utilized. CFTR exon 15 was
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Table 1 Genes, corresponding genomic regions and protein products included in the COL6-CGH micro-array design

Genes Chromosomal Coordinates (NCBI Build 35) Proteins

HSPG2 chr1:21894043-22010053 Heparan sulfate proteoglycan 2
COL6A3 Chr2:237914662-238204820 Collagen, type VI, alpha-3 chain
COL29AT; Chr3:131447049-131978580 Collagen, type XXIX, alpha 1
COL6A6 Collagen type VI alpha 6

[TGAT; chr5:52019893-52526365 Integrin, alpha 1

[TGA2 Integrin, alpha 2

TNXB chr6:32116611-32186183 Tenascin XB

[TGB1 chr10:33130501-33364492 Integrin, beta 1

DCN chr12:90041504-90075827

ITGAS5; chr12:52975314-544878%4
[TGA7
CSPG4 chr15:73654019-73892151
COL6AT; chr21:46126091-46474147
COL6A2
BGN chrX:152181258-152395851

Decorin

Integrin, alpha 5;
Integrin, alpha 7

Chondroitin sulfate proteoglycan 4
Collagen, type VI, alpha 1 chain Collagen, type VI, alpha 2 chain

Biglycan

employed as a reference gene, and three control DNAs
were used as calibrators for each experiment. Specific
assays based on SYBR-green chemistry were also
employed in order to further verify the intron 1A dele-
tion and to confirm the CNVs identified in the ITGB1
and ITGA5/ITGA7 genomic regions, (Chrl0_FW
CGTGGAGATGGGATTAGTGTG, Chr10_Rev TTTGT
TGGGAATTTACTTGGTG; Chrl2_FW AATTTG
CTGTTGCTGGGTCT, Chr12_Rev TCCCATACTCTC-
CATTGTCC; Chr21_FW GCCTGTCTGCCTCTTCCA,
Chr21_Rev TGTTGCATAACCTGTGACCAA) (see
Table 1 and Additional file 2).

Transcript analysis in BM Patient 1

Total RNA was isolated from confluent fibroblasts by
using an RNeasy Kit (QIAGEN, Chatsworth, CA), and
reverse transcribed using a High Capacity cDNA
Reverse Transcription Kit (Applied Biosystem, Foster
City CA). RT-PCR was performed with a forward primer
within COL6A2 exon 25 and a reverse primer within the
5" of exon 28, as well as with a forward primer within
exon 26 and a reverse within the 3’ of exon 28, as pre-
viously described [23]. The sequence of primers
employed is available upon request.

Immunohistochemistry, electron microscopy and Western
Blot in BM Patient 1

Unfixed frozen sections of the tibialis anterior muscle
from BM Patient 1 and control were labeled with anti-
collagen VI antibody (Chemicon MAB1944) diluted
1:100, followed by FITC-conjugated anti-mouse antibody
(DAKO); sections were double-labeled with anti-perle-
can antibody (Chemicon) diluted 1:100, and revealed
with a TRITC conjugated anti-rat antibody (SIGMA).
Muscle sections were also labeled with anti-caveolin 3

(BD-Transduction), collagen IV, laminin o2 and laminin
B1 chains (Chemicon), followed by FITC-conjugated
secondary antibody, while fibronectin (Sigma) and
alpha-dystroglycan (Upstate Biotechnologies) were fol-
lowed by TRITC-conjugated antibody (Sigma, MO). The
fibroblast cultures from Patient 1 and from a control
were obtained by mechanical means from bioptic skin
fragments and set up as previously described [24].
A mouse monoclonal anti-collagen VI antibody
(MAB1944, Chemicon) was employed, and the resulting
immunoreaction was detected with a secondary FITC-
conjugated anti-mouse antibody (DAKO). For immu-
noelectron microscopy analysis, cells were incubated
with a monoclonal anti-collagen VI antibody (Chemi-
con) diluted 1:25 with Dulbecco’s modified Eagle’s med-
ium and with 5 or 15-nm colloidal gold-labeled IgG
(Amersham). Rotary shadowing electron microscopy was
performed as described [25].

Samples derived from skin fibroblast cultures and
muscle biopsies were prepared for Western Blot analysis
as previously described [23]. Collagen VI was detected
by immunoblotting with antibodies recognizing either
all collagen VI chains (Fitzgerald 70XR95) or the a1(VI)
chain (Santa Cruz sc-20649) alone. Antibodies recogniz-
ing AKT (Cell Signaling) and myosin (Sigma) were used
for cell culture loading and muscle samples.

Results

Patient selection and COL6-CGH array validation

Twelve patients clinically diagnosed as possessing
UCMD (6 patients) or BM (6 patients) phenotypes nega-
tive at genomic sequence analysis, and 2 patients
(1 UCMD, 1 BM) in whom a sequence analysis positive
for COL6 mutations failed to fully explain the clinical
phenotype were selected (Table 2).
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One BM patient (Patient 1) had previously been
described by Demir et al. (# 10, Family 8), who linked
the disease in this family to chromosome 21q22.3 [26].
This patient carries a heterozygous small deletion in
exon 28 of the COL6A2 gene (NM_001849, c.
2947_2952del6, p.Asp983_Val984del) inherited from the
healthy mother. Patient 2 (UCMD) bears a heterozygous

TS —+ &5 0v=v

&;;ﬁ g g %'8 5 8% 2L 4 missense alteration (NM_001848, c.350 C>T, V117A)

g CEE = 2E°E B f g = within COL6AI exon 3, inherited from the unaffected
© o &

- father. The V117A substitution noted in this patient had
= = = = not previously been described, so in order to evaluate
g % g = % the pathogenic effect of this missense variation, poly-
- c © - morphism phenotyping predictions were obtained by

PolyPhen [27] and SIFT [28] with contrasting results:
< < < o a PolyPhen predicted a benign variation whereas SIFT
3 M < z z foresaw a harmful effect of the V117A substitution. Sub-

sequently, amino acid conservation of V117 was ana-
= = lyzed, and sequence alignment between distant species
% ~ it % showed high conservation of the residue in the VWFA1
< < domain (data not shown). The screening of 200 control
© © © chromosomes excluded it as a common polymorphism.
28 v v 28 =8 The COL6-CGH array was designed to cover the
u:; g e 2 ii g % g regions of genes COL6A1-A2-A3-A5 and -A6 and a
£ = £ group of genes functionally related to collagen VI (Table
” © ° 0 0 1). Ten possible candidate genes were considered on the
2] c c [ 2 . . or e . . . . .
2 S S 2 2 basis of the following criteria: either i) their direct inter-
- - - action with collagen VI, as in the case of HSPG2 [13],
a8 £ 88 & B ITGAL, ITGA2, ITGBI1 [14], DNC and BGN [15]; ii)
g g s sz i S g% éé their secondary involvement in collagen VI-deficient tis-
= g’% B Ggﬂg £ g é_% sues, as in NG2-proteoglycan [16,17], ITGA5 and
== £ =2 = ITGA7 [18,19], or iii) their mutations causing an over-
o2 o 5 5 ox g 2oL g7 lapping phenotype with collagen VI-related myopathies,
0354 98T 88 oxd Fod ol¢ as in TNXB [20]. COL6A5 (COL29A1) and COL6AS,
8235 03229 5%y X EQ 5% > X X
< 5 T fe <xg £ &8 <z which are expressed in skeletal muscle, were also

included since collagen VI alphal-deficient mice do not
express collagen VI alpha 5 or alpha 6 chains [21].

The full coding region of all selected genes was included,
together with intronic sequences and 100 kb at the 5" and

8

1
3
4

UL: upper limbs; LL: lower limbs; AD: autosomal dominant; yrs: years; mo: months; ND: not done; SkM: skeletal muscle; BM: basement membrane

Table 2: Summary of clinical and genomic data in the analyzed BM/UCMD patients (Continued)

[%} >\¥ %}
% <5 % P % é g i > e é < 3’ of the first and last exons, respectively. The array was
£ gg 2 gg ©x8% & g & _ technically validated before commencing by using DNA
@ e £g > = g from 8 normal controls; no CNVs were detected.
N = L N = E’ Two novel CNVs were identified in BM patients 4 and
° 5 (Table 1 and Additional File 2). The first was a 1.4 Kb
o < o < < 5 deletion, located 35 Kb downstream the ITGBI1 gene
g g g g g g and the second was a 1.7 Kb duplication in the inter-
& & & & & % genic region between ITGA5 and ITGA7. Both CNVs
s were confirmed by Real-Time PCR analysis (data not
£ shown), but the occurrence of both variations in unaf-
% fected family members and healthy controls from the
- general population permitted exclusion of their patho-
g genic significance (see Additional File 2).
a a a a5 5 ; The complete CGH datasets have been submitted to
°e3Z =3 S s 3 |% the online data repository Gene Expression Omnibus
= = = = = |9 [22], under accession number GSE20025.
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Identification of a pure intronic deletion in intron 1A of
the COL6A2 gene in BM patient 1

In early infancy, Patient 1 (BM) (Table 2) attained nor-
mal motor milestones and walked at 15 months of age.
However, aged 3 and a half, she began to have difficulty
running. Creatine kinase was 3.5 times the upper limit
of normal, and examination at age 21 revealed a short
stature, excessive weight and bilateral club foot. The
patient was able to walk and climb stairs without sup-
port, but was unable to run. Mild facial and limb/girdle
weakness and moderate axial and distal weakness were
noted. The patient was unable to bury the eyelashes
completely or to flex neck against gravity, and digitorum
extension weakness was evident. The patient suffered
contractures of the neck, elbows, fingers, knees and
ankles, combined with finger extension hypermobility
when the wrist was flexed. Her skin was rough and che-
loidal, and nails were dystrophic. Forced vital capacity
was 52%, and cardiac examination evidenced no
abnormality. Examination at age 30 years revealed a
relatively stable condition, with only the ability to get up
from the floor having been further compromised.

In BM Patient 1, CGH analysis revealed the presence
of a deletion within intron 1A of the COL6A2 gene
(NM_001849). This deletion was detected by two over-
lapping probes which covered 95 base pairs: the
5’-deleted probe lying 12.237 nucleotides from exon 1A,
and the 3’-deleted probe located 999 nucleotides from
exon 2. The two flanking probes, which showed normal
hybridization levels, were localized respectively, 1900
nucleotides from the proximal 5’-deleted probe and 194
nucleotides from the distal 3’-deleted probe. Thus, the
identified deletion spans a maximum theoretical region
of 2094 bp, and is located 1 kb upstream of the first

COL6A2 coding exon (exon 2). Comparative sequence
analysis using the two deleted probes identified a geno-
mic region lying adjacent to a cluster of repetitive ele-
ments (Figure 1A) [29].

Real-Time PCR analysis performed using two different
assays, one based on SYBR-green and the other on Taq-
Man chemistries, confirmed the occurrence of the dele-
tion, which was inherited from the healthy father (see
Additional File 3). Analysis of 100 control subjects from
the normal population by Real-Time PCR failed to iden-
tify the COL6A2 intron deletion.

Genotypic analysis of the proband’s parents showed
the intronic deletion and the exon 28 small mutations
in trans, denoting autosomal recessive transmission.

An attempt to amplify by junction PCR the deletion
breakpoint with primers outside the maximum theoreti-
cal deleted region was unsuccessful, and sequencing
analysis of the PCR products obtained using different
sets of primers failed to identify the mutated allele. This
suggests the possibility of a complex rearrangement/
inversion of the involved genomic region (Figure 1A).

Occurrence of monoallelic COL6A2 transcription in BM
Patient 1 fibroblasts

In order to assess the pathogenic meaning of the identified
intronic deletion found in BM Patient 1, fibroblasts were
harvested and cultured prior to RNA analysis. This analy-
sis was focused on the terminal region of the COL6A2
transcript, from exon 26 (harboring two common poly-
morphisms (Ala698Ala and Gly699Gly), heterozygous at
the genomic analysis) to exon 28 (the site of the maternal
heterozygous 6-nucleotide deletion). Direct sequencing of
the amplified fragments revealed the presence of a
pseudo-homozygosity for the exon-28 deletion, as well as

BM1 Father

\ ( Het p. A698A, G699G \

ACCTC G AGTGG ATTGC HGGTG G CACCTGE ACAC CCTEAGET

Pseudo-hom p. A698A, G699G

ACCTCGAGTGGATTGE AGGTG GEAC CTGG ACAC CCTC AGCE

BM1
A
7
Het p. AG9SA, G699G
TCEHCANGGACK! A okt ence ncceren AN
/AN
DNA
‘. R
il At
\, \ A > AL A A A A AT\ J
( N
7
|[GEEEET |
RNA
J i \J‘my\
| P

(c.2094 G and c.2097 C), are only barely visible in the father.

Figure 2 COL6A2 genomic and transcript analysis in BM Patient 1 and his father. A) Sequence chromatograms of BM Patient 1 showing
the maternal deletion within exon 28 (GACGTG) (left) and two polymorphisms (c.2094 G>A - A698A; C.2097 C>T - G699G) within exon 26 (black
vertical arrows) (right) occurring heterozygously at the DNA level (upper panel) and pseudo-homozygously at the RNA level (lower panel). B)
Sequence chromatograms in the BM Patient 1 father showing that the exon 26 polymorphisms (2094 G>A - A698A; C.2097 C>T - G699G) occur
heterozygously at the DNA level (upper panel). At the RNA level (lower panel) the nucleotide variants that are undetectable in the BM Patient 1
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Figure 3 Immunohistochemical analysis on muscle biopsy from
BM patient 1. Immunofluorescence analysis on muscle sections of
BM Patient 1 (A-D) and control (E-H) of collagen VI (A, E), perlecan
(B, F), laminin B1 (C, G) and collagen IV (D, H). A small reduction in
collagen VI in the patient’s endomysium (A) was observed in
comparison with control (E). However, collagen VI was expressed
normally around the blood vessels (arrows, A). Double-labeling with
anti-perlecan antibody revealed a normal pattern (B) as well in the
control section (F). Laminin B1 expression was reduced at the basal
lamina of muscle fibers, while being expressed normally around the
capillary walls (arrows, €). Collagen IV labeling showed a normal
pattern around both vessels and muscle fibers (D). Bar, 40 um.

for the polymorphisms within exon 26 (Figure 2). This
implies that the allele carrying the intronic deletion is not
transcribed at appreciable levels.

In order to strengthen the case for a relationship
between the identified intronic deletion and the tran-
scriptional behavior, RNA analysis was performed on cul-
tured skin fibroblasts from the patient’s father. The two
exon 26 polymorphisms (Ala698Ala; Gly699Gly) were
found to be heterozygous at the genomic level, although
their transcription was strongly imbalanced. The

nucleotide variant of the polymorphisms (c.2094 G>A -
A698A; C.2097 C>T - G699G) that was completely unde-
tectable in the proband’s RNA (G and C, respectively),
was only barely visible in cells from the father (Figure 2).

Collagen VI expression in muscle and cell cultures from
BM Patient 1

Muscle biopsy of Patient 1 revealed a mild reduction in
collagen VI in the endomysium (Figure 3A) in comparison
with control (Figure 3E). Double labeling with anti-perle-
can antibody showed a normal pattern, attesting the integ-
rity of the basement membrane. Alpha-dystroglycan,
caveolin 3, fibronectin, and laminin a2 chains (data
not shown) were normally expressed, as was collagen IV
(Figure 3D), while laminin 1 chain labeling was reduced
around the muscle fibers and preserved at the basement
membrane of blood capillary vessels (Figure 3C). In cul-
tured skin fibroblasts, a mildly reduced expression of col-
lagen VI protein was associated with an altered
organization of the microfibrillar network: the immuno-
fluorescence pattern was characterized by a coarser tex-
ture than normal with fewer thinner fibrils (Figure 4A).
A finely structured collagen VI network was no longer
visible, while thicker fibers were still present. Electron
microscopy analysis of rotary-shadowed replicas of
patient’s in vivo-labeled fibroblasts showed the presence of
thick collagen VI fibrils, constituted by several parallel
microfilaments, while regularly developed webs of inter-
connected and cross-linked filaments like those seen in
control fibroblasts were absent (Figure 4C-E). Western
blot of fibroblast cultures and muscle biopsy samples
using two different antibodies recognizing either all col-
lagen VI chains or the ac1(VI) chain alone revealed a quan-
titative deficiency of collagen VI in the patient, as
compared to an unaffected control (Figure 5). The reduced
amount of collagen VI in skeletal muscle was confirmed
by immunoblotting for myosin, used as a loading control
for normalizing the amount of muscle tissue.

Discussion

Molecular genotyping of UCMD and BM patients is
currently performed by extensive sequencing of
COL6A1, A2 and A3 genes. Unfortunately, however, the
PCR-based techniques used in routine screening miss
gross rearrangements as well as CNVs which exceed the
dimensional limitations of PCR amplification. Further-
more, molecular analysis fails to identify the causative
mutation in a significant percentage of patients, ranging
from 20-25% in UCMD to 35-40% in BM [5]. This rela-
tively low detection rate of current molecular approaches
in collagen VI myopathies could be ascribed to allelic het-
erogeneity (linked to the abovementioned limitations of
PCR-based techniques) and/or genetic heterogeneity. This
latter hypothesis implies that UCMD/BM phenocopies
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absent. Bar, 200 nm.

Figure 4 Immunohistochemical analysis and electron microscopy on fibroblasts. Reduced amount of collagen VI microfilamentous network
was detected in the extracellular matrix secreted by fibroblasts of BM Patient 1 (A) as compared to control fibroblasts (B). The microfibrillar
network in the patient’s fibroblasts showed an altered organization, characterized by a coarser texture than normal (A, Arrows) Fibroblast density
was monitored by DAPI staining of the nuclei. Bar, 20 um. Electron microscope examination of rotary-shadowed cultured fibroblasts from control
(C) and BM Patient 1 (D-E), labeled with anti-collagen VI and revealed with a secondary antibody conjugated with 5-nm colloidal gold particles.
Ultra-structural analysis of the rotary-shadowed fibroblasts revealed the presence of collagen VI fibrils constituted by several parallel running
microfilaments in BM Patient 1 (D, E), while regular webs of interconnected microfilaments, like those shown in control fibroblasts (C), were

could occur, due to mutations in different, still unidenti-
fied genes.

In the last few years, novel genomic-based technolo-
gies have been reported as an efficient and improved
alternative to PCR in molecular diagnosis. Oligonucleo-
tide array-based CGH was initially developed to detect
major changes in chromosomal copy number [30], and
since then both commercial and custom arrays have
been also used to discern these changes in selected
genomic regions of interest [31,32]. The DMD gene was
a perfect candidate to test the validity of this approach,
due to the large size and high number of gross copy
number variations apparent in this condition. Moreover,
different custom arrays have already been validated for

90

the exploration of both coding [33] and non-coding
regions of the gene [34-36]. For COL6 genes, the possi-
bility that genomic dosage imbalance or large CNVs
occur with significant frequency in UCMD/BM patients
still remains untested.

With the aim of increasing the sensitivity of molecular
diagnosis in collagen VI-related disorders, a custom oli-
gonucleotide-based CGH array able to detect CNVs in
coding and non-coding regions of the COL6A1, A2, A3,
and the AS and A6 genes recently discovered to encode
novel collagen VI chains [21,37] was designed. More-
over, in order to investigate genetic heterogeneity, the
genomic regions of other genes selected on the basis of
their known or hypothetical functional relationship with
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Figure 5 Western Blot analysis of fibroblasts. Western blot analysis of collagen VI in cultured skin fibroblasts and in muscle biopsies from
control (CTRL) and BM Patient 1 (BM1) was performed. Samples corresponding to the cell layer (left panel, 20 pg) and medium (middle panel,
30 ug) in the presence or absence of L-ascorbate, and muscle extracts (right panel, 15 pg), were separated by electrophoresis under reducing
conditions in 3-8% polyacrylamide-gradient gel. Collagen VI was detected by immunoblotting with antibodies recognizing either all collagen VI
chains (Fitzgerald 70XR95) or the a1(VI) chain (Santa Cruz sc-20649). Migration of the collagen VI chains is indicated on the right and molecular
weight markers (kDa) are shown on the left. Control for loading was performed by antibodies against AKT (cell layers) or myosin (muscle
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collagen VI were also included in the design, as all these
genes potentially represent candidates for mutations
that could underlie phenocopies of collagen VI-related
diseases [38,39,13,15,40-42].

By testing our array in 14 selected UCMD/BM patients,
we identified a deep intronic deletion in the COL6A2
gene in a BM patient occurring in compound heterozyg-
osity with a small exonic mutation previously detected by
sequencing. Despite not definitively proven, due to the
failure to amplify the deletion breakpoint, nevertheless
the pathogenic potential of this intronic mutation is sup-
ported by the transcriptional impairment of the mutated
allele that was demonstrated both in the proband and in
her healthy carrier father. The COL6A2 gene is charac-
terized by a first-coding exon (exon 2) separated from
two alternatively spliced 5’-untranslated exons (exon 1
and 1a) by a huge 12 kb intron (intron 1A) [43].

Deletion of this intron may abolish cis-acting elements
and/or the binding of trans-acting factors involved in
the regulation of COL6A2 gene expression. Alternatively,
the deletion itself might be the marker for a complex
genomic rearrangement occurring in the COL6A2 gene
that inverts or scrambles the entire genomic configura-
tion. The failure of PCR to amplify the deletion junction
seems to support this hypothesis.

This study documents an additional case of a BM
patient with a compound heterozygous genotype for

recessive COL6A2 mutations. Interestingly, both of the
autosomal recessive BM cases we previously described
carried a peculiar allele combination consisting of a trun-
cating mutation partnered by missense changes within
the a2(VI) C2 region [3]. Despite different (null muta-
tion/in-frame deletion), the allelic configuration of BM
Patient 1 also indicates the presence of a mutated a2(VI)
C2 domain, derived from a single allele, similar to the
recessive BM cases previously described [3]. The findings
in this patient also substantiate the observation that
recessive BM mutations, unlike the classical dominant
cases, affect collagen VI expression in skeletal muscle [3],
as attested by immunohistochemical and biochemical
analyses showing a decreased amount of this protein.

In the twelve patients who tested negative upon geno-
mic sequence analysis, no CNVs were identified in COL6
genes using the CGH array. Even though the limited size
of the analyzed patient cohort hampered definitive esti-
mations, our results did exclude a relevant incidence of
CNVs within COL6 genes, thereby supporting UCMD/
BM genetic heterogeneity. Likewise, no pathogenic CNVs
were identified among the other genomic regions poten-
tially harboring candidate BM/UCMD genes that were
explored in the array. Nevertheless, these results do not
rule out the possibility that genetic heterogeneity could
account for some COL6A1-3-negative patients and sug-
gest that high-throughput sequencing technologies could
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represent more appropriate future approaches for detec-
tion of point mutations. In fact, these innovative tools
could allow significant enlargement of the spectrum of
functionally related collagen VI genes to be explored
sequentially via CNV identification and re-sequencing for
detection of point mutations.

Conclusions

The described COL6-CGH array could represent a use-
ful complementary diagnostic test, useful for increasing
the sensitivity of molecular analysis in patients with a
clinical diagnosis of collagen VI-related disorders. The
limited size of the patient cohort we analyzed hampered
estimation of copy number variation frequency, but ana-
lysis of larger populations could well permit conclusions
to be drawn. In fact, this novel tool allowed us for the
first time to identify a COL6A2 mutation affecting gene
transcription deeply located within an intronic region,
and thus undetectable with all other techniques cur-
rently available. Furthermore, in recent years specific
genetic diagnosis has become mandatory for a patient to
be eligible for upcoming therapeutic trials [44], and thus
the lack of molecular diagnosis in a large percentage of
patients with collagen-VI related phenotypes makes the
search and the validation of novel diagnostic tools an
ever-more pressing issue.

Additional file 1: Gene Symbols, chromosomal coordinates, transcript
and protein identifiers for the genes included in the COL6-CGH micro-
array design.

Additional file 2: CNVs identified in BM Patients 4 and 5. A) COL6-
CGH array result in BM Patient 4, showing the deletion of about 1.4 kb
identified on chromosome 10, 35 Kb downstream of the [TGB1 gene. B)
The CNV on chromosome 10 was validated by Real-Time PCR, and its
segregation was analyzed in Patient 4's family; the deletion was present
in three unaffected subjects (2-AACT values of 044, 041, 045) and absent
in the symptomatic proband’s mother and cousin (2-AACT values of 0.99
and 0.86), thus not linked to the disease. C) COL6-CGH array result in BM
Patient 5, showing the 1.7 Kb duplication occurring in the intergenic
region between ITGA5 and ITGA7 on chromosome 12.

Additional file 3: Real Time PCR experiments confirming COL6A2
intron 1A deletion in BM Patient 1 and in the father. In the upper
panel, the results obtained with an intron 1A specific TagMan assay are
shown. Red plots correspond to utilized reference gene (CFTR exon 15)
whereas green plots refer to target sequence within intron 1A. The Ct
(threshold cycle) values of the target sequence are in line with the
reference in control sample (unaffected subject) and in proband'’s
mother, whereas the target Ct values are higher than reference in BM
Patient 1 and in the father, attesting the deletion (2-AACT values were
047 and 0.53 in BM Patient 1 and in the father respectively, whereas the
2-AACT value was 097 in the proband’s mother). In the lower panel the
position of the primers utilized in the SYBR green assay (blu) and of
primers and probe utilized in the TagMan assay (pink), are shown in
respect to the deleted region (in bold).
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2. New collagen VI chains.

The identification of collagen VI in the ‘80s led to the demonstration that the protein
is made of three distinct polypeptide chains, named a1(VI), a2(VI) and a3(VI). A
number of biosynthetic studies in different systems allowed elucidate the assembly of
the three collagen VI chains, showing the necessity of their equimolar association
before collagen VI secretion, which was further proven by the complete absence of
collagen VI in Col6al~- mice (Colombatti and Bonaldo, 1987; Colombatti et al., 1995;
Bonaldo et al, 1998). It was found that biosynthesis of collagen VI is a peculiar
multistep process (Fig. 1), requiring the equimolar association of the three
alpha-chains into a triple helical [a1(VI)a2(VI)a3(VI)] monomer, which is followed
by formation of disulfide-bonded dimers and tetramers within the cell. After
secretion, the tetramers form a network of microfilaments with a typical 100-nm
periodicity that bridges the surface of cells with the connective tissue (Colombatti et

al,, 1987; Keene et al., 1988; Bonaldo et al., 1990; Colombatti and Bonaldo, 1991).
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Figure 1. Collagen VI biosynthesis.

In the last years I collaborate with other research groups in a project focused on the
During my PhD project, [ have been involved in a collaborative project with the group
of Mats Paulsson and Raimund Wagener (Department of Biochemistry, University of
Cologne, Germany), aimed at the characterization of newly discovered collagen VI
chains. In a database mining with collagen VI sequences, three novel collagen VI

chains were found in the mouse genome, and named a4(VI), a5(VI) and a6(VI).
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These additional chains show a high degree of similarity with the a3(VI) chain and
are encoded by distinct genes, Col6a4, Col6a5 and Col6a6 (Gara et al, 2008).
Orthologue genes were also found in humans, but due to a chromosomic inversion of
primates, the human COL6A4 gene is split into two parts and became a pseudogene.
Interestingly, genetic studies by other groups have linked human COL6A5 gene with
atopic dermatitis (Soderhall et al., 2007). Within the above project, I performed a
number of biochemical experiments in cells and tissues from wild type and Col6al~-
mice, showing that lack of a1(VI) chain in Col6al~- mice leads to a parallel absence of
the novel collagen VI chains. These findings strongly suggest that the additional
chains interact with al(VI), likely forming additional heterotrimers. Additional
studies in human skin biopsies of healthy donors and UCMD and BM patients also
support the hypothesis that these chains may substitute for a3(VI), forming ala2a5
or alaZ2a6 heterotrimers. These findings provide novel information for the
understanding of atopic dermatitis and BM and UCMD muscle diseases. In these
studies, my contributions were focused on the characterization of the novel chains in

vivo and in purified collagen VI.
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2.1 Characterization of three novel collagen VI chains.

Three Novel Collagen VI Chains with High Homology to the

a3 Chain™
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Here we describe three novel collagen VI chains, o4, a5, and
6. The corresponding genes are arranged in tandem on mouse
chromosome 9. The new chains structurally resemble the colla-
gen VI a3 chain. Each chain consists of seven von Willebrand
factor A domains followed by a collagenous domain, two C-ter-
minal von Willebrand factor A domains, and a unique domain.
In addition, the collagen VI a4 chain carries a Kunitz domain at
the C terminus, whereas the collagen VI a5 chain contains an
additional von Willebrand factor A domain and a unique
domain. The size of the collagenous domains and the position of
the structurally important cysteine residues within these
domains are identical between the collagen VI a3, o4, a5, and
a6 chains. In mouse, the new chains are found in or close to
basement membranes. Collagen VI a1 chain-deficient mice lack
expression of the new collagen VI chains implicating that the
new chains may substitute for the a3 chain, probably forming
ala2o4, ala2a5, or ala2a6 heterotrimers. Due to a large
scale pericentric inversion, the human COL6A#4 gene on chro-
mosome 3 was broken into two pieces and became a non-pro-
cessed pseudogene. Recently COL6AS was linked to atopic der-
matitis and designated COL29A1. The identification of novel
collagen VI chains carries implications for the etiology of atopic
dermatitis as well as Bethlem myopathy and Ullrich congenital
muscular dystrophy.

Members of the collagen protein superfamily play important
roles in maintaining extracellular matrix structure and func-

* This work was supported by grants from the Deutsche Forschungsgemein-
schaft (WA 1338/2-6, SFB 589), grants from the KoIn Fortune program of
the Medical Faculty of the University of Cologne, the Maria Pesch Founda-
tion, and the Imhoff Foundation, and Grant GGP04113 from the Italian
Telethon Foundation. The costs of publication of this article were defrayed
in part by the payment of page charges. This article must therefore be
hereby marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

ElThe on-line version of this article (available at http://www.jbc.org) contains
supplemental Tables 1-4 and supplemental Figs. 1-3.
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Cologne, Germany. Fax: 49-221-478-6977; E-mail: raimund.wagener@
uni-koeln.de.

tion. To date 28 family members are known (1, 2), among which
the fibril-forming collagens and the FACIT collagens form
large subgroups. In addition, several collagens exist that have
highly specific functions. Among these, collagen VI forms a
distinct network of microfibrils in most connective tissues.
Electron microscopy revealed a beaded filament structure of
the microfibrils (3). The al, &2, and a3 chains of collagen VI
form heterotrimeric monomers that already intracellularly
assemble to dimers and tetramers (4, 5). After secretion, fila-
ments are formed by end to end interactions of the preas-
sembled tetramers.

The three previously known collagen VI chains contain a
relatively short collagenous domain of about 335 residues
together with VWA? domains, which are the characteristic
non-collagenous domains of collagen VI. A common feature of
VWA domains is their involvement in the formation of multi-
protein complexes (6). Whereas all three collagen VI chains
contain two C-terminal VWA domains, the a1 and o2 chains
carry only one and the a3 chain ten VWA domains at the N
terminus (7, 8). In addition, the @3 chain contains a unique
domain with similarities to salivary gland proteins, a fibronec-
tin type III repeat, and a bovine pancreatic trypsin inhibitor/
Kunitz family of serine protease inhibitor domain (Kunitz
domain) at the C terminus (8). It was suggested that the VWA
domains play arole in the assembly of collagen VI (9-11). How-
ever, recently the analysis of lysyl hydroxylase 3-deficient
mouse embryos indicated that also the loss of potentially glyco-
sylated hydroxylysine residues prevents the intracellular for-
mation of collagen VI tetramers and leads to impaired secretion
of collagen VI (12).

It has been shown that collagen VI interacts with several
other extracellular matrix components, including collagen I
(13), II (14), and XIV (15), perlecan (16), and the microfibril-
associated glycoprotein MAGP1 (17). The N-terminal globular
domains of the collagen VI molecules bind the small leucine-
rich repeat proteoglycans decorin and biglycan, which in turn
interact with matrilins, mediating contacts to further binding
partners (18).

Studies on collagen VI have often focused on its function
in skeletal muscle because of the patient phenotypes, Beth-

3 The abbreviations used are: are: VWA, von Willebrand factor A; RT, reverse
transcription; EST, expressed sequence tag; ELISA, enzyme-linked immu-
nosorbent assay; SNP, single nucleotide polymorphism; UTR, untranslated
region.
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lem myopathy, and Ullrich congenital muscular dystrophy,
observed when the a1, @2, or a3 chain carries a mutation (for
review see Ref. 19). In mice where the gene coding for the
collagen VI a1 chain has been inactivated also the @2 and a3
chains are not secreted, showing that a heterotrimeric
assembly is required (20). The mice show a muscular weak-
ness and histological signs of muscle fiber necrosis. Recent
studies indicate that the myopathy is due to a mitochondrial
dysfunction (21, 22). A possible explanation could be a
decreased integrin-mediated signaling from collagen VI to
the cells (23), but details of the downstream events are still
not known.

Here we describe three new collagen VI chains that have the
potential to replace the collagen VI a3 chain in collagen VI
assemblies and thereby to increase the structural and functional
versatility of collagen VI

MATERIALS AND METHODS

RT-PCR—RT-PCR was used to clone the mouse and
human collagen VI ¢cDNAs. Primers were designed accord-
ing to EST and genomic sequences that are deposited in the
data bases (supplemental Table 1). To prevent mutations in
the RT-PCR we used the Expand high fidelity PCR system
(Roche Applied Science). The cDNAs for the a4 chain were
amplified from mRNA isolated from adult mouse uterus and
newborn mouse brain, and cDNAs for the o5 and a6 chains
were amplified from mRNA from newborn mouse lung. The
human cDNAs for the a5 chain were cloned from mRNA
prepared from HT1080 or HEK293-EBNA cells, and the
cDNAs for the a6 chain were cloned from mRNA prepared
from fetal brain using the primer pairs indicated in supple-
mental Table 1.

Northern Blot Analysis—Total RNA was extracted from
various tissues of newborn and adult C57BL/6] mice by the
guanidinium-thiocyanate method. mRNA was prepared by
using the Oligotex® mRNA Mini Kit (Qiagen). Aliquots were
electrophoresed on a 0.8% denaturing agarose-formalde-
hyde gel, blotted, and hybridized with digoxigenin-labeled
RNA probes. The conditions in the last two wash steps were:
0.1 X SSC,0.1% SDS at 68 °C for 15 min each. The blots were
developed using CDP-Star (Roche) according to the manu-
facturer’s instructions.

Bioinformatic Analysis—The non-redundant NCBI genomic
data bases for mouse (Build 37.1) and human (Build 36.2)
were scanned for new genes using collagen and matrilin
sequences as queries. The exon-intron boundaries of each of
the new genes were carefully interpreted using the NCBI
Evidence Viewer together with the cloned cDNA sequences.
The potential signal peptide and domain structure of each
protein was predicted by SignalP v3.1 and SMART, respec-
tively. However, the N1 domain of the &5 chain was manually
assigned based on sequence signature motifs because none
of the available domain prediction programs could locate it.
Multiple sequence alignments were performed using
CLUSTAL X (v1.81) and figures were prepared with the
BOXSHADE v3.2 program. The protein sequence identities
of the new chains were calculated using BOXSHADE. The
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phylogenetic analysis was done by protein distance and pro-
tein parsimony as described in PHYLIP v3.66.

Expression and Purification of Recombinant N-terminal Col-
lagen VI a4, oS, and a6 Chain VWA Domains—cDNA con-
structs were generated by RT-PCR on mRNA. For the collagen
VI a4, o5, and a6 chains, the domains N3—N6, N3, and N1-N7
were chosen, respectively. Suitable primers introduced 5’'-ter-
minal Nhel and 3’-terminal BamHI, Bglll, or Xhol restriction
sites (supplemental Table 1). The amplified PCR products were
inserted into a modified pCEP-Pu vector (16) containing an
N-terminal BM-40 signal peptide and a C-terminal Hisg-tag or
a C-terminal tandem strepll-tag (17) downstream of the
restriction sites. The recombinant plasmids were introduced
into HEK293-EBNA cells (Invitrogen) using FuGENE 6
transfection reagents (Roche). The cells were selected with
puromycin (1 ug/ml), and the Hisg-tagged protein-produc-
ing cells were transferred to serum-free medium for harvest
of the recombinant protein. The C-terminal tandem streplI-
tagged protein was directly purified from serum-containing
cell culture medium. After filtration and centrifugation (1 h,
10,000 X g), the cell culture supernatants were applied either
to a streptactin column (1.5 ml, IBA GmbH) and eluted with
2.5 mM desthiobiotin, 10 mm Tris-HCI, pH 8.0, or to a
TALON metal affinity column (Clontech) and eluted follow-
ing the supplier’s protocol.

Preparation of Antibodies against the New Collagen
Chains—The purified recombinant collagen VI fragments
were used to immunize rabbits and guinea pigs. The antisera
obtained were purified by affinity chromatography on a col-
umn with antigen coupled to CNBr-activated Sepharose (GE
Healthcare). The specific antibodies were eluted with 0.1 m
glycine, pH 2.5, and the eluate was neutralized with 1 m Tris-
HCI, pH 8.8. The antiserum raised against the domains
N1-N7 of the collagen VI a6 chain were affinity-purified on
a column coupled with the collagen VI a6 chain N2-N6
domains to prevent cross-reactivity due to the highly identi-
cal N7 domains of collagen VI a5 and a6. The lack of exten-
sive cross-reactivity between the new chains was demon-
strated by ELISA.

Immunohistochemistry—Immunohistochemistry was per-
formed on frozen embedded sections of adult wild type and
collagen VI al chain-deficient mice (20). The frozen sections
were preincubated in ice-cold methanol for 2 min, blocked for
1 h with 5% normal goat serum in phosphate-buffered saline
containing 0.2% Tween 20, and incubated with the primary
antibodies overnight at 4 °C followed by AlexaFluor 488-conju-
gated goat anti-rabbit IgG (Molecular Probes), AlexaFluor 546-
conjugated goat anti-rabbit IgG (Molecular Probes), or Alex-
aFluor 488-conjugated goat anti-guinea pig IgG (Molecular
Probes). Collagen VI a1, &2, and a3 chains were detected using
a polyclonal antibody (AB7821, Chemicon). A polyclonal anti-
body against the human native laminin-332 (24) was kindly
given by R. E. Burgeson.

Preparation of Muscle Extracts—Frozen mouse skeletal mus-
cle was pulverized by pestle and mortar and lysed with a solu-
tion containing 50 mm Tris, pH 7.5, 150 mM NaCl, 10 mm
MgCl,, 0.5 mM dithiothreitol, 1 mm EDTA, 10% glycerol, 2%
SDS, 1% Triton X-100, 1 mMm phenylmethylsulfonyl fluoride, 1
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FIGURE 1. Alignment of amino acid sequences of murine collagen VI a4, a5, and a6 chains. The amino acid sequences were deduced from the cDNA
sequences deposited in the data base under accession numbers AM231151-AM231153, AM748256 -AM748258, and AM748259 -AM748262, respectively. The
arrow marks the potential signal peptide cleavage sites. Arrowheads indicate the boundaries of the domains depicted in Fig. 2.

mwm sodium orthovanadate, 5 mm sodium fluoride, 3 mm glyc-
erol 2-phosphate, and protease inhibitors (Complete, Roche).
Proteins were solubilized by heating at 70 °C for 10 min. Sam-
ples were clarified by centrifugation at 4 °C.

Purification of Collagen VI—Native collagen VI was purified
from newborn mice. Proteins were extracted by urea treatment,
and collagen VI was isolated by molecular sieve column chro-
matography as described previously (25).

Gel Electrophoresis and Immunoblot—Samples were
reduced with 5% B-mercaptoethanol and subjected to SDS-
PAGE on 4-12% (w/v) gradient polyacrylamide gels. Proteins
were electrophoretically transferred to Immobilon-P transfer
membrane (Millipore). Collagen VI a1, a2, and a3 chains were
detected using the 70-XR95 polyclonal antibody (Fitzgerald
Industries International). The collagen VI al chain was
detected using a polyclonal antibody recognizing the human
al(VI) chain (H-200, Santa Cruz Biotechnology). The new col-
lagen VI a4, a5, and a6 chains were detected using the affinity-
purified antibodies described above. As a loading control, an
antibody against glyceraldehyde-3-phosphate dehydrogenase
was used (MAB374, Chemicon). Secondary antibodies conju-
gated with horseradish peroxidase were used, and bands were
detected by chemiluminescence (SuperSignal West Pico,
Pierce).

RESULTS

Cloning of cDNAs Coding for Three New Mouse Collagen VI
Chains—In a screen of the genomic data base with collagen and
matrilin sequences as queries, three genes were identified in the
mouse genome that code for new VWA domain-containing
collagens. Because of their homology to the a3 chain of collagen
VIand their arrangement in the genome, these were designated
as the a4, a5, and a6 chains of collagen VI. The corresponding
c¢DNAs were cloned as overlapping partial clones by RT-PCR,
using primers deduced from the genomic sequence, and
sequenced. The cloned mouse a4 cDNA of 7084 bp (accession
numbers AM231151-AM231153) contains an open reading
frame of 6927 bp, encoding a protein consisting of 2309 amino
acid residues preceded by a signal peptide of 22 residues, as
predicted by a method using neural networks or hidden Markov
models, respectively (13). The mature secreted protein has a
calculated M, of 248,389 (Fig. 1). At least nine EST clones exist
that extend 207 bp in the 3’ direction and containan ATTAAA
polyadenylation signal at their 3'-ends. In addition, a partial
RIKEN cDNA clone (AK159050) extends 1219 bp and also con-
tains an ATTAAA polyadenylation signal at its 3'-end, indicat-
ing the presence of different 3'-UTRs.

The cloned mouse a5 chain ¢cDNA of 8298 bp (accession
numbers AM748256—-AM748258) contains an open reading
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FIGURE 2. Domain structures of the new collagen VI chains compared with the collagen VI a3 chain.
Shown are the VWA domain and the Kunitz family of serine protease inhibitors domain (Kunitz domain). The
numbering of the domainsis according to Chu et al. (8). The dashed lines in the collagen VI a3, a4, and a6 chains
indicate the lack of duplication of the second VWA domain and the unique domain found in the collagen VI a5

chain.

frame of 7920 bp, encoding a protein consisting of 2640 amino
acid residues preceded by a signal peptide of 18 residues (13).
The mature secreted protein has a calculated M, of 287,502
(Fig. 1). A partial RIKEN clone (AK134435) extends 751 bp at
the 3’-end but does not contain a polyadenylation signal.

The cloned mouse collagen VI a6 chain ¢cDNA of 7097 bp
(accession numbers AM748259 —AM748262) contains an open
reading frame of 6795 bp, encoding a protein consisting of 2265
amino acid residues preceded by a signal peptide of 18 residues
(13). The mature secreted protein has a calculated M, of
244,260 (Fig. 1).

Domain Structure—The domain structures of the new chains
are very similar to that of the collagen VI a3 chain (Fig. 2). For
comparison with the already known collagen VI chains we use
the nomenclature introduced by Chu et al. (8). The domains at
the N terminus of the collagenous domain are designated with
N, the domains at the C terminus of the collagenous domain
with C. Numbering starts at the collagenous domain. At the N
terminus all three mature proteins contain seven VWA
domains (N7-N1), followed by a 336-amino acid residue long
collagen triple helical domain. Toward the C terminus they
have two VWA domains (C1 and C2) that are followed by a
unique sequence (C3) that in the new a6 chain also represents
the C-terminal end. In mouse the a4 chain carries a short
stretch of 17 amino acid residues at the C-terminal end (C4)
that resembles a Kunitz domain. Interestingly, when searching
the genomic data bases for exons coding for a complete Kunitz
domain, such a domain could be identified at this position in
ortholog genes of several species. Only in mouse and rat do the
sequences contain a premature stop codon, indicating that,
except in rodents, a full Kunitz domain is present at the C ter-
minus of the collagen VI o4 chain (Fig. 34). In the o5 chain the
C-terminal end contains a third VWA domain (C4) followed by
another unique domain (C5). A major difference between the
new chains and the collagen VI a3 chain is the presence of three
additional VWA domains at the N-terminal end of the a3
chain. Interestingly, a splice variant of the collagen VI a3 chain
(AAC23667) lacks the first, second, and fourth VWA domains
and thereby, as the new chains, contains seven N-terminal
VWA domains. The overall identity at the amino acid level is
highest between the a5 and a6 chains (44.7%) and lowest
between the a4 and o5 chains (28.0%). The overall identity of
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following the exon coding for the
N4 domain. If translated, this tran-
script would yield a protein contain-
ing only the first four VWA
domains. A second splice variant
was detected in the three EST clones
BX520360, AI427280, and W48310. Here, an alternative splice
donor site in exon 35 coding for the C2 domain and an alterna-
tive splice acceptor site in exon 37 coding for the unique
domain are used. Due to a shift in codon phase, the new exon
codes for a different frame and contains a stop codon 101 bp
downstream of the alternative splice site. If translated, this tran-
script would give a protein that lacks nearly one-half of the C2
domain and the unique domain. Interestingly, the alternative
splice site contains a non-canonical GC-AG motif.

A RIKEN ¢DNA clone coding for the collagen VI a6 chain
(AK054356) shows alternative splicing in the 5'-UTR, indicat-
ing the presence of two different promoters. Interestingly, due
to additional alternative splicing of exon 6, a much shorter open
reading frame occurs that would generate a protein containing
only the first six VWA domains and lacking the seventh VWA
domain, the collagenous domain, and the C-terminal non-col-
lagenous domains.

Analysis of the Collagenous Domains—The 336-amino acid
residue long collagenous domains have exactly the same size as
that in the collagen VI a3 chain (Fig. 3B). The identity between
the collagenous domain of the a3 chain and those in the o4, a5,
and a6 chains is 53.3, 49.1, and 51.8%, respectively. A cysteine
residue that is also present in the collagenous domain of the
collagen VI a3 chain and appears to be involved in tetramer
formation and stability (19) is conserved in all new chains.

The locations of the two imperfections in the Gly-Xaa-Yaa
repeat found in the collagen VI a3 chain are conserved in all
new chains, whereas the o5 and a6 chains have additional
imperfections. In both these chains a glycine residue in a Gly-
Xaa-Yaa repeat close to the C terminus of the collagenous
domain is replaced by a leucine or a valine residue, respectively,
introducing another imperfection. Interestingly, the position
coincides with an imperfection found in the a1 and «2 chains.
In addition, an imperfection is present at the center of the col-
lagenous domains of the collagen VI o5 and a6 chains, where
one or two glycine residues of Gly-Xaa-Yaa repeats are lacking,
respectively.

In contrast to the collagenous domain of the collagen VI a3
chain, which contains five potentially integrin-binding RGD
sequences, in each of the new chains only one RGD motif is
present. In the collagen VI o4 and a6 chains the motif is found
at exactly the same position where an RGD is present also in the
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FIGURE 3. Amino acid sequence alignment of collagen VI Kunitz domains in different species (A), collagenous domains from the different collagen VI
chains in mouse (B), C-terminal parts of the unique domains in mouse (C), and VWA domains containing the metal ion-dependent adhesion site motif
in mouse (D). The sequences for the Kunitz domains of rhesus monkey, dog, and rat were deduced from genomic sequences. The sequences were aligned by
CLUSTAL X using the default parameters. The residues forming the trypsin interaction site in the original bovine pancreatic trypsin inhibitor (BPTI) (34) are
marked with a number sign, the cysteine residues with asterisks, and the RGD sequences with dots. Imperfections in the collagenous domains are boxed and
numbered /71-/4. The conserved metal ion-dependent adhesion site (42) and the conserved hydrophobic moieties (43) are denoted with ¥ and ¢, respectively.

collagen VI a3 chain (Fig. 3B). The content of proline or (26). N- and C-terminal of the collagenous domains several
hydroxyproline in the X and Y positions is lower (17.4-20.5%) cysteine residues are present, which might form intermolecular
than in the fibril-forming collagen I a1 or collagen IT a1 chains  disulfide bridges that enhance the stability of the trimeric col-
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FIGURE 4. Phylogenetic trees of the collagenous domains (A and B) and the VWA domains (C and D) of collagen VI. The sequences from all six collagen
VI chains in mouse were aligned using CLUSTAL X. The trees were constructed using the programs PROTEIN DISTANCE, NEAREST NEIGHBOUR, and CONSENSE
(Aand C) and PROTEIN PARSIMONY and CONSENSE (B and D) of the PHYLIP package version 3.66. Bootstrap analyses using 100 replicates were performed to
show the significance. The numbers indicate the statistical weight of the individual branches. The collagenous domain of the collagen Il a1 chain (clla1) (A and

B) and the VWA3 domain of AMACO (44) (C and D) were used as outgroups.

lagens. In phylogenetic analyses using protein distance and pro-
tein parsimony, the collagenous domains of the a3, a4, a5, and
a6 chains group in one clade (Fig. 4, A and B).

Analysis of the VWA Domains—Of the 28 VWA domains
present in the new collagen VI chains, the metal ion-dependent
adhesion site (DXSXSXnTXnD, where n represents a variable
number of amino acid residues) motif, is fully conserved only in 8
(Fig. 3D). Sequence alignment of the VWA domains of the new
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chains with their counterparts present in the collagen VI al—a3
chains highlights the homology (Fig. 3D and supplemental Fig. 1).
The highest sequence identity between two VWA domains of
the new chains is 92.1% for «5N7 and a«6N7. High identity val-
ues were also obtained for the a5N4 and a6N4 (64.5%), a5N5
and a6N5 (51.9%), a5C2 and a6C3 (52.9%), a5C1 and a6C1
(50.5%), and a5N1 and a6N1 (50.3%). Among the various VWA
domains found in the collagen VI al-a3 chains, the N10
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FIGURE 5. Loci for collagen VI a4, a5, and a6 in the genomes of man, rhesus monkey, and mouse. The

orientation of the genes is indicated by arrows.

domain of the collagen VI a3 chain shows the highest identity
value to the N7 domain of the a4 chain (39.5%). Similar identity
values were obtained for «’3N9 and «4N7 (34.7%) and «3C1 and
a4Cl1 (34.5%). Identity values between the @3 chain VWA
domains and o5 and a6 chain VWA domains are not higher
than 28.4 and 28.9%, respectively. The identity between the
VWA domains of the new chains and those of the collagen VI
al and a2 chains is always lower than 24.0%. In phylogenetic
analyses using protein distance and protein parsimony, all the
VWA domains of the a5 and a6 chains pair up together (Fig. 4,
Cand D). The C-terminal VWA domains of the a3, a4, a5, and
a6 chains group to a distinct branch in which the C1 domains
are in one subbranch and the C2 domains and the C4 domain of
the o5 chain are in another. Similarly, the N1 domains of the a3,
a4, o5, and a6 chains all cluster together (Fig. 4, C and D).
Analysis of the Unique Domains—The unique sequences at
the C-terminal end follow directly after the second C-terminal
VWA domains (C2). In the collagen VI o5 chain a second
unique domain is present C-terminal of the C4 domain.
The unique domains are 99 —111 amino acid residues long. The
unique domain of the a4 chain and the first unique domain of
the a5 chain as well as the second unique domain of the a5
chain and the unique domain of the a6 chain share some pair-
wise similarity, 31.6 and 26.1%, respectively. However, a stretch
of 15 amino acid residues at the beginning of each domain is
highly identical in all four unique domains and has a cysteine
residue at the end (Fig. 3C). Interestingly, the unique sequence
of the collagen VI a3 chain, C-terminal to the C2 domain, also
shares some homology to the unique domains of the new
chains, most clearly in the C-terminal portions, and particularly
the cysteine residue is conserved (Fig. 3C). Interestingly, shortly
after the highly homologous stretch, an RGD motif is present in
both the a4 chain and the first unique domain of the a5 chain,
whereas this motif is missing in the a6 chain and in the second
unique domain of the a5 chain (Fig. 3C). In addition to the
single RGD motifs present in each of the collagenous domains,
these two RGD motifs are the only ones found in the new col-
lagen VI chains. An RGD motif is lacking in the unique domain
of the collagen VI a3 chain. BLAST searches with the unique
sequences revealed some weak homologies to intracellular pro-
teins like the REST corepressor 1 (a4 35/83 (42%)), ubiquitin D

(a5C3 22/32 (68%)), protein-tyro-
sine phosphatase (a5C5, 34/71
- (47%)), and dynein cytoplasmic 2
heavy chain 1 (a6 26/60 (43%)).

Structure of the Murine Collagen
Col6a4-Col6a6 Genes—The new
mouse collagen VI genes map to
chromosome 9 (9F1) (Fig. 5). The
¢ genomic sequences are completely
contained in the public data bases
(NT_039477 and NW_001030918).
The genes lay head to tail in tandem
orientation on the minus strand.
& The Pik3r4 gene and the Mirni35al
gene are located downstream and
upstream of the new collagen genes,
respectively. We identified exons by
flanking consensus splice signals and by comparison with the
respective cDNAs. The exon/intron organization of the three
genes is very similar (Fig. 6 and supplemental Tables 2—4)
regarding size, exon and intron length, and codon phase. The
Col6a4 and Col6a5 genes are 112 kb, and the Col6a6 gene is 104
kb long. They consist of 38, 44, and 37 exons, respectively, that
code for the translated part of the mRNA (Fig. 6). The first exon
in each gene completely encodes the 5'-UTR. All second exons
code for the signal peptide sequence followed by six exons cod-
ing for the first six VWA domains (N7-N2), whereas the VWA
domain N1 is encoded by three exons. The collagenous
domains are encoded by exons 12—30. Interestingly, intron 24
of the Col6a4 gene is a GC-AG-type intron. Exons 31 and 32
code for short spacer regions. The VWA domains C1 and C2
are encoded by exons 33/34 and 35, respectively. The structures
of the three genes differ at the 3'-end. In Col6a4 the unique
sequence is encoded by two exons followed by a last exon cod-
ing for the truncated Kunitz domain and the 3'-UTR. In Col6a6
the last two exons code for the unique domain and 3'-UTR. The
more complex structure of the C-terminal end of the collagen
VI o5 chain is also reflected in the Col6a5 gene structure. The
unique domain between the VWA domains C2 and C4 is
encoded by two exons followed by the exon coding for the addi-
tional VWA domain C4. As in Col6aé6, the last two exons of
Col6a5 code for the unique domain and 3'-UTR. Although
there is only partial homology between the unique domains of
the new collagen chains, each unique domain is encoded by two
exons where the first exon is always about 95 bp and the second
about 200 bp long, pointing to the likelihood of a common
ancestor.

New Collagen VI Genes in Man—The orthologs of the new
mouse genes map to human chromosome 3q21 (Fig. 5). The
tandem orientation of the genes is conserved, but the gene cod-
ing for the a4 chain is broken into two pieces, and the 5’ region
of the gene is located at 3p24.3. Only the region downstream of
the new collagen VI genes, coding for PIK3R4, is in synteny in
man and mouse. The breakpoint resembles the large scale peri-
centric inversion that occurred in the common ancestor of the
African apes and is present in modern human chromosome 3 as
well as in the chimpanzee and gorilla orthologs, but not in
orangutan or Old World monkeys (27). In contrast to rhesus

Mouse

chromosome §

Human

chromosome 3

Rhesus macaque

chromosome 2
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sequence. A 32-amino acid long
proline-rich stretch at the C termi-
nus of C1 is missing in man, and the
unique domains are highly diver-
gent. In addition, at two positions in
the C-terminal part an amino acid
residue is deleted and at three posi-
tions an amino acid residue is
inserted into the human o5 chain.
Most of the cysteine residues are
conserved, but there is an additional
cysteine present in the collagenous
domain of the human o5 chain.
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However, the cysteine codon
resembles an SNP (rs1497312) lead-
ing to a non-synonymous exchange
to a serine codon. The positions and
sizes of the imperfections in the col-
lagenous domain are identical to
those in mouse, whereas the RGD
motif in the collagenous domain of
the o5 chain is lost. Instead there is a
new RGD motif at the N terminus of
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RGD motifs present in the unique
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thymidine at the C terminus forms
a premature stop codon, leading to a
full-length protein of 2590 residues
(supplemental Fig. 2). No informa-
tion is available on the population
frequency, but both variants are
found in the TRACES-WGS data
base. Interestingly, in the alternative
Celera assembly of the human
genome the deletion is present,
whereas the thymidine is found in
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FIGURE 6. Organization of the murine Col6a4, Col6a5, and Col6a6 genes. The numbers indicate the posi-
tions of exons. The protein domain structure is given below, and the corresponding exons are indicated by

lines.

macaque, the human COL6A4 is interrupted after the first exon
coding for the collagenous domain, and EST clones for both
parts of the gene can be found in the data bases. However, due
to the presence of stop codons that are distributed over the
sequence, both parts of the human COL6A4 are likely to be
transcribed non-processed pseudogenes. The corresponding
¢DNAs of the human COL6AS5 and COL6A6 were cloned as
overlapping partial clones by RT-PCR using primers deduced
from the genomic sequence and sequenced (accession numbers
AM774225-AM774227 and AM906078 ~AM906084). The
human collagen VI o5 chain has an identity of 73.1% at the
amino acid level to the mouse ortholog (supplemental Fig. 2).
The non-identities are not evenly distributed over the

104

longer protein. In contrast to
murine Col6a5, human COL6AS5
contains an additional intron in the
3'-UTR that leads to three different
C termini by alternative splicing,
thus resulting in full-length o5 chain isoforms of 2526, 2614, or
2615 amino acid residues (supplemental Fig. 2). The human
collagen VI a6 chain has an identity of 83.4% at the amino acid
level to the mouse ortholog, and only the last 30 amino acids at
the C terminus show some differences (supplemental Fig. 3).
The positions of the signal peptide cleavage site, the RGD motif,
and all cysteine residues in the mature protein are completely
conserved.

Interestingly, variants of the human COL6AS5 gene were
recently shown to be associated with atopic dermatitis (28). The
authors of that study designated the human COL6AS as
COL29A1. Although not present in the original publication, the
sequence was recently published in the data base (accession
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number EU085556). Although in the publication the length of
the protein sequence was given as 2614 amino acids, the
sequence submitted to the data base is 2615 amino acids long.
The reason for this difference is unclear, but the amino acid
sequence is nearly completely identical with the third variant
presented here (supplemental Fig. 2), the only difference being
that residue 2560 is a serine residue instead of the asparagine
found by us. Nevertheless, the second splice variant presented
here contains 2614 amino acids. Surprisingly, the 5'-UTR
region of the EU085556 contains a duplication of the 19-bp
sequence GTGCGGCGCGGACCAGGGC that is not present
in our sequence and is found neither in the alternative Celera
assembly of the human genome nor in any of the 21 TRACE-
WGS clones that cover this region but is present in the refer-
ence assembly of the human genome.

Expression of the New Mouse Collagen VI Genes—To deter-
mine the length of the new collagen VI mRNAs we performed
Northern hybridization with total RNA or mRNA (Fig. 74).
The mRNA coding for the a6 chain was readily detected as a
9.7-kb band in total RNA derived from the lungs of newborn
mice. Several messages coding for the 4 chain were detected in
total RNA derived from the same source, probably indicating
alternative splicing. The most prominent mRNA band had a
length of 8.4 kb whereas weaker bands appeared at 11.7, 6.7, and
5.0kb. A 9.5-kb message coding for the a5 chain was detected in
purified mRNA derived from sterna of 4-week-old mice. RT-
PCR was performed to screen the tissue distribution of the new
collagen VI chains (Fig. 7, B and C). Products corresponding to
the mRNAs for the a5 and a6 chains could be detected in lung,
heart, kidney, muscle, brain, intestine, skin, femur, and sternum
of newborn mice. In addition, a6 chain mRNA could be
detected in calvaria. The a4 chain mRNA shows a more
restricted tissue distribution and could be detected in lung, kid-
ney, brain, intestine, skin, sternum, and weakly in calvaria (Fig.
7B). In adult mice, expression of the a4 chain is lost in most
tissues, and RT-PCR showed a signal only in ovary and very
weakly in spleen, lung, uterus, and brain. In contrast, the a5
chain is widely expressed also in adult mice, and mRNA could
be detected in lung, heart, kidney, spleen, muscle, ovary, uterus,
brain, skin, liver, and sternum, whereas the a6 chain expression
is more restricted and could be detected in lung, heart, muscle,
ovary, brain, liver, and sternum (Fig. 7C).

The New Collagen VI Chains Copurify with al, a2, and a3
Chain-containing Collagen VI Prepared from Newborn Mice—
If the new collagen VI chains assemble with known collagen VI
chains, they should be present in conventional collagen VI
preparations. Thus we isolated collagen VI from newborn
mouse carcasses (25) and tested this preparation for the pres-
ence of the new chains by immunoblot. For this purpose, we
generated antibodies specific for the new chains. Tagged ver-
sions of different N-terminal VWA domains were recombi-
nantly expressed in EBNA293 cells, and the recombinant pro-
teins were purified by affinity chromatography and used to
immunize rabbits. The antisera were affinity-purified before
use, and cross-reactivity among the new collagen VI chains was
tested by ELISA (Fig. 8 and not shown). All three new chains
were detected after reduction of the collagen VI preparation as
major bands running above the 220-kDa marker (Fig. 8), con-
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44— 44— 44—
2.87— 2.37— 2.37—

ColVia4

ColVla5

ColVlu6

GAPDH

C

FIGURE 7. Northern blot (A) and RT-PCR (B and C) analysis of the new
mouse collagen VI chain mRNA species. A, Northern hybridization was per-
formed for the collagen VI a4 and a6 chains with 5 ug of total RNA from lung
of newborn mice and for the a5 chain with of 1 g of poly(A)" RNA from
sternum of 4-week-old mice. Probes were generated using primers a4m8 and
a4m9 for the a4 chain, a5m2 and a5m?7 for the a5 chain, and a6mé and
a6m10 for the a6 chain. Position of size markers are indicated on the left.
B and C, RT-PCR analysis was performed using primer pairs a4mé6 and a4m7
for the a4 chain, a5m4 and a5m5 for the a5 chain, and a6m2 and a6m?9 for
the a6 chain. Template RNA was isolated from newborn (B) and adult mice (C).
The 1-kb ladder from Invitrogen was used as a reference.

sistent with the calculated molecular masses. For the collagen
VI a4 and o5 chains additional lower migrating bands were
detected (Fig. 8), indicating alternative splicing or proteolytic
processing. The weak smear with lower mobility seen for the a4
chain (Fig. 8) could indicate the presence of non-reducible
cross-linked molecules.

The Collagen VI a5 and a6 Chains, but Not the a4 Chain, Are
Deposited in the Extracellular Matrix of Skeletal Muscle—Mu-
tations in collagen VI lead to muscular dystrophies in humans,
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FIGURE 8. Analysis of collagen VI purified from newborn mice (A and B)
and ELISA of antibody reactivity against the collagen VI a6 chain (C).
Carcasses of newborn mice were extracted, and collagen VI was isolated by
molecular sieve column chromatography as described previously (25). The
proteins were submitted to SDS-PAGE on 4-12% polyacrylamide gradient
gels under reducing conditions. A, Coomassie Brilliant Blue-stained gel.
B, immunoblot of the same preparation with antibodies against collagen VI
(a1, a2, @3; lane 1), the collagen VI a1 chain (lane 2), and the new collagen VI
chains a4, a5, and a6 (lanes 3-5). C, reactivity of affinity-purified antibodies
against the collagen VI a6 chain and lack of reactivity of antibodies against
the a4 and o5 chains against the collagen VI a6 chain N2-N6 domains. ELISA
plates were coated with 0.5 ug of recombinant collagen VI a6 N2-N6 protein
per well, and antibodies were diluted as indicated. Filled circles, rabbit a6
antibody; open circles, rabbit a5 antibody; filled triangles, rabbit a4 antibody;
open triangles, guinea pig o4 antibody. OD, optical density.

and mice lacking collagen VI display a myopathic phenotype
affecting skeletal muscle (20). We therefore tested cryostat sec-
tions of adult mouse quadriceps femoris muscle for the expres-
sion of the new collagen VI chains (Fig. 9). By immunohisto-
chemistry using the polyclonal antibodies, collagen VI o5 and
a6 were readily detected in skeletal muscle of adult mice. As the
specific antibodies against the collagen VI a4 chain did not
stain skeletal muscle we tested its reactivity on sections of small
intestine where this chain could be strongly detected below the
mucosal layer (Fig. 9). The strong reactivity of the antibody with
intestine indicates that the collagen VI o4 chain is truly absent
from skeletal muscle.

The targeted interruption of the Col6al gene in mouse com-
pletely abolishes the secretion of the collagen 2 and a3 chains
(20), showing the need for a heterotrimeric assembly to form a
functional collagen VI molecule. To determine the influence of
the lack of the collagen VI a1 chain on the assembly of the new
collagen VI chains we analyzed their occurrence in a1 chain-
deficient mice (20). The new collagen VI chains could not be
detected in quadriceps femoris of collagen VI a1 chain-defi-
cient mice by immunohistochemistry (Fig. 9), indicating a par-
ticipation of the a1 chain in the assembly of collagen VI mole-
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cules containing the new chains. The absence of the a5 and a6
chains in Col6a 1 knock-out mice was also confirmed by immu-
noblot analysis of diaphragm extracts (Fig. 10). For wild type
mice, incubation with antibodies specific for either the collagen
VI a5 or a6 chain resulted in clearly identifiable bands above
220 kDa. When the same method was applied to diaphragm
from collagen VI al chain-deficient mice, no bands were
detected, supporting the results from the immunohistochemi-
cal analysis.

DISCUSSION

We report on the identification and initial biochemical char-
acterization of three new collagen VI chains, named collagen VI
a4, o5 and a6. The mouse Col6a4—Col6a6 genes are arranged
in tandem on chromosome 9 and were numbered according to
their appearance from 5’ to 3’ on the coding strand. Cloning of
the cDNAs by RT-PCR and immunohistochemistry and immu-
noblot using antibodies raised against recombinant fragments
confirmed the expression of the new collagen VI genes in
mouse. These genes have previously only been incompletely
annotated or incorrectly predicted by conceptual translation or
gene prediction programs.

The sequences and the domain structures of the new pro-
teins show that they represent new collagen VI chains, which
probably occur as the consequence of a gene duplication of the
common ancestor of the collagen VI a3 and of the new a chain
genes, followed by additional duplications. The identical size of
the collagenous domains of the new « chains, compared with
that of the a3 chain, implies that they could substitute for the
a3 chain, probably forming ala2a4, ala2a5, or ala2a6 het-
erotrimers. The close relation between the a3 chain and the
new chains is also reflected by the almost identical exon/intron
organization of the portions of the respective genes encoding
the collagenous domains. With the exception of the last exon,
the exon sizes are the same. Alternative splicing has been
reported for the a3 chain mRNA (29) leading to production of
shorter protein isoforms with molecular sizes similar to those
of the new chains. The collagen VI arrangement known to date
is composed of a1, &2, and a3 chains that associate intracellu-
larly in a stoichiometric ratio to form triple helical monomers.
Monomers then assemble into dimers and tetramers, which are
finally secreted and deposited in the extracellular matrix where
they form beaded filaments by interactions of their non-collag-
enous domains (3). There is good evidence that the a3 chain
expression is essential for the formation of functional collagen
VI molecules, as human SaOS-2 cells that are deficient in a3
chain expression do not produce triple helical collagen VI (30).
Although the length of the collagenous domain of the collagen
VI al chain is also identical to that of the new chains and the o2
chain is only one amino acid residue shorter, there are other
criteria that clearly show the closest relationship of the new
chains with the &3 chain. First, the exact position of the cysteine
residue within the collagenous domain is conserved in the a3,
a4, o5, and a6 chains. In the a3 chain this cysteine appears to be
involved in tetramer formation and stability (19). The a1 and
a2 chains also contain a cysteine each, but these are at a differ-
ent position, and they appear to be involved in the stabilization
of the supercoil that is formed during antiparallel dimer forma-
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FIGURE 9. Immunohistochemical analysis of wild type and Col6a1 knock-out mouse. Immunohistochem-

collagen VI molecules. The com-
plete lack of the new chains in
Col6al knock-out mice clearly
shows that the presence of the col-
lagen VI ol chain is a prerequisite
also for their secretion. This obser-
vation strongly suggests that the
new chains assemble in a similar
way as proposed for the a1, a2, and
a3 chain-containing collagen VI.

It has been shown that the N5 and
the C5 domains of the collagen VI
a3 chain are critical for the microfi-
bril formation (9, 33). Based on the
sequence information alone it is not
clear which domains in the new
chains correspond to the N5
domain of the a3 chain. In some

istry was performed on frozen sections from mouse quadriceps femoris muscle (A-H) and small intestine (/-L)

from wild type (wt) (A-D and I-K) or Col6a1 knock-out mice (ko) (E-H and L). Sections were incubated with the
affinity-purified antibodies against the collagen VI a4 N3-N6 domain (B, F, J, and L), the collagen VI a5 N3
domain (Cand G), the collagen VI a6 N2-N6 domain (D and H), human collagen VI from placenta (detecting the
classical collagen VI chains a1a2a3; A, E, and /) and laminin 332 (K), followed by an AlexaFluor 488-conjugated
goat anti-rabbit IgG (green, A-H), AlexaFluor 546-conjugated goat anti-rabbit IgG (red, / and K), or AlexaFluor
488-conjugated goat anti-guinea pig IgG (green, J and L). Antibodies against the classical collagen VI chains
(ala2a3) and the a5 and a6 chains, but not such against the a4 chain, strongly stained the extracellular matrix
surrounding the muscle fibers of wild type (A-D) mice. In small intestine, antibodies against classical collagen
VI (aTa2a3) () and antibodies against the collagen VI a4 chain show co-staining with those against the base-
ment membrane marker laminin-332 (K). In collagen VI a1 chain-deficient mice, staining for the new collagen
VI chains is absent (L). Nuclei were counterstained with 4',6-diamidino-2-phenylindole (blue, A-H and L). The

bar is 100 wm.

tion (31). Second, it has also been suggested that the super-
coiled dimer is partially stabilized by ion pairs between different
segments along the supercoil (32). In the ala2a3 triple helical
monomer the supercoiled part of the al chain carries a high
negative net charge, whereas that of the @3 chain has a high
positive net charge and that of the &2 is close to neutral. All
three new chains carry a positive net charge that is even higher
than that of the a3 chain. In addition, the positions of the two
Gly-Xaa-Yaa imperfections present in the a3 chain, giving the
supercoil a clearly segmented character (32), are conserved.
Third, phylogenetic analyses based on the collagenous
domains, using protein distance and protein parsimony meth-
ods, clusters the new chains with the collagen VI a3 chain,
whereas the a1 and the a2 chains form a different branch (Fig.
4, A and B). In addition, the VWA domains C1 and C2 of the a3,
a4, a5, and a6 chains also cluster in common branches (Fig. 4,
Cand D).

All three new chains could be detected in collagen VI prepa-
rations from newborn mouse carcasses. The Coomassie-
stained gel clearly showed the distinct a1 and a2 bands and a
very heterogenous distribution of bands above 220 kDa (Fig.
8A). By immunoblot using affinity-purified antibodies, the new
chains were identified as a part of this purified collagen VI prep-
aration (Fig. 8B), indicating that trimeric assemblies containing
the new chains are present in tissues. Further experimental evi-
dence for an assembly of the new chains into collagen VI came
from the study of their expression in Col6a 1 knock-out mice. It
was shown earlier that the absence of the collagen VI a1 chain
also leads to the lack of the secretion of the @2 and @3 chains
(20), indicating that the a1 chain is essential for the assembly of

species only the a4 chain contains a
domain distinctly homologous to
the a3 chain C5 domain. As in the
a3 chain, this domain resembles a
Kunitz domain. Interestingly, the
Kunitz domain of the a4 chain is
truncated in mouse and rat, but the
N-terminal part, which contains the
trypsin interaction site in the origi-
nal bovine pancreatic trypsin inhib-
itor (34), is still present in the truncated molecules and could
serve as an interaction module. The o5 and a6 chains lack a
Kunitz domain, which may indicate differences in the assembly
of a5 and a6 chain-containing microfibrils. Indeed, it will be
interesting to study how collagen VI of different composition
assembles. Do fibrils contain a1, a2, and only one of the four
related a3, o4, a5, and a6 chains or are mixed assemblies pos-
sible? The latter alternative would lead to a very high number of
possible permutations.

The ortholog human genes are present on a, in an evolution-
ary context, very interesting part of chromosome 3. A large
pericentric inversion occurred some time after the split of
Homininae and Ponginae (27). The 3’ breakpoint of the inver-
sion is located within COL6A4 and leads to its inactivation.
Although both parts of COL6A4 are still present and can be
easily identified by their sequence, both have become tran-
scribed non-processed pseudogenes. Thereby Homininae have
become natural COL6A4 knock-outs (Fig. 5). This raises the
question of whether one of the remaining genes has taken over
the function of the lost one. The major structural difference
between the collagen VI a4 chain and the &5 and a6 chains is at
the C terminus, where the fibronectin type III domain and the
Kunitz domain occur only in the a4 chain. However, when
comparing human and mouse collagen VI a5 and a6 chains,
higher divergence is found at the C terminus of the o5 chain,
which in addition shows alternative splicing and could rep-
resent an adaptation to a need to replace the a4 chain in
Homininae.

Recently, the human COL6AS was associated with atopic
dermatitis in a linkage study and designated COL29A1 (28).
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FIGURE 10. Immunoblot analysis of collagen VI a5 and a6 chains in wild
type and Col6a1 knock-out mouse diaphragm extracts. Diaphragm mus-
cle of adult wild type (wt) and Col6aT knock-out mice (ko) were extracted with
lysis buffer (see “Materials and Methods”). The proteins were submitted to
SDS-PAGE with prior reduction on 4-12% polyacrylamide gradient gel, trans-
ferred to a membrane, and immunostained with specific antibodies against
the collagen VI a1, @5, and a6 chains or glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH).

Although neither DNA nor protein sequences were originally
published, later the cDNA sequence became accessible in the
data base. The protein sequence is, except for a single amino
acid exchange, identical to the third potential splice variant
presented here. As we have shown for mouse by RT-PCR, the
collagen VI a5 chain is expressed in skin in man also (28). The
expression in other tissues only partially overlaps; however
intestine and lung also show expression in both species. A vari-
ety of nonsynonymous coding SNPs were described, but none
could explain the association of COL6AS5 with atopic dermatitis
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on its own. It was therefore proposed that several variants or
combinations associated with the most common haplotype of
COLG6AS are involved in the etiology of the disease. In addition,
a strongly maternal transmission pattern was found, which
could be due either to imprinting or to maternal effects through
an interaction of the child’s genotype with the maternal envi-
ronment during prenatal life. Another susceptibility locus for
atopic dermatitis is linked to 3p24-22 (35), which is exactly the
breakpoint area where the 5’ part of the COL6A4 pseudogene is
located. It could be that the mechanism leading to atopic der-
matitis is more complex and that the expression of the non-
processed a4 chain pseudogenes by a yet unknown mechanism
influences a5 chain expression. The maternal transmission pat-
tern could point to such a mechanism. A number of pseudo-
genes have been described where gene conversion between a
functional copy of a gene and a neighboring pseudogene causes
disease (36). However, in the present case the mechanism is
likely to be more complex.

The newly identified locus for atopic dermatitis in COL6AS
could correlate to another susceptibility locus found on chro-
mosome 21p21 in a Swedish population that may contain a
susceptibility gene modulating the severity of atopic dermatitis
especially in combination with asthma (37). Both 21p21 and
3p24 have also been described as asthma susceptibility loci (38).
Interestingly, COL6A1 and COL6A2 are located on 21p21,
which could point to a more general role of collagen VI in the
development of atopic dermatitis or asthma. In contrast, there
is clear evidence for the role of collagen VI in the etiology of
Bethlem myopathy and Ullrich congenital muscular dystrophy.
A variety of mutations in all so far known collagen VI chains
have been identified (for review see Ref. 19). Interestingly,
patients who have phenotypes typical of Bethlem myopathy or
Ullrich congenital muscular dystrophy, but in whom mutations
in the collagen VI a1, a2 and o3 chains could not be detected
have been described (39 —41). It is therefore tempting to spec-
ulate that mutations in the new collagen VI chains may cause
muscular disease. Indeed, in mouse skeletal muscle the affinity-
purified antibodies detected two of the new chains, &5 and a6,
but not a4, associated with the extracellular matrix. In contrast,
the a4 chain was absent from mouse muscle but detected close
to the basement membrane underlying the mucosal cell layer in
small intestine. This differential distribution indicates that the
new chains may have tissue-specific functions allowing a mod-
ulation of collagen VI properties.
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2.2 Analysis of new collagen VI chains in human skin.

ORIGINAL ARTICLE

Expression of the Collagen VI a5 and a6 Chains
in Normal Human Skin and in Skin of Patients
with Collagen VI-Related Myopathies

Patrizia Sabatelli', Sudheer K. Gara2, Paolo Grumati®, Anna Urciuolo®, Francesca Gualandi?,
Rosa Curci', Stefano Squarzoni1, Alessandra Zamparel|i1, Elena Martoni?, Luciano Merlini?,
Mats Paulsson®”®, Paolo Bonaldo® and Raimund Wagener”

Collagen VI is an extracellular matrix protein with critical roles in maintaining muscle and skin integrity and
function. Skin abnormalities, including predisposition to keratosis pilaris and abnormal scarring, were
described in Ullrich congenital muscular dystrophy (UCMD) and Bethlem myopathy (BM) patients carrying
mutations in COL6A1, COL6A2, and COL6A3 genes, whereas COL6A5, previously designated as COL29AT, was
linked to atopic dermatitis. To gain insight into the function of the newly identified collagen VI o5 and o6 chains
in human skin, we studied their expression and localization in normal subjects and in genetically characterized
UCMD and BM patients. We found that localization of a5, and to a lesser extent a6, is restricted to the papillary
dermis, where the protein mainly colocalizes with collagen fibrils. In addition, both chains were found around
blood vessels. In UCMD patients with COL6AT or COL6A2 mutations, immunolabeling for a5 and a6 was often
altered, whereas in a UCMD and in a BM patient, each with a COL6A3 mutation, expression of o5 and a6 was
apparently unaffected, suggesting that these chains may substitute for o3, forming ola205 or olo2u6

heterotrimers.
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INTRODUCTION

Collagen VI is a functionally important extracellular matrix
protein expressed in many tissues, including skeletal muscle
and skin. It was long considered to consist of three genetically
distinct a-chains (a1, a2, a3), secreted into the extracellular
matrix where they form an extended microfilamentous
network. Mutations in the COL6AT, COL6A2, and COL6A3
genes cause Ullrich congenital muscular dystrophy (UCMD)
and Bethlem myopathy (BM). Although the muscle pheno-
type is predominant, various skin changes have been
described in collagen Vl-related disorders, including a
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predisposition for keratosis pilaris (follicular keratosis),
abnormal scarring, such as keloids and “cigarette paper”
scars, rough or dry skin, and striae rubrae (Pepe et al., 2002;
Jimenez-Mallebrera et al., 2006; Lampe et al., 2008; Nadeau
et al., 2009). In addition, a group of Indian UCMD patients
shows soft velvety skin on the palms and soles that totally
lack major creases and instead have fine mesh-like lines
(Nalini et al., 2009).

Recently, three new collagen VI chains were identified,
a4, a5, and 06, that are encoded by distinct genes, COL6A4,
COL6AS5, and COL6A6 (Fitzgerald et al., 2008; Gara et al.,
2008). These chains are composed of seven N-terminal von
Willebrand factor A domains, a collagen triple helical
domain and a C-terminal non-collagenous domain contain-
ing two or three C-terminal von Willebrand factor A domains
and one or two unique sequences. In addition, a4 contains a
Kunitz domain. Their triple helical domains are most similar
to that of a3, and, in general, the recently identified chains
resemble this chain. Indeed, Col6aT1 null mice do not deposit
the new chains in the extracellular matrix, showing that
assembly and secretion of these requires the presence of a1
and implying that the new chains may substitute for a3,
probably forming alo204, ala2a5, or alo2a6 heterotrimers
(Gara et al., 2008). This is in contrast to assembly studies
using transfected cells, in which only a4, but not a5 and a6,
was found to be able to form heterotrimers that are secreted
(Fitzgerald et al., 2008). In humans, COL6A4 is disrupted by a
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Figure 1. Collagen VI o chain distribution in normal human skin. Analysis of skin sections from a healthy donor with a mAb against collagen VI a3 (a, d) or
polyclonal antibodies against collagen VI a5 (b, e) or a6 (c, f) (red). Sections were double labeled with an antibody against laminin a5 (green), as a marker
of basement membranes. Collagen VI a3 shows a broad distribution in the papillary and reticular dermis, including vasculature and nerves, and hypodermis.
In contrast, collagen VI o5 is localized in the papillary dermis, close to the dermal-epidermal junction, and around some vessels of the reticular dermis. o6
appears around the vessels of the papillary and reticular dermis, with a weaker and discontinuous labeling below the dermal-epidermal junction. a, b, cand d, e,
f are at the same magnification. Bar= 100 pm.

chromosome break (Fitzgerald et al., 2008; Gara et al., 2008;
Wagener et al., 2009) as a consequence of a large-scale
pericentric inversion on chromosome 3 and, interestingly, the
5" end of the split gene was linked to a predisposition for
osteoarthritis (Miyamoto et al., 2008; Wagener et al., 2009).
In humans, COL6AG is expressed in a wide range of fetal and
adult tissues, whereas COL6AS5 expression is restricted to a
few sites, including lung (Fitzgerald et al.,, 2008) and skin
(Soderhdll et al, 2007). The expression of the newly
identified chains was yet not studied in detail, although
reverse transcription-PCR revealed differences between
human and mouse (Soderhdll et al., 2007; Fitzgerald et al.,
2008; Gara et al.,, 2008). Human o5 was found to be
localized in the outer epidermis and COL6A5 has been
associated with atopic dermatitis and designated COL29A1
(Soderhdll et al., 2007). Atopic dermatitis patients were found
to lack collagen VI o5 expression in the outer epidermis
(Soderhdll et al., 2007). This was proposed to lead to a loss of
epidermal integrity that may facilitate the antigen penetration
through the skin. However, in a genome-wide association
study in 939 affected individuals, COL6A5 did not show
linkage to atopic dermatitis (Esparza-Gordillo et al., 2009),
whereas in another study a polymorphism of COL6A5
was associated with atopy, but this association could not be
consistently replicated (Castro-Giner et al., 2009). To gain
insight into the function of the newly identified a5 and a6
chains in human skin and their potential role in pathology,
we studied their expression and deposition in normal subjects
and UCMD and BM patients.

RESULTS

Collagen VI o5 and a6 show a more restricted localization
pattern in human skin than the homologous a3
Immunofluorescence microscopy of normal skin sections
labeled with an antibody against collagen VI a3 showed
staining throughout the dermis (Figure 1a and d), whereas
labeling with antibodies against collagen VI o5 and a6
revealed a more restricted localization pattern. Collagen VI
o5 appeared mainly expressed at the papillary dermis
(Figure 1b and e), with a more intense labeling just below
the dermal-epidermal junction. Here, the expression of
collagen VI a6 was much weaker and discontinuous (Figure
1c and f). In contrast, o5 and 0.6 were both strongly expressed
around blood vessels at the interface between the papillary
dermis and the reticular dermis, but not around the annexes
of the deeper layers of the skin (Figure 1b and c). This pattern
was confirmed by double labeling with antibodies against
laminin a5, a marker for basement membranes (Figure 1).
De-masking experiments revealed that the detection of the
newly identified collagen VI chains in very restricted areas is
not caused by a hindered accessibility of the antibodies
elsewhere (Supplementary Figure ST online). No collagen VI
was detected in the epidermis, in clear contrast to the
reported expression of collagen VI o5 in the outer epidermis
(Soderhill et al., 2007). Immunoelectron microscopy analysis
with antibodies against either collagen VI a3, o5, or o6
(Figure 2) confirmed the localization detected by immuno-
fluorescence. In the papillary dermis, 5 and a3 colocalize
with banded collagen fibrils. However, although o5 was
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Figure 2. Ultrastructural localization of collagen VI & chains in normal human skin. (a-d) Normal papillary dermis with collagen VI a3 (a), o5 (b, ), and a6 (d)
antibodies. a3 appears at collagen fibrils of the dermal-epidermal junction (arrows, a). a5 is associated with collagen bundles (b, ¢, arrows), but absent
from epidermis (k), basement membrane (bm), and anchoring fibrils (af). a6 is sparse in papillary dermis (d, arrows). (e-i) Vessels in papillary (e, f, g) and collagen
bundles in reticular dermis (h, i) with a3 (e, h), a5 (f, i), and o6 (g) antibodies. a3 is associated with collagen fibrils reaching basement membranes (e, arrows)
and with intersecting collagen bundles (h); o5 and a6 with collagen bundles surrounding vessels (f, g, arrows), but not with basement membranes (f, g).

a5 is absent within collagen bundles (i). bm, basement membrane; ec, endothelial cell. Bars =200 nm.

clearly detected along longitudinally sectioned fibrils (Figure
2b and ¢), a3 was also visible in areas where fibrils were
cross-sectioned (Figure 2a). None of the antibodies labeled
the epidermis, the basement membrane of dermal-epidermal
junctions, or anchoring plaques, which are connected to the
basement membrane through anchoring filaments (Figure 2).
For a6, only a weak labeling was found in the papillary
dermis, where few gold particles, associated with collagen
fibrils, were detected (Figure 2d). Although all chains were
detected around the wall of blood vessels of the papillary
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dermis, these showed a different distribution (Figure 2e-).
Whereas collagen VI o5 and o6 colocalize with collagen
fibril bundles surrounding vessel walls (Figure 2f and g), o3
was also detected at the vessel endothelium, together with
collagen fibrils reaching the basement membrane (Figure 2e).
The basement membrane underlying the endothelium was
not labeled. The reticular dermis did not show labeling for a5
(Figure 2i) or a6 (not shown), whereas when labeled with the
antibody against a3, bundles of collagen fibrils showed gold
particles at intersections (Figure 2h).
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Deposition of a5 and a6 in the skin of patients with

COL6A1, -A2, and -A3 mutations

To assess whether mutations in COL6AT, COL6A2, and
COL6A3 affect the secretion and localization of collagen VI
a5 and a6, we investigated skin biopsies from six UCMD
patients carrying mutations in the three genes (two in
COLG6AT, three in COL6A2, and one in COL6A3) and one
BM patient with a recessive mutation in COL6A3 (Table 1,
Supplementary Table S1 online). Immunofluorescence
analysis with an antibody against a3 showed a collagen VI
deficiency in the skin of five patients, ranging from moderate
to severe, whereas UCMD-A1b and UCMD-A2c showed
normal expression (Figure 3). Interestingly, immunolabeling
for o5 showed altered expression only in those patients with
mutations in COL6AT or COL6A2 where collagen VI a3 was
also affected (Figure 4a and b). In particular, in UCMD-A1a
a5 was reduced at the papillary dermis and around blood
vessels (Figure 4a). The expression of o5 varied in patients
carrying different compound heterozygous mutations in
COL6A2 (Table 1): while in UCMD-A2a a5 was evenly
reduced, in UCMD-A2b the labeling was decreased in some
areas of the papillary dermis, both at the dermal-epidermal
junction and around the vessels (Figure 4a). In contrast,
UCMD-A3 and BM-A3, carrying mutations in COL6A3
(Table 1), showed a5 staining of normal intensity; however,
it appeared more widely distributed in both patients and
particularly in UCMD-A3 (Figure 4a). Moreover, in UCMD-
Ala and UCMD-A2b, double labeling for a3 and a5 revealed
ring-like deposits containing only o5 (Figure 4b). These
deposits, usually detected close to the basement membrane
of the dermal-epidermal junction, showed an irregular shape,
and a variable diameter, ranging from 0.5 to 20 um and were
absent from normal skin. a6 was reduced in UCMD-A1a, but
largely unaffected in all other patients (Figure 4c). However,
it appeared more widely distributed in patients carrying
mutations in COL6A3. Furthermore, the ring-like deposits
were not detected with the antibody against a6 (not shown).

Western blot analysis of collagen VI a5 and a6 in extracts of
normal and UCMD skin

Skin extracts from healthy donors and UCMD-Ala, UCMD-
A2a, and UCMD-A3 were investigated by SDS-PAGE under
reducing conditions using antibodies against collagen VI a3,
a5, and a6 (Figure 5a). In healthy skin, both o5 and a6 were
detected as major bands slightly above the 260 kDa marker,
consistent with their molecular masses (Figure 5a), whereas
a3 was detected migrating as two major bands below and
above the 260kDa marker. Only in UCMD patients with an
altered collagen VI expression in immunohistochemistry, o3
was much fainter than in the control and in UCMD-ATa it
was detected only after longer exposure. In contrast, o5
was reduced only in UCMD-A2a. However, a5 reproducibly
showed a higher mobility in UCMD-AT1a. The reduction of a5
in UCMD-A2a was evident with both methods, whereas the
weaker signal for a5 in UCMD-A1a in immunohistochemistry
was not evident in western blot. The lower molecular mass of
a5 in UCMD-ATa, possibly due to abnormal processing, may
make the protein more easily extractable.

COL6A5 and COL6AG transcript levels are differently
modified in the skin of UCMD and BM patients

The amount of collagen VI a5 and o6 transcripts in skin
biopsies from selected patients was evaluated by real-time
PCR, using B-actin as a reference (Figure 5b, Table 1).
Whereas levels of COL6A5 mRNA were similar to controls or
only slightly changed in UCMD-ATa, UCMD-A2a, UCMD-
A2b and BM-A3, COL6A5 mRNA levels were reduced to
20% of UCMD-A3. This indicates that the reduction of a5
seen in UCMD-A2a by immunohistochemistry and western
blot is not due to transcriptional downregulation. In contrast,
the reduction of COL6A5 mRNA in UCMD-A3 did not affect
expression of o5. The collagen VI 06 mRNA level was
reduced to 60% of normal levels in UCMD-A3, but was
significantly upregulated in UCMD-Ala and UCMD-A2a and
unaffected in UCMD-A2b and BM-A3. The upregulation of
COL6A6 mRNA in UCMD-ATa and UCMD-A2a did not lead
to a higher expression of the protein.

DISCUSSION

We describe the expression of the recently identified collagen
VI a5 and a6 chains in human skin and its variations in the
skin of patients suffering from collagen Vl-related muscular
dystrophies. The tissue distribution of these chains has so
far not been comprehensively studied. We now show that
collagen VI o5 is found in a very specific zone of the papillary
dermis, just below the basement membrane. This is in clear
contrast to an earlier report where collagen VI a5 (called
collagen XXIX by the authors) was found to be located in
the epidermis (Soderhdll et al., 2007). The reason for this
discrepancy is not clear. To our knowledge collagen VI has
never been found in the epidermis by other authors.
Generally, only a few collagens are located in the epidermis,
for example, collagen XXIII (Koch et al., 2006). As the lack of
the new collagen VI chains in the Col6al knockout mouse
clearly indicates that they assemble together with a1 and,
probably, a2 to form heterotrimers, an exclusive presence of
collagen VI o5 in the epidermis would be surprising. The
antibody that detected collagen VI 5 in epidermis was raised
against a short peptide sequence and the epidermal staining
could therefore be an artifact. The affinity-purified antibody
used in this study was raised against a large portion of the N-
terminal, non-triple helical domain of collagen VI o5
(domains N2-N6 (Gara et al., 2008)). The specific staining
in a narrow zone just below the basement membrane, which
is reminiscent of that of matrilin-2 (Piecha et al., 2002),
AMACO (Gebauer et al., 2009), or tenascin C (Latijnhouwers
et al., 2000), points to a specialized function of collagen VI
a5 in this zone of the papillary dermis, which is important for
the resistance to tensile stress. Nevertheless, o5 may function
in the maintenance of the barrier function of the skin, as
indicated by the observation of polymorphisms in COL6A5
that were found to be linked to atopic dermatitis (Stderhall
et al., 2007) or atopy (Castro-Giner et al., 2009). However,
the mechanism by which o5 contributes to the barrier
function would be different from the earlier proposed loss
of epidermal integrity in the outer epidermis of atopic
dermatitis patients (Soderhall et al., 2007).
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Table 1. Collagen VI mutations and phenotypic features

Collagen VI a3 Collagen VI o5 Collagen VI a6

immuno- immuno- Collagen VI a5 immuno- Collagen VI
Patient/age Genomic Skin histochemistry/ histochemistry/ mRNA histochemistry/ a6 mRNA
at biopsy mutation' phenotype western blot western blot (mean AAG)  western blot (mean AAC)
UCMD-Ala/ Het COL6A1 exon 9 Rough skin, Moderately Severely reduced, Normal level Severely reduced/ Increased (3.93:1)
9 years €.921-935 del15% keratosis pilaris, reduced/severely ring structures/normal  (0.98:1) moderately reduced
hypertrophic scars  reduced (higher mobility)
UCMD-A1b/  Het COL6A1 Keratosis pilaris Not reduced/ Not reduced/ ND Not reduced/ ND
11 years exon 9 ¢.850 G>A? reduced not reduced increased
(Gly284Arg)
UCMD-A2a/ Het COL6A2 exon Keratosis pilaris Mildly reduced/ Severely reduced/ Slightly increased ~ Normal/normal Increased (3.55:1)
9 years 12 ¢.1096 C>T; and “cigarette reduced reduced (1.85:1)
Het COL6A2 intron 8 paper” scars
€.927+5 G>A’
UCMD-A2b/ Het COL6A2 intron  Rough skin, Severely reduced/  Reduced, ring Normal level Normal/ND Slightly increased
9 years 17 ¢.1459-2 A>G; keratosis pilaris ND structures/ND (1.23:1) (1.42:1)
het COL6A2 intron 23
c1771-1 G>A*
UCMD-A2c/ Hom COL6A2 Rough skin, Not reduced/ND Not reduced/ND ND Not reduced/ND ND
5 years intron 25 ¢.1970-9 keratosis pilaris,
G>A’
UCMD-A3/ Het COL6A3 intron  No relevant Moderately Normal (widely Strongly reduced Normal/moderately Moderately
9 years 16 c.6210+41G>A"  changes (keratosis reduced/reduced distributed)/normal (0.19:1) reduced reduced (0.6:1)
pilaris reported
in other patients)*
BM-A3/ Hom COL6A3 exon  Striae rubrae, Severely reduced/  Normal/ND Normal level Widely distributed/ Slightly increased
21 years 5¢.1393 C>T° keratosis pilaris reduced” (0.77:1) ND (1.49:1)

Abbreviation: ND, not determined.

'The DNA mutation numbering is based on complementary DNA sequence with a “‘c.”” symbol before the number with +1 corresponding to the A of the
ATG translation initiation codon in the respective reference sequence (COL6AT GenBank Refseq NM_001848.2; COL6A2 GenBank Refseq NM_001849.3;

COL6A3 GenBank Refseq NM_004369.2).
*Angelin et al. (2007).

*Martoni et al. (2009).

“Camacho Vanegas et al. (2001).

>Lampe et al. (2008).

°Demir et al. (2002).

’Squarzoni et al. (2006).

Most of the mutations affect the triple helical domain,
except for in BM-A3 and UCMD-A2c where the N8 and C1
domains are affected (Supplementary Table S1 online). The
impact of mutations in COL6A1, COL6A2, and COL6A3 on
the expression of collagen VI o5 and a6 in skin is diverse both
at the level of transcription and translation and strongly
dependent on the specific mutation (Figure 4, Table 1,
Supplementary Table S1 online). This probably reflects the
complex process of assembly of collagen VI microfibrils,
which is prone to perturbations at different levels. As the
incidence of UCMD and BM is low (0.13/100,000 and 0.77/
100,000) (Norwood et al., 2009), resulting in a limited access
to patients, a clear genotype-phenotype correlation was
not obtained. No clear correlations were found between
the steady state levels of COL6A5 and COL6A6 mRNA
and protein expression in selected patients. The lack of an
obvious defect in secretion or assembly in the patients with
mutations in collagen VI o3 (Figure 4) further indicates that
the deposition of a5 or a6 is not dependent on the presence
of a3 and that the new chains may instead substitute for a3 by
the formation of ala2a5 or ala2a6-containing collagen VI
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molecules. Interestingly, in the UCMD-A3 and BM-A3
patients, o5 and o6 staining is more widely distributed
than in normal skin. This indicates that substitution of a3 by
a5 and/or a6 alters the assembly of collagen VI-containing
microfibrils. The strongly reduced expression of a5 and a6 in
UCMD-ATa carrying a dominant mutation in COL6AT
matches the complete lack of the new collagen VI chains in
Col6al knockout mice (Gara et al., 2008) and supports, in
contrast to other reports (Fitzgerald et al.,, 2008), that also
human collagen VI o5 forms a1a2a5 heterotrimers. However,
as seen in UCMD-A2a and -A2b that carry different
compound heterozygous mutations in COL6A2 (Table 1), it
is evident that the impact on the expression of collagen VI o5
and a6 is highly dependent on the nature of the actual
mutations. Interestingly, whereas the expression of &3 and a5
is clearly reduced in UCMD-A2a, a6 staining remains
unaffected. Owing to the strong reduction of &2 in this
patient, a2 concentration may become rate limiting in the
triple helix formation. Possibly, a6 is preferred to a3 and o5
in this situation. In addition, the strong upregulation of the
COL6A6 mRNA could be responsible for this effect.
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Figure 3. Collagen VI a3 chain distribution in skin of muscular dystrophy
patients. Analysis of collagen VI in skin sections of six Ullrich congential
muscular dystrophy (UCMD) patients carrying mutations in COL6AT (UCMD-
Alaand UCMD-AT1b), COL6A2 (UCMD-A2a, UCMD-A2b, and UCMD-A2c),
and COL6A3 (UCMD-A3) and one Bethlem myopathy (BM) patient with a
homozygous mutation in the COL6A3 gene (BM-A3), compared with a
healthy donor (CTRL). Staining was performed with antibodies against
collagen VI a3 (green) and laminin o5 (red). Sections of UCMD-A1b and
UCMD-A2c were only stained with antibodies against collagen VI a3. The
images show a reduced expression of collagen VI a3, in four of the six patients
ranging from mild (UCMD-A2a) to moderate (UCMD-ATa and UCMD-A3) or
severe (UCMD-A2b and BM-A3). Bar= 100 pm.

However, it remains unclear why the strong upregulation of
the COL6A6 in UCMD-ATa is not reflected at the protein
level. Similarly, in UCMD-A2b, staining for a3 and o5 is
reduced and a6 is unaffected. Interestingly, as in UCMD-AT1a,
ring-like deposits are seen, usually close to the basement
membrane of the dermal-epidermal junction (Figure 4b).
These could represent aggregates of a smaller proportion of
collagen VI a5, which is secreted, but not properly assembled
into microfibrils. In UCMD-A1a, this may correlate with
an increased mobility of collagen VI a5 in western blot
(Figure 5a). The reason for the mobility change remains

unclear; however, alternative splicing, alternate proteolytic
processing, or an altered glycosylation could be responsible.
In contrast to the other patients carrying mutations in
COL6AT or COL6A2, expression of the newly identified
chains is not affected in UCMD-ATb and in UCMD-A2c
(Figure 4a and c), which adds to the complexity of the
genotype—phenotype correlation. However, o3 is not affected
(Figure 3) and it remains unclear why the formation of
ala2a3 heterotrimers is still possible. UCMD-A1b carries a
heterozygous mutation in the N-terminal part of the
collagenous domain (Angelin et al, 2007), whereas
UCMD-A2c carries a homozygous mutation in the CI
domain (Martoni et al., 2009). At least in UCMD-A2c the
intact collagenous domain seems to allow the assembly of
ala2a3 heterotrimers. Accordingly, the formation of a1e205-
or ala2a6-containing collagen VI molecules should also not
be impaired if a5 or a6 substitute for a3. Nevertheless,
also these two patients show a skin phenotype, which could
be the consequence of secreted but malfunctioning collagen
VI molecules.

The mutations in collagen VI a1, 02, and a3 that lead to
muscular dystrophies cause a mitochondrial dysfunction with
spontaneous apoptosis of muscle fibers. Whereas the
pathogenesis of this muscular phenotype has been studied
in great detail (Bernardi and Bonaldo, 2008), the etiology of
the skin phenotypes in these patients is unknown. In this
study we present evidence that collagen VI o5 and o6 are
expressed in dermis and most likely assemble together with
collagen VI o1 and a2. Therefore, a possible contribution of
collagen VI o5 and a6 to the development of the skin
phenotypes has to be considered. The presence of unusual
extracellular aggregates of collagen VI a5 may point to a
possible disease mechanism.

MATERIALS AND METHODS

Expression and purification of recombinant N-terminal collagen
VI a3, 5, and a6 von Willebrand factor A domains
Complementary DNA constructs were generated by reverse tran-
scription-PCR on human placental mRNA. For collagen VI o3
domains N1-N4 and for o5 and a6, the domains N2-N6 were
chosen. Suitable primers introduced 5'-terminal Nhel or Spel and 3'-
terminal BamHI or Xhol restriction sites (Supplementary Table S2
online). The amplified PCR products were inserted into a modified
pCEP-Pu vector (Tillet et al., 1994) containing an N-terminal BM-40
signal peptide followed by a tandem streplI-tag (Finnis and Gibson,
1997). Recombinant plasmids were introduced into HEK293-EBNA
cells (Invitrogen, Carlsbad, CA) using FuGENE 6 transfection
reagents (Roche, Basel, Switzerland). Cells were selected with
puromycin (1 pgml™") and N-terminal tandem strepll-tagged pro-
teins were purified from serum-containing cell culture medium using
a Streptactin column (1.5 ml, IBA GmbH, Goettingen, Germany).

Preparation of antibodies against the new collagen VI chains
Purified recombinant collagen VI fragments were used to immunize
rabbits and guinea-pigs. Antisera were purified by affinity chromato-
graphy on a column with antigen coupled to CNBr-activated
Sepharose (GE Healthcare, Little Chalfont, Buckinghamshire, UK)
(Gara et al., 2008).
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Figure 4. Collagen VI o5 and a6 chain distribution in skin of muscular dystrophy patients. (a) Collagen VI a5 (green) and laminin a5 (red) in skin biopsies from
a normal donor (CTRL) and Ullrich congenital muscular dystrophy (UCMD) and Bethlem myopathy (BM) patients. 4,6-diamidino-2-phenylindole (blue).
Collagen VI o5 is reduced in UCMD-Ala, UCMD-A2a, and UCMD-A2b, but normally expressed in the other patients. (b) Collagen VI a5 (green) and laminin o5
(red) or collagen VI a3 (red), in UCMD-Ala and UCMD-A2b. Ring-like deposits (arrows) positive for collagen VI a5 are seen below the epidermal-dermal
basement membrane. o3 is absent within these deposits (arrows). (c) Collagen VI a6 (red) and laminin o5 (green). a6 is reduced in UCMD-ATa and normally
expressed in UCMD-A2a. The other patients show a wide distribution of a6 in papillary dermis. Bars =100 pm. UCMD-A1b and UCMD-A2c were not costained

for laminin 5.

Patients

Skin biopsies from two healthy subjects, one BM and six UCMD
patients were frozen in isopentane pre-chilled in liquid nitrogen and
stored in liquid nitrogen. All patients were previously diagnosed
by genetic, histochemical, and biochemical analysis, which showed
mutations of the COL6AT, COL6A2, and COL6A3 genes and altered
collagen VI secretion and deposition in skeletal muscle and/or
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cultured skin fibroblasts (Table 1). All patients provided informed
consent.

Western blot analysis

Frozen sections (20 um) were prepared from skin biopsies, dissolved
by incubation for 10 minutes at 70 °C in a lysis solution containing
50 mm Tris-HCI, pH 7.5, 150 mm NaCl, 10 mm MgCl, 2% SDS, 1%
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Figure 5. Collagen VI protein and mRNA expression in skin of muscular
dystrophy patients. (a) Western blot analysis of skin extracts from a healthy
control (CTRL) and the UCMD-ATa, UCMD-A2a, and UCMD-A3 patients.
Proteins were separated under reducing conditions and detected with
polyclonal antibodies specific for collagen VI a3, o5, and a6. For collagen VI
a3, a longer exposure is shown on the right. Glyceraldehyde 3-phosphate
dehydrogenase was used as a loading control. (b) Real-time PCR
quantification of the steady-state levels of COL6A5 and COL6A6 mRNA
transcripts in skin samples from the five UCMD/BM patients. The COL6A5/B-
actin and COL6A6/B-actin ratios of control skin samples were set at 1.

BM, Bethlem myopathy; UCMD, Ullrich congenital muscular dystrophy.

Triton X-100, 0.5 mm dithiothreitol, T mm ethylenediaminetetraacetic
acid, 10% glycerol and protease inhibitors and analyzed by western
blot (Gara et al., 2008).

Immunofluorescence analysis

Frozen sections (7 um) from skin of two healthy donors and one BM
and six UCMD patients were incubated with an affinity-purified
guinea-pig polyclonal antibody against collagen VI a5, or a
monoclonal collagen VI a3 antibody (Chemicon (Billerica, MA)
clone 3C4), or a rabbit polyclonal antibody against a3. For the
immunofluorescence analysis of a6, frozen sections from healthy
donors and patients were fixed with 2% paraformaldehyde in
phosphate-buffered saline, washed in phosphate-buffered saline and
permeabilized with 0.15% Triton X-100, saturated with 5% normal
goat serum (Sigma, St Louis, MO) and incubated with a rabbit

antibody against a6. All sections were developed with anti-rabbit or
anti-guinea-pig TRITC or FITC-conjugated IgG (DAKO, Glostrup,
Denmark) and double labeled with a mouse mAb against laminin o5
(Chemicon), revealed with anti-mouse FITC- or TRITC-conjugated
secondary antibodies (DAKO).

Immunoelectron microscopy analysis

Skin fragments from one healthy donor were fixed in 4%
paraformaldehyde in phosphate-buffered saline for 1hour at 4°C,
washed in phosphate-buffered saline, dehydrated and embedded in
London Resin White. Ultrathin sections were incubated with primary
antibodies, diluted 1/10 in 20-mm Tris-buffered saline, overnight at
4°C, followed by a 15-nm colloidal gold-conjugated anti-rabbit IgG
antibody (Amersham, Little Chalfont, Buckinghamshire, UK). Sec-
tions were stained with uranyl acetate and lead citrate and observed
with a Philips (Amsterdam, The Netherlands), EM400 transmission
electron microscope operating at 100 kV.

Quantification of COL6A5 and COL6AG6 transcripts by
real-time PCR

Total RNA was isolated from skin sections using the RNeasy Kit
(Qiagen, Hilden, Germany) and reverse transcribed using the High
Capacity complementary DNA Reverse Transcription Kit (Applied
Biosystems, Carlsbad, CA), as described (Merlini et al., 2008). To
quantify the steady-state level of COL6A5 and COL6A6 transcripts,
TagMan expression assays (Applied Biosystems) were used for target
genes (COL6A5 (COL29A1). Hs00542046_m1 exons 35-36;
COL6A6: Hs01029204_m1 exons 12-13) and for B-actin (ACTB
Endogenous Control). Real-time PCR was performed in triplicate on
the Applied Biosystems Prism 7300 system, using 10ng of
complementary DNA and default parameters. Evaluation of COL6A5
and COL6AG transcript levels was performed by the comparative G
method (AAC, method), in at least two independent experiments.
Complementary DNAs from two control skin sections were utilized
as calibrators and the results were highly similar. Both skin samples
were from children and thereby matching the age of the UCMD
patients. For patient BM-A3, we have also performed comparison
with a skin sample from an adult healthy subject, again with similar
results.
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3. Study of autophagy in collagen VI null mice.

Autophagy is one of the most important mechanisms maintaining the balance
between anabolism and catabolism in eukaryotic cells and playing a crucial role
tissue homeostasis. The process involves the degradation of either intracellular
proteins, organelles or portions of cytoplasm by the lysosomal system, allowing at the
same time the elimination of altered or damaged organelles and proteins, as well as
the recovery of energy and metabolites during starvation or low energy supply. The
starting event of autophagy is the formation of a double membrane vesicle, called
autophagosome, around the protein or organelle target. Fusion of autophagosomes
with lysosomes leads to the formation of a single membrane vesicle, the
autolysosome, followed by degradation of the vesicle content via acidic lysosomal

hydrolases (Fig. 2) (Ferraro e Cecconi, 2007; Levine e Kroemer 2008).

Figure 2: Authophagic process.

The main players involved in the autophagy process are encoded by a set of genes
called autophagy-related genes (Atg). Most of the Atg-encoded proteins are required
for the formation and maturation of autophagosomes. One of the main regulator of
autophagy is mTOR, a serin-treonin kinase able to repress the process by (i)
regulating the transcription and translation of Atg genes, and by (ii) modifying

directly or indirectly Atg proteins.
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During my PhD, I took part to a large project aimed at the understanding of molecular
pathways underlying the myopathic phenotype of Col6al-/- mice. We found that lack
of collagen VI leads to an impairment of the autophagic flux in skeletal muscles. My
contribution to this work was the accomplishment of part of the studies on the

molecular pathways and on cell survival and apoptosis after autophagy induction.
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Autophagy is defective in collagen VI muscular dystrophies,
and its reactivation rescues myofiber degeneration
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Autophagy is crucial in the turnover of cell components, and clearance of damaged organelles by the autophagic-lysosomal
pathway is essential for tissue homeostasis. Defects of this degradative system have a role in various diseases, but little is known
about autophagy in muscular dystrophies. We have previously found that muscular dystrophies linked to collagen VI deficiency
show dysfunctional mitochondria and spontaneous apoptosis, leading to myofiber degeneration. Here we demonstrate that this
persistence of abnormal organelles and apoptosis are caused by defective autophagy. Skeletal muscles of collagen VI-knockout
(Col6a1-'-) mice had impaired autophagic flux, which matched the lower induction of beclin-1 and BCL-2/adenovirus E1B-
interacting protein-3 (Bnip3) and the lack of autophagosomes after starvation. Forced activation of autophagy by genetic,
dietary and pharmacological approaches restored myofiber survival and ameliorated the dystrophic phenotype of Col6al~'~ mice.
Furthermore, muscle biopsies from subjects with Bethlem myopathy or Ullrich congenital muscular dystrophy had reduced
protein amounts of beclin-1 and Bnip3. These findings indicate that defective activation of the autophagic machinery is

pathogenic in some congenital muscular dystrophies.

Macroautophagy (hereafter referred to as autophagy) is a dynamic
process in which portions of cytoplasm are sequestered within
double-membraned vesicles called autophagosomes and delivered
to lysosomes for degradation and subsequent recycling!~3.
The autophagic machinery is highly conserved and has key roles in
tissue homeostasis, participating in the clearance of damaged
organelles, misfolded proteins and pathogens'™*. Furthermore,
autophagy is crucial for cell survival during nutrient deprivation, but
it is detrimental when massively activated or inhibited?. Likewise,
mitochondria are essential for energy conservation, but, if damaged,
they become a source of proapoptotic factors and reactive oxygen
species™®. Selective removal of dysfunctional mitochondria via
autophagy (mitophagy) is a key mechanism to not only preserve cell
viability but also rejuvenate mitochondrial function”.

Congenital muscular dystrophies represent a large and heterogene-
ous group of inherited muscle disorders with a severe and progressive
clinical course. Mutations in any of the three genes coding for collagen VI,
a major extracellular matrix protein of the endomysium of skeletal
muscles, cause multiple muscle diseases, including Bethlem myopathy
and Ullrich congenital muscular dystrophy (UCMD)8. We have pre-
viously demonstrated that muscles of Col6al~/~ mice and humans
with UCMD or Bethlem myopathy have a latent mitochondrial dys-
function accompanied by ultrastructural alterations of mitochondria

and the sarcoplasmic reticulum and spontaneous apoptosis of muscle
fibers>!? (see also Supplementary Fig. 1a). However, in our pre-
vious study we did not uncover the reason for the occurrence of
dysfunctional organelles. Here we show that the accumulation of
abnormal mitochondria and sarcoplasmic reticulum is caused by a
defect of autophagy and that restoration of a proper autophagic flux
in Col6al~/~ muscles ameliorates these alterations.

RESULTS

Autophagy is impaired in Col6al~'~ muscles

To explore the relationship between organelle defects and muscle
pathology of collagen VI muscular dystrophies in vivo, we examined
several skeletal muscle types of Col6al~~ mice for the main mole-
cular pathways linked with mitochondrial function and cell survival.
We chose the diaphragm and tibialis anterior as examples of oxidative
and glycolytic muscles, respectively. We did not find any substantial
difference between wild-type and Col6al~/~ muscles in the protein
amounts of B cell leukemia/lymphoma-2 (Bcl-2), Bcl-2-associated
X protein (Bax) and Bcl-X; and in the phosphorylation of Akt,
suggesting no major alterations in pro- or antiapoptotic pathways.
However, the amount of the active form of AMP-activated protein
kinase (AMPK) was increased in Col6al~/~ muscles (Supplementary
Fig. 1b,c). AMPK acts as an energy sensor, being activated under
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metabolic stress'!. These data indicate an energy imbalance in
Col6al~'~ muscles, which is readily explained by the observed mito-
chondrial dysfunction. Indeed, it was previously shown that Col6al~/~
flexor digitorum brevis (FDB) myofibers have an increased inci-
dence of dysfunctional mitochondria’. The presence of abnormal
mitochondria with disorganized cristae (Supplementary Fig. 1d)
prompted us to check whether the autophagic system was affected.
Compared to wild-type mice, muscles from Col6al~/~ mice had less
of the lipidated form of microtubule-associated protein-1 light chain 3
(LC3)-II (Fig. 1a and Supplementary Fig. 1e), which is generated
during autophagosome formation'2. The decreased conversion
of LC3-I to LC3-II suggested an alteration of basal autophagy in
Col6al~'~ muscles and led us to investigate the autophagic process.
We next subjected mice to starvation for 24 h, a well-characterized
stimulus able to induce the formation of autophagosomes in various
organs including muscles!'?. Fasting for 24 h prompted massive
autophagosome formation in wild-type but not Col6a1~/~ muscles,
as revealed by the appearance of LC3-positive puncta in tibialis
anterior transfected with YFP-LC3 (Supplementary Fig. 1h) and
by electron microscopy of diaphragm (Fig. 1b,c). Notably, the few
autophagosomes present in Col6al~'~ diaphragm contained mito-
chondria with abnormal cristae (Supplementary Fig. 1i). Moreover,

diaphragm and tibialis anterior showed reduced LC3-I to LC3-II
conversion in fasted Col6al~/~ mice compared to fasted wild-type
mice (Fig. 1d and Supplementary Fig. 1j). Tibialis anterior was com-
pletely resistant to autophagy induction, whereas diaphragm showed a
partial LC3 conversion after 24-h starvation (Fig. 1d). The differential
response of these two muscles probably reflects differences in meta-
bolic properties and fiber types!'2. These results obtained with fasted
mice confirm that Col6al~'~ muscles have an abnormal response to
a physiological autophagic stimulus.

The decreased amount of autophagosomes and the reduced LC3
lipidation in Col6al~'~ muscles could be caused by either defec-
tive autophagy induction or excessive vesicle exhaustion. Because
autophagy is a dynamically regulated process, we used a combina-
tion of in vivo tools for reliably monitoring the autophagic flux!'>14.
First, we used a genetic approach to knock down mRNA encod-
ing LC3 (Map1lc3b) and thus inhibit autophagosome formation.
To achieve this knockdown in vivo, we transfected adult myofibers
with a bicistronic vector encoding Map1lc3b-targeting shRNA and
GFP'>. Knockdown of Map1lc3b led to a significant increase in the
number of TUNEL-positive nuclei in wild-type myofibers, but it
did not affect the TUNEL-positive nuclei of Col6al~'~ myofibers
(Fig. 1e). Next, we treated mice with chloroquine!®, a lysosomal
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inhibitor that blocks the degradation of autophagosome content,
including LC3 (refs. 13,17), and investigated its effect on LC3
protein abundance. Chloroquine treatment led to a marked increase
in LC3 bands in both diaphragm and tibialis anterior of wild-type
mice, but the increase was much smaller in the corresponding
samples of Col6al~/~ mice (Fig. 1f and Supplementary Fig. 2a).
Finally, we assessed during fasting the variations in protein
amounts of p62, a well-known substrate of the autophagy-lysosome
system!®1418 Both diaphragm and tibialis anterior showed a
decrease in p62 during the first 6-12 h of fasting in wild-type mice
but not in Col6al~/~ mice (Fig. 1g and Supplementary Fig. 2b).
Together, these data show an impairment of autophagy induc-
tion in Col6al~'~ muscles, which explains their lower incidence of
autophagosomes and defective LC3 lipidation.

Beclin-1 and Bnip3 are defective in Col6al~/- muscles

Bnip3 has a key role in the autophagic removal of mitochondria
and induction of Bnip3 is crucial for autophagosome formation in
muscle during starvation!”. In contrast to the case in wild-type mice,
Bnip3 protein and mRNA expression was not induced in tibialis
anterior of 24-h-fasted Col6al~'~ mice (Fig. 1h,i). Conversely, dia-
phragm of 24-h-fasted Col6al~'~ mice showed Bnip3 induction,
which matched the partial LC3 lipidation reported above (Fig. 1h).
Other Bcl-2 family members, including Bax and Bcl-X|, did not

19,20
>

differ in expression between fed and fasted mice as well as between
control and knockout mice, whereas Bcl-2 protein abundance was
increased only in fasted Col6al~/~ tibialis anterior (Supplementary
Fig. 2e). Bcl-2 has been shown to inhibit the autophagic function
of beclin-1, a component of the class III phosphoinositide 3-kinase
(PI3K) complex necessary for autophagosome formation??!. Because
beclin-1 plays a key part in autophagy?, we investigated its expres-
sion in wild-type and knockout muscles. Under fed conditions,
beclin-1 protein amounts were lower in Col6a1~'~ diaphragm when
compared to wild-type diaphragm (Fig. 1h). Starvation led to a
marked increase of beclin-1 protein levels in both diaphragm and
tibialis anterior of wild-type animals (Fig. 1h). Notably, the levels
of mRNA encoding for beclin-1 (Becnl) were similar in fed and
starved tibialis anterior (Supplementary Fig. 2f), suggesting that
variations of beclin-1 levels in muscle may primarily rely on protein
stability. Conversely, Col6al~/~ diaphragm and tibialis anterior did
not show any substantial increase of beclin-1 protein after 24-h fast-
ing (Fig. 1h). Vps34 protein, the class ITII PI3K of the PI3K-beclin-1
complex!~3, was upregulated in Col6al~/~ diaphragm but not
in Col6al™' tibialis anterior after 24-h fasting (Supplementary
Fig. 2g,h). These data indicate that Col6al™/~ muscles have an
imbalance of proteins actively involved in the autophagic process
and suggest that complete activation of autophagy requires a proper
induction of beclin-1 and Bnip3.
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Figure 2 Prolonged starvation induces autophagy in Col6al~/~ mice. (a) Western blot for LC3, beclin-1 and Bnip3 in diaphragm (left) and tibialis

anterior (right) of fed and 30-h—fasted mice. (b) Densitometric quantification of Bnip3 (top) and beclin-1 (bottom) after western blotting of diaphragm
(left) and tibialis anterior (right) (***P < 0.001; *P < 0.05, n= 3). Error bars indicate s.e.m. (c) qRT-PCR analysis of Bnip3 mRNA in tibialis anterior

of fed and 30-h—fasted mice (*P < 0.05; n= 7). Error bars indicate s.e.m. (d) Immunoblot analysis for Akt and 4E-BP1 phosphorylation in diaphragm
(left) and tibialis anterior (right) of fed and 30-h—fasted mice. The right graphs show the densitometric quantification of the western blots for

p-Akt. (***P < 0.001; *P < 0.05; n = 3). Error bars indicate s.e.m. (e) Quantification of myofibers containing autophagic vesicles in diaphragms

of 30-h—fasted mice (***P < 0.001; n= 5, each group). Error bars indicate s.d. (f) Immunogold labeling of LC3 in 30-h—fasted Col6al~'~ diaphragm.
LC3 labeling (black dots marked by arrowheads) is associated with the membrane of an autophagosome containing a mitochondrion (mit). Scale bar,
300 nm. (g) Fluorescence microscopy of tibialis anterior cryosections from wild-type and Col6al~'~ mice transfected with YFP-LC3 and starved for 30 h.
LC3 puncta (arrowheads) are indicated. Scale bar, 50 um.
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Next, we investigated the signaling pathways involved in
autophagy regulation. In skeletal muscle, autophagy and Bnip3
expression are regulated by the Akt-forkhead box protein O3 axis,
a pathway that also regulates the atrophy-related ubiquitin ligase
atrogin-1 (ref. 22). Similarly to Bnip3, upregulation of atrogin-1 was
impaired in fasted Col6a 1™/~ tibialis anterior, whereas induction of
muscle RING-finger protein-1, another atrophy-related ubiquitin
ligase that is under nuclear factor-xB control, was unaffected
(Supplementary Fig. 2i). These findings suggest there is abnormal
Akt signaling in fasted Col6al~/~ muscles, and, indeed, starvation
induced dephosphorylation of Akt in wild-type but not Col6al~/~
tibialis anterior (Fig. 1j and Supplementary Fig. 2j). In agreement
with the abnormal Akt phosphorylation , the mammalian target
of rapamycin pathway, which negatively regulates autophagy®?23,
remained active in fasted Col6al~/~ tibialis anterior, as indicated
by the persistent phosphorylation of eukaryotic translation initia-
tion factor 4E-binding protein-1 (4E-BP1), a downstream target of
this signaling axis (Fig. 1j). Fasted Col6al~'~ diaphragm showed
dephosphorylation of Akt and 4E-BP1, albeit to a lesser extent
than starved wild-type muscles, and this explains why autophagy
is partially activated in diaphragm after 24-h fasting (Fig. 1j and
Supplementary Fig. 2j).

Recent studies have shown that constitutive Akt expression in
wild-type muscle inhibits autophagosome formation!®. To get further
evidence of the impact of abnormal Akt signaling, we investigated
the phenotype of mice expressing a muscle-specific, inducible Akt
transgene, resulting in chronic Akt activation. In agreement with
our findings in Col6al~'~ mice, chronic Akt activation in otherwise
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Figure 3 Induction of autophagy ameliorates the dystrophic phenotype.
(a) Electron micrographs of diaphragm from Col6al~/~ mice in fed
conditions (left) and after 30 h starvation (right). Abnormal mitochondria
(arrowheads) and dilated sarcoplasmic reticulum cisternae (arrows) in
myofibers of the fed Co/6al~'~ mice are indicated. Scale bar, 1 um.

(b) Percentage of myofibers with morphologically altered mitochondria

in diaphragm of fed, 24-h—fasted and 30-h—fasted mice (***P < 0.001;
n =5, each group). Error bars indicate s.d. (c) Mitochondrial response

to oligomycin in myofibers isolated from FDB muscles of fed and

fasted mice. Where indicated, 6 uM oligomycin (arrow) or 4 uM of the
protonophore carbonylcyanide-p-trifluoromethoxyphenyl hydrazone (FCCP)
(arrowhead) were added. Each trace represents the tetramethylrhodamine
methyl ester (TMRM) fluorescence of a single fiber. The fraction of
myofibers with depolarizing mitochondria is indicated for each condition,
where fibers are considered as depolarizing when they lose more than
10% of initial value of TMRM fluorescence after oligomycin addition
(n=5, each group). (d) Quantification of TUNEL-positive nuclei in
diaphragm (left) and tibialis anterior (right) of fed, 24-h—fasted and
30-h—fasted mice (***P < 0.001, **P< 0.01, *P< 0.05; n=5,

each group). Error bars indicate s.e.m.

wild-type mice led to decreased Bnip3 and beclin-1 protein
amounts and resulted in a dystrophic phenotype characterized by
p62 aggregates, vacuolated fibers and centrally located myonuclei
(Supplementary Fig. 3). These findings support a role for the persist-
ence of Akt activation in autophagy inhibition and in the development
of the dystrophic phenotype in Col6al~/~ mice.

Because 24-h fasting was not sufficient to trigger a robust Akt
dephosphorylation and full activation of autophagy in Col6al=/~
muscles, we investigated whether prolonged starvation could reacti-
vate the autophagic process and confer some beneficial effects on
the dystrophic phenotype. Starvation for 30 h triggered LC3 lipi-
dation and increased beclin-1 and Bnip3 protein amounts in both
diaphragm and tibialis anterior of Col6al~/~ mice (Fig. 2a,b and
Supplementary Fig. 4a,b). Bnip3 mRNA levels were also increased
by 30-h fasting, whereas Becnl transcripts were unaffected
(Fig. 2c and Supplementary Fig. 4¢c). Similarly, Vps34 was induced
in Col6al~/~ muscles (Supplementary Fig. 4d,e). As with 24-h
fasting, Bcl-X; and Bax expression did not change between wild-
type and Col6al~/~ muscles, whereas the Bcl-2 protein amount was
increased in 30-h—fasted Col6al /" tibialis anterior (Supplementary
Fig. 4f). Therefore, high expression of Bcl-2 did not prevent reactiva-
tion of autophagy in Col6al~'~ mice. Prolonged starvation attenu-
ated the differences between wild-type and Col6al~/~ muscles in
the phosphorylation of Akt (Fig. 2d). Atrogin-1 mRNA expression
was induced in 30-h-fasted Col6al™'~ mice (Supplementary
Fig. 4g). Detection of LC3-positive vesicles by fluorescence micros-
copy in YFP-LC3-transfected fibers and by immunoelectron micros-
copy confirmed that 30-h fasting elicited substantial autophagosome
formation in both wild-type and Col6al1~/~ myofibers (Fig. 2e-g and
Supplementary Fig. 4h).

Prolonged starvation resulted in the amelioration of myofiber
abnormalities in Col6al~/~ mice (Fig. 3a). Indeed, Col6al~'~
diaphragms showed a significant rescue of ultrastructural altera-
tions of mitochondria and sarcoplasmic reticulum (Fig. 3a,b and
Supplementary Fig. 4h-j). Moreover, the percentage of FDB myo-
fibers showing mitochondrial depolarization was substantially lower,
and the amount of TUNEL-positive-nuclei in Col6al™'~ muscles
became close to that of control muscles (Fig. 3¢,d). Wild-type mice
showed some degree of muscle alterations after fasting (Fig. 3b-d
and Supplementary Fig. 4h,j), in keeping with the observation that
excessive autophagy contributes to muscle wasting!>24,
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Figure 4 Beclin-1 protein abundance is decreased in muscle biopsies of @ A b @ o
subjects with UCMD or Bethlem myopathy, and its expression counteracts MW k‘ﬁ’%@og\e‘? MW kﬁ%"\\?g\év
muscle apoptosis in Col6al~~ mice. (a,b) Quantification of TUNEL- (kDa) & (kDa) @ &
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Bnip3 in tibialis anterior of wild-type mice is included above each set — .. .
of graphs (***P< 0.001; **P< 0.01; *P< 0.05; n= 10, each group). e 8 NS g 8 s NS
Error bars indicate s.e.m. (c) Fluorescence microscopy of tibialis anterior g 6 1 g 5 —
cryosections from wild-type and Col6al~'~ mice transfected with beclin-1 g o g NS
and YFP-LC3 expression vectors and maintained in fed condition. ER S 4 —l
LC3 puncta (arrowheads) are indicated. Scale bar, 50 um. (d) Right, ; o
quantification of TUNEL-positive nuclei in transfected and nontransfected 2 2 g 2
myofibers of wild-type and Co/6al~'~ tibialis anterior muscle after in vivo §°:L o § 0
transfection with beclin-1-EGFP expression vector. Transfected fibers Fed 30h Fed 30h "Fed 30h  Fed 30h
were revealed by fluorescence microscopy (left). Scale bar, 50 pm WT Col6a1™~ WT Coléat™
(***P< 0.0Ql; n=10, gach group)v. Error bars indicate s.e.m. (ev) Wgstern c d B Nontransfected fibers
blot for beclin-1 and Bnip3 in protein lysates of human muscle biopsies wr Colbat-- O Transfected fibers
from two healthy (normal) controls (C1, C2), five individuals with UCMD ~ hidudd
(UCMD1-5) and four individuals with Bethlem myopathy (BM1-4). Data E 6
are representative of three independent experiments. 3
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Restoration of beclin-1 ameliorates muscle phenotype 5 1
To further investigate the contribution of beclin-1 and Bnip3 in the %2
pathogenesis of Col6al ™/~ muscles, we performed in vivo loss-of-function g 0
experiments. Adult tibialis anterior was transfected with expression WT _ Coleal™
plasmids encoding shRNAs targeting Becnl and Bnip3 transcripts®*. MW 0®0\§%o§%0§2§% R
Becnl knockdown for 2 weeks led to a marked increase in apoptotic ka) V7S FTISC F S §S T

nuclei in myofibers of wild-type mice and completely prevented the
significant decrease of TUNEL-positive nuclei observed in 30-h-fasted
Col6al ™'~ mice (Fig. 4a). Conversely, Bnip3 knockdown for 2 weeks did
not substantially impinge on the incidence of TUNEL-positive nuclei of
wild-type mice and had a minor effect on 30-h-starved Col6a1~~ mice
when compared to BecnI knockdown (Fig. 4b). Together with the above
findings showing that autophagy flux is impaired in Col6a1~/~ muscles,
these data indicate that the inefficient autophagy and subsequent muscle
apoptosis observed in these mice is due to beclin-1 inhibition.

To support the pathogenetic role of beclin-1 deficiency in myofiber
degeneration, we carried out in vivo transfection of tibialis anterior
with an expression construct coding for beclin-1. Transfection of the
beclin-1 construct was able to activate autophagy in both wild-type
and Col6al~'~ muscles, as revealed by concurrent transfection of
YFP-LC3 and formation of LC3-positive puncta (Fig. 4c). Moreover,
beclin-1 overexpression led to a marked decrease of TUNEL-positive
nuclei in myofibers of Col6al~'~ mice, whereas it did not affect wild-
type muscles (Fig. 4d). Therefore, correction of beclin-1 levels in
Col6al~~ muscle fibers is sufficient to reactivate autophagy and thus
prevent apoptotic degeneration.

To assess whether the findings obtained in the Col6al-null mouse
model also apply to human collagen VI disorders, we investigated
muscle biopsies derived from five subjects with UCMD and four
subjects with Bethlem myopathy (Supplementary Table 1). The
amounts of both beclin-1 and Bnip3 proteins were decreased in sub-
jects with UCMD and Bethlem myopathy when compared to healthy
(normal) controls. Individuals with UCMD had very low beclin-1
levels, whereas individuals with Bethlem myopathy, whose dystrophic
phenotype is milder, showed a less prominent decrease in the amount
of beclin-1, which seemed closer but not identical to amounts in
controls. Bnip3 protein abundance was also lower in samples from
UCMD and Bethlem myopathy individuals compared to those in con-
trols, albeit the reductions are much less prominent than that seen
for beclin-1 abundance between disease samples and controls (Fig. 4e
and Supplementary Fig. 5a).

60 — w— - - —_ == g =™ Beclin-1
gg:--—— - - - WS S s W W W Bnip3
42 —
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Autophagy reactivation ameliorates muscle pathology

Given that prolonged starvation reactivated autophagy and blocked
apoptotic degeneration in Col6a1~/~ muscles, we investigated whether
milder and long-lasting dietary regimens were able to activate
autophagy and ameliorate muscle morphology and function. Depletion
of amino acids strongly induces autophagy?>-2’. Conversely, supple-
mentation of protein-free diets with amino acids suppresses muscle
protein degradation through inhibition of autophagy?®. To allow for
a long-term response, we fed mice with a specifically designed low-
protein diet (LPD) (Supplementary Table 2). Four weeks of LPD was
able to ameliorate the dystrophic features of Col6al~~ mice (Fig. 5a,b
and Supplementary Fig. 6). LPD induced autophagy and did not have
any significant effect on the ubiquitin-proteasome system as shown by
atrogin-1 expression (Supplementary Fig. 6c). Diaphragm and tibialis
anterior of both wild-type and Col6al ™~ LPD-fed mice showed LC3 lipi-
dation and increased beclin-1 and Bnip3 protein amounts, consistent
with the formation of autophagosomes (Fig. 5¢,d and Supplementary
Fig. 6a,b). Activation of autophagy by LPD led to removal of struc-
turally abnormal organelles (Fig. 5b and Supplementary Fig. 6e).
Similarly to prolonged starvation, induction of autophagy by LPD led
to a marked recovery of the dystrophic alterations of Col6al~/~ mice
and produced some muscle alterations in wild-type mice (Fig. 5e,f and
Supplementary Fig. 6e-g). The percentages of myofibers showing
mitochondrial depolarization and TUNEL positivity were significantly
lower in LPD-fed Col6al~/~ mice compared to Col6al~'~ mice fed with
normal diet and were similar to (or lower than) those observed in LPD-
fed wild-type mice (Fig. 5f and Supplementary Fig. 6g). Autophagy
reactivation also ameliorated the histological features of Col6al~/~
muscles, resulting in a more uniform myofiber size (Supplementary
Fig. 6h). Moreover, long-term induction of autophagy by LPD also
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each group). Error bars indicate s.d. (e) Mitochondrial response to oligomycin in FDB myofibers of Co/6al~'~ fed with SD or LPD. The fraction

of depolarizing myofibers is provided as in Figure 3c (n =5, each group). (f) Quantification of TUNEL-positive nuclei in diaphragm (left) and tibialis
anterior (right) of mice fed with SD or LPD (***P < 0.001; **P < 0.01; *P < 0.05; n=5, each group). Error bars indicate s.e.m. (g) /n vivo tetanic force
measurements in the gastrocnemius muscle of mice fed with SD or LPD (***P < 0.001; *P < 0.05; n= 12, each group). Error bars indicate s.e.m.

improved muscle strength of Col6al ™~ mice, as indicated by the sig-
nificant increase of specific force measured in gastrocnemius muscle
(Fig. 5g and Supplementary Fig. 6i). Thus, reactivation of autophagy
by dietary approaches is sufficient to improve both morphology and
function of Col6al~'~ dystrophic muscles.

Drugs inducing autophagy rescue the dystrophic phenotype

As reactivation of autophagy by dietary restriction showed a
therapeutic potential in Col6al~'~ mice, we further explored this
possibility with pharmacological tools. Rapamycin is a well-known
inducer of autophagy that can be used for in vivo treatments!’.
Treatment of Col6al™'~ mice with rapamycin for 15 d decreased
myofiber degeneration and removed abnormal organelles (Fig. 6a—c
and Supplementary Fig. 7a). Cyclosporin A has been reported to
modulate autophagy”-?>3, and we previously demonstrated that
this drug rescues the dystrophic phenotype of Col6al~/~ mice by
desensitizing the mitochondrial permeability transition pore®.
Because reactivation of autophagy in Col6a1~/~ mice led to a marked
amelioration of the phenotype, we investigated whether treatment
with cyclosporin A would have any effect on autophagy. Notably,
cyclosporin A induced autophagy in Col6al~/~ muscles, with a con-
comitant block of apoptotic degeneration and recovery of muscle
strength (Fig. 6d-g and Supplementary Fig. 7b-d). Moreover,
cylosporin A treatment restored beclin-1 and Bnip3 induction,
LC3 lipidation and Akt dephosphorylation in 24-h-fasted Col6al~/~
muscles (Fig. 6d and Supplementary Fig. 7e). These data suggest
that the robust beneficial effect of cyclosporin A in collagen VI-
deficient mice is linked to both restoration of mitochondrial func-
tion® and autophagy induction.
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DISCUSSION

Previous studies have shown that the muscle pathology of collagen VI-
null mice and humans with UCMD or Bethlem myopathy is strictly
related to ultrastructural alterations of organelles, mitochondrial
dysfunction and spontaneous apoptosis in skeletal muscles®!0. Here
we show that autophagy is impaired in Col6al~/~ muscles and that
the failure of this process has a major role in the pathogenesis of the
dystrophic phenotype, causing accumulation of abnormal organelles
and apoptotic degeneration of muscle fibers. Forced induction of
autophagy is able to reactivate the process, achieving a beneficial
response in Col6al™'~ mice. Thus, prompt elimination of defec-
tive organelles is essential to protect Col6al~'~ myofibers from the
harmful consequences of dysfunctional mitochondria and excessive
apoptosis (Supplementary Fig. 8a). Indeed, accumulation of abnor-
mal mitochondria in Col6al~'~ muscles is associated with oxidative
stress and increased production of reactive oxygen species, which
contribute to trigger apoptotic response®!. Our findings indicate
that a proper autophagic flux is crucial for the clearance of damaged
organelles and the maintenance of muscle homeostasis. Moreover,
we also point out that both defective and excessive autophagy lead to
muscle degeneration, in keeping with the intricate interplay between
autophagic and apoptotic pathways shown in different systems!-332
(Supplementary Fig. 8b). In agreement with our model, muscle-
specific inactivation of autophagy genes results in muscle atrophy
with abnormal organelles3334.

In certain storage diseases and vacuolar myopathies, a reduced ‘off-
rate’ of autophagy results from mutations of genes coding for proteins
involved in lysosomal function, leading to accumulation of autophagic
vesicles!»3%:36 Conversely, our findings suggest that the impaired
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Figure 6 Pharmacological treatments

induce autophagy and ameliorate the
myopathic phenotype of Col6al~~ mice.

(a) Quantification of TUNEL-positive nuclei

in diaphragm (left) and tibialis anterior (right)
of wild-type and Col6al~/~ mice treated with
vehicle (ethanol) or with rapamycin (Rap)

for 15d (***P < 0.001; *P< 0.05; n=5,
each group). Error bars indicate s.e.m.

(b) Representative micrographs of a transverse
section of diaphragm from untreated (left)
and rapamycin-treated (right) Co/6al~/~ mice. 0
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(d) Western blot analysis for LC3, beclin-1 and
Bnip3 in diaphragm (left) and tibialis anterior
(right) of wild-type and Col6al~'~ mice treated
with vehicle (olive oil) (=) or with cyclosporin A
(CsA) (+) for 4 d and maintained in fed or
24-h—fasting conditions. (e) Quantification

of TUNEL-positive nuclei in diaphragm (left)
and tibialis anterior (right) of wild-type and
Col6al~'~ mice treated with vehicle or with
cyclosporin A for 4 d (***P < 0.001;

n =4, each group). Error bars indicate s.e.m.
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autophagic flux of collagen VI dystrophic muscles results from a
decreased ‘on-rate, with defective formation of autophagosomes.
Indeed, we have found that amounts of two major autophagic
effector proteins, beclin-1 and Bnip3, are reduced in Col6al™/~
muscles. Although Bnip3 induction is sufficient to trigger autophagy'®,
our data suggest that the concomitant beclin-1 upregulation is
required for a proper autophagy induction. Thus, beclin-1 seems to
be necessary and sufficient for basal autophagy and for its correct
induction, whereas Bnip3 is able to trigger autophagy in the presence
of appropriate protein levels of beclin-1.

The demonstration that muscles of Col6al™'~ mice are character-
ized by inefficient autophagy has a major impact on the understand-
ing of the pathogenesis of collagen VI muscular dystrophies. Muscle
biopsies of subjects with UCMD and Bethlem myopathy show reduced
protein amounts of beclin-1 and Bnip3. Notably, forced reactivation
of autophagy in the mouse model by nutritional and pharmacologi-
cal approaches is able to rescue the morphological and functional
aspects of the dystrophic phenotype. This opens new possibilities
for targeted therapeutic approaches aimed at combating muscle loss
in UCMD and Bethlem myopathy that add to desensitization of the
mitochondrial permeability transition pore through cyclophilin D
inhibition!®37-38,

In more general terms, our results support a view that points at
the activators of autophagic process and at clearance systems as new
therapeutic targets for avoiding accumulation of toxic molecules
and damaged organelles in skeletal muscle. Moreover, the finding

WT  Col6a1™"

WT  Col6al™" Vehicle CsA

that modulation of autophagy through various nutritional and
pharmacological treatments is beneficial for collagen VI dystrophic
muscles paves the way for investigating autophagy defects in other
muscular dystrophies.

METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/naturemedicine/.

Note: Supplementary information is available on the Nature Medicine website.
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Part II: side projects

Autophagy

ONLINE METHODS

Mice. We backcrossed Col6al*'~ mice in the inbred C57BL/6] strain (Charles
River) for eight generations’. We performed all experiments in 16- to 24-week-
old mice and compared age-matched Col6al ™/~ (collagen VI-null) and Col6al*/*
(wild-type) mice. We housed mice in individual cages in an environmentally
controlled room (23 °C, 12-h light-dark cycle) and provided food and water
ad libitum. For starvation experiments, we removed chow in the morning and
maintained mice for 6-30 h with no food but free access to water. We fed mice
with either SD (Laboratorio Dottori Piccioni) or LPD (TestDiet) (Supplementary
Table 2). Muscle-specific inducible Akt-ER-Cre transgenic mice were previously
described!”, and we achieved transgene activation by tamoxifen administration
in the chow (Harlan). Mouse procedures were approved by the Ethics Committee
of the University of Padova and authorized by the Italian Ministry of Health.

Drug treatments. We subjected wild-type and Col6a1~/~ mice to intraperitoneal
injection with either chloroquine diphosphate (50 mg per kg body weight; Sigma)
every 24 h for 10 d; cyclosporine A (5 mg per kg body weight; Novartis) every
12 h for 4 d or 10 d or rapamycin (2 mg per kg body weight; LC Laboratories)
every 24 hfor 15d.

Muscle in vivo transfection. We performed in vivo transfection experiments by
intramuscular injection of expression plasmids in tibialis anterior followed by
electroporation as previously described??. We used the following expression con-
structs: YFP-LC3 (ref. 39), beclin-1-EGFP*? and beclin-1. For the preparation
of the beclin-1 expression construct, we amplified Becnl cDNA by PCR from
the beclin-1-EGFP plasmid using primers 5"-CTATGGAGGGGTCTAAGGC-3
(forward) and 5’-TCACTTGTTATAGAACTGTGAGG-3" (reverse) and
cloned the amplified sequence into the HindIII and Xbal sites of the pcDNA3.1
(Invitrogen) expression vector. We carried out RNAi-mediated knockdown by
transfection of sShRNA constructs targeting Map1lc3b (ref. 15), Bnip3 (ref. 15)
and Becnl. For Becnl, we used a commercial kit containing oligonucleotides
against Becn 1 target sequences and the BLOCK-IT Pol IT miR RNAIi expression
vector (Invitrogen).

Gene expression analyses. We prepared total RNA from skeletal muscle with
the Promega SV Total RNA Isolation kit. We generated cDNA products with
SuperScript III reverse transcriptase (Invitrogen) and analyzed them by qRT-
PCR with the QuantiTect SYBR Green PCR kit (Qiagen). We normalized all data
to Gapdh expression. Oligonucleotide primers used for qRT-PCR are listed in
Supplementary Table 3.

Fluorescence microscopy and transmission electron microscopy. We fixed
muscle cryosections with ice-cold 4% paraformaldehyde, mounted the samples
with Fluorescence Mounting Medium (DAKO) and examined them on a
Leica DM5000B fluorescence microscope. For electron microscopy, we fixed
and stained stretched diaphragms as previously described’. For statistical ana-
lysis, we studied at least 1,000 muscle fibers, obtained from two levels of three
different tissue blocks for each diaphragm. We considered positive fibers pre-
senting at least one mitochondrion with abnormal cristae or a portion of dilated
sarcoplasmic reticulum. We performed immunoelectron microscopy accord-
ing to previously published protocols*!. We etched ultrathin sections with 3%
sodium alcholate, treated them with 10% H,0, and incubated them overnight
with LC3-specific antibody (LB 100-2220, Novus Biologicals). We visualized the
antibody binding by incubation with 15-nm colloidal gold-conjugated secondary
antibody (Amersham).

Western blotting. We pulverized mouse frozen muscles and human muscle
biopsies by grinding in liquid nitrogen, and we lysed and immunoblotted the
samples as previously described?2. When needed, we stripped and reprobed

membranes. We used antibodies from Cell Signaling Technologies specific
for the following proteins: 4E-BP1 (9452), phospho-4E-BP1 (Thr37 and
Thr46) (2855), AMPK (2532), phospho-AMPK (Thr172) (2531), Akt (9272),
phospho-Akt (Ser473) (4058), Bcl-X| (2764), beclin-1 (3738), caspase-3 (9665),
caspase-9 (9504), LC3 (2775), S6 (2212), phospho-S6 (Ser240 and Ser244) (2215).
Antibodies to Bnip3 (B7931) and Vps34 (V9764) were from Sigma. Antibodies
to Bax (sc-493) and TOM20 (sc-11415) were from Santa Cruz. Antibodies to
Bcl-2(610539) and calnexin (610523) were from BD Transduction Laboratories.
Antibody to p62 (GP62-C) was from Progen. Antibody to GAPDH (MAB374)
was from Chemicon International. We performed western blots in at least three
independent experiments. We carried out densitometric quantification by the
Image]J software (US National Institutes of Health).

Isolation of skeletal myofibers and measure of mitochondrial membrane
potential. We isolated muscle fibers from FDB muscle, and we measured mito-
chondrial membrane potential by epifluorescence microscopy on the basis
of the accumulation of TMRM fluorescence, as previously described®3”. We
considered fibers as depolarizing when they lost more than 10% of the initial
value of TMRM fluorescence. We performed imaging with a Zeiss Axiovert 100
TV inverted microscope equipped with a 12-bit digital cooled charge-coupled
device camera (Micromax, Princeton Instruments). We analyzed the data with
MetaFluor imaging software (Universal Imaging).

Terminal deoxynucleotidyl transferase dUTP nick end labeling. We prepared
sections (7-um thick) from diaphragm, after fixation with 4% paraformaldehyde
and paraffin embedding, and from tibialis anterior muscles frozen in isopentane.
We performed TUNEL assays with the ApopTag peroxidase in situ apoptosis
detection system (Chemicon)®*”. For transfected muscles, we determined the
number of TUNEL-positive nuclei in randomly selected fields by considering,
separately, transfected and nontransfected fibers.

Muscle mechanics. We carried out in vivo determination of force and contrac-
tion kinetics of gastrocnemius muscle as previously described?2.

Human samples. We froze muscle biopsies of children and adults in isopen-
tane. Details on subjects included in the study are provided in Supplementary
Table 1. All subjects provided informed consent and were previously diagnosed
with UCMD and Bethlem myopathy according to the criteria of the European
NeuroMuscular Center®® and by genetic analysis, which showed mutations in
any of the COL6A1, COL6A2 and COL6A3 genes.

Statistical analyses. We expressed data as means * s.e.m. or as means * s.d.
We determined statistical significance by unequal variance Student’s ¢ test (for
TUNEL assay), equal variance Student’s ¢ test (for qRT-PCR and muscle mechan-
ics) and Mann-Whitney test (for electron microscopy). A P value of less than
0.05 was considered statistically significant.

39. Tanida, |. et al. HsAtg4B/HsApg4B/autophagin-1 cleaves the carboxyl termini of
three human Atg8 homologues and delipidates microtubule-associated protein light
chain 3— and GABAA receptor-associated protein—phospholipid conjugates. J. Biol.
Chem. 279, 36268-36276 (2004).

40. Zhong, Y. et al. Distinct regulation of autophagic activity by Atgl4L and Rubicon
associated with beclin-1-phosphatidylinositol-3-kinase complex. Nat. Cell Biol. 11,
468-476 (2009).

. Degrassi, A. et al. Transfer of HIV-1 to human tonsillar stromal cells following cocultivation
with infected lymphocytes. AIDS Res. Hum. Retroviruses 10, 675-682 (1994).

42. Blaauw, B. et al. Akt activation prevents the force drop induced by eccentric
contractions in dystrophin-deficient skeletal muscle. Hum. Mol. Genet. 17,
3686-3696 (2008).

43. Pepe, G. et al. Bethlem myopathy (BETHLEM) and Ullrich scleroatonic muscular
dystrophy: 100th ENMC international workshop, 23-24 November 2001, Naarden,
The Netherlands. Neuromuscul. Disord. 12, 984-993 (2002).
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