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ARTICLE INFO ABSTRACT

Keywords: Collagen VI is a heterotrimeric, ubiquitously expressed microfibrillar collagen with a complex intracellular and
COllagen‘VI extracellular assembly process. In addition to a short collagenous region, it is primarily composed of von Wil-
Proprotein convertases lebrand factor A (VWA) domains. Notably, only the C-terminal end of the a3 chain contains other domain types,
Eiﬁilgtrop hin including a Kunitz-like C5 domain, which has been reported to be necessary for microfibril formation, to function

as a matrikine and exhibit biomarker properties. This region of the a3 chain undergoes proteolytic processing,
with cleavage sites identified for proprotein convertases, matrix metalloproteinases (MMPs), and bone
morphogenetic protein 1 (BMP1). Cleavage by furin-like convertases results in the generation of a mature
collagen VI a3 chain lacking its 70 kDa C2-C5 domains. Here, we provide the first characterization of the
functional significance of the furin-like cleavage site, demonstrating that while it is constitutively used, it is not
essential for collagen VI assembly, microfibril formation, or skeletal muscle function under physiological con-
ditions, likely due to the presence of redundant cleavage sites. We also present an initial characterization of the
biological activity of the released fragments on myoblast cultures showing that they do not affect C2C12
myoblast behaviour or differentiation. These findings deepen our understanding of a3 chain processing and
highlight its potential significance for collagen VI assembly and function, including the generation of peptides
with potential biomarker and biological activity properties.

Introduction and anchor these to the surrounding extracellular matrix [1]. The major
collagen VI isoform consists of three different « chains, two shorter ol

Collagen VI microfibrils are abundant in most tissues and closely and o2 and a longer a3 chain. Mutations in COL6A1, COL6A2 and
associated with basement membranes in nerves, blood vessels or muscle COL6A3 lead to muscular dystrophies and other myopathies [2]. Three
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additional long o chains (a4, a5, a6) exist that can replace the a3 chain
[3,4]. However, collagen VI assemblies containing the additional long
chains have a very restricted tissue distribution [5].

The domain structure of collagen VI chains is unique within the
collagen family. All a chains have only a short, about 340 amino acid
residue long, collagenous stretch and more than 75 % of the structure
consists of globular regions that are dominated by tandem arrays of
VWA domains [6]. Such domains typically mediate adhesion to other
proteins, often via metal ion dependent adhesion sites (MIDAS), and
collagen VI has the highest relative content of VWA domains in the
human proteome. In addition, other domains are present in the C-ter-
minal part of all long chains [3,5]. Among those the 7 kDa C5 domain at
the C-terminus of the collagen VI a3 chain, a Kunitz domain, attracted
interest in recent years and a novel non-microfibril related function for
the cleaved off C5 domain was proposed [7,8]. It is referred to as
“endotrophin” and when released in white adipose tissue is assumed to
act as an adipokine [9]. It was reported that it enhances breast tumor
progression, increases fibrosis and inflammation and ultimately causes
enhanced insulin resistance [10]. However, the acting mechanism re-
mains to be obscure, in particular as no cellular receptor has been
identified [11]. Moreover, recent studies proposed circulating levels of
endotrophin-containing peptides as a predictive biomarker for various
pathological conditions [12,13]. The assembly of collagen VI microfi-
brils is a complex multistep process including proteolytic processing at
later steps [14]. A short al chain, a short a2 chain and a long chain,
predominantly the a3 chain, form a heterotrimeric triple helical
monomer, a process that was recently shown to depend only on a short
coiled coil region C-terminal to the collagenous domain, and not on the
C-terminal globular domains [15]. Two monomers form antiparallel
dimers in which about 70 % of the collagenous domains adopt a twisted,
segmented supercoil composed of two triple helices, while the most
N-terminal part remains unconnected to the neighboring monomer
within the dimer [16]. An interaction between C-terminal VWA domains
and the collagenous domains is potentially important for dimer forma-
tion, however, the experimental evidence is not clear [17,18]. The di-
mers are stabilized by disulfide bonds between the monomers, but the
exact localization of these is not known. The dimers then associate
laterally and form tetramers that are also disulfide linked, but again the
cysteine residues involved have not been determined. The fully assem-
bled tetramers, large protein complexes of the size of ribosomes, are
secreted and by partial interlocking of the globular domains assemble
head-to-head to form the typical beaded microfibrils via non-covalent
interactions [19,20].

The extracellular microfibril assembly is accompanied by extensive
proteolytic cleavage within the C-terminal, non-collagenous part of the
a3 chain. In fact, the Kunitz domain (C5) of the a3 chain is a prerequisite
for microfibril formation [21], but mature collagen VI isolated from
tissue lacks the whole 70 kDa C5-containing C2-C5 region of the a3
chain [22]. It was shown that BMP1 and MMP14 cleave C5 from the rest
of the a3 chain, albeit by use of a different cleavage site, and further-
more a conserved furin-like proprotein convertase cleavage site between
the C1 and C2 domains facilitates the cleavage of the large C2-C5
fragment [14,23]. For simplicity this cleavage site is here further
named “furin-like cleavage site”. In addition, more C5-containing frag-
ments of different sizes were identified pointing to complex proteolytic
processing within the C-terminal globular region of the collagen VI a3
chain [14]. However, the exact role of the proteolytic cleavage for the
formation of functional collagen VI microfibrils remains to be eluci-
dated. It is also not known if a perturbance of the processing is linked to
the collagen VI related myopathies.

Using cell culture and a mouse model, we investigated the conse-
quences of abolishing the furin-like cleavage site of the a3 chain be-
tween C1 and C2 on collagen VI assembly and function and studied the
impact of the normally released C-terminal fragments on myoblast
cultures.
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Results

In vitro validation of the furin-like cleavage site in the C-terminal part of
the collagen VI a3 chain

We previously identified a furin-like cleavage site (RDRR) in the C-
terminal part of the collagen VI a3 chain, located in a linker region
between the C1 and C2 domains (Fig. 1A) [14]. To confirm the role of
the furin-like cleavage site in the proteolytic processing of the a3 chain,
we mutated the cleavage site to RDAA (AFurin-a3 chain, Fig. 1B),
expressed full-length wild type and mutated collagen VI a3 chains in
HEK293 cells, and purified the respective protein products. Affinity
purification using a tag placed at the C-terminus of the proteins revealed
that the wild type protein is efficiently cleaved in the cell culture,
releasing a fragment with an apparent molecular weight of about 110
kDa, presumably representing the C2-C5 portion at the C-terminal end of
the a3 chain. Notably, this fragment was absent in the preparation of the
mutant protein, indicating that cleavage at the furin-like site occurs with
the monomeric o3 chain in vitro and that the introduced mutation
effectively blocks cleavage. In-gel digestion coupled with mass spec-
trometry confirmed the identity of the recovered band as the C2-C5
fragment. Interestingly, also a smaller band, corresponding to the C5
domain, was recovered from both recombinant protein preparations
(Fig. 1C).

Next, to test whether the furin-like cleavage site is required for
collagen VI assembly or secretion in vitro, we generated HEK293 cells co-
expressing al and a2 chains with either wild type or AFurin a3 chain.
Both cell lines were able to assemble and secrete collagen VI tetramers
with similar efficiency, indicating that furin-like-mediated processing of
the a3 chain is not necessary for the assembly and secretion of collagen
VI in vitro (Fig. 1D).

The o3 furin-like cleavage site is dispensable for collagen VI deposition in
vivo

To investigate whether processing at the furin-like cleavage site
plays a specific role in collagen VI microfibril assembly and to assess the
in vivo significance of this site, we generated a mouse line carrying the
same mutation (RDAA) using the CRISPR/Cas9 approach (see Materials
and Methods). The mice were backcrossed onto a C57BL/6 N genetic
background. Homozygous mutant mice (AFurin) were born at the ex-
pected Mendelian rate and did not exhibit any evident phenotype. Up to
one year of age, they showed no macroscopic alterations and had a
comparable weight to their wild type littermates (Supplementary
Figure 1A-B). Collagen VI is a major extracellular matrix component of
skeletal muscle, where it plays a critical role in maintaining tissue ho-
meostasis, as demonstrated in collagen VI-related myopathies. To study
microfibril deposition in muscle, we applied antibodies specific for
different collagen VI epitopes to muscle sections (Fig. 2A-D). In both
wild type and AFurin muscle, we observed the expected distribution
pattern of collagen VI, with strong and uniform staining in the endo-
mysium and perimysium, as revealed by the overlapping signals of an-
tibodies directed against the N-terminal part of the a3(VI) chain and
against the al(VI) chain (Fig. 2A). Agarose—polyacrylamide composite
gel analysis of protein extracts showed that both the al and a3 chains
were assembled into collagen VI tetramers in both wild type and AFurin
muscle (Supplementary Figure 2A). In the endomysium, collagen VI
microfibrils are closely associated with the basement membrane, and
this association is lost when collagen VI fails to assemble normally, as
occurs with disease-causing mutations [24]. To investigate this, we
performed colocalization studies of collagen VI with two basement
membrane markers, collagen IV and nidogen-1, and observed similar
colocalization patterns in both wild-type and AFurin muscle (Supple-
mentary Figure 2B-C). We further probed the same muscle sections with
the ER-TR7 antibody, which we previously identified as a
conformation-dependent antibody against collagen VI [25], and
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Fig. 1. The furin cleavage site is used in a recombinantly expressed collagen VI a3 chain, but it is not required for in vitro assembly and secretion of
recombinant collagen VI tetramers. (A) Schematic representation of the structure and domain composition of collagen VI a1, a2 and a3 chains. The localization of
the furin cleavage site in the a3 chain is marked by an arrow. (B) Schematic representation of the furin cleavage site and of the strategy used to generate a AFurin
mutant a3 chain. (C) Coomassie stained polyacrylamide gel showing purified wild type and AFurin a3 chains produced in HEK293 cells. Note the presence of a band
in the wild type but not AFurin protein corresponding to the fragment generated by the furin activity (black arrow). The peptidogram on the right side shows the
intensities of the peptides that were recovered from the bands boxed (in red and black) on the gel. The domain structure of the a3 chain is shown on top of the
peptidogram for reference. (D) HEK293 cells were stably co-transfected with constructs coding for murine al, a2 and either wild type or AFurin a3 chains. Serum
free culture media was analyzed by SDS-PAGE under reducing conditions (+ SH) followed by Coomassie staining to show the comparable expression of the three
chains. On the right, the same media were analyzed on agarose/polyacrylamide composite gels under non reducing conditions (- SH) and immunoblotted with an a1-
specific antibody to monitor the secretion of collagen VI multimers. Note that transfection of the AFurin a3 chain resulted in the formation of collagen VI multimers

similar to the wild type condition.

detected identical signals in wild-type and AFurin samples (Supple-
mentary Figure 2D). Together, these results indicate that abrogation of
the furin-like cleavage site does not affect the microfibrillar organization
of collagen VI in muscle. Additionally, co-staining with an antibody
against the C-terminal region of the a3(VI) chain (C1-C5 domains)
revealed a signal that largely overlapped with that of the a3N antibody,
with consistent results across both wild type and AFurin muscles
(Fig. 2B). Given the location of the furin-like cleavage site between the
C1 and C2 domains of the a3 chain, we generated an antibody directed
only against the C2 domain. Strikingly, staining of muscle sections with
this antibody revealed almost no signal in wild type muscle, whereas in
the AFurin background, a strong signal co-localizing with the a3N la-
beling was observed (Fig. 2C). Interestingly, the C5-specific antibody
produced a relatively weak signal within the muscle interstitial extra-
cellular matrix in both genotypes, indicating that this domain may not
be incorporated into the deposited microfibrils. However, a distinctly
stronger signal was observed at the intersection points of certain myo-
fibers in both wildtype and AFurin muscle (Fig. 2D). These C5-positive
signals appeared localized to the pericellular space of cells situated
within the interstitial region, an area typically occupied by muscle fi-
broblasts. Supporting this, co-labeling with the quiescent satellite cell

marker PAX7 revealed no overlap, indicating that the C5 signal does not
likely originate from satellite cells (Supplementary Figure 3A and B)
which confirmed earlier work [26]. Furthermore, co-labeling with the
endothelial marker CD31 showed partial colocalization with C5, sug-
gesting that newly synthesized collagen VI is at least in part associated
with blood vessels (Supplementary Figure 3C). Analysis of published
single-cell RNA-seq data [27] indicates that genes encoding the various
collagen VI subunits are mainly expressed by fibro-adipogenic pro-
genitors, smooth muscle cells and tenocytes (Supplementary Figure 3D).
Collectively, these data suggest that C5 marks a subset of
fibroblasts/fibro-adipogenic progenitors and blood vessel-associated
cells responsible for synthesizing collagen VI. Notably, this pattern is
not affected by the loss of the furin-like cleavage site. To further
investigate the impact of the furin-like cleavage site mutation, we per-
formed immunoblot analysis of collagen VI composition in muscle ly-
sates from 10-week-old and 1-year-old mice (Fig. 2E,F). A western blot
with the collagen VI al-chain-specific antibody showed similar amounts
in both wild type and AFurin muscles. Interestingly, probing the same
samples with the a3N antibody revealed two distinct molecular weight
forms. In wild type muscle, the a3 chain displayed a molecular weight of
approximately 200 kDa, corresponding to the fully processed chain. In
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Fig. 2. Collagen VI deposition in skeletal muscle is not affected by the AFurin mutation despite the presence of different a3 chain species. (A-D) Schematic
representation of the domain structure of the collagen VI a3 chain. The segment recognized by the a3 N antibody is indicated in magenta, while those recognized by
the different C-terminal domain specific antibodies are in green. Cross sections of quadriceps muscles from 10-week-old wild type (WT) and AFurin mice were co-
stained with the indicated antibodies. Note that the ubiquitous deposition of collagen VI microfibrils in the interstitial matrix, as revealed by staining with the a3N
and al or «3C antibodies, was unaffected by the AFurin mutation. On the contrary, staining with an antibody specific for the C2 domain of the a3 chain (C) revealed
a striking difference between wild type and AFurin muscles. Note that in the wild type the C2-specific labeling is almost completely lost, with only a few myofibers
showing a patchy positive signal, while in AFurin sections the labeling overlaps with the a3 N antibody, indicating that in the mutant the C2 domain is not released
from the collagen VI microfibrils. C5 was mostly pericellular localized around a few scattered cells that are the bona fide collagen VI producing cells in muscle (D).
The merged panels on the right show a 10-fold magnification of the marked area. Scale bars: 50 pm. (E) Muscles of 10-week-old and 1-year-old wild type (WT) and
AFurin mice were lysed and probed with the indicated antibodies under reducing conditions. Notably, using the antibody specific for the N-terminal half of the a3
chain, a slower-migrating band was detected in the AFurin muscle (arrowheads) compared to wild type. This band may represent tissue accumulation of the non-
processed collagen VI a3 chain due to the mutation in AFurin mice. Immunoblot with the C2 antibody confirmed the presence of C2 high molecular weight frag-
ments in AFurin but not wild type muscle. (F) Immunoblot analysis of the same samples under non-reducing conditions in agarose/polyacrylamide composite gels
Eevealed similar levels of C5 domain containing collagen VI tetramers in wild type and AFurin muscle.

contrast, the a3N antibody detected a slower-migrating major band in
AFurin samples, presumably representing the unprocessed o3 chain.
Conversely, the a3C (C1-C5) antibody revealed a ~250 kDa band of
similar intensity in both wild type and mutant muscles. The most
striking difference was observed with the antibody specific to the C2
domain. In wild type muscles, only a signal at around 60 kDa was

w

A

detected, whereas in AFurin samples, a band of ~120 kDa was also
evident, most likely representing a C2-C4 fragment that is slowly
released by alternative proteases. Densitometric quantification of im-
munoblots from muscles of different ages confirmed a significant in-
crease in C2-containing species, whereas the al and «3C antibodies
showed similar signal intensities (Supplementary Figure 4A). Finally,
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Fig. 3. Inactivation of the furin-cleavage site has no evident consequences in skeletal muscle and cornea. (A) Frozen sections of quadriceps muscles of
animals of the indicated age were stained with hematoxylin and eosin. Scale bar: 100 pm. (B) Centrally nucleated fibers and Ferets minimal diameter were quantified
from cross sections for the indicated muscles. Results showed no significant differences. Each data point represents one animal. N = 2-5, unpaired t-tests. (C)
Representative electron microscopy micrographs of wild type and AFurin quadriceps muscle of 17-week-old mice. (D) Volcano plots comparing protein fold changes
between AFurin and wildtype muscles. Collagen VI chains, as well as other collagens, also showed comparable levels. Labeled proteins are at least twofold regulated
and show P < 0.05. n = 6 per genotype. (E) Peptidogram of the peptides and their intensities that were recovered from quadriceps lysates of wild type and AFurin
muscles. Note that in wild type muscle, the C-terminal part of the a3 chain encompass only the C1 domain, while in the AFurin situation, the C2 domain is also
retained. The domain structure of the a3 chain is shown on top of the peptidogram for reference. (F) Corneal thickness in wild type and AFurin mice as assessed by in
vivo optical coherence tomography. Each data point represents one animal. No statistical difference. Unpaired t-test. C: cornea; I: iris; L: lens.
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probing the muscle lysates with the C5 antibody aiming at character-
izing the C5-containing collagen VI species did not reveal a significant
presence of C5-containing fragments in either wild type or AFurin
muscle lysates (data not shown). However, when the same samples were
analyzed on agarose-polyacrylamide composite gels, collagen VI tetra-
mers migrating at the expected molecular weight of ~2000 kDa were
equally detected with the C5 antibody in both wild type and AFurin
muscles (Fig. 2F). This suggests that these tetramers may represent a
pool of newly synthesized collagen VI, for which proteolytic processing
has not yet occurred, and that collagen VI tetramers are formed at a
similar rate in both wild type and AFurin muscles.

The loss of the collagen VI a3 chain furin-like cleavage site has no obvious
consequences in skeletal muscle and cornea

To evaluate the impact of the AFurin mutation on collagen VI
function in skeletal muscle, we conducted morphometric and histolog-
ical analyses on various mouse muscles at different ages. Histological
examination did not reveal any evident differences between the two
genotypes. Muscle weight in AFurin mice was comparable to that of wild

A

WT

AFurin
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type mice at one year of age (Supplementary Figure 1C). We then
measured the fraction of centrally nucleated fibers and the minimal
Feret’s diameter in wild type and AFurin mice at two months and one
year of age. Previous studies have shown that these parameters are
altered in collagen VI-deficient muscle [28,29]. However, in AFurin
muscle, we observed no significant differences at either time point
(Fig. 3B).

Transmission electron microscopy images did not reveal any signif-
icant differences between wild type and AFurin muscles (Fig. 3C). Mass
spectrometry analysis likewise confirmed comparable amounts of
collagen VI and other collagens in mutant quadriceps muscle (Fig. 3D,
Supplementary Figure 4B and Supplementary Table 1). In summary, the
absence of the furin-like cleavage site did not significantly affect
collagen VI's role in maintaining normal muscle homeostasis under
basal conditions.

Nevertheless, a mass spectrometry-derived peptidogram (Fig. 3E)
clearly demonstrated that in wild type muscle, the C-terminal portion of
the a3 chain is completely absent, with only peptides derived N-terminal
of the C1 domain detected, indicating that domains of the collagen VI a3
chain C-terminal of the furin cleavage site are absent in tissues under
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Fig. 4. The AFurin mutation has no impact on collagen VI fibril assembly and processing in muscle fibroblasts. (A) Images depict wild type (WT) and AFurin
immortalized murine muscle fibroblast cultures stained with the designated antibodies. The cells were cultured on glass coverslips, and after reaching confluency,
were grown for another four days in complete medium with added ascorbate to induce collagen production. Notice the fibrillar structures labeled with the a3N
antibody, while C5 staining was predominantly intracellular. Scale bar: 20 ym. (B) Immunoblots of conditioned media from WT and AFurin muscle fibroblasts. The
cells reached confluency in complete growth medium, were supplemented with ascorbate for two days, and then transferred to serum-free medium with added
ascorbate for another two days. The resulting conditioned media were subjected to SDS-PAGE analysis under reducing conditions (al, a3 N) and non-reducing
conditions (C5). For the detection of collagen VI tetramers, an agarose/polyacrylamide composite gel was used.
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normal conditions. In contrast, in AFurin muscle, not only the C1
domain but also the C2 domain could be detected. However, other do-
mains from the C-terminal region were absent, suggesting that other
proteolytic cleavage occurred in the absence of the furin-like cleavage
site. This is consistent with the biochemical and immunofluorescence
data presented here, which clearly showed that C5 is similarly less
abundant in both mouse strains and clearly detectable only with a
restricted localization (Fig. 2D).

Collagen VI is a major component of the cornea [30], where we have
observed a unique pattern of a3 chain C-terminal processing [14] and no
C2-C5 fragment could be detected [22]. However, optical coherence
tomography analysis showed that the cornea thickness of 4-month-old
AFurin mice was comparable to the one of wild type mice (Fig. 3F).

In conclusion, despite the altered composition of collagen VI in wild
type and AFurin muscle, the absence of the furin-like cleavage site did
not significantly affect collagen VI function in maintaining normal
muscle and cornea tissue homeostasis under physiological conditions.
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Proteolytic processing of the collagen VI a3 chain is not grossly affected by
inactivation of the furin-like cleavage site

To further analyze collagen VI processing, we isolated and immor-
talized fibroblasts from muscle of wild type and AFurin newborn mice.
Immunofluorescence of the extracellular matrix produced by these fi-
broblasts after 5 days revealed a dense network of collagen VI microfi-
brils in both cell lines, detected with the a3N antibodies (Fig. 4A). Co-
labeling with the C5 antibody showed mostly intracellular staining in
both wild type and AFurin fibroblasts (Fig. 4A), consistent with previous
reports [31,32]. Next, we analyzed the processing of the a3 chain of
collagen VI by immunoblotting the culture media from the same fibro-
blasts (Fig. 4B). The a3 N antibody primarily labeled
high-molecular-weight material corresponding to full-length a3 chain
species. Interestingly, a series of faster-migrating bands was also
detected, probably representing multiple proteolytically processed spe-
cies. The C5 antibody similarly revealed a broad range of bands

(Fig. 4B), as previously described [4]. Among the C5-positive bands, a
100 kDa band was absent in AFurin samples, presumably representing a
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wild type (WT) and AFurin murine primary dermal fibroblast cultures stained with the indicated antibodies. The cells were plated on glass coverslips and grown for
four more days after reaching confluency in complete medium supplemented with ascorbate to induce collagen production. Note that both the collagen VI a3N and
al specific antibodies labeled extracellular fibrils while the C5 specific antibody stained mostly intracellular structures, indicating that the C5 domain is not present
in the microfibrils assembled by the fibroblasts. Neither the fibrillar nor the intracellular staining patterns was affected by the AFurin mutation. Scale bars: 50 um. (C)
Immunoblots of conditioned media from WT and AFurin dermal fibroblasts. The cells were grown to confluency in complete growth medium, supplemented with
ascorbate for two days, and then switched to serum-free medium plus ascorbate for two more days. The resulting conditioned media were used for SDS-PAGE analysis
under reducing («a3N) and non-reducing (C5) conditions. An arrow points to the ~100 kDa C5-positive band that presumably corresponds to the C2-C5 fragment of
the a3 chain generated by furin cleavage. For the detection of collagen VI tetramers with the C5 antibody, agarose-acrylamide composite gels were used. (D) Im-
munoblots of conditioned media from wild type (WT) and AFurin dermal fibroblasts that were left untreated or treated with 30 pM furin inhibitor for 48 hours. (E)
Representative images of collagen VI microfibrils in supernatants of wild type (WT) and AFurin primary dermal fibroblast cultures visualized by electron microscopy
after negative staining. The microfibrils have a similar appearance in the two genotypes. Scale bar: 200 nm. (F) Quantitative analysis of collagen VI tetramer-tetramer
association. (G) Schematic diagram of collagen VI microfibril architecture with highlights of the measured regions. Note the significantly increased size of the
globular regions (D1) in the AFurin microfibrils. 100 molecules were measured. ns: non significant. Unpaired t-tests.
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fragment corresponding to C2-C5 [4]. However, other proteolytic
products, particularly a prominent 60 kDa band, were equally present in
both wild type and AFurin samples. Despite numerous attempts, we
could only detect very faint bands corresponding to the cleaved-off C5
domain with an expected molecular weight 10 kDa (not shown), sug-
gesting that free C5 constitutes a negligible fraction of C5-containing
fragments released by the cells, consistent with prior observations
[14]. Composite agarose-polyacrylamide gels confirmed that AFurin
fibroblasts form and secrete collagen VI tetramers similarly to wild type
cells. Moreover, the presence of C5-positive collagen VI tetramers in the
culture media of both fibroblast lines supports the notion that a3 chain
proteolytic processing occurs, at least partially, extracellularly (Fig. 4B)
[4]. We also established primary dermal fibroblast cultures and per-
formed analogous experiments, obtaining results similar to those ob-
tained by using immortalized fibroblasts (Fig. 5A-C). Treatment of these
cultures with a furin inhibitor confirmed the identity of the
furin-generated 100 kDa C2-C5 band detected with the C5 antibody
(Fig. 5D).

Furthermore, electron microscopy after negative staining of collagen
VI microfibrils from the conditioned media revealed overall similar
structures in wild type and AFurin samples (Fig. 5E). Interestingly
however, upon closer examination and quantification, WT samples
contained a higher relative number of single tetramers and less double
and triple tetramers than the Afurin samples. In AFurin microfibrils the
globular part of the half beads was less compact in the direction of the
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extending microfibril than in the wild type ones, and the distance be-
tween the globular beads is shorter in AFurin than in WT microfibrils,
indicating that the changes in the processing of the C-terminus a3 chain
of collagen VI have a subtle but distinct effect on the architecture of the
globular parts of the microfibrils (Fig. 5F,G).

Altogether, these results demonstrate that multiple proteolytic
events occur in the C-terminal part of the a3 chain, and that these events
can mostly compensate for the absence of the furin-like cleavage site,
leading to a processed form of the chain.

C-terminal fragments of the collagen VI a3-chain do not affect C2C12
myoblast behavior and differentiation

Previous studies have suggested a signaling role for the C5 domain
(endotrophin). Our data indicate that C5 is primarily released in larger
fragments, including the C2-C5 fragment generated by the furin-like
cleavage site (this work and [14]). Additionally, our results suggest
that a portion of these fragments may be associated with myofibrils in
skeletal muscle (see Figs. 2C and E). Therefore, we studied the bioac-
tivity of these fragments using C2C12 myoblasts as a simplified cellular
model of myogenic cells. We recombinantly expressed and purified the
C2-C5 fragment and the C5 domain of the murine a3 chain (Fig. 6A).
First, we tested the ability of the cells to interact with these proteins by
conducting cell attachment and spreading assays. In both assays, C2C12
cells did not interact with the two collagen VI fragments, whereas they
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Fig. 6. Bioactivity of fragments derived from the C-terminal part of the a3 chain on C2C12 myoblasts. (A) Top: schematic representation of recombinant
peptides expressed in HEK293 cells. Below: Coomassie stained SDS polyacrylamide gel of the proteins that were used for the experiments presented in this figure. (B)
Representative micrographs and quantification of C2C12 cell attachment on surfaces coated with the indicated proteins. Cells attached on fibronectin coated dishes,
but not on C2-C5 or C5. Scale bar: 100 pm (C) Cell spreading of C2C12 cells on dishes coated with the indicated proteins. C2-C5 and C5 did not support cell spreading,
but fibronectin did. Scale bar: 10 um (D) Scratch wound healing assay of C2C12 cells in the presence of C2-C5 or C5 soluble fragments at a concentration of 5 ug/ml.
PBS was used as a control. Quantification of the area covered by cells after 14 hours. n = 4-5. Scale bar: 200 um (E) Representative images of EAU incorporation in
C2C12 myoblasts treated with soluble recombinant proteins at a concentration of 5 pg/ml. The bar chart on the right shows the quantification of the different
conditions. (F) Cell population doubling time of C2C12 myoblasts grown with 5 pg/ml of the indicated soluble proteins supplemented in the medium. Scale bar: 100
um (G) C2C12 differentiated for two days in low-serum medium in the presence of the indicated soluble fragments. PBS was added as a control. Cells were stained for
myosin heavy chain (MHC) and the fusion index was calculated as the ratio between the number of nuclei contained in the myotubes and the total nuclei. Scale bar:
100 pm (H) RT-qPCR analysis for the indicated transcripts of cells treated as in G. All comparisons are with uncorrected one-way ANOVA tests.
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showed robust attachment and spreading on fibronectin (Fig. 6B,C).
C2-C5 and C5 fragments also did not affect C2C12 migration in a scratch
wound healing assay (Fig. 6D). Next, we evaluated the potential of
C2-C5 and C5 proteins to influence cell proliferation; however, EAU
incorporation and cell population doubling time did not show any dif-
ferences (Fig. 6E,F). Finally, we investigated whether the two proteins
could alter the myogenic potential of C2C12 cells. C2C12 cells induced
to differentiate for four days in low serum medium in the presence of
soluble proteins differentiated into myotubes in a similar manner as
untreated cells as shown by their fusion index and comparable expres-
sion of differentiation markers assessed by RT-qPCR (Fig. 6G and H and
Supplementary Figure 5).

Discussion

Collagens undergo extracellular N- and C-terminal processing during
maturation and the role of proteases involved (e.g. BMP1, ADAMTS
family members and meprins) has been studied in detail for fibrillar
collagens [33-35]. Also, during maturation of the microfibril forming
collagen VI a substantial processing occurs. However, this is limited to
the C-terminal globular part of the a3 chain, as it was reported that
collagen VI purified from bovine corneal tissue lacks the C2-C5 domains
encompassing 75 % of the C-terminal globular part [22,36]. Indeed, a
conserved furin-like cleavage consensus site located between the C1 and
the C2 domain of the a3 chain was proposed to be involved [14].
Furin-like proprotein convertases can cleave their substrates either in
the secretory pathway, at the cell surface or in the extracellular space
[37]. Direct involvement of furin-like proprotein convertases in the
maturation of collagen V was already proposed [38,39]. Therefore, we
studied in detail the functional role of the furin-like proprotein con-
vertase cleavage in the a3 chain for collagen VI assembly and function
by combining in vitro experiments with a mouse model carrying a
mutated cleavage site.

Propeptides in fibrillar collagens and in the microfibrillar collagen VI
have somewhat different functions. During fibrillar collagen maturation
the N- and C-terminal propeptides prevent the formation of fibrils. Only
after extracellular cleavage functional fibrils form [40]. Incomplete
processing can have severe consequences, as e.g. a lack of BMP1 can lead
to osteogenesis imperfecta [41]. In contrast, during collagen VI micro-
fibril formation the C-terminal globular part of the a3 chain, in partic-
ular the C5 domain, is required for the assembly of the secreted
tetramers to microfibrils [21]. It was proposed that only after formation
of microfibrils the large C-terminal region of the a3 chain is cleaved off
and presents in a broad range of fragments of different size indicating
that more cleavage sites exist [14]. However, one of the most prominent
is the furin-like proprotein convertase cleavage site that defines the
border between mature and immature tetrameric building blocks of
collagen VI [22,36]. As could be assumed from earlier work, our results
clearly demonstrate that the proprotein convertase-mediated processing
is not required for collagen VI assembly into tetramers or for microfibril
formation. However, although the composition of the mature microfi-
brils is different in AFurin mice, the mutant animals do not display any
obvious phenotype.

In muscle sections (Fig. 2A-D) from wild type and AFurin mice
stained with antibodies against mature collagen VI epitopes, a strong
and uniform staining in the endomysium and perimysium is present,
although staining with a C2 specific antibody is overlapping in AFurin
and lacking in wild type muscles. Also, at the ultrastructural level the
muscles of AFurin mice do not show obvious abnormalities. Moreover,
electron microscopy of collagen VI tetramers and microfibrils in super-
natants from AFurin and wild type cell cultures revealed only minor
differences.

A high-resolution cryoEM structure for collagen VI was recen-
tlypublished [15] and places the C1 domains of the a3 chains on top of
the beads [42]. Our results are in line with the cryoEM structure, as the
cleavage site can be located at the surface of the beads and a projection
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of the C2-C5 domains away from the beads is possible. Consequently, the
cleavage process is most likely independent of other a chains. Indeed, we
could demonstrate that the cleavage occurs also when a single a3 chain
is expressed.

The presumable protrusion of the C-terminal domain away from the
beads also explains why further proteolytic processing occurs even when
the furin-like cleavage site is lost. It remains unclear why the C2-C5
fragment of the a3 chain undergoes extensive proteolytic processing,
and what the functional consequences are. In vitro, the full length C2-C5
fragment generated by use of the furin-like cleavage site represents only
a minor fraction of all fragments produced. In vivo, our findings show
that in AFurin muscle the C2 domain is retained, whereas the C3-C5
fragment is largely lost, indicating activity at alternative cleavage sites.
Importantly, retention of the C2 domain within collagen VI microfibrils
does not appear to affect tissue homeostasis in muscle and cornea,
though further studies are needed to assess its role in other tissues. To
our knowledge, specific functions have not been ascribed to the C2
domain of the a3 chain.

Previous studies have proposed roles for BMP1 [14] and MMP14
[23] in releasing the C5 domain or in sequential processing by MMP2,
MMP9, and MMP16 [43]. However, the generation of larger fragments
remains unclear. The cleaved off C5 domain (endotrophin) has been
reported to be required for microfibril formation, to act as a matrikine
and as a biomarker in several disease states, though its tissue distribu-
tion is still largely uncharacterized. It is also not yet clear whether
fluctuations in circulating endotrophin levels arise from increased pro-
teolytic processing, enhanced collagen VI production, or both. Our data
indicate that under normal conditions, endotrophin levels in skeletal
muscle are very low, not dependent on the furin-like cleavage site and
found associated with collagen VI tetramers, supporting the idea that the
C5 domain is released immediately after collagen VI synthesis [44], and
quickly removed from the tissue. Therefore, increased proteolysis is
unlikely to be the sole cause of elevated circulating endotrophin.

Previous studies have suggested a cell-type-specific function of
endotrophin [45], even if potential receptors and relevant signaling
pathways are still not fully characterized [11]. Our initial investigation
using C2C12 cells revealed that C2-C5 and C5 fragments do not show a
relevant biological activity in myoblasts. In conclusion, our study re-
veals that although furin-like processing is highly active, it is dispens-
able for the basal assembly and function of collagen VI in skeletal
muscle.

More studies will be needed to exclude a role for the furin-like
cleavage site under specific conditions (for example fibrosis or muscle
regeneration) and in other tissues.

Material and methods
Mouse genome editing

Col6a3-AFurin mice (C57BL/6N—Col6a3e™434Cecad /cacad) were
generated by CRISPR/Cas9 genome editing as described [46]. For this
purpose, the DNA sequence coding for arginine 2606 and arginine 2607
of Col6a3 (ENSMUSG00000048126) transcript ENSMUST00000056925
was genetically engineered to encode alanine. 4 uM Alt-RTM guide RNA
(5- GCCTTCCTTCAGGGACCGGA —3) and 10 uM standard desalted
Ultramer™ single-stranded DNA repair template (5- ATTTCTTCATCT-
CATTGAACTGGAACAGTGTGGTAGCCTCTGAGCTGTCCAA-
GATGAAAGCCAGGTCTATGTCCA-
CATCACTGCCTGCTGCAGCGGCGTCCCTGAAGGAAGGCCTC-
CAGCTGCCGAAGCCACA —3) were electroporated with 4 uM Alt-RTM
SpCas9 protein in mouse strain C57BL/6NR]j zygotes. CRISPR reagents
were purchased from Integrated DNA Technologies (USA) and animals
obtained from Janvier Labs (France). Embryos were cultured in vitro and
transferred to recipients as described [47]. Correct integration of the
mutation in the resulting FO mice was validated by Sanger sequencing of
a purified PCR amplicon in the founder as well as the F1 mice. Genome
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editing was performed at the in vivo Research Facility of the CECAD
Research Center, University of Cologne, Germany.

Animals

Mice were bred in C57BL/6 N background and housed in individual
ventilated cages in the animal facility of the CECAD Research Center of
the University of Cologne, free of pathogens and opportunistic agents
according to FELASA recommendations. Health status was monitored
quarterly [48] at 22 °C (£ 2 °C) and a humidity of 55 % (& 5 %) under 12
h light cycle. Mice were supplied with a standard maintenance diet
(V1154, Ssniff Spezialdiaeten GmbH, Germany) and tap water ad libi-
tum. All study protocols and experiment procedures were in compliance
European, national and institutional guidelines and approved by the
competent authority of North-Rhine Westphalia (LANUV NRW, Reck-
linghausen, Germany). For genotyping of adult mice, ear biopsies were
incubated in 300 pL lysis buffer (10 mM Tris, 100 mM EDTA, 0.5 % SDS,
pH 8.0) and 10 pL proteinase K (Qiagen, Hilden, Germany), at 55 °C
overnight. The DNA was then precipitated with isopropanol, centrifuged
for 10 min at 12,000 x g at 4 °C, and the pellet washed with 70 %
ethanol. The DNA pellet was air dried and then dissolved in 50 pL of 5
mM Tris at pH 8.5. For this purpose, the samples were placed in a heated
shaking incubator for at least 2 h. One microliter of the DNA sample was
used for the genotyping PCR using the following primers: 5" -AATTGG-
GACACTGCTGGGAC-3" (forward) and 5 -TGAAGTTGGGT-
CATCCTCCG-3" (reverse). The PCR product was then digested for 2 h
at 37 °C with Pstl and the resulting fragments analyzed by agarose gel
electrophoresis.

Cell culture

Primary murine dermal and muscle fibroblasts were used in this
study. Cells were cultured at 37 °C in complete cell culture medium
(DMEM, high glucose, ThermoFisher, Cat#10,566,016 supplemented
with 10 % fetal bovine serum (Gibco), 100 U/ml Penicillin, 100 pg/ml
Streptomycin (Gibco), 50 pg/ml sodium ascorbate (Sigma-Aldrich) and
with 5 % CO; if not indicated specifically. Murine dermal fibroblasts
were isolated from newborn mice as previously described [49]. Briefly,
the torsos of 3-day old mice were disinfected with 70 % ethanol. The
torso skin was removed and incubated by floating on trypsin-EDTA
overnight at 4 °C with the epidermis facing upwards. The dermis was
separated from the epidermis by forceps, minced and incubated with
DMEM containing 400 U/ml of collagenase I (Invitrogen) for 1 h at 37
°C. To inhibit furin-like proprotein convertases, dermal fibroblasts were
treated with 30 uM furin inhibitor I (Merck Millipore) or DMSO as a
control. Muscle fibroblasts were obtained from hindlimb muscles of P7
mice. The muscles from three individual mice per genotype were iso-
lated, pooled together and digested with 100U/mL collagenase II
(Worthington) and 2U/mL dispase II (Roche) in complete cell culture
medium. After 40 min digestion at 37 °C, the medium was filtered first
through a 100 pm cell strainer and centrifuged for 5 min at 400 x g.
After centrifugation, the supernatant was discarded and the cell pellet
was resuspended in complete medium, filtered through a 40 um cell
strainer and then centrifuged again at 400 x g for 5 min. The superna-
tant was again discarded and the pellet resuspended in complete me-
dium and plated for expansion culture. For immortalization, fibroblasts
were infected with retroviral particles generated in Phoenix ampho-
tropic cells (ATCC CRL-3213) transfected with the pBABE-puro-SV40LT
plasmid (Addgene #13,970).

C2C12 myoblasts (ATCC) were grown in DMEM, high glucose
(Gibco) supplemented with 10 % fetal bovine serum (Gibco), 100 U/ml
Penicillin and 100 pg/ml Streptomycin (Gibco). To induce differentia-
tion, cells were shifted into DMEM supplemented with 2 % horse serum
(Gibco) and the medium changed every other day.
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Histology and immunohistochemistry

Muscles from 10-weeks, 7-months and 1-year-old wild type and
AFurin mice were dissected, immediately snap-frozen in cold isopentane
and stored at —80 °C until sectioning. Sectioning of samples was carried
out in a cryostat (Leica) at a thickness of 7 pm and sections captured with
Superfrost Plus adhesive microscopy slides (Carl Roth). Hematoxylin-
Eosin staining was performed according to standard methods. For im-
munostaining, slides were fixed for 10 min with a methanol/acetone
solution at —20 °C, blocked for one hour with 1 % FCS in PBS and
incubated with the primary antibodies in the same solution overnight at
4 °C or for two hours at room temperature. Next, secondary antibodies
and DAPI were applied to sections and these incubated at room tem-
perature for one hour. Slides were then washed in PBS 3 times and
mounted with DAKO medium. For immunostaining of cell culture
monolayers, 5 x 10* cells were seeded on glass cover slips and grown for
7-14 days and fresh medium with ascorbate added every second day and
then fixed an ice-cold methanol/acetone solution at — 20 °C for 10 min.
Images were acquired with a Leica SP5 confocal microscope. The
following in-house-generated primary antibodies against collagen VI
were used: polyclonal rabbit anti a1C and polyclonal rabbit anti a3C
[50], polyclonal guinea-pig antibody against a3 N [5], polyclonal rabbit
a3C5 [14] and anti a3C2 (this study) (Supplementary Figure 6). Other
antibodies used were: goat polyclonal anti collagen IV (Merck AB769),
rabbit polyclonal anti nidogen-1 [51], ER-TR7 (Santa Cruz
Biotechnology).

Cloning and expression of recombinant proteins and affinity purification of
a a3C2 specific antiserum

Full-length wild type collagen VI al, a2 and a3 chains were cloned
from mouse embryonic cDNA using the following primers: col6al: 5
CAATGCTAGCACAGGACATCCAGGGCTC-3 and 5-CAATCTCGAGGCC-
CAGTGCCACCTTC-3; col6a2: 5-CAATGCTAGCCCAGCAGCAGGAAGC-
CATC-3 and 5-CAATGGATCCACAGATCCAGCGGATGAAC-3; col6a3: 5-
CAATGCTAGCCTCAGCTGACATTATTTTCCTTATTG-3 and 5-GAATG
CGGCCGCAACTGTTAACTCAGGACTACACATC-3.

The cDNA coding for the C2 domain of the a3 chain was cloned using
the following primers: 5-CAATGCTAGCAGCAGGCAGTGATGTG-3' and
5'-CAATGCGGCCGCGCTGACAAAGGATGGGAG-3'. Cloning of the C2-C5
and C5 fragments of the a3 chain was previously described [11,14]. A
AFurin cleavage site version of the a3 chain was generated by PCR using
the following  primers: 5‘GAGGCCTTCCTTCAGGGACGCTGCT
GCAGCAGGCAGTGATGTGGAC-3 and 5:GTCCACATCACTGCC
TGCTGCAGCAGCGTCCCTGAAGGAAGGCCTC-3 and assembled using
the NEBuilder® HiFi DNA Assembly (New England Biolabs). All the
constructs were cloned into sleeping beauty transposase based vectors
and sequenced as described before [52]. Expression and purification of
recombinant proteins was performed as previously described [11].
Briefly, HEK293-EBNA cells were transfected with FuGENE HD (Prom-
ega) and selected with 3 pug/ml puromycin to generate stable lines.
Conditioned media were collected for 2-5 days and the recombinant
proteins purified on a Strep-Tactin®XT resin (IBA Lifescience),
following the manufacturer instructions.

The purified recombinant a3C2 domain was coupled to CNBr-
activated Sepharose (Amersham Bioscience). The a3C2 specific anti-
serum was obtained by affinity chromatography of the polyclonal rabbit
anti a3C antiserum [50]. The a3C2 specific antibody, was eluted with 3
M KSCN in TBS and then dialyzed against TBS.

Mass spectrometry

Intact tissue sample processing

Gastrocnemius muscles were extracted and snap frozen, lyophilized
and lysed in 4 % SDS in PBS. The tissue lysate was heated to 95 °C and
sonicated using the Bioruptor sonicator. The supernatant was collected
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after centrifugation at 18,000 g for 10 min. 10 ug of the protein extract
was reduced and alkylated for 10 min at 75 °C using 5 mM TCEP and 15
mM CAA. Protein digestion was performed following the SP3 protocol
[53]. Proteins were digested with trypsin and LysC overnight at 37 °C.
Digested peptides were acidified to 0.1 % formic acid (FA) and
cleaned-up using house-made SDB-RPS tips.

For further downstream LC-MS/MS analysis, the desalted peptides
were measured on a EvoSep one HPLC system (EvoSep, Denmark)
coupled to timsTOF pro2 using a CaptiveSpray source (Bruker, USA).
Peptide separation was performed with a gradient length of 44 min (30
SPD) with the HPLC system equipped with 15 cm PepSep columns
(EvoSep, Denmark) at 30 °C column temperature. The ionized peptides
were measured in dia-PASEF mode with window sizes ranging in
dimension 1/k0 0.7-1.35, with 24 x 25 Th and in dimension m/z from
400 to 1000. Spectra were analyzed with a library free search against the
UniProt mouse database (2023) using DIA-NN 1.8.1. Data input was
filtered for unique peptides, q-Value (0.01, Lib.Q.Value <0.01, PG.Q.
Value < 0.01, Global.Q.Value < 0.01, Quantity.Quality ) 0.7, Fragment.
count > 4. Welchs t-test corrected for multiple comparisons was per-
formed with Perseus (V.1.6.5.0) and further visualization with Instant
clue (V 0.10.10.20210315).

In-gel digest

For In-gel digest samples, each lane from the SDS-PAGE gel were
excised into 4-5 equal parts and further shredded into smaller pieces
and destained with Acetonitrile. The samples were reduced and alky-
lated with DTT (10 mM) and CAA (55 mM) respectively. Proteins were
digested with 3 ng of Trypsin and LysC in 50 mM TEAB at 37 °C over-
night. Samples were acidified to 0.1 % formic acid (FA) and cleaned-up
using house-made SDB-RPS tips.

Reverse phase liquid chromatography of peptides and MS/MS anal-
ysis was performed using an Easy nLC 1000 UHPLC coupled to a Orbi-
trap Eclipse mass spectrometer (Thermo Fischer Scientific, USA).
Peptide separation was obtained through a gradient length of 60 min
with an in-house made 30 cm column with a fused silica emitter (75 pm-
diameter). The MS was operated in a data-dependent mode, with MS1
scans in the range of 375-2000 m/z. The 20 most intense peaks (z > 2)
from the MS1 scans were selected and fragmented in the high-energy
collision induced dissociation (HCD) cell and MS2 spectra were recor-
ded. Spectra were analyzed using library free search against the UniProt
mouse database (2023) with MaxQuant 2.2.0 with parent and fragment
mass tolerances set at 20 ppm and 4.5 ppm respectively and PSM and
protein FDR set at 1 %. Maximum missed cleavages were set at 2 with a
minimum peptide length of 7 and maximum of 25 with a peptide charge
state of 2 Carboamidomethylation of cysteine residues was searched for
as fixed modification N-terminal acetylation and oxidation of methio-
nines was looked for as variable modifications. Further Statistical
analysis was performed with Perseus (V.1.6.5.0) and visualized with
Instant clue (V 0.10.10.20210315).

Assessment of mean corneal thickness (MCT)

Mean corneal thickness (MCT) was measured using volumetric scans
of the anterior segment obtained through in vivo optical coherence to-
mography (OCT) with the Telesto OCT System (Thorlabs, Liibeck, Ger-
many), following a previously established protocol [54]. Each B-scan
comprised a 512 x 512 pixel resolution, covering an area of 2.5 mm by
2.5 mm with a depth of 1.87 mm. Spatial resolution was calculated
based on the corneal refractive index (1.376), resulting in scaling factors
of 3.65 um/pixel axially and 4.88 um/pixel laterally. MATLAB software
(The MathWorks, Inc., Natick, MA) was used to analyze corneal thick-
ness. OCT scan volumes were imported into MATLAB and segmented
into ten frame stacks. A maximum intensity projection (MIP) image was
generated for each stack. The lens was identified using a multi-threshold
algorithm and subsequently excluded. After enhancing image contrast
and applying a median filter, Sobel edge detection was used to delineate
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the anterior and posterior corneal boundaries. Edge gradients were
analyzed, and points with extreme derivatives were discarded. Missing
edge data was interpolated linearly, with manual adjustments applied as
needed. Corneal thickness was calculated as the vertical distance be-
tween segmented anterior and posterior edges. Measurements outside
two standard deviations from the MIP mean thickness were discarded.
The final MCT was determined by averaging thicknesses across all MIP
images in the volume.

SDS-polyacrylamide and agarose/polyacrylamide gel electrophoresis and
immunoblotting

Tissue was homogenized and extracted with 4 % SDS in PBS, and
with Complete protease inhibitor (Roche Diagnostics, Mannheim, Ger-
many). Extracts were subjected to SDS-polyacrylamide gel electropho-
resis on 4-12 % or 10 % polyacrylamide gels. Resolved proteins were
electrophoretically transferred to a nitrocellulose membrane and
loading controlled by Ponceau S staining. The membrane was incubated
in 5 % (w/v) milk powder in TBS, for 1 h at room temperature. Primary
antibodies were prepared by dilution in 5 % milk powder (w/v) in TBS,
and incubated with the membrane for either 1 h at RT or overnight at 4
°C. The membrane was washed three times with TBS containing 0.1 %
(v/v) Tween-20 (TBS-T). Secondary antibodies were also diluted again
in 5 % milk powder and incubated for 1 h at RT. The membrane was
again repeatedly washed, incubated with ECL (Cytiva) solution and
imaged using a Cytiva ImageQuant 800 Western blot imaging systems.
For the detection of collagen VI tetramers, agarose/polyacrylamide gels
were used as in [11].

Electron microscopy

Small muscles samples of 4-month-old mice were fixed in 2 % (v/v)
formaldehyde and 2.5 % (v/v) glutaraldehyde in 100 mM cacodylate
buffer, pH 7.4, at 40C overnight. After washing in PBS, samples were
postfixed in 0.5 % (v/v) osmium tetroxide and 1 % (w/v) potassium
hexacyanoferrate (IIT) in 0.1 M cacodylate buffer for 2 h at 40C followed
by washing with distilled water. After dehydration in an ascending
ethanol series from 30 to 100 % ethanol, specimens were incubated
twice in propylene oxide for 15 min each and embedded in Epon using
flat embedding molds. Ultrathin sections were cut with an ultramicro-
tome, collected on copper grids and negatively stained with 2 % uranyl
acetate for 10 min. Electron micrographs were taken at 60 kV with a
Veleta camera system in combination with the Radius software system
(emsis, Miinster, Germany).

For negative staining and transmission electron microscopy, aliquots
of fibroblast supernatants were directly applied onto copper grids,
negatively stained and assessed as follows. Specimen samples were
adsorbed to 400-mesh carbon-coated copper grids for 60 s, briefly
washed with H20, and then stained with 0.75 % (w/v) uranyl formate
for 60 s. The grids had been rendered hydrophilic by glow discharge at a
low pressure in air. Specimens were examined in a Philips/FEI CM 100
TWIN transmission electron microscope at 60 kV accelerating voltage.
Microfibril architecture and dimensions were manually analyzed in
Photoshop CS6 using the ruler tool.

RT-gPCR

RNA extraction was carried out with TRIzol™ (Invitrogen) following
the manufacturers protocol. Total RNA (1-2 pg per sample) was reverse
transcribed using the OmniScript RT Kit (Qiagen). Technical duplicates
for every sample were amplified using the Takyon ROX SYBR 2X Mas-
terMix dTTP blue (Eurogentec) either in a StepOnePlusTM real-time
PCR detection system (Applied Biosystems) or in a LightCycler 480
(Roche). Data analysis was performed using the 2 22C" method and
quantified relative to GAPDH. Primer sequences were: GAPDH: 5-
CCACCCAGAAGACTGTGGAT-3; 5“TTCAGCTCTGGGATGACCTT-3;
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Myh3:  5:CGCAGAATCGCAAGTCAATA-3, 5-ATATCTTCTGCCCTG-
CACCA-3; MyoG: 5-CTTGCTCAGCTCCCTCAACC-3, 5-GTTGGGACC-
GAACTCCAGTG-3; Mfe2c: 5-TGATCAGCAGGCAAAGATTG-3, 5-
ATCAGACCGCCTGTGTTACC-3.

EdU and proliferation assay

8 x 10* C2C12 cells were plated on glass coverslips. The next day
cells were washed once in PBS and treated with 10 uM EdU for 1 h in
DMEM medium containing 2 % fetal bovine serum prior to fixation with
4 % PFA/PBS. The coverslips were then processed using the 488 EAU
Click Proliferation Kit (BD Pharmingen) according to the manufacturer’s
protocol. To assess cell proliferation, 4 x 10% C2C12 cells were plated
per well in 48-well plates in 0.5 mL of DMEM with 2 % fetal bovine
serum. After 24 hours, cells were washed with PBS and treated with 5
ug/mL recombinant proteins in fresh 2 % FCS medium. Cell growth was
monitored using an Omni live-cell imager (Axion Biosystems). Con-
fluency was estimated with the integrated software and population
doubling time was finally calculated using the following formula:
Doubling Time = T * In(2) / In(Xe / Xb), where T = time interval for
measzrments (=24 h) Xb = initial cell confluency Xe = final cell
confluency.

Scratch wound healing assay

C2C12 myoblasts were suspended at 500,000 cells/mL and 70 uL of
suspension were seeded on tissue culture plastic in each chamber of
culture inserts (Ibidi, cat no. 80,209). Cells were allowed to adhere and
reach confluence over 24 hours. Inserts were then removed to create a
defined gap, and fresh DMEM with 2 % FCS and recombinant proteins
were added. Brightfield images were taken at multiple time points using
a EVOS XL Core microscope (Thermo Fisher). Closure of the gap was
measured using ImageJ as described [55].

Cell spreading and attachment

For both assays, wells were coated either with 10 pug/mL fibronectin
(Sigma), or recombinant C2-C5 or C5 overnight at 4 °C. Wells were then
washed with PBS, and blocked with 1 % BSA for 60 min at room tem-
perature. C2C12 myoblasts were detached using trypsin/EDTA, washed
twice in serum-free medium (SFM) to remove residual trypsin and FCS,
and resuspended in serum free medium before plating.

For the spreading assay, cells were seeded and allowed to adhere for
1 h, washed once in PBS and then fixed in 4 % PFA for 15 min. Cells were
permeabilized with 0.5 % NP-40 in PBS for 15 min, followed by staining
with fluorescent phalloidin (Cell Signaling) and DAPIL

For the cell attachment assay After 1 h of adhesion, cells were
washed three times with SFM, fixed in 4 % PFA for 15 min. Adherent
cells were stained with 0.1 % crystal violet in deionized water for 30
min, washed with tap water, let dry and imaged. Attached cells were
then lysed and crystal violet staining quantified at 570 nm with a plate
reader (Tecan).

C2C12 cell differentiation

40 x 10*/em? C2C12 myoblasts were seeded in triplicates on glass
coverslips. The next day, cells were when indicated supplemented with 5
pg/ml recombinant proteins. After 24 hours, differentiation was induced
by replacing the medium to DMEM with 2 % horse serum, with the
addition of 5 pg/mL of recombinant proteins. For fusion index analysis,
cells after 2 days of differentiation were fixed in ice-cold methanol/
acetone (1:1) for 10 min at —20 °C, followed by immunostaining for
muscle myosin (mouse monoclonal antibody F59, Santa Cruz), and
staining with DAPI. The fusion index was calculated as the number of
nuclei inside myosin-positive myotubes divided by the total number of
nuclei, counted from at least three random microscopic fields per
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