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Abstract: Collagen VI-related disorders (COL6-RD) represent a severe form of congenital disease
for which there is no treatment. Dominant-negative pathogenic variants in the genes encoding a
chains of collagen VI are the main cause of COL6-RD. Here we report that patient-derived fibro-
blasts carrying a common single nucleotide variant mutation are unable to build the extracellular
collagen VI network. This correlates with the intracellular accumulation of endosomes and lyso-
somes triggered by the increased phosphorylation of the collagen VI receptor CMG2. Notably, using
a CRISPR-Cas9 gene-editing tool to silence the dominant-negative mutation in patients’ cells, we
rescued the normal extracellular collagen VI network, CMG2 phosphorylation levels, and the accu-
mulation of endosomes and lysosomes. Our findings reveal an unanticipated role of CMG2 in reg-
ulating endosomal and lysosomal homeostasis and suggest that mutated collagen VI dysregulates
the intracellular environment in fibroblasts in collagen VI-related muscular dystrophy.

Keywords: collagen VI; CMG2; super-resolution microscopy; muscular dystrophy;
patient-derived fibroblasts

1. Introduction

Congenital muscular dystrophy (CMD) is a group of rare neuromuscular diseases,
which are highly disabling and lead to a reduced life expectancy [1,2]. In particular, com-
mon CMD related to collagen VI deficiency (COL6-RD) vary in severity and have no cu-
rative treatment.

Collagen type VIis a micro fibrillary macromolecule assembled through a finely reg-
ulated process. It is expressed in different tissues such as muscles, tendons, cartilages,
blood vessels, and the brain [3-6], and it is mainly produced by fibroblasts. Once secreted
in the extracellular space, collagen VI tetramers associate end-to-end-forming microfibrils
that create a network in the interstitial space. Collagen VI has a pivotal role in maintaining
skeletal muscle integrity and function allowing a proper link between muscle cells and
the extracellular matrix (ECM).
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COL6A1, A2, and A3 are the genes encoding the three main chains of collagen VI, and
mutations in these genes cause the various forms of COL6-RD [7-9]. The collagen VI mu-
tations affect both the ECM and the intracellular organelles such as the Golgi apparatus,
mitochondria, and the autophagic system, leading to apoptotic events [6,10-12]. The con-
nective tissue features of collagen VI deficiency are independent of skeletal muscle dys-
function and are directly related to the role of collagen VI in the organisation and mainte-
nance of the extracellular matrix in the affected tissues [5]. Furthermore, fibroblasts are
the main source of collagen VI in skin and muscle and therefore are the primary disease
cell type and target [13].

The transmembrane protein capillary morphogenesis gene 2 (CMG2, also known as
anthrax toxin receptor 2, ANTXR?2) has recently been uncovered as a collagen VI receptor
[14]. When in its ligand-bound state, conformational changes of the receptors allow the
src-dependent recruitment of the actin cytoskeleton regulator RhoA and its effectors thus
inducing receptor endocytosis [15,16]. However, the role of CMG2 in the collagen VI-de-
pendent regulatory processes remains controversial.

In this work, we reveal a direct link between collagen VI mutation and CMG2 activ-
ity. Our super-resolution microscopy and soft X-ray tomography analyses show that
COL6-RD patient-derived fibroblasts are unable to form the typical extracellular collagen
VI matrix. Moreover, mutant cells show the characteristic intracellular hallmark of the
pathology, such as mitochondria and Golgi fragmentation. Using advanced microscopy
techniques, we highlighted a novel intracellular impairment characterised by endo-lyso-
somal system accumulation. Because of the tight association between the CMG2 receptor
and the endocytic pathways [15,16], we biochemically analysed CMG2 revealing an in-
crease in phosphorylation levels in patient-derived fibroblasts.

The dominant variants account for 50-75% of all pathogenic variants in COL6-RDs
[17]. Using a gene-editing tool able to silence the single nucleotide variant mutation in the
COL6A1 gene (COL6A1 c.877 G > A; p. Gly293Arg) in patients’ cells, we were able to re-
store all the pathological phenotypes observed.

Thus, given the known association of the collagen VI Gly293Arg substitution muta-
tion variant in congenital muscular dystrophy and the lack of functional knowledge re-
garding the effects of this mutation on intracellular homeostasis, here we generated a new
cellular model based on the use of super-resolution and advanced microscopy to investi-
gate the significance of collagen VI mutations for the intracellular environment.

2. Results
2.1. Patient-Derived Fibroblasts Cannot Assemble the Extracellular Collagen VI Network

To assess the structure of collagen VI fibres with high resolution, we performed STED
microscopy in control and COL6-RD patient-derived fibroblasts. First, we assessed the
endogenous extracellular collagen VI matrix revealing a severely affected fibre structure
in COL6-RD patient-derived fibroblasts. The 3D surface plot of the STED images (Figure
S1) shown in Figure 1A (upper panel), highlights how the control extracellular collagen
VI matrix is formed by fibres that may or may not have specific orientations in cell cul-
tures. On the contrary, patient-derived fibroblasts are unable to build collagen VI fibres
resulting in amorphous and blob-like extracellular components. Moreover, to determine
the stability and resistance of the blobby mutant collagen VI matrix, we treated control
and patient-derived fibroblasts with collagenase, a protease able to degrade the triple-
helical native collagen fibrils [18]. As shown in the lower panel of Figure 1A, collagenase
treatment completely degraded the mutant extracellular collagen VI secreted by COL6-
RD patient-derived fibroblasts. On the contrary, the control matrix is only mildly affected
and still reveals collagen VI fibrils (Figure 1B).
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Figure 1. Altered extracellular matrix in cultured COL6-RD patient-derived fibroblasts. (A) Repre-
sentative 3D surface plot generated from the STED images (Figure S1) of the extracellular collagen
VI matrix in untreated (upper panel) and collagenase-treated (lower panel) controls, patients, and
CRISPR-treated fibroblasts showing the COL6 fluorescence levels. Fluorescence intensity analysis
was also quantified in untreated (B) and collagenase-treated (C) samples. Data are expressed as the
mean = SEM; n = 3; independent primary cell preparations (30 images of 8-10 stacks for each CON-
TROL, COL6-RD, and CRISPR samples) were used for all panels. * p < 0.05, ** p < 0.01; one-way
ANOVA/Bonferroni’s multiple comparison test. Scale bar 5 um.

Given the impact of COL6-RD on patients and families, there is a pressing need for
newer and less-invasive therapies. To address this clinical need, we recently described a
gene-editing technique based on CRISPR-Cas9 to silence the Gly293Arg substitution in
human dermal fibroblasts [19]. We used the same strategy to test whether the restoration
of the mutation in COL6-RD patient-derived fibroblasts would be sufficient to allow cells
to recover the ability to build a collagen VI extracellular network. Crucially, the therapy
was sufficient to rescue the extracellular matrix phenotypes to control values for both un-
treated and collagenase-treated mutant cells (Figure 1A-C). These data indicate that the
gene-editing treatment can re-establish the ability to shape the normal collagen VI net-
works in patient-derived fibroblasts.

2.2. The Endo-Lysosomal System Homeostasis Is Altered in COL6-RD Patient-Derived Fibroblasts

As previously shown, collagen VI mutations affect the intracellular homeostasis in
patient-derived fibroblasts and myoblasts [10,14,20]. Using STED microscopy, we were
able to detect both mitochondria and Golgi apparatus fragmentation (stained with TOM20
and GM130 antibodies, respectively), revealing that patient-derived fibroblasts have al-
tered the morphology of these organelles [10,21,22] (Figures S2 and S3). To further char-
acterise the intracellular environment of patient-derived fibroblasts, we used cryo-soft X-
ray tomography (Cryo-SXT). This synchrotron-based technique uses soft X-rays to image
samples in the water-window energy absorption range (520 eV) [23,24]. Cryo-SXT is the
only available imaging technique that can yield nanometer-resolution 3D maps from vit-
rified whole-cell samples (thus avoiding chemical treatment or sectioning of the sample
and the potential artefacts that come with these treatments). Using Cryo-SXT on COL6-
RD patient-derived and control fibroblasts, we examined ~10 cell 3D volumes under each
condition and revealed an accumulation of mitochondria, endosome/lysosome-like struc-
tures, and multivesicular bodies (MVB, Videos S1-5S3). In Figure 54, several endocytic ves-
icles are shown. Their classification depends on the morphology described in fibroblasts
[25]. Based on their morphology alone, we have classified the vesicles into two groups:
endosome/lysosome-like vesicles in violet, and MVB in pink (Figure S4). The vesicles with
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cup-shaped high absorbing form on one side of the vesicle shown in Figure S4A,B,E,F,]-
Krepresent the typical morphology of endosomes and lysosomes. MVB can have different
appearances although they are easily recognized by their usually high absorbing content
with one or multiple low-absorbing vesicles within (Figure 54C,D,G,H,L,M). We did not
detect morphological differences in either endosome/lysosome-like structures or mul-
tivesicular bodies between the controls, COL6-RD patients, or CRISPR-treated fibroblasts.
Nevertheless, using Cryo-SXT, we highlighted the differences between control and
COL6-RD patient-derived fibroblasts in the quantification of mitochondria, endosome/ly-
sosome-like vesicles, and MVB expressed as the percentage of cytoplasm volume occu-
pied (Figure 2A). Interestingly, the absence of the normal collagen VI protein induced a
~twofold increase in cytoplasm volume occupied by mitochondria, endo/lysosome-like
structures, and MVB in the COL6-RD patient-derived fibroblasts compared to the control
(Figure 2B). Crucially, after CRISPR treatment, the abundance of mitochondria, endo-
somes, and lysosomes returned to the control levels (Figure 2B). Surprisingly, the percent-
age of cytoplasm occupied by MVB after the CRISPR treatment decreased to below the
control level (Figure 2B). In summary, these data suggest that the density of the cytoplas-
mic structures analysed is upregulated in COL6-RD patient-derived fibroblasts and that
CRISPR treatment can rescue the pathological phenotype of COL6A1 mutated cells.
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Figure 2. Altered abundance of mitochondria, endo/lysosomal-like vesicles, and multivesicular bod-
ies in COL6-RD patients” cells. (A)Three-dimensional reconstruction of whole-cell volumes of con-
trol-, andCOL6-RD patient-derived fibroblasts and CRISPR-treated fibroblasts. Threshold-based
isosurface segmentation of the surface boundaries identifies the different organelles present in the
cells: nucleus in yellow, mitochondria in light blue, endo/lysosomal-like vesicles in violet, and mul-
tivesicular bodies in pink. (B) Quantification of the percentage of cytoplasm occupied by the orga-
nelles analysed. Data are expressed as the mean + SEM; n = 10; different cells (10 CONTROL cells,
10 COL6-RD cells, and 10 CRISPR samples) were used for all panels. ** p < 0.01, ** p <0.001; Two-
way ANOVA/Bonferroni’s multiple comparison test. Scale bar 500 nm.
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With the aim of characterising the vesicular organelle accumulation in collagen VI-
mutated human fibroblasts observed using Cryo-SXT, we labelled the endo-lysosomal
system and applied super-resolution microscopy. Using STED microscopy, we detected
an accumulation of lysosomes, labelled with the lysosomal-associated membrane protein
1 (Lamp1) antibody in patient-derived fibroblasts, compared to the control ones (Figure
3A-C). Furthermore, we detected a bigger lysosomal area in COL6-RD patient-derived
fibroblasts (Figure 3D). Intriguingly, we also found an alteration of the upstream endo-
cytic pathway labelling the early endosome antigen 1 (EEA1)-positive vesicles in COL6-
RD samples with respect to the controls (Figure 3B,D-F).
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Figure 3. The endo-lysosomal compartments are altered in COL6-RD patient-derived fibroblasts.
(A) Representative STED images of Lampl- and (B) EEAl-positive organelles labelled in control-
and COL6-RD patient-derived fibroblasts and in CRISPR-treated COL6-RD patient-derived fibro-
blasts. (C) Lampl- and (E) EEAl-positive organelles density, together with the area of (D) Lamp1-
and (F) EEAl-positive organelles was quantified. Data are expressed as the mean + SEM; n = 3; in-
dependent primary cell preparations were used for all panels. * p < 0.05; one-way ANOVA/Bonfer-
roni’s multiple comparison test. Scale bar 5 pm.

Given the abundance of endosomes and lysosomes and the fragmentation of mito-
chondria observed with both the STED and Cryo-SXT techniques, we examined the pro-
tein levels of the endosomal, lysosomal, and mitochondrial markers from the control and
patients’ fibroblast extracts. The lysosomal marker Lampl, together with the endosomal
marker EEA1, were significantly increased as observed by Western blot analysis (Figure
4A-C). On the contrary, the mitochondrial marker TOM20 was unaffected (Figure 4A,D).
These data indicate that the accumulation of the endolysosomal system detected with both
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advanced microscopy and Western blot reflects the real cytoplasmic abundance of these
organelles in COL6-RD patient-derived fibroblasts. However, the abundance of mitochon-
dria detected with Cryo-SXT microscopy does not reflect the real cytoplasmic abundance
of this organelle but its fragmentation, as detected with super-resolution microscopy.
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Figure 4. Biochemical confirmation of the intracellular phenotypes observed with super-resolution
microscopy. (A) Primary fibroblast homogenates from control and COL6-RD patients and CRISPR-
treated COL6-RD patient-derived fibroblasts were subjected to Western blotting using antibodies
against Lamp1, EEA1, and Tom20 as shown. The GAPDH marker was used as the loading control.
(B) Quantification of Lamp1 from the three phenotypes. (C) Total quantification of EEA1 from the
three phenotypes. (D) Total quantification of Tom20 from all the samples. Data are expressed as the
mean + SEM; n = 3; independent primary cell preparations were used for all panels. * p < 0.05; one-
way ANOVA/Bonferroni’s multiple comparison test.

Gene editing based on the CRISPR-Cas9 technique was also remarkably effective for
all the intracellular pathological phenotypes described. We were able to restore mitochon-
dria and Golgi fragmentation (Figures S2 and S3), and the endolysosomal accumulation
(Figures 2—4), reaching a non pathological-like phenotype in all the COL6-RD patient’s
cells that we treated and analysed.

Altogether, these data indicate that the collagen VI mutations directly affect the ho-
meostasis of different intracellular compartments.

2.3. Col VI Mutation Induces Hyper-Phosphorylation of the CMG2 Receptor in Humans

Capillary morphogenesis gene 2 (CMG2) encodes a single-pass transmembrane protein
harbouring an extracellular von Willebrand A (vWA) domain proposed to bind collagen VI
[14]. Furthermore, it has been shown that collagen VI-dependent CMG2 activation triggers the
phosphorylation of its tyrosine site, signalling the cells to start membrane retrieval events [16].
Therefore, in view of the altered extracellular matrix and the intracellular endolysosomal ac-
cumulation observed, we questioned whether the binding activity of the mutated collagen VI
to the CMG2 receptor would be modified in patient fibroblasts.
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First, we assessed the endogenous production of CMG2 in control and patient-de-
rived fibroblasts through Western Blot and STED microscopy, revealing no differences
between the two genotypes in terms of protein production (Figure S5A,B) and membrane
localisation (Figure S5C-E). Next, to analyse the CMG2 phosphorylation levels without
an available antibody able to recognize the phosphorylated form of the receptor, we per-
formed immunoprecipitation experiments from human fibroblast lysates using an anti-
CMG2 antibody. We then analysed the phosphorylation of the receptor in the immuno-
precipitated content using a phospho-tyrosine antibody (Figure 5A). Western blot analy-
sis revealed increased phosphorylation levels of the CMG2 receptor in COL6-RD patient-
derived fibroblasts compared to the controls. Importantly, CRISPR-mediated silencing of
the dominant-negative mutation reduced the CMG2 receptor phosphorylation levels of
COL6-RD patient-derived cells, bringing the levels close to those observed in the control
samples (Figure 5A,B).
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Figure 5. CMG2 phosphorylation levels are increased in COL6-RD patient-derived fibroblasts. (A)
Western blotting for CMG2 receptor and its tyrosine-phosphorylated form after immunoprecipita-
tion (IP) of control, COL6-RD patient, and CRISPR-treated COL6-RD patient-derived fibroblasts.
Blots of equally loaded protein extracts prior to IP (input) are also shown. The marker GAPDH is
used as the loading control. (B) Total quantification of the IP phosphorylated form of CMG2 versus
IP CMG?2 from the three phenotypes is shown. Data are expressed as the mean + SEM; n = 3; inde-
pendent primary cell preparations were used for all panels. * p < 0.05, ** p < 0.01; one-way
ANOVA/Bonferroni’s multiple comparison test.

These data revealed that the CMG2 receptor is the link between the mutated extra-
cellular collagen VI and the intracellular endo-lysosomal accumulation.

3. Discussion

Here, we demonstrate for the first time the link between the extra- and the intracel-
lular alterations caused by COL6A1 heterozygous c.877 G > A; p. Gly293Arg nucleotide
substitution in COL6-RD patient-derived fibroblasts. We show (i) extracellular collagen
VI network abnormalities in terms of morphology and enzyme digestion resistance and
(ii) a stronger activation of the collagen VI receptor CMG2 accompanied by (iii) endo-
lysosomal system accumulation, and (vi) both mitochondria and Golgi apparatus frag-
mentation in primary human fibroblasts. Importantly, we could rescue the extracellular
collagen VI network, the CMG2 phosphorylation levels, and the intracellular alterations
by CRISPR-mediated silencing of the COL6A1 mutation.

Our extracellular collagen VI characterisation study made with STED microscopy
points towards a highly unorganised collagen network. Anatomically, collagen VI is dis-
tributed in the stromal interface surrounding interstitial cells in proximity to the basement
membrane [3]. Once secreted in the extracellular space, tetramers associate end-to-end
forming microfibrils that create a network able to maintain skeletal muscle function and
integrity and allow a proper link between muscle cells and the extracellular matrix (ECM)
[12,13,23]. Importantly, the Gly293Arg substitution introduces folds/kinks that prevent
proper assembly with other tetramers to form collagen VI microfibrils [8,26,27]. This con-
formational change further exposes the triple-helical domains of the a-chains (character-
ised by the Gly-X-Y motif, where Gly is Glycine, X is Proline, and Y is Hydroxyproline or
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Hydroxylysine) to the enzyme collagenase that can now easily localise and hydrolyse the
bond between Gly-X-Y [28-30].

We identified a significant shift in the collagen VI receptor CMG2 phosphorylation levels.
Being unable to build the proper collagen VI network, the mutated molecules are dispersed in
the extracellular matrix, hence more prone to bind to receptors on the cell membranes. As
previously shown in [31], collagen VI is digested by fibroblasts through the lysosomal system
after the endocytosis of the plasma membrane. Importantly, extracellular proteases are acting
on collagen VI even before the actual internalisation to trigger the endocytic process [31]. In
this regard, we showed that mutated collagen VI is more sensitive to extracellular proteases
such as collagenase. Thus, given that the dominant mutation studied in this work alters the
structure of collagen VI molecules, it is possible that mutated collagen VI binds to the CMG2
receptor more easily than wild-type collagen VI.

We did not detect changes in the absolute levels of CMG2 in patient-derived fibroblasts,
either with Western Blot or super-resolution microscopy. These data are consistent with pre-
vious studies showing that CMG2 activation does not affect CMG2 expression but does dis-
turb cell homeostasis [15,16]. Of note, CMG2 loss-of-function mutations have also been asso-
ciated with hyaline fibromatosis syndrome, where collagen VI accumulates massively in the
uterus of CMG2/ mice and leads to progressive fibrosis and sterility without displaying
changes in collagen gene expression [14]. Furthermore, mutations in the CMG2 gene also lead
to infantile systemic hyalinosis, causing diffuse deposition of hyaline material —including col-
lagen—in the skin, gastrointestinal tract, muscles, and endocrine glands, thus altering intra-
and extracellular environments [32]. Therefore, our data provide further evidence for the im-
portance of CMG2 modulation for cellular homeostasis.

We further demonstrate that the collagen VI single nucleotide variant analysed in
this study triggers an accumulation of endosomes and lysosomes that was previously un-
characterised. Using STED microscopy coupled with cryo-soft X-ray tomography (Cryo-
SXT)—a synchrotron-based technique that allows nanometer-resolution 3D maps of a
sample [33] —we detected an increased density of endosome- and lysosome-like struc-
tures per cell area. Intriguingly, CRISPR-mediated silencing of the dominant-negative
mutation rescued the mitochondria, endosomes, and lysosome accumulation. The use of
the gene-editing tool on COL6-RD patient-derived fibroblasts revealed an exaggerated
reduction of MVBs. In the endocytic pathway, MVBs are late endosomes whose content
can be degraded through fusion with lysosomes [34-36]. Thus, it is possible that the mas-
sive reduction in endosomes and lysosomes triggered by the CRISPR-mediated treatment
caused the excessive reduction of MVBs.

Evidences showed that the endolysosomal compartment is pivotal in modulating the
extracellular matrix environment by regulating endocytic trafficking [37—42]. The endoly-
sosomal alteration we found, coupled with the higher phosphorylation levels of CMG2, is
consistent with the receptor physiology; as elegantly described by Biirgi et al., CMG2-
extracellular ligand (collagen VI) binding leads to proto-oncogene tyrosine-protein kinase
src-dependent talin release and recruitment of the actin cytoskeleton regulator RhoA and
its effectors. CMG2 can now be phosphorylated and internalised for intracellular degra-
dation [16]. In addition, mutant cells exhibited altered mitochondria morphology, a key
intracellular hallmark of COL6-RD pathology [6,10]. Our observation of the mitochondrial
alterations is coherent with studies made in myofibers of Col6al” mice revealing mito-
chondrial dysfunction and spontaneous apoptosis [10]. Also, clinical studies indicated
that cyclosporin A may help to slow COL6-RD progression by correcting the mitochon-
drial dysfunction [43-45]. In addition, single-cell (sc) RNA-sequencing analysis demon-
strated that mitochondrial respiratory chain dysfunction is a key factor that can alter ECM
integrity and mechanostability [46]. We also detected Golgi apparatus fragmentation and
morphological modifications in COL6-RD patient-derived fibroblasts. Golgi fragmenta-
tion occurs in pathological situations, such as when apoptosis is activated and when ve-
sicular secretory trafficking is perturbed [21,47-52]. Furthermore, several evidences show
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that the Golgi apparatus plays a key role in sensing and integrating external and intracellu-
lar cues to promote cellular homeostasis [53,54]. Similarly, from what we observed, mice
lacking the fukutin gene (Fktn), the causative gene of Fukuyama muscular dystrophy, show
myocyte contractile dysfunction and a disordered Golgi network [55]. These studies under-
line the importance of the altered intracellular organelle homeostasis in muscular patholo-
gies and demonstrate that the ECM is an important regulator of the cytosolic environment.
Indeed, Golgi fragmentation was observed in primary fibroblasts of patients affected by dis-
tal hereditary motor neuropathy (HMN) and axonal Charcot-Marie-Tooth neuropathy
(CMT?2) characterised by motor neuron degeneration and distal weakness [56].

Notably, all the results we obtained with STED microscopy were confirmed using
Western blotting techniques. On the other hand, Tom20 protein abundance was not mod-
ified between controls, patients, and treated patients. These data indicate that mitochon-
dria are morphologically affected and fragmented in patient-derived fibroblasts, as ob-
served with super-resolution microscopy. However, their total number does not change
in this pathological condition.

In summary, heterozygous G-to-A substitution at position 877 in exon 10 of COL6A1
triggers the production of an altered extracellular collagen VI network that subsequently
triggers the phosphorylation of the collagen VI receptor CMG2, an accumulation of endo-
somes and lysosomes and altered mitochondria and Golgi apparatus morphology in hu-
man fibroblasts. It has become clear that the ECM has profound effects on many cellular
processes [57-64]. Consequently, this work exploits the opportunity to provide clinicians
with novel diagnostic tools for monitoring and treating neuromuscular disorders. In the
future, it will be important to determine the efficacy of the gene-editing system in vivo to
assess important clinical translation outcomes such as delivery and efficacy.

4. Materials and Methods

The present study was performed in accordance with the Declaration of Helsinki.
Written informed consent was obtained from patients and/or their parents or guardians.
Biological samples were stored and managed by the Hospital Sant Joan de Déu (HSJD)
Biobank. All experimental protocols were approved by Fundacié Sant Joan de Déu Ethics
Committee on Clinical Research (CEIC). Methods were carried out in accordance with the
relevant guidelines and regulations.

4.1. Human Fibroblasts

COL6-RD patients with the same confirmed mutation (COL6A1 het. c.877G > A,
p-G293R) have been described previously [19]. Skin biopsies from the forearm were ob-
tained from COL6-RD patients and children not affected by a neuromuscular condition.
For all the experiments, we included 3 COL6-RD patients and 3 age-matched control fi-
broblast cell lines obtained from the HSJD Biobank. Fibroblasts were grown in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS), 1x penicillin/strep-
tomyecin, and 1x glutamine (all from Gibco, Waltham, MA) at 37 °C with 5% CO.. Conflu-
ent fibroblasts (passages 2 or 3) were treated with 25 ug/mL of L-ascorbic acid phosphate
magnesium (Wako Chemicals GmbH, Neuss, Germany) for 24 h before the planned ex-
periment. Mild collagenase treatment: collagenase (Type II, Merck) was dissolved in
DMEM with a final concentration of 0.02 mg/mL, and confluent fibroblasts were incu-
bated with the enzyme for 10" at 37 °C with 5% COs.

4.2. CRISPR-Cas9

Two crRNAs (crRNA1 and crRNA2) were designed adjacent to the PAM site of the
COL6A1 locus using the Breaking-Cas web tool [65]. The 20 nt-long specific sequences for
targeting the COL6A1 gene were 5-CCTGGTACCCAACAGGTCTG-3' (crRNA1) and 5'-
CCCGGGGACCTCAGACCTGT-3' (crRNA2). An 80 nt-long ssDNA donor template was
designed containing the wild-type COL6A1 sequence and two silent changes to eliminate
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the PAM sequence. The sequence of this ssDNA oligo was as follows: 5-AC-
CATCTCCTCCTGTGTTCCAGGGAAGACCCGGGGATCTAGGACCTGTTGGGTAC-
CAGGGAATGAAGGTACGTGCCCCCC-3. These reagents and the Alt-R tracrRNA-
ATTOS550 were synthesised by Integrated DNA Technologies (IDT, Coralville, IA, USA).
crRNAs and tracrRNA-ATTO550 reagents were resuspended at 100 uM in 1x Tris-EDTA
(TE buffer), pH 8, solution (IDT). Lipofectamine™ CRISPRMax™ (ThermoFisher Scien-
tificc Waltham, MA, USA) was used for the transfection of RNP complexes. First, guide
RNA complexes were formed by mixing the crRNA and tracrRNA-ATTO550 in equal mo-
lar amounts in IDT Duplex Buffer (30 mM HEPES, pH 7.5, 100 mM potassium acetate) at
1 uM by heating the oligonucleotides to 95 °C and gradually cooling to room temperature.
RNP-crRNA mix was prepared in OptiMEM® (Gibco, Waltham, MA, USA) containing the
RNA duplex (1 uM), HiFi Cas9 (1 uM), and HiFi Cas9 Plus Reagent (both from Ther-
moFisher Scientific). The solution was incubated for 5 min at room temperature. The ssD-
NAs (100 uM) were diluted to a concentration of 1 uM in TE Buffer. Then, a transfection
mix of each guide was prepared in duplicate in OptiMEM®: 1 uL ssDNA at 1 uM, 200 pL
of RNP at 1 uM, and 9.6 uL Lipofectamine™ CRISPRMax™. The final mixture was incu-
bated for 20 min at room temperature. Next, a cell suspension of 400,000 cells/mL in
DMEM without antibiotics was prepared. For each volume (800 pL in a 12-multiwell
plate) of cell suspension assigned for each guide, 400 uL of the corresponding RNP-
ssDNA mixture was added. Finally, CRISPR-transfected fibroblasts were cultured for 24
h at 37 °C with 5% CO: before changing the culture medium and analysing.

4.3. Immunofluorescence and Stimulated Emission Depletion (STED) Microscopy

The following primary antibodies were used: mouse anti-collagen VI (1:500, Milli-
pore), mouse anti-Lampl (1:100, Abcam, Cambridge, UK), rabbit anti-EEA1 (1:100,
Abcam), mouse anti-TOM20 (1:100, Abcam), rabbit anti-GM130 (1:100, ThermoFisher,
Waltham, MA, USA), and goat anti-CMG2 (1:100, R&D Systems, Minneapolis, MN, USA).
Prior to STED imaging, samples were examined under a Leica CTR5000 fluorescence mi-
croscope (Leica) to ensure that at least 90% of the cells were correctly labelled. Fluores-
cence immunolabeling was performed as previously described [66] with a few modifica-
tions. The two-colour labelled samples were observed using a commercial gated-STED
microscope (Leica TCS SP8 STED 3X, Leica Microsystem GmbH, Mannheim, Germany)
equipped with a pulsed white light laser source and three depletion lasers (592 nm, 660
nm, 775 nm). STED illumination of secondary antibodies coupled with the fluorophore
ATTO 647N was performed using a 647 nm line and depletion using a 775 nm line. For
the secondary antibodies coupled with the fluorophore Abberior Star 488, the illumination
line was 488 nm and the depletion source was 592 nm. Fluorescent light was collected
using high-efficiency single-molecule detectors (SMD-HyD) using an HC PL APO CS2
100x/1.40 oil objective. The selected areas were scanned at 600 Hz and the final pixel size
was 20 nm. The typical transversal resolution achieved with this system is 80 nm. To study
the targeted organelles and proteins in the three dimensions, ten Z stacks were acquired
every 0.12 um along with the cell thickness. To compare the data, identical settings were
used for image acquisition in different experiments. The images were deconvolved using
the Lightning GPU-based Deconvolution Leica package. All the parameters were ana-
lysed using Fiji Image] software (National Institutes of Health, Bethesda, MD, USA). The
fluorescence intensity of the different dyes was measured as mean intensity and expressed
in arbitrary units of fluorescence on the cell area. Images for publication were processed
and prepared using Fiji Image] software.

4.4. Soft X-Ray Cryo-Tomography

Sample preparation was performed in the cell culture laboratory at ALBA, where the
cells were seeded on gold quantifoil (R2/2) holey carbon grids (Au-G200F1) and incubated
for 24 h at 37 °C with 5% CO2. Samples were vitrified by plunge-freezing in a Leica EM-
CPC. The frozen grids were imaged using a LINKAM CMS196 stage in a Zeiss AxioScope
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fluorescence microscope. The frozen grids were transferred to a Mistral (ALBA-Light
Source, Barcelona, Spain) [67,68] beamline at ALBA synchrotron under cryogenic condi-
tions. The photon energy was set within the water window (520 eV) to take advantage of
the high natural absorption contrast of the biological material to acquire X-ray tomogra-
phy datasets under the conditions described previously [69]. The dataset was acquired
using a zone plate objective with an outermost zone width of 40 nm. The effective pixel
size in the images was 10 nm. The image stacks were pre-processed to normalise and cor-
rect the intensity distribution delivered to the sample by the capillary condenser lens.
Alignment of the tilted series was conducted with IMOD [70] and the final reconstructions
were made using the iterative SIRT reconstruction option in TOMO3D [71,72]. To enhance
the signal-to-noise ratio, TOMOEED was used. Visualisation and manual segmentation
(i.e., segmentation of the surface boundaries identifying different organelles to colour-
code them) of the final volumes were carried out with AMIRA (Thermo Fisher Scientific,
Waltham, MA, USA) and Chimera [73].

4.5. Western Blotting and Immunoprecipitation

Primary human fibroblasts were placed on ice and washed twice with ice-cold PBS.
Cells were scraped into homogenisation buffer (250 mM sucrose, 1 mM EDTA, 10 mM
PMSE, 2 ug/mL aprotinin, 5 pg/mL leupeptin, and 1 pg/mL pepstatin). CMG2 was immuno-
precipitated from cell lysates using the Pierce Crosslink Immunoprecipitation Kit (Thermo
Fisher Scientific) as specified by the manufacturer. Briefly, antibodies were coupled to the
Pierce Protein A/G Plus Agarose for 1 h and then cross-linked to the resin using the DSS
crosslinker (2.5 mM in DMSO) for 1 h. Subsequently, 500-1000 ug of lysates was incubated
on the column overnight at 4 °C. The eluates were finally loaded on Bis-Tris 4-12% poly-
acrylamide precast gel and analysed for the presence of the antigen. Blotted membranes
were blocked for 1 h in 4% milk or BSA in Tris-buffered saline (10 mM Tris, 150 mM NaCl,
pH 8.0) plus 0.1% Tween, and incubated overnight at 4 °C with the following primary anti-
bodies: rabbit anti-EEA1 (1:1000, Abcam), mouse anti-LAMP1 (1:1000, Abcam), mouse anti-
TOM20 (1:1000, Abcam), mouse anti-GAPDH (1:5000, ProteinTech, Rosemont, IL, USA),
mouse anti-Tubulin (1:5000, Abcam), goat anti-CMG2 (1:1000, R&D systems), and mouse
anti-phospho-tyrosine (1:1000, Millipore, Burlington, MA, USA). Membranes were washed
and incubated for 1 h at room temperature with peroxidase-conjugated secondary antibod-
ies (1:10.000, Bio-Rad, Hercules, CA, USA). Bands were revealed with the ECL chemilumi-
nescence detection system (Thermo Scientific, Waltham, MA, USA) using the iBright detec-
tion machine (Invitrogen) and analysed using Fiji Image] software.

4.6. Statistical Analysis

Data are expressed as the mean +/- SEM throughout. To compare two normally distrib-
uted sample groups, the two-tailed Student’s t-test was used. In the case of more than two
normally distributed experimental groups, one- or two-way ANOVA followed by multiple
comparison tests were employed as stated. The significance level was preset to p <0.05. Data
were analysed using Prism 6.0 software (GraphPad Software, Inc., San Diego, CA, USA).

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/ijms23147651/s1.

Author Contributions: Conceptualization: C.J.-M., M.R,, and P.L.-A.; Methodology: E.C., AJ.P.B,,
A.L.-M.,, and C.B,; Investigation: E.C. and A.J.P.B.; Funding acquisition: E.C., C.].-M., M.R,, and
P.L.-A.; Project administration: C.J.-M., M.R., and P.L.-A ; Supervision: C.J.-M., M.R,, and P.L.-A;
Writing—original draft: E.C.; Writing—review and editing: E.C., AL.-M., AJ.P.B,, CJ.-M,, M.R,,
and P.L.-A. All authors have read and agreed to the published version of the manuscript.

Funding: E.C. was funded by Beatriu de Pinds Postdoctoral Grand (Agency for Management of
University and Research Grants, 2020 BP 00017). The work was supported by fundings from: Funda-
cién Noelia (C.J.-M., A.L.-M., C.B.); Fundacién SOMOS UNO (C.J.-M., A.L.-M., C.B.); Instituto de



Int. J. Mol. Sci. 2022, 23, 7651 12 of 15

Salud Carlos III (grant P119/0122, C.J.-M., A.L.-M., C.B.); Spanish Centre for Biomedical Network
Research on Rare Diseases (grant ACCI2018 18-02, C.J.-M.); Spanish Ministerio de Economia y Com-
petitividad (MINECO) through the “Severo Ochoa” program for Centres of Excellence in R&D
(CEX0219-000910-S [MCIN/AEI/10. 13039/5011000110033, P.L.-A.); Fundacié Privada Cellex (P.L.-
A.); Fundaci6 privada Joan Ribas (P.L.-A.); Fundacié Mir-Puig (P.L.-A.); Generalitat de Catalunya
through CERCA program (P.L.-A.); Laserlab Europe (EU-H2020 GA no. 871124, P.L.-A.).

Institutional Review Board Statement: The present study was performed in accordance with the Dec-
laration of Helsinki. All experimental protocols were approved by the Fundaci6 Sant Joan de Déu Eth-
ics Committee on Clinical Research (project identification code: PIC-207-20; date of approval: 3 Sep-
tember 2020). Methods were carried out in accordance with relevant guidelines and regulations.

Informed Consent Statement: Written informed consent was obtained from individuals and/or
their parents or guardians. Biological samples were stored and managed by the Hospital Sant Joan
de Déu (HSJD) Biobank.

Data Availability Statement: The data that supported the findings of the present study are available
from the corresponding author upon request.

Acknowledgements: We acknowledge all the patients and their families for their support, collabo-
ration and encouragement. We are indebted to the Biobank of the Sant Joan de Déu Hospital. The
project was made thanks to the Joint Lab ICFO-SJD agreement between The Institute of Photonic
Sciences and the Sant Joan de Déu Hospital.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Bonnemann, C.G. The collagen VI-related myopathies: Muscle meets its matrix. Nat. Rev. Neurol. 2011, 7, 379-390.

2. Natera-de Benito, D.; Reghan Foley, A.; Dominguez-Gonzalez, C.; Ortez, C.; Jain, M.; Mebrahtu, A.; Donkervoort, S.; Hu, Y.;
Fink, M.; Yun, P.; et al. Association of Initial Maximal Motor Ability With Long-term Functional Outcome in Patients With
COL6-Related Dystrophies. Neurology 2021, 96, e1413-e1424.

3. Mobohassel, P.; Reghan Foley, A.; Bonnemann, C.G. Extracellular matrix-driven congenital muscular dystrophies. Matrix Biol.
2018, 71-72, 188-204.

4. Tonelotto, V.; Trapani, V.; Bretaud, S.; Heumuller, S.E.; Wagener, R.; Ruggiero, F.; Bonaldo, P. Spatio-temporal expression and
distribution of collagen VI during zebrafish development. Sci. Rep. 2019, 9, 19851.

5. Paco, S.; Casserras, T.; Rodriguez, M.A,; Jou, C.; Puigdelloses, M.; Ortez, C.I.; Diaz-Manera, J.; Gallardo, E.; Colomer, J;
Nascimento, A; et al. Transcriptome analysis of ullrich congenital muscular dystrophy fibroblasts reveals a disease extracellular
matrix signature and key molecular regulators. PLoS ONE 2015, 10, e0145107.

6. Paco, S.; Kalko, S.G.; Jou, C.; Rodriguez, M.A_; Corbera, J.; Muntoni, F.; Feng, L.; Rivas, E.; Torner, F.; Gualandi, F.; et al. Gene
Expression Profiling Identifies Molecular Pathways Associated with Collagen VI Deficiency and Provides Novel Therapeutic
Targets. PLoS ONE 2013, 8, e77430.

7. Jobsis, G.J.; Keizers, H.; Vreijling, ]J.P.; de Visser, M.; Speer, M.C.; Wolterman, R.A ; Baas, F.; Bolhuis, P.A. Type VI collagen
mutations in Bethlem myopathy, an autosomal dominant myopathy with contractures. Nat. Genet. 1996, 14, 113-115.

8.  Bolduc, V.; Foley, A.R,; Solomon-Degefa, H.; Sarathy, A.; Donkervoort, S.; Hu, Y.; Chen, G.S,; Sizov, K.; Nalls, M.; Zhou, H.; et
al. A recurrent COL6A1 pseudoexon insertion causes muscular dystrophy and is effectively targeted by splice-correction
therapies. JCI Insight 2019, 4, e124403.

9.  Vanegas, O.C,; Bertini, E.; Zhang, R.Z.; Petrini, S.; Minosse, C.; Sabatelli, P.; Giusti, B.; Chu, M.L.; Pepe, G. Ullrich scleroatonic
muscular dystrophy is caused by recessive mutations in collagen type VI. Proc. Natl. Acad. Sci. USA 2001, 98, 7516-7521.

10. Irwin, W.A; Bergamin, N.; Sabatelli, P.; Reggiani, C.; Megighian, A.; Merlini, L.; Braghetta, P.; Columbaro, M.; Volpin, D,;
Bressan, G.M.; et al. Mitochondprial dysfunction and apoptosis in myopathic mice with collagen VI deficiency. Nat. Genet. 2003,
35, 367-371.

11.  Alexopoulos, L.G.; Youn, I; Bonaldo, P.; Guilak, F. Developmental and osteoarthritic changes in Col6al-knockout mice:
Biomechanics of type VI collagen in the cartilage pericellular matrix. Arthritis Rheum. 2009, 60, 771-779.

12.  Cescon, M.; Gattazzo, F.; Chen, P.; Bonaldo, P. Collagen VI at a glance. ]. Cell Sci. 2015, 128, 3525-3531.

13.  Zou, Y.; Zhang, R.Z; Sabatelli, P.; Chu, M.L.; Bénnemann, C.G. Muscle interstitial fibroblasts are the main source of collagen VI
synthesis in skeletal muscle: Implications for congenital muscular dystrophy types Ullrich and Bethlem. ]. Neuropathol. Exp.
Neurol. 2008, 67, 144-154.

14. Biirgi, J.; Kunz, B.; Abrami, L.; Deuquet, J.; Piersigilli, A.; Scholl-Biirgi, S.; Lausch, E.; Unger, S.; Superti-Furga, A.; Bonaldo, P.;
et al. CMG2/ANTXR?2 regulates extracellular collagen VI which accumulates in hyaline fibromatosis syndrome. Nat. Commun.
2017, 8, 15861.

15. Abrami, L.; Kunz, B.; Van Der Goot, F.G. Anthrax toxin triggers the activation of src-like kinases to mediate its own uptake.

Proc. Natl. Acad. Sci. USA 2010, 107, 1420-1424.



Int. J. Mol. Sci. 2022, 23, 7651 13 of 15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.
35.
36.
37.

38.
39.

40.

41.

42.

Biirgi, J.; Abrami, L.; Castanon, I.; Abriata, L.A.; Kunz, B.; Yan, S.E.; Lera, M.; Unger, S.; Superti-Furga, A.; Dal Peraro, M.; et al.
Ligand Binding to the Collagen VI Receptor Triggers a Talin-to-RhoA Switch that Regulates Receptor Endocytosis. Dev. Cell
2020, 53, 418-430.e4.

Jiménez-Mallebrera, C.; Maioli, M.A; Kim, J.; Brown, S.C,; Feng, L.; Lampe, A.K,; Bushby, K.; Hicks, D.; Flanigan, K.M,;
Bonnemann, C.G.; et al. A comparative analysis of collagen VI production in muscle, skin and fibroblasts from 14 Ullrich
congenital muscular dystrophy patients with dominant and recessive COL6A mutations. Neuromuscul. Disord. 2006, 16, 571—
582.

Fields, G.B.; Van Wart, H.E.; Birkedal-Hansen, H. Sequence specificity of human skin fibroblast collagenase. Evidence for the
role of collagen structure in determining the collagenase cleavage site. J. Biol. Chem. 1987, 262, 6221-6226.

Lopez-Marquez, A.; Morin, M.; Fernandez-Pefialver, S.; Badosa, C.; Hernandez-Delgado, A.; Natera-de Benito, D.; Ortez, C.;
Nascimiento, A.; Grinberg, D.; Balcells, S.; et al. CRISPR/Cas9-Mediated Allele-Specific Disruption of a Dominant COL6A1
Pathogenic Variant Improves Collagen VI Network in Patient Fibroblasts. Int. ]. Mol. Sci. 2022, 23, 4410.

Cheng, ]J.S.; Dubal, D.B.; Kim, D.H.; Legleiter, J.; Cheng, .LH.; Yu, G; Tesseur, I.; Wyss-Coray, T.; Bonaldo, P.; Mucke, L. Collagen
VI protects neurons against A toxicity. Nat. Neurosci. 2009, 12, 119-121.

Mukherjee, S.; Chiu, R.; Leung, S.M.; Shields, D. Fragmentation of the Golgi apparatus: An early apoptotic event independent
of the cytoskeleton. Traffic 2007, 8, 369-378.

Castagnaro, S.; Chrisam, M.; Cescon, M.; Braghetta, P.; Grumati, P.; Bonaldo, P. Extracellular collagen VI has prosurvival and
autophagy instructive properties in mouse fibroblasts. Front. Physiol. 2018, 9, 1129.

Garriga, D.; Chichén, F.J.; Calisto, B.M.; Ferrero, D.S.; Gastaminza, P.; Pereiro, E.; Pérez-Berna, A.J. Imaging of Virus-Infected
Cells with Soft X-ray Tomography. Viruses 2021, 13, 2109.

Groen, J.; Sorrentino, A.; Aballe, L.; Oliete, R.; Valcarcel, R.; Okolo, C.; Kounatidis, I.; Harkiolaki, M.; Pérez-Berna, A.].; Pereiro,
E. A 3D Cartographic Description of the Cell by Cryo Soft X-ray Tomography. J. Vis. Exp. 2021, 2021, 62190.

Groen, J.; Conesa, ].J.; Valcarcel, R.; Pereiro, E. The cellular landscape by cryo soft X-ray tomography. Biophys. Rev. 2019, 11, 611-619.
Engvall, E.; Hessle, H.; Klier, G. Molecular assembly, secretion, and matrix deposition of type VI collagen. J. Cell Biol. 1986, 102,
703-710.

Butterfield, R.J.; Reghan Foley, A.; Dastgir, J.; Asman, S.; Dunn, D.M.; Zou, Y.; Hu, Y.; Flanigan, K.M.; Swoboda, K.]J.; Winder,
T.L.; et al. Position of glycine substitutions in the triple helix of COL6A1, COL6A2, and COL6A3 is correlated with severity and
mode of inheritance in collagen VI myopathies. Hum. Mutat. 2013, 34, 1558-1567.

Villar-Quiles, R.N.; Donkervoort, S.; de Becdelievre, A.; Gartioux, C.; Jobic, V.; Foley, A.R.; McCarty, RM.; Hu, Y.; Menassa, R.;
Michel, L.; et al. Clinical and Molecular Spectrum Associated with COL6A3 ¢.7447A>G p.(Lys2483Glu) Variant: Elucidating its
Role in Collagen VI-related Myopathies. J. Neuromuscul. Dis. 2021, 8, 633-645.

Bella, J.; Eaton, M.; Brodsky, B.; Berman, H.M. Crystal and molecular structure of a collagen-like peptide at 1.9 A resolution.
Science 1994, 266, 75-81.

Long, C.G.; Braswell, E.; Zhu, D.; Apigo, J.; Baum, J.; Brodsky, B. Characterization of collagen-like peptides containing
interruptions in the repeating Gly-X-Y sequence. Biochemistry 1993, 32, 11688-11695.

Everts, V.; Korper, W.; Niehof, A.; Jansen, I.; Beertsen, W. Typer VI collagen is phagocytosed by fibroblasts and digested in the
lysosomal apparatus: Involvement of collagenase, serine proteinases and lysosomal enzymes. Matrix Biol. 1995, 14, 665-675.
Shoulders, M.D.; Raines, R.T. Collagen structure and stability. Annu. Rev. Biochem. 2009, 78, 929-958.

Dowling, O.; Difeo, A.; Ramirez, M.C.; Tukel, T.; Narla, G.; Bonafe, L.; Kayserili, H.; Yuksel-Apak, M.; Paller, A.S.; Norton, K,;
et al. Mutations in Capillary Morphogenesis Gene-2 Result in the Allelic Disorders Juvenile Hyaline Fibromatosis and Infantile
Systemic Hyalinosis. Am. ]. Hum. Genet. 2003, 73, 957-966.

Piper, R.C.; Katzmann, D.]. Biogenesis and function of multivesicular bodies. Annu. Rev. Cell Dev. Biol. 2007, 23, 519-547.
Hanson, P.I.; Cashikar, A. Multivesicular body morphogenesis. Annu. Rev. Cell Dev. Biol. 2012, 28, 337-362.

Jung, Y.S,; Jun, S.; Kim, M.].; Lee, S.H.; Suh, H.N,; Lien, EM.; Jung, H.Y.; Lee, S.; Zhang, J.; Yang, J.I; et al. TMEM9 promotes
intestinal tumorigenesis through vacuolar-ATP-ase activated Wnt/f-catenin signaling. Nat. Cell Biol. 2018, 20, 1421-1433.
Wagenaar-Miller, R.A.; Engelholm, L.H.; Gavard, J.; Yamada, S.S.; Gutkind, ].S.; Behrendt, N.; Bugge, T.H.; Holmbeck, K.
Complementary Roles of Intracellular and Pericellular Collagen Degradation Pathways In Vivo. Mol. Cell. Biol. 2007, 27, 6309-6322.
Scita, G.; Di Fiore, P.P. The endocytic matrix. Nature 2010, 463, 464—473.

Rainero, E. Extracellular matrix endocytosis in controlling matrix turnover and beyond: Emerging roles in cancer. Biochem. Soc.
Trans. 2016, 44, 1347-1354.

Imanikia, S.; Taylor, R.C. Previews Molty-Level Regulation: Lysosomes Participate in Developmental ECM Remodeling in C.
elegans. Dev. Cell 2020, 52, 1-2.

Dankovich, T.M.; Kaushik, R.; Olsthoorn, L.H.M.; Cassinelli Petersen, G.; Giro, P.E.; Kluever, V.; Agui-Gonzalez, P.; Grewe, K,;
Bao, G.; Beuermann, S.; et al. Extracellular matrix remodeling through endocytosis and resurfacing of Tenascin-R. Nat. Commun.
2021, 12, 7129.

Groen, J.; Palanca, A.; Aires, A.; Conesa, ].J.; Maestro, D.; Rehbein, S.; Harkiolaki, M.; Villar, A.V.; Cortajarena, A.L.; Pereiro, E.
Correlative 3D cryo X-ray imaging reveals intracellular location and effect of designed antifibrotic protein-nanomaterial
hybrids. Chem. Sci. 2021, 12, 15090-15103.



Int. J. Mol. Sci. 2022, 23, 7651 14 of 15

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Merlini, L.; Angelin, A.; Tiepolo, T.; Braghetta, P.; Sabatelli, P.; Zamparelli, A.; Ferlini, A.; Maraldi, N.M.; Bonaldo, P.; Bernardi,
P. Cyclosporin A corrects mitochondrial dysfunction and muscle apoptosis in patients with collagen VI myopathies. Proc. Natl.
Acad. Sci. USA 2008, 105, 5225-5229.

Tiepolo, T.; Angelin, A.; Palma, E.; Sabatelli, P.; Merlini, L.; Nicolosi, L.; Finetti, F.; Braghetta, P.; Vaugniaux, G.; Dumont, ].M.;
et al. The cyclophilin inhibitor Debio 025 normalizes mitochondrial function, muscle apoptosis and ultrastructural defects in
Col6al-/- myopathic mice. Br. ]. Pharmacol. 2009, 157, 1045-1052.

Zulian, A; Rizzo, E.; Schiavone, M.; Palma, E.; Tagliavini, F.; Blaauw, B.; Merlini, L.; Maraldi, N.M.; Sabatelli, P.; Braghetta, P.;
et al. NIM811, a cyclophilin inhibitor without immunosuppressive activity, is beneficial in collagen VI congenital muscular
dystrophy models. Hum. Mol. Genet. 2014, 23, 5353-5363.

Bubb, K.; Holzer, T.; Nolte, ]J.L.; Kruger, M.; Wilson, R.; Schotzer-Schrehardt, U.; Brinckmann, J.; Altmuller, J.; Aszodi, A.;
Fleischhauer, L.; et al. Mitochondrial respiratory chain function promotes extracellular matrix integrity in cartilage. J. Biol. Chem.
2021, 297, 101224.

Hicks, S.W.; Machamer, C.E. Golgi structure in stress sensing and apoptosis. Biochim. Biophys. Acta 2005, 1744, 406-414.

Lane, ].D.; Lucocq, J.; Pryde, J.; Barr, F.A.; Woodman, P.G.; Allan, V.]J.; Lowe, M. Caspase-mediated cleavage of the stacking
protein GRASP65 is required for Golgi fragmentation during apoptosis. J. Cell Biol. 2002, 156, 495-509.

Lowe, M.; Lane, ].D.; Woodman, P.G.; Allan, V.]J. Caspase-mediated cleavage of syntaxin 5 and giantin accompanies inhibition
of secretory traffic during apoptosis. J. Cell Sci. 2004, 117, 1139-1150.

Mancini, M.; Machamer, C.E.; Roy, S.; Nicholson, D.W.; Thornberry, N.A.; Casciola-Rosen, L.A.; Rosen, A. Caspase-2 is localized
at the Golgi complex and cleaves golgin-160 during apoptosis. J. Cell Biol. 2000, 149, 603-612.

Chiu, R.; Novikov, L.; Mukherjee, S.; Shields, D. A caspase cleavage fragment of p115 induces fragmentation of the Golgi
apparatus and apoptosis. J. Cell Biol. 2002, 159, 637-648.

Maldonado, J.E.; Brown, A.L.; Bayrd, E.D.; Pease, G.L. Ultrastructure of the myeloma cell. Cancer 1966, 19, 1613-1627.
Kellokumpu, S.; Sormunen, R.; Kellokumpu, I. Abnormal glycosylation and altered Golgi structure in colorectal cancer:
Dependence on intra-Golgi pH. FEBS Lett. 2002, 516, 217-224.

Bui, S.; Mejia, I; Diaz, B.; Wang, Y. Adaptation of the Golgi Apparatus in Cancer Cell Invasion and Metastasis. Front. Cell Dev.
Biol. 2021, 9, 3582.

Maag, R.S.; Mancini, M.; Rosen, A.; Machamer, C.E. Caspase-resistant Golgin-160 disrupts apoptosis induced by secretory
pathway stress and ligation of death receptors. Mol. Biol. Cell 2005, 16, 3019-3027.

Ujihara, Y.; Kanagawa, M.; Mohri, S.; Takatsu, S.; Kobayashi, K.; Toda, T.; Naruse, K.; Katanosaka, Y. Elimination of fukutin
reveals cellular and molecular pathomechanisms in muscular dystrophy-associated heart failure. Nat. Commun. 2019, 10, 5754.
Mendoza-Ferreira, N.; Karakaya, M.; Cengiz, N.; Beijer, D.; Brigatti, KW.; Gonzaga-Jauregui, C.; Fuhrmann, N.; Holker, IL;
Thelen, M.P.; Zetzsche, S.; et al. De Novo and Inherited Variants in GBF1 are Associated with Axonal Neuropathy Caused by
Golgi Fragmentation. Am. J. Hum. Genet. 2020, 107, 763-777.

Sainio, A.; Jarveldinen, H. Extracellular matrix-cell interactions: Focus on therapeutic applications. Cell. Signal. 2020, 66, 109487.
O'Toole, T.E.; Katagiri, Y.; Faull, R.J.; Peter, K.; Tamura, R.; Quaranta, V.; Loftus, ]J.C.; Shattil, S.J.; Ginsberg, M.H. Integrin
cytoplasmic domains mediate inside-out signal transduction. J. Cell Biol. 1994, 124, 1047-1059.

Kim, S.H.; Turnbull, J.; Guimond, S. Extracellular matrix and cell signalling: The dynamic cooperation of integrin, proteoglycan
and growth factor receptor. J. Endocrinol. 2011, 209, 139-151.

Afratis, N.A.; Bouris, P.; Skandalis, S.S.; Multhaupt, H.A.; Couchman, J.R.; Theocharis, A.D.; Karamanos, N.K. IGF-IR cooperates
with ERa to inhibit breast cancer cell aggressiveness by regulating the expression and localisation of ECM molecules. Sci. Rep.
2017, 7, 40138.

Sanderson, R.D.; Elkin, M.; Rapraeger, A.C.; Ilan, N.; Vlodavsky, I. Heparanase regulation of cancer, autophagy and
inflammation: New mechanisms and targets for therapy. FEBS ]. 2017, 284, 42-55.

Li, Q.; Zhang, Y.; Pluchon, P.; Robens, J.; Herr, K.; Mercade, M.; Thiery, J.; Yu, H.; Viasnoff, V. Extracellular matrix scaffolding
guides lumen elongation by inducing anisotropic intercellular mechanical tension. Nat. Cell Biol. 2016, 18, 311-318.

Huang, J.; Zhang, L.; Wan, D.; Zhou, L.; Zheng, S.; Lin, S.; Qiao, Y. Extracellular matrix and its therapeutic potential for cancer
treatment. Signal Transduct. Target. Ther. 2021, 6, 153.

Oliveros, ].C.; Franch, M.; Tabas-Madrid, D.; San-Leén, D.; Montoliu, L.; Cubas, P.; Pazos, F. Breaking-Cas—interactive design
of guide RNAs for CRISPR-Cas experiments for ENSEMBL genomes. Nucleic Acids Res. 2016, 44, W267-W271.

Castroflorio, E.; den Hoed, J.; Svistunova, D.; Finelli, M.].; Cebran-Serrano, A.; Corrochano, S.; Bassett, A.R.; Davies, B.; Oliver,
P.L. The Ncoa? locus regulates V-ATPase formation and function, neurodevelopment and behaviour. Cell Mol. Life Sci. 2021, 7,
3503-3524.

Pereiro, E.; Nicolas, J.; Ferrer, S.; Howells, M.R. A soft X-ray beamline for transmission X-ray microscopy at ALBA. J. Synchrotron
Radiat. 2009, 16, 505-512.

Sorrentino, A.; Nicolas, J.; Valcarcel, R.; Chichén, F.J.; Rosanes, M.; Avila, J.; Tkachuk, A.; Irwin, J.; Ferrer, S.; Pereiro, E.
MISTRAL: A transmission soft X-ray microscopy beamline for cryo nano-tomography of biological samples and magnetic
domains imaging. J. Synchrotron Radiat. 2015, 22, 1112-1117.

Pérez-Berna, A.J.; Rodriguéz, M.].; Chichon, F.J.; Friesland, M.F.; Sorrentino, A.; Carrascosa, J.L.; Pereiro, E.; Gastaminza, P.
Structural Changes in Cells Imaged by Soft X-ray Cryo-Tomography during Hepatitis C Virus Infection. ACS Nano 2016, 10,
6597-6611.



Int. J. Mol. Sci. 2022, 23, 7651 15 of 15

70.

71.
72.

73.

Kremer, J.R.; Mastronarde, D.N.; McIntosh, ].R. Computer visualization of three-dimensional image data using IMOD. |. Struct.
Biol. 1996, 116, 71-76.

Agulleiro, ].I; Fernandez, ].J. Fast tomographic reconstruction on multicore computers. Bioinformatics 2011, 27, 582-583.
Agulleiro, ].I; Fernandez, J.J. Tomo3D 2.0—exploitation of advanced vector extensions (AVX) for 3D reconstruction. J. Struct.
Biol. 2015, 189, 147-152.

Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera—A
visualization system for exploratory research and analysis. . Comput. Chem. 2004, 25, 1605-1612.



