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Abstract
Background Marinesco-Sjögren syndrome (MSS) is an autosomal recessive neuromuscular disorder that arises 
in early childhood and is characterized by congenital cataracts, myopathy associated with muscle weakness, and 
degeneration of Purkinje neurons leading to ataxia. About 60% of MSS patients have loss-of-function mutations in the 
SIL1 gene. Sil1 is an endoplasmic reticulum (ER) protein required for the release of ADP from the master chaperone 
Bip, which in turn will release the folded proteins. The expression of non-functional Sil1 leads to the accumulation of 
unfolded proteins in the ER and this triggers the unfolded protein response (UPR). A dysfunctional UPR could be a key 
element in the pathogenesis of MSS, although our knowledge of the molecular pathology of MSS is still incomplete.

Methods RNA-Seq transcriptomics was analysed using the String database and the Ingenuity Pathway Analysis 
platform. Fluorescence confocal microscopy was used to study the remodelling of the extracellular matrix (ECM). 
Transmission electron microscopy (TEM) was used to reveal the morphology of the ECM in vitro and in mouse tendon.

Results Our transcriptomic analysis, performed on patient-derived fibroblasts, revealed 664 differentially expressed 
(DE) transcripts. Enrichment analysis of DE genes confirmed that the patient fibroblasts have a membrane trafficking 
issue. Furthermore, this analysis indicated that the extracellular space/ECM and the cell adhesion machinery, which 
together account for around 300 transcripts, could be affected in MSS. Functional assays showed that patient 
fibroblasts have a reduced capacity of ECM remodelling, reduced motility, and slower spreading during adhesion to 
Petri dishes. TEM micrographs of negative-stained ECM samples from these fibroblasts show differences of filaments 
in terms of morphology and size. Finally, structural analysis of the myotendinous junction of the soleus muscle and 
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Background
Marinesco-Sjögren’s syndrome (MSS) is a rare autosomal 
recessive genetic disorder that occurs in early childhood 
[1]. The hallmark of MSS is congenital cataracts, muscle 
weakness and ataxia resulting from myopathy and Pur-
kinje cell degeneration [2, 3]. Other distinguishing char-
acteristics include mild to severe mental impairment, 
hypergonadotrophic hypogonadism, short stature and 
skeletal abnormalities [2]. Approximately 60%  of MSS 
patients have homozygous or compound heterozygous 
mutations in the SIL1 gene [4]. This gene encodes an ATP 
exchange factor for the immunoglobulin binding pro-
tein (BiP) [5]. The folding of newly synthesised proteins 
involves the ATPase cycle of BiP, therefore the loss of Sil1 
impairs both the BiP cycle and protein folding [2, 6]. Spe-
cifically, BiP remains associated with its client proteins, 
causing the accumulation of unfolded proteins, endoplas-
mic reticulum (ER) stress and activation of the unfolded 
protein response (UPR) [2, 6].

The UPR activates a signalling and transcriptional pro-
gramme aimed at restoring ER homeostasis. This pathway 
reduces cellular RNA and protein synthesis, increases 
ER folding capacity and improves the elimination of 
unfolded proteins through ER-associated degradation 
(ERAD) [7]. Three ER transmembrane proteins partici-
pate into the UPR: the PRK-like endoplasmic reticulum 
kinase (PERK), the inositol-requiring enzyme 1 (IRE1), 
and the activating transcription factor 6 (ATF6) [8]. 
PERK, by phosphorylating eukaryotic translation initia-
tion factor 2 A (eIF2α), attenuates protein synthesis and 
promotes the expression of several proteins, including 
the activating transcription factor 4 (ATF4). ATF4 acti-
vates additional downstream effectors, including the pro-
apoptotic C/EBP homologous protein (CHOP), which 
leads to cell death upon prolonged UPR [9]. However, the 
molecular mechanisms that drive the clinical phenotype 
of MSS are only partially known. Our research group, in a 
recent proteomic study of skin fibroblasts from a patient 
carrying the SIL1 R111X mutation, showed a slight acti-
vation of the UPR and an alteration in cell metabolism 
[10]. In particular, enzymes involved in lipid and amino 
acid catabolism were upregulated, while those involved 

in lipid and amino acid synthesis were downregulated, 
suggesting an increased energy requirement.

A detailed proteomic study of Sil1Gt mouse (murine 
model of MSS) muscle revealed an increase in chaper-
ones and machinery dedicated to protein degradation 
already before the onset of clinical muscle pathology [11]. 
In addition, the phosphatidylinositol-3-kinase (PI3K)/
Akt and the mammalian target of rapamycin (mTOR) 
pathways were activated in conjunction with increased 
glucose uptake. Finally, a reduction in the expression of 
important secreted/transmembrane proteins, includ-
ing the insulin like growth factor 1 (IGF-1) receptor, was 
found [11]. The alteration of secreted and transmembrane 
proteins localised in the plasma membrane (PM) account 
for about 40% of upregulated and 30% of downregulated 
proteins, an even higher number than the proteins resid-
ing in the ER (14% up and 14% down), suggesting that 
this enormous change could be important for the patho-
genesis of MSS [11]. Interestingly, also cytoskeletal pro-
teins (18% up and 10% down) are largely affected in MSS 
muscle tissue [11]. Our proteomic study confirmed the 
enrichment of Gene Ontology (GO) terms integrin bind-
ing, cell adhesion molecule binding, cell-matrix adhesion 
mediator activity as well as actin cytoskeleton and actin 
filament bundle [10]. The huge involvement of cytoskel-
etal, secreted and PM proteins might indicate a possible 
key role of extracellular matrix (ECM) changes in MSS 
pathology. ECM is a network of proteins that provides 
structural and biochemical support to cells in multicellu-
lar organism [12]. It consists mainly of filamentous pro-
teins, including collagen, elastin, fibronectin and laminin, 
as well as proteoglycans that undergo continuous depo-
sition, degradation and reassembly [12]. This dynamic 
network of macromolecules influences cell migration, 
survival and differentiation, thus regulating tissue devel-
opment. Numerous human diseases affecting different 
tissues have been associated with alterations in ECM or 
its receptors, including myopathies and brain diseases 
[13–17].

In the present study, we performed a transcriptomic 
analysis on patient-derived fibroblasts to better under-
stand the molecular mechanism of MSS. We identi-
fied 664 differentially expressed (DE) transcripts and 

surrounding regions of the Achilles tendon revealed a disorganization of collagen fibres in the mouse model of MSS 
(woozy).

Conclusions ECM alterations can affect the proper functioning of several organs, including those damaged in MSS 
such as the central nervous system, skeletal muscle, bone and lens. On this basis, we propose that aberrant ECM is a 
key pathological feature of MSS and may help explain most of its clinical manifestations.
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validated 13 of them by quantitative real-time PCR 
(qPCR). The majority of DE transcripts belong to intra-
cellular organelles and extracellular space/matrix (ECM) 
compartments. Functional assays confirmed these 
changes, showing reduced ECM remodelling capacity, 
reduced cell motility, and slower spreading during adhe-
sion to Petri dishes. By negative staining transmission 
electron microscopy (TEM), we revealed that patient 
fibroblasts readily form huge extracellular fibres not 
observed in control cells. In vivo, ECM has an important 
role in tendon tissue, to ensure a functional link between 
the skeletal muscle fibres and the bone, as well as peri- 
and intramuscularly, where it contributes in maintain-
ing homeostasis and regulating muscle development. 
The main component of the ECM in tendons and mus-
cles, collagen, is mainly produced by fibroblasts [18, 19]. 
ECM components guide the connection between muscle 
fibres and tendon collagen fibres, regulate the signalling 
of tendon and muscle progenitor cells, and regulate the 
maturation of the myotendinous junction (MTJ), where 
specialised tendon fibroblasts, known as tenocytes, con-
nect to skeletal muscle fibres [20]. To correlate our find-
ings on patient-derived fibroblasts with the woozy mouse 
model of MSS, we analysed by TEM the ECM produced 
at the boundary between Achilles tendon and soleus 
muscle, where a thick band of fibrous connective tissue is 
present. The structural analysis of the soleus muscle MTJ 
and surrounding Achilles tendon regions revealed the 
presence of disorganised collagen fibres in woozy mice, 
which can in turn significantly impair the mechanical 
properties of their skeletal muscle.

Our data strongly support the hypothesis that aber-
rant ECM may be a key pathological feature of MSS 
and explain most of the clinical manifestations of this 
syndrome.

Materials and methods
Cell cultures
Primary Human Dermal Fibroblast (NDHF Promo Cell 
#FB60C12350) supplied by Carlo Erba Reagents were 
used as the control cell line and compared with primary 
dermal fibroblast from a young Marinesco–Sjögren syn-
drome patient, supplied by Telethon Network of Genetic 
Biobanks-TNGB [21]. Cells were cultured in a humidified 
CO2 incubator at a temperature of 37 °C using Dulbecco’s 
modified Eagle’s medium + GlutaMAX (GIBCO, 61965-
026), supplemented with 10% of Fetal Bovine Serum 
(FBS) and 1% penicillin/streptomycin PenStrep (GIBCO, 
15070-063). Cells were subcultured when they reached 
90% confluence and detached with Trypsin-EDTA 0.5% 
(GIBCO, 15400-054). All experiments were performed 
with cells within the 12th passage.

Transcriptomic analysis
Total RNA was extracted from control and patient fibro-
blast in triplicate experiments using the miRNeasy micro 
kit (Qiagen, 217004) according to the manufacturer’s 
instructions. Transcriptomic analysis was carried out 
by next generation sequencing (NGS) RNA sequenc-
ing at BMR Genomics Padova, Italy. RNA integrity was 
determined by analysis of extracted total RNA using a 
2100 Bioanalyzer (Agilent Technologies) with RNA 6000 
NanoChip. RNA concentrations were measured using 
Qubit RNA Assay Kit. Libraries were prepared from 
total RNA according to manufacturer instructions with 
Lexogen QuantSeq 3’ mRNAseq Fwd kit. Libraries qual-
ity were evaluated by size analysis on 2100 Bioanalyzer 
(Chip DNA HS) and concentrations were determined 
using Qubit DNA HS assay kit (Thermo Fisher). Sequenc-
ing was performed on Illumina Nextseq 500 generating 
about 5  million/read per sample, SE75 format. Reads 
preprocessing was performed by using fastp v0.20.0 [22] 
applying specific parameters in order to remove residual 
adapter sequences and to keep only high quality data. 
Passing filter reads were mapped to the genome reference 
(Homo sapiens) v105 of Ensembl repository using STAR 
v2.7.0 [23]. Alignments were elaborated by RSEM v1.3.3 
[24] and sample-specific gene-level abundances were 
merged into a single raw expression matrix applying a 
dedicated RSEM command (rsem-generate-data-matrix). 
Genes with at least 10 counts in 3 samples were then 
selected. Differential expression was computed by edgeR 
[25] from raw counts in each comparison. Multiple test-
ing controlling procedure was applied and genes with a 
false discovery rate (FDR) ≤ 0.1 and log fold change (FC) > 
|0.5| were considered differentially expressed. The heat-
map represents a selection of the 50 most differentially 
expressed genes based on the logFC value. In order to 
create the graph, the R library (pheatmap) with an unbi-
ased hierarchical system was used.

Computer simulation
In order to understand the significance of the overlap 
between the 237 biological processes identified in this 
study and a previous one [10] which identified 898, we 
generated 898 uniformly distributed pseudo-random 
integers ranging from 1 to 27,597 (number of biologi-
cal processes in the GO database) with the Matlab algo-
rithm. These numbers were associated to the biological 
processes in the GO database. Random generation, asso-
ciation and overlap calculation of these random biologi-
cal processes with the 237 biological processes identified 
in this study was repeated 10,000 times. Then, the mean 
overlap across the 10,000 repetitions was computed.
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Quantitative real-time PCR (q-PCR)
Total RNA from fibroblasts was extracted using TRIzol 
reagent. RNA was than retrotranscribed using the 
kit (High Capacity cDNA Reverse Transcription Kit 
#4368813 from Applied Biosystems) according to the 
manufacturer’s instructions. The q-RT-PCR reactions, 
based on SYBER green chemistry (Sensifast SYBR Hi-
Rox #BIO-92020 from Bioline), were performed using 
CFX C1000 (BIORAD) and the expression of selected 
genes is presented relative to the mean of housekeep-
ing reference, i.e. glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) (ΔΔCt method) (Table 1). The PCR 
primer sequences were as follows:

One-way ANOVAs were performed to compare ΔCt 
values for each gene between the two groups. Then Ben-
jamini-Hochberg adjusted p-values were computed to 
adjust for multiple comparisons.

Collagen degradation/internalization assay
Control and patient fibroblasts were seeded in 24-well 
plates (3 × 104 cell/well) or into ibidi µ-slide 8-well glass-
bottom plates (19,5 × 102 cell/well) for widefield or con-
focal analysis, under standard growth conditions. After 
24  h medium was replaced with Dulbecco’s Modified 
Eagle Medium (DMEM) serum‐free and after 16 h cells 
were incubated with 10  µg/mL of dye-quenched (DQ)-
collagen (Invitrogen, Carlsbad, CA) up to 5  h. Collagen 
degradation was monitored by detection of the green 
signal in a fluorescence microscope (EVOS®FL, AMG, 
USA). The fluorescence intensity of each cell was calcu-
lated using a formula for corrected total cell fluorescence 
(CTCF) = integrated density–(area of selected cell × mean 
fluorescence of background readings) [26]. For confo-
cal analysis, cells were treated as above and exposed to 
LysoTracker (ThermoFisher) as for the manufacturer’s 
instructions. Images were acquired with a Zeiss LSM880 
confocal microscope (Zeiss) using 495 and 647‐nm lasers 

and as previously described [27]. Quantification of DQ-
collagen internalization in confocal images was per-
formed according to the procedure described above for 
the fluorescence microscope and expressed as CTCF.

Collagenase assays
Cell-free supernatants were tested for collagenase activity 
with the EnzChek Gelatinase/Collagenase assay kit (Invi-
trogen, Carlsbad, CA). Control and patient fibroblasts 
were seeded in 24-well plates 3 × 104 cell/well under 
standard growth conditions, and after 24  h medium 
was replaced with DMEM serum‐free. After 16  h cell 
supernatants were collected, centrifugated at 3000 g for 
10 min at room temperature, and filtered using a 0.2 μm 
Minisart sterile filter (Sartorius). Reactions were pre-
pared by mixing 100 µL of conditioned media with 20 µL 
of the substrate at 100 µg/mL and 80 µL of reaction buf-
fer in black optical bottom 96- well plates (Greiner Bio-
One, Monroe, NC). Plates were incubated in a Synergy 
H1 microplate reader (BioTek, Winooski, VT) at 37 °C in 
atmospheric conditions. Kinetic fluorescence reads were 
measured after 7 s shaking every 5 min at 485 nm excita-
tion/527 nm emission. There was no need to normalize 
collagenase activity because the total amount of proteins, 
at the time of the experiment, was the same in the control 
and in the patient fibroblasts.

Cell adhesion assay
Control and patient fibroblasts were seeded in 96-well 
plates (5 × 102 cells/well) and settled at RT for 15  min 
before being placed into Incucyte® Live Cell Analysis 
System (Incucyte® S3/ -Sartorius) at 37  °C in a humidi-
fied CO2 incubator. Four phase-contrast images of each 
well were acquired every 3  h for 24  h using 10X objec-
tive. Images were analysed by Incucyte® Cell-by-Cell 
Analysis Software, and data were exported for further 
statistical analysis on GraphPad Prism 9. Statistical 

Table 1 Primer sequences used in this study
Gene name FW sequence 3’-5’ REV sequence 3’-5’
ACAN CTG CTA TGG AGA CAA GGA TGA G CTG GAG ATG TTG CAT AAA AGA CC
ALDH1A1 AGC AGG AGT GTT TAC CAA AGA CCC AGT TCT CTT CCA TTT CCA G
CTHRC1 CAA TGG CAT TCC GGG TAC AC GTA CAC TCC GCA ATT TTC CCA A
CTTNBP2 CCG TGG GAC TTT ATG AGG AAG GAG GGA TCA TGG AGG CAT AAG
ELAPOR2 CCT GGC AAC ATG AAA ACT TCC TCA TTG TCA GAA CCT CCA GC
EXPH5 TGG GAC AGA AAG GAT GTG ATG CTG GCT TTG GGA CAA ATG TAC
GAPDH CTG GGC TAC ACT GAG CAC C AAG TGG TCG TTG AGG GCA ATG
GPC4 AGG AAA CGG CAA TGA GGA TG GAC GAA GGA TCA GTA TGT CTG G
LXN ACA GAA CTA CAT CAA CTA CCA GC GTG ATA CTT ATG TCC TCT TCC TGG
NRN1 ACA AGA CGA ACA TCA AGA CCG TTA TCC CAC ATA TCT TTC GCC C
PCDH7 TGT CAA ACC AAT AAC AAG TAC AGC ACT GCT TGG TGT TTC TGA CTC
PCOLCE2 GGG AAG TCA ACG ATG CTA GAA G GTG ACC AAT AAA CCC ATC TGC
SIL1 GCT TCA CCT TCT GCC TCA GTC A AAC ACC TCC AGG ACT TCG GCA T
VCAN GGT GGT CTA CTT GGG GTG AG GTG ATG CAG TTT CTG CGA GGA
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differences in the average phase object area between con-
trol and patient fibroblasts over time were determined 
using repeated measure ANOVA over the 9 time points. 
Fisher LSD post-hoc test was used to compare average 
phase object area value at the same time point between 
groups. P value < 0.05 was the threshold for statistical 
significance.

Motility assay
Cell motility was assessed according to the protocol for 
Incucyte Scratch Wound Assay. Control and patient 
fibroblasts were seeded in 96-well ImageLock™ plate to 
reach maximum density of 100% (2 × 104 cells/well) and 
incubated overnight in standard growth conditions. The 
next day, the 96-pin Incucyte WoundMaker (Sartorius) 
was used to create a precise and uniform wound simul-
taneously in each well. Cells were washed twice with 
PBS and then incubated into Incucyte® Live Cell Analy-
sis System (Incucyte® S3/ -Sartorius). Two phase contrast 
images from each well were acquired every 3 h for 24 h 
using 10X objective. Relative wound density was analysed 
using Incucyte® Scratch Wound Analysis Software Mod-
ule, and data were exported for further statistical analysis 
on GraphPad Prism. Statistical differences in the relative 
wound density between control and patient fibroblasts 
over time were determined using repeated measure 
ANOVA as described for the average phase object area. P 
value < 0.05 was the threshold for statistical significance.

Transmission electron microscopy (TEM) of soluble ECM
Controls and patient fibroblasts at 80% of confluency 
were incubated with serum and antibiotic-free medium 
over-night. The next day, the conditioned medium was 
collected and centrifuged at 20,000  rpm to remove any 
residual cells or cellular debris. The protein concentra-
tion of the conditioned medium quantified by was on 
average 14.0 ± 1.8 and 10.8 ± 1.0  µg/mL for control and 
patient fibroblasts, respectively.

The overall morphology of the ECM samples col-
lected as described, has been characterized by TEM 
using a CM 100 transmission electron microscope (Phil-
ips) equipped with a tungsten filament and operating at 
100  kV. The specimens have been prepared by negative 
staining as previously described for protein molecules 
[28]. Briefly, a 5 µL drop of each ECM sample at concen-
tration 10–15 µg/mL has been applied onto a 200-mesh 
carbon-coated grid (Agar Scientific Ltd) and let adsorb 
1  min before dropping it downwards on 100 µL com-
mercial Nano-W stain (2% organotungsten compound, 
Nanoprobes Inc.). Thereafter, the excess of stain has been 
removed by touching the grid side with Whatman filter 
paper (Merck KGaA) and the grid left to air-dry before 
imaging by TEM. When necessary, the acquired micro-
graphs have been post-processed using a high-pass or 

fast Fourier transform (FFT) bandpass filter by means of 
ImageJ v1.54 to reduce edge artifacts derived from low or 
over-exposure to the electron beam.

Mice
Woozy mice (CXB5/By-Sil1wz/J) purchased from The 
Jackson Laboratory (Stock No. 003777), housed at con-
trolled humidity and temperature were provided with a 
standard diet and water ad libitum. The mouse colony 
was propagated by heterozygous mating and genotyped 
by standard PCR. All procedures involving the mice were 
performed according to the protocol approved by the 
Institutional Animal Care and Use Committee of the Ital-
ian Ministry of Health (authorization n° 596/2021-PR, 
issued pursuant to art. 31 of Legislative Decree 26/2014). 
Animal housing facilities meet international standards 
and are regularly inspected by a certified veterinarian.

Histology and TEM of woozy mouse Achilles tendon
Samples were carefully dissected from 7 months old 
woozy (n = 3) and control (n = 3) mice, pinned on Sylgard 
dishes, fixed at room temperature with 3.5% glutaralde-
hyde in 0.1 M NaCaCO buffer (pH 7.2) and kept at + 4 °C 
in fixative solution until further use. Fixed samples were 
then postfixed in 2% OsO4 in the same buffer for 2  h, 
then block-stained in uranyl acetate replacement. After 
dehydration, specimens were embedded in an epoxy 
resin (Epon 812; Electron Microscopy Sciences, Hatfield, 
PA, USA), as previously described [29, 30]. For histologi-
cal examination by light microscopy, semithin sections 
(∼700  nm) were cut using a Leica Ultracut R micro-
tome (Leica Microsystem, Vienna, Austria) with a dia-
mond knife (Diatome, Biel, Switzerland) and stained in 
a solution containing 1% toluidine blueO and 1% sodium 
borate (tetra) in distilled water for 3 min on a hot plate 
at 55–60  °C. After washing and drying, sections were 
mounted with DPX media for histology (Sigma–Aldrich, 
Milan, Italy) and observed with a Leica DMLB light 
microscope connected to a DFC450 camera equipped 
with Application Suite v 4.13.0 for Windows (Leica 
Microsystem, CMS GmbH, Switzerland). For TEM, ultra-
thin sections (∼50  nm) were cut using a Leica Ultracut 
R microtome (Leica Microsystem, Vienna, Austria) with 
a Diatome diamond knife (Diatome, Biel, Switzerland) 
and double-stained with uranyl acetate replacement and 
lead citrate. Sections were viewed in a in a 120 kV JEM-
1400 Flash Transmission Electron Microscope (Jeol Ltd, 
Tokyo, Japan) equipped with CMOS camera Matataki 
and SightX Viewer software (Jeol Ltd, Tokyo, Japan) at 
80 kV.
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Results
Changes in the extracellular matrix and anchoring 
junctions in fibroblast isolated from a patient affected by 
Marinesco-Sjögren syndrome
To shed light on the pathogenic mechanism of MSS we 
performed a transcriptomic analysis of skin fibroblasts 
isolated from a young patient affected by this disease. 
Total RNA extracted from fibroblasts, cultured under 
standard conditions, was used to assess gene expression 
by outsourced next-generation sequencing. As a con-
trol, fibroblasts from a healthy individual were treated 
in parallel. The experiments performed in three biologi-
cal replicates identified 664 differentially expressed (DE) 
transcripts having a fold change (FC) > of 2 and FDR < 0.1 
(Supplementary Table 1). The top 50 most variable genes, 
based on unbiased hierarchical clustering of the logFC 
value, are shown in the heat map (Fig.  1A). Analysis of 
the relationships between DE transcripts using STRING 
protein-protein interaction database indicated that these 
transcripts have significantly more interactions than if 
631 genes (those present in STRING database) had been 

chosen at random (p < 6.7 10− 12). This supports the reli-
ability of the transcriptomic results.

In order to gain insight about the functional effects of 
such changes in the transcriptome we searched for pos-
sible enrichment of DE genes with respect to gene ontol-
ogy (GO) classification. Overall, our gene set resulted to 
be enriched for 237 different GO biological processes, 6 
molecular functions, 30 cellular components and 24 sub-
cellular compartments (Supplementary Tables 2, 3, 4 and 
5). As expected by previous studies, enrichment analysis 
confirmed that the patient fibroblasts have a membrane 
trafficking issue. In fact, intracellular organelles account 
for 4 out of 24 subcellular compartments and are rep-
resentative of more than 350 DE genes (Supplementary 
Table 5). Interestingly, the most represented subcellular 
compartments are the extracellular space/matrix and 
those dedicated to cell-matrix and cell-cell adhesion. 
Altogether, these account for 15 of the 24 compartments 
to which more than 150 DE genes belong (Supplemen-
tary Table 5). The involvement of both the endomem-
brane and the ECM/cell adhesion issue was confirmed 

Fig. 1 Differentially expressed genes in fibroblasts from an MSS patient compared with a healthy control. A) Heat map of the modulated genes. The 
heatmap shows the top 50 most variable genes based on the logFC value. Upregulated genes are reddish while downregulated genes are in blueish 
as reported in the colour key histogram. Control and patient fibroblast samples are indicated by a green and violet bar respectively. Gene names are 
indicated on the right. (B) Bubble plot of cellular components enriched by differentially expressed genes. Enrichment is calculated as the ratio of the 
number of observed genes to the total number of genes associated with that specific ontology. The strength represents the Log10 of the ratio between 
the number of genes annotated to a specific ontology and the number of genes expected to be annotated to that ontology if they were picked randomly 
from a group of the same size. (C) Quantitative PCR analysis. Twelve differentially expressed genes identified by transcriptomic analysis were validated 
by quantitative reverse transcriptase PCR. Data are expressed as fold change and gene names are in the legend shown on the right. One-way ANOVA 
was performed to compare ΔCt values. ** p > 0.01, *** p > 0.001. Results are presented as mean ± standard error of fold changes from three independent 
experiments performed in technical triplicate
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by looking at the enrichment of the cellular components 
(Fig. 1B and Supplementary Table 4).

To infer the extent to which the gene alteration iden-
tified in this study is representative of MSS, we com-
pared the enriched biological processes (Supplementary 
Table 2) with those of our previous proteomic study on 
the same fibroblasts [10] and with those of Sil1Gt mouse 
muscle [11]. To make this comparison, we first used 
the STRING database to identify biological processes 
enriched in the DE proteins reported in the proteomic 
study of Sil1Gt mouse muscle (Supplementary Table 
6). About 50% of the biological processes were shared 
between the current transcriptomics and our previous 
proteomics study performed on the same cells [10]; while 
the overlap with mouse muscle proteomics (Supplemen-
tary Table 6) was about 30%. To understand the signifi-
cance of this degree of overlap, we performed a computer 
simulation. Indeed, 898 randomly selected biological 
processes (see methods), i.e. the number of biological 
processes identified in our previous proteomic study 
[10], have only 3.2% overlap with those reported in Sup-
plementary Table 2. On this basis, we conclude that the 
degree of overlap of the biological processes identified 
in this study with previous ones (around 50%and 30%) 
is highly significant and far from what could be obtained 
by chance (around 3%). This suggests that our tran-
scriptomic profiling has identified important molecular 
pathology clues shared by this syndrome across species 
and tissues.

Next, we used the web-based software Ingenuity Path-
ways Analysis (IPA) to deepen the functional analysis 
of DE genes. An analysis of “Canonical Pathways” (well 
established and manually curated metabolic and sig-
nalling pathways) potentially influenced by DE genes 
identified glycoprotein VI (GP6) signalling and glioma 
invasiveness signalling as significantly downregulated 
(Z-score < 2) in patient fibroblasts compared to controls. 
However, several other ECM-related pathways have been 
downregulated, including the tumour microenviron-
ment, the signalling by Rho family GTPases, the pulmo-
nary fibrosis idiopathic signalling and the hepatic fibrosis 
signalling.

Subsequently, using the IPA module called “Dis-
ease and Functions” we identified cellular movement 
of tumour cell line and migration of tumour cell line 
as significantly decreased (Z-score < 2). Furthermore, 
apoptosis was increased (Z-score 3.03) while cell sur-
vival was decreased (Z-score − 2.38). Finally, cell pro-
liferation of tumour cell lines was also decreased 
(Z-score − 2.25). This analysis confirms the involve-
ment of the ECM and indicates a potential increase 
in cell death and inhibition of cell proliferation, as 
reported in our previous study [10].

To experimentally assess the reliability of our tran-
scriptomic analysis, 13 DE genes, including SIL1 itself, 
were validated by quantitative real-time PCR (qPCR). 
The genes to be validated were chosen among those 
with higher fold changes and lower FDR. However, 
with the aim of covering the different functional alter-
ations associated with MSS we included genes belong-
ing to the ECM, cell cytoskeleton, vesicle trafficking 
and endosome-lysosome-autophagy. Total RNA was 
extracted from controls and patient fibroblasts, 
reverse transcribed, and used for qPCR analysis. The 
qPCR confirmed the upregulation of seven genes and 
the downregulation of five genes (Fig. 1C).

Remodelling of extracellular matrix is impaired in patient 
fibroblasts
As the observed gene changes could be involved in the 
formation/organisation of the ECM and in anchor-
ing junctions, we studied ECM remodelling to assess 
whether the observed molecular changes could be 
reflected in a functional phenotype. Cells remodel the 
ECM by means of metalloproteases (e.g. collagenase). 
The cleaved matrix proteins can then be internalised 
and eventually hydrolysed in the endo-lysosomal com-
partment to recycle the components. To monitor this 
phenomenon, we evaluated the digestion and uptake of 
a molecular probe consisting of a fluorescein-labelled, 
highly quenched collagen (dye-quenched (DQ) -col-
lagen). DQ-collagen can only fluoresce after digestion 
by collagenases. The digested probe is internalised by 
the cells and can be visualised by immunofluorescence 
microscopy.

Time course experiments showed that at 3 h of incu-
bation with DQ-collagen, fluorescent dots appeared 
in both control and patient fibroblasts (Fig. 2A). How-
ever, at longer times, fluorescence increased further 
only in control cells, while it remained low in patient 
cells (Fig.  2A and B). We believe that in patient cells, 
reduced expression of metalloproteases and increased 
expression of metalloprotease inhibitors (Supplemen-
tary Table 1) impair ECM remodelling, therefore DQ-
collagen is eventually processed and internalized to a 
lesser extent.

Colocalization experiments using confocal micros-
copy showed that intracellular dots colocalise with the 
LysoTracker, used as a marker for lysosomes (Fig.  2C 
and D). On average, the amount of fluorescent probe 
internalised by patients cells was very little in compar-
ison to control fibroblasts (Fig. 2C, D and F). In addi-
tion, fluorescent filaments surrounding the cells were 
detected in the cultures; these were most prominent in 
patient fibroblasts (Fig. 2C and D and Supplementary 
Fig.  7), suggesting a slowing of ECM metabolism in 
diseased cells. To clarify whether this scenario was due 



Page 8 of 16Amodei et al. Journal of Translational Medicine          (2024) 22:787 

to reduced metalloprotease activity, we measured the 
ability of the fibroblast conditioned medium to digest 
DQ-collagen and emit fluorescence. Indeed, the pro-
teolytic activity measured in the conditioned medium 
collected from patient fibroblasts was lower than that 
measured in the conditioned medium from control 
fibroblasts (Fig. 2E).

These data support the idea that the molecular 
changes identified by transcriptomics, impact ECM 
remodelling.

Transmission electron microscope analysis showed the 
presence of proteinaceous fibres only in the ECM produced 
by the patient fibroblasts
In order to directly observe the consequences of a 
possible alteration of ECM processing, we collected 
the conditioned medium of fibroblasts and analysed 
its organisation by negative-staining TEM. Elec-
tron micrographs of the conditioned medium of con-
trol fibroblasts showed thin protein filaments with 

similar thickness and shape likely organized as a net-
work (Fig.  3A). Accounting for the size of these fila-
ments, the average estimated value of the thickness 
was 11 ± 1.8  nm. Likewise, the conditioned medium 
of the patient fibroblasts showed an overall network 
organisation, but, interestingly, the filaments were 
thicker and exhibited an apparent ribbon-like shape 
(Fig. 3B). Furthermore, this morphology likely reveals 
the tendency of the filaments to aggregate and form 
a sort of primitive fibrils, (Fig.  3B), that are reminis-
cent of collagen organization [31]. As a result, the cal-
culated thickness of these aggregates increased up to 
48.8 ± 16.2  nm on average, thus confirming increased 
size while pointing out to large variability throughout 
the sample. Note that these overstructured filaments 
in fibrillar form (Fig. 3B right panel) were not detected 
in the conditioned medium of the control fibroblasts. 
No further molecular differences between the control 
and patient-derived filaments can be observed due to 
the resolution limit of the microscope.

Fig. 2 Live cell imaging of DQ-collagen internalization in fibroblasts and collagenase activity. (A) Panels show representative images of DQ-collagen 
fluorescence internalised in control (HF-CTRL) and patient fibroblasts (HF-MSS) over time. (B) Quantitation of the fluorescence of the experiment shown 
in A. The y axis represents the corrected total cell fluorescence (CTCF) expressed as arbitrary units. Results are presented as mean ± standard error from 
three independent experiments. Repeated measure ANOVA over time points and post parametric multiple t test were performed; *** p < 0.001q < 0.001. 
(C-D) Control fibroblasts (HF-CTRL in C) and patient fibroblasts (HF-MSS in D) grown on ibidi µ-slide were incubated with DQ-collagen for 5 h, followed 
by LysoTracker for 3 h. Live cells were imaged by confocal microscope using the 495 and 647-nm lasers. LysoTracker and DQ-collagen fluorescence are 
shown in red and green respectively. Colocalization of lysosomes and DQ-collagen is shown by merging the fluorescence. Two different magnifications 
are shown. Results are from two independent experiments performed in technical triplicate. (E) Collagenase activity of fibroblast conditioned medium. 
Cell-free supernatants of fibroblasts were incubated with DQ-collagen and fluorescence development was measured every 5 min. Results are presented 
as mean ± standard error from two independent experiments performed in technical triplicate. Repeated measure ANOVA over time points and post 
parametric multiple t test were performed; * P < 0.05. (F) The graph shows the quantification of internalized collagen in HF-CTRL and HF-MSS of the 
experiments shown in C and D. *** P < 0.001
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These data suggest that the ECM of healthy fibro-
blasts is still immature at 24  h of deposition, most 
probably because the formation of large fibrils requires 
longer remodelling times. Whereas the diseased cells, 
which show altered remodelling activity (proteolytic 
and/or cross-linking activity), at 24  h have formed 
larger but probably disorganized fibrillar aggregates.

The change in cell morphology during attachment to 
Petri dishes and cell motility are slowed down in patient 
fibroblasts
Prompted by the numerous changes in the expression of 
genes belonging to the ECM, cytoskeleton and anchor 
junctions, as well as by evidences of an abnormal ECM, 
we decided to analyse the rapidity of adhesion to Petri 
dishes and cell motility.

To assess how quickly cells enlarge in size during 
attachment to the Petri dishes, we monitored the area 
occupied by the cells immediately after plating, when 

they are mostly round, and at 3  h intervals up to 24  h, 
when the cells can be considered fully enlarged on the 
dish, as their area does not increase further over time. 
This assay is indicative of cell-ECM interaction and cyto-
skeleton dynamics. Interestingly, patient cells reached 
full extension more slowly than controls (Fig.  4A and 
B), probably due to the fibrillar supramolecular assem-
bly of the aberrant ECM matrix, as observed by confocal 
microscopy and TEM (Figs. 2 and 3), as well as to altered 
expression of adhesion receptors.

Cell motility was assessed by wound-healing and ana-
lysed by Scratch Wound Analysis Software (Sartorius). 
Cells were plated to confluency, scratched and wound 
closure was monitored at 3 h intervals for 24 h. It should 
be noted that the Sartorius 96-well wound-maker repro-
ducibly generated scratch widths of approximately 
800  μm in controls and 1000  μm in patient fibroblasts 
(Fig.  4C). This difference cannot be explained by the 
larger size of the patient cells [10], but probably depends 

Fig. 3 TEM analysis of negative-stained ECM released by fibroblasts. Fibroblasts grown to 80% of confluence were incubated with serum free HBSS 
medium for 24 h. The day after, the conditioned medium was collected, refrigerated and a 5 µL drop has been applied onto carbon-coated grid. The grid 
was stained and air-dried before imaging by TEM. (A) Representative micrographs of ECM generated by control fibroblast (HF-CTRL), at low (left) and high 
(right) magnification. (B) Representative micrographs of ECM generated by patient fibroblast (HF-MSS), at low (left) and high (right) magnification. Results 
are from two independent experiments performed in technical triplicate
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on the removal of additional rows of cells in addition to 
those directly removed by the cutting blade, because the 
diseased cells are more strongly attached to each other. 
Cell motility, calculated by measuring the relative density 
of the wound in the scratched area compared to the con-
fluent area, showed slower movement of diseased fibro-
blasts compared to controls (Fig. 4D).

However, we would like to emphasize that we cannot 
exclude that intrinsic cellular factors (e.g., cellular stress), 
in addition to alteration of the ECM, may contribute to 
slow cell attachment and motility.

Aberrant ECM deposition/remodelling impact tendon 
thickness/organization in woozy mouse
On the basis of the striking phenotype observed in the 
ECM generated by fibroblasts in culture, we wondered 
whether altered ECM deposition/remodelling could also 
affect the woozy mouse model of MSS. To this aim, the 
boundary between Achilles tendon and the soleus mus-
cle from seven months old woozy and control mice were 
fixed and analysed by TEM.

Adult tendon is a collagen-rich tissue, populated with 
a small number of flat specialized fibroblasts called teno-
cytes [32]. In the ECM, collagen is organized in fibrils 
with a regular striation, and collagen fibrils are disposed 
in bundles of fibres. Embedded in the ECM of the tendon 
are the tapered ends of skeletal muscle fibres, which form 
the MTJ. Skeletal muscle fibres develop extensive folding 
of sarcolemma at this interface and tendon extensions are 
elongated and branched throughout the MTJ interface.

In semi-thin sections stained with toluidine blue, col-
lagenous fibres at the boundary between Achilles tendon 
and the soleus muscle were well identified as dark blue 
stained regions in control animals, and a well distinct 
striation pattern was present (Fig.  5A and B). In woozy 
mice samples extensive changes in the organization of 
connective tissue arrangement was observed (Fig. 5C and 
D). In the tendon matrix there is less organized fibrous 
connective tissue, and collagen fibres appear less com-
pact as demonstrated by the irregular blue stain (Fig. 5C). 
The MTJ regions in each group were identified (asterisks 
in Fig. 5A and C).

Fig. 4 Analysis of fibroblast-ECM interactions. (A) Fibroblast attachment rate. Control (HF-CTRL) and patient fibroblasts (HF-MSS) were plated on a 96 
well plate and imaged immediately after and then every three hours for 24 h. Images are shown at 0, 6 and 24 h of incubation as indicated. Differences 
in attachment rate are already visible after 6 h. Scale bar is 400 μm. (B) Graph shows the area occupied by the cells over time. Results are presented as 
mean ± standard error from three independent experiments performed in technical quadruplicate. Repeated measure ANOVA over time points and post 
parametric multiple t test were performed; * p < 0.05. (C) Wound-healing assay. Control (HF-CTRL) and patient fibroblasts (HF-MSS) plated at confluency 
on a 96 well plate were scratched and wound closure was imaged every three hours for 24 h. Images show differences in cell migration at 0 h, 12 h and 
24 h of incubation. Scale bar is 400 μm (D) Quantitative analysis of the experiment shown in B. Cell migration is expressed as relative wound density. Re-
sults are presented as mean ± standard error from four independent experiments performed in technical quadruplicate. Repeated measure ANOVA over 
time points and post parametric multiple t test were performed; * p < 0.05, **p < 0.01

 



Page 11 of 16Amodei et al. Journal of Translational Medicine          (2024) 22:787 

Analysis at TEM higher magnifications, of the muscle/
tendon interface confirmed our observations in ultra-
thin sections. Well-aligned collagen fibres are visible in 
control samples (Fig. 5B), compared to a more irregular 
pattern in samples from woozy mice (Fig. 5D). The pres-
ence of tenocytes was observed in the electron micro-
graphs of both groups of mice. In longitudinal sections 
the tenocytes of control animals often have an oblong 
shape with oval nucleus and are arranged between the 
collagenous fibrils of the ECM (Fig. 5B and D). In cross-
section (images not shown) they present the typical tri-
angular irregular shape of tenocytes, sometimes also 
visible in longitudinal section (Fig.  6A), with long fin-
ger-like cellular processes that extend into the ECM and 
attach to the collagenous fibrils. The cell organelles of 
the tenocytes appear intact, including the rough ER and 
the mitochondria, which present a regular appearance 
(Fig. 5B). In samples from woozy mice, tenocytes derived 
from the tendon tissue adjacent to the MTJ have degen-
erative alterations, such as damaged mitochondria, and 
cell debris are often found in the nearby ECM ( Fig. 5D). 
Tenocytes are surrounded by collagen fibres often lacking 

a well-organized pattern of disposition (Fig.  6B). Some-
times tenocytes have rounder shape, with a large nucleus 
and fewer cellular processes and are surrounded by col-
lagen fragments and/or various material, not always well 
identifiable, sometimes resembling overstructured fila-
ments in fibrillar form found in the conditioned medium 
of the patient fibroblasts (Figs. 3B and 6C).

Discussion
MSS is an early-onset autosomal recessive genetic dis-
order that manifests with different degrees of severity; 
typically there is ataxia and myopathy, some degree of 
mental retardation that can range from mild to severe, 
and widely varying skeletal and eye problems [1–3, 33, 
34]. This phenotype is triggered, at least in about 60% of 
the cases, by loss of functions mutations of Sil1, a ubiq-
uitous cochaperone resident in the ER. However, so far 
the clinical variability has not been linked to specific Sil1 
mutations, but rather could be attributed to the patient’s 
genetic background. Sil1 loss impairs protein folding in 
the ER and consequently UPR is generated. The UPR is 
probably involved in the pathogenesis of MSS, although 

Fig. 5 Light and transmission electron microscopy (TEM) analysis of Achilles tendons of control and woozy mouse. (A and C) Toluidine blue stained 
semi thin-sections of the boundary between Achilles tendon (T) and the soleus muscle (mc) from heterozygous (SIL1+/−) control (CTRL, A) and woozy 
(SIL1−/−) mice (HOMO, C). The myotendinous junction (MTJ) is indicated by asterisk. (B and D) Representative images at TEM higher magnification of the 
connective tissue in control (CTRL, B) and woozy mice (HOMO, D), with tenocytes (Ten) arranged between the collagenous fibrils (Coll) of the ECM. Some 
organelles are visible (e.g. mitochondria, m) as well as cell debris (black arrow), and areas of degeneration (empty arrow)
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the exact molecular mechanisms that (i) cause the selec-
tive degeneration of Purkinje neurons and muscle fibres, 
(ii) have important consequences on cortical neurons 
(mental retardation) and chondrocytes (short stature) 
and (iii) spare many other cells such as leukocytes or 
fibroblasts are unknown [2].

We believe that identifying the molecular mechanisms 
underlying the selective degeneration of cells and/or 
the mechanisms activated by cells that are able to cope 
with the loss of Sil1 (e.g. fibroblasts) is crucial to fully 
understanding this syndrome and may pave the way for 
therapy. For this purpose, we analysed the gene expres-
sion of fibroblasts isolated from a patient and compared 
it with a healthy control. This patient carries a nonsense 
DNA mutation in the SIL1 gene that generates the R111X 
alteration on the protein [10]. This truncated Sil1 is prob-
ably degraded because it is undetectable by western blot-
ting (data not shown). Patient-derived fibroblasts showed 
more than 600 transcripts with altered expression. The 
expression of a few DE transcripts was confirmed by 
qPCR using total RNA extracted from the same fibro-
blasts. In order to assess the general reliability of the 
transcriptomics we showed, by statistical analysis, that 
the DE transcripts are correlated with each other and 
are not the result of random selection. Furthermore, the 
enriched biological processes linked to DE transcripts 
significantly overlap with those previously identified by 
proteomic analysis in the same fibroblast [10] and muscle 
of a mouse model of MSS [35], thus supporting the pre-
dictive value of this transcriptomics for MSS.

Bioinformatic analysis of DE transcripts showed that 
gene expression changes are mainly associated with 
intracellular organelles, including lysosomes. This result 
is in line with previous studies showing that intracellular 
organelles and autophagic vacuoles are the main sub-
cellular compartment affected by MSS [10, 36, 37]. Our 

analysis also revealed possible alterations in ECM forma-
tion and remodelling based on changes in collagens, gly-
cosaminoglycans, metalloproteases and metalloprotease 
inhibitors (Supplementary Table 1). Complementing this, 
the expression of anchoring junctions genes, such as inte-
grins, and cytoskeleton genes, including filamin, alpha-
actinin-4 and the neural cell adhesion molecule L1, was 
also affected. However, it is difficult to say whether the 
alterations in the expression of transcripts belonging to 
the anchoring junctions and the cytoskeleton are primi-
tive or secondary to changes in the ECM.

The inferences we made by bioinformatic analysis 
about a perturbation of the ECM were confirmed by 
functional studies. In fact, using DQ-collagen, we could 
show that ECM remodelling and matrix internalization 
are impaired in patient cells. We also provided evidences 
that cell-cell and cell-ECM interactions are altered, thus 
affecting cell attachment and motility. Finally, our data 
were corroborated by the TEM analysis of the ECM pro-
duced in woozy mice at the MTJ, where tendons connect 
to muscles. Qualitative analysis showed an organisation 
of the collagen to form long fibrils with a regular stria-
tion in the control animals, whereas in the woozy mouse 
the arrangement of collagen fibrils in well-aligned fibre 
bundles was impaired and the ECM showed areas of 
degenerative disruption. The woozy mouse carries a mis-
splicing between exon 7 and ETn retrotransposon lead-
ing to the formation of a chimeric transcript of the first 
7 exons linked to the transposon. This transcript incor-
porates a stop codon in frame after 96 bases within the 
transposon generating a truncated protein that is prob-
ably unstable and degraded [38]. Therefore, although the 
mutations in the fibroblasts of the patient and woozy 
mice are different, both lead to loss of Sil1. Finally, to best 
summarise the key experiments and main results of this 
study, a cartoon is shown in Fig. 7.

Fig. 6 TEM analysis of the MTJ region in control and woozy mice. A -C) Ultrastructural appearance of the muscle (mc)/tendon interface in heterozygous 
(SIL1+/−) control (CTRL, A) and woozy (SIL1−/−) mice (HOMO, B). Tenocytes (Ten) derived from the tendon tissue adjacent to the MTJ are surrounded by 
collagen fibrils (Coll). Sometimes in the ECM overstructured filaments in fibrillar form are present (black arrow in C). Scale bar 2 μm
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ECM is a dynamic structure constituting a large vol-
ume of our brain [13, 39]. It generally consists of scaffold-
ing elements such as collagens and amorphous elements 
such as proteoglycans. Multiple enzymes from the class 
of metalloproteases and disintegrins, as well as tissue 
inhibitors of metalloproteinases (TIMPs), are involved 
in the continuous maturation and remodelling of the 
matrix with the goal of adapting it to tissue needs [13, 
40]. ECM plays important roles in the proliferation, dif-
ferentiation, and migration of neurons and the establish-
ment of proper connections during brain development 
[14]. In the adult brain, ECM modulates neuronal activi-
ties by acting on dendritic spines and participating in the 
distribution of neurotransmitters, neurotrophic factors, 
and nutrients. These actions are also possible because 
the ECM of the brain is particularly rich in proteoglycans 
[39]. ECM alterations have been associated to numer-
ous neurodegenerative diseases including Alzheimer’s 
disease, Huntington’s disease (HD), Parkinson’s disease 
(PD), epilepsy and ataxia [13, 41]. Spinocerebellar ataxia 

type 1 (SCA1) is caused by polyglutamine expansion in 
the Ataxin 1 (ATXN1) gene [42]. A gene expression study 
in a mouse model of ATXN1 reported changes in the 
expression of many ECM genes and functionally related 
genes, including collagens, laminin, integrins, matrix 
metalloproteinases (MMPs), and disintegrins, suggest-
ing that ECM might be a relevant pathogenetic element 
in cerebellar ataxias [13, 43]. The expression of ECM 
genes involved in synapses organization (e.g. Cbln1) was 
also affected. This gene expression pattern is reminiscent 
of the one we identified in MSS; it is worth noting that 
we also revealed alterations in the expression of 5 differ-
ent semaphorin genes (SEMA3A, SEMA3B, SEMA3C, 
SEMA5A, SEMA6A). Among the transcription factors 
involved in the regulation of ECM is the aryl hydrocar-
bon receptor (AhR)/AhR nuclear translocator (ARNT). 
In a mouse model of liver fibrosis, AhR activation was 
shown to trigger the expression of several MMPs and col-
lagens [44]. In line with this, we revealed a downregula-
tion of ARNT2, a possible upstream event contributing 

Fig. 7 Through molecular, cellular and histological approaches in vitro and in vivo, we revealed changes in the ECM and tendons of woozy mice that 
may explain part of the pathological mechanism of MSS. The left panel summarises in vitro experiments showing genes differentially expressed in control 
and patient fibroblasts. These molecular changes impair ECM dynamics, resulting in an aberrant ECM that in turn slows cell adhesion and reduces cell 
motility. The right panel represents the disorganised fibrils of the woozy mouse tendon both histologically and ultrastructurally. It also represents the 
damage to the tenocytes
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to the downregulation of many ECM genes. Note that 
ARNT2 is neuroprotective in brain injury and is neces-
sary in postnatal brain growth [45, 46].

Analogously to brain, ECM is important in myogenesis 
process and more in general in muscle maintenance [15, 
17]. Muscle consists of post-mitotic cells, and its regen-
eration relies on satellite cells located in niches contain-
ing a specific composition of ECM [17]. This matrix 
participates in satellite cell self-renewal, proliferation and 
differentiation, therefore any change in ECM composi-
tion can affect muscle fibre regeneration. For example, 
the change in ECM composition during aging has been 
associated with the development of sarcopenia [47]. The 
importance of ECM in skeletal muscle is also underlined 
by disease generated by mutations in ECM genes espe-
cially collagens and laminin or in those affecting ECM 
receptors [17, 48, 49]. Mutations of collagen VI (COL6) 
is the cause of different forms of myopathy called Ullrich 
congenital muscular dystrophy, Bethlem myopathy, limb-
girdle muscular dystrophy and myosclerosis [15, 50]. 
Interestingly, we identified six collagen genes with altered 
expression, including COL6A1.

ECM disturbance has also been implicated in the 
development of cataracts, another hallmark clinical man-
ifestation of MSS [51]. Specifically, versican mutations 
underlie Wagner syndrome, a rare disease characterized 
by several ocular changes, including vitreopathy, myo-
pia and cataracts [52]. Versican is overexpressed in MSS 
and might contribute to lens fibrosis and thus cataract. 
Besides ECM, we would like to underscore that the top 
downregulated gene in our transcriptomic is ALDH1A1 
(Aldehyde dehydrogenase 1 family member a1 also 
known as Retinal dehydrogenase 1). The knock out of 
ALDH1A1 is sufficient to cause cataract in a transgenic 
mouse [53].

Several skeletal abnormalities, such as spinal deformi-
ties and short stature, have been described in patients 
with MSS [2]. Cartilage ECM is an essential component 
of endochondral ossification [16], therefore conditions 
affecting cartilage can have important consequences on 
bone formation. More than one hundred diseases, known 
as chondrodysplasias, depend on alterations in cartilage 
components [54]. Cartilage aberrations depend mainly 
on ER stress and collagen gene mutations. Patients with 
chondrodysplasias, similar to MSS, have several bone 
deformities, including short stature. Interestingly, both 
biglycan and aggrecan, two proteoglycans altered in MSS, 
have been associated with spondyloepimetaphyseal dys-
plasia, spondyloepiphyseal dysplasia, and chondrodys-
plastic dwarfism [55, 56].

Finally, we propose a hypothesis on the mechanism 
responsible for ECM changes in MSS. To this end, we 
emphasize that several studies have reported a bidi-
rectional relationship between ER stress and ECM 

deposition/composition. For example, the transmem-
brane hyaluronidase TMEM2 by digesting high molecu-
lar weight hyaluronan in the ECM protect the cells from 
ER stress [57]. A pathological role of ER stress and the 
presence of UPR-promoted ECM accumulation have 
been reported in open-angle glaucoma [58]. PERK, the 
main UPR branch in MSS, is required for cell adaptation 
to the stiffness levels of the ECM [59]. While ATF4, the 
key UPR-induced transcription factor, plays an impor-
tant role in the production of matrix to maintain bone 
homeostasis [60]. These evidences suggest that the UPR 
is an integrated signalling and transcription circuitry 
related to the production/quality and functions of ECM.

Conclusions
In conclusion, our transcriptomic analysis identified 
ECM as the main injured cellular compartment in MSS. 
The ECM plays a key role in the development, differen-
tiation, and maintenance of different cell types. There is 
ample evidence that alterations in ECM affect the proper 
functioning of the central nervous system, skeletal mus-
cle, bone, and lens. On this basis, we propose that aber-
rant ECM may be a key pathological feature of MSS and 
may help explain most clinical manifestations.

Abbreviations
ATF4  Activating transcription 

factor 4
ATF6  Activating transcription 

factor 6
CHOP  C/EBP homologous protein
ALDH1A1  Aldehyde dehydrogenase 1 

family member a1
ARNT  Aryl hydrocarbon receptor 

(AhR)/AhR nuclear 
translocator

COL6  Ataxin 1 (ATXN1); collagen VI
CTCF  Corrected total cell 

fluorescence
DE  Differentially expressed
DQ  Dye-quenched
ER  Endoplasmic reticulum
ERAD  ER-associated degradation
eIF2α  Eukaryotic translation 

initiation factor 2 A
ECM  Extracellular matrix
FC  Fold change
FDR  False discovery rate
FFT  Fast fourier transform
GO  Gene ontology
GAPDH  Glyceraldehyde-3-phosphate 

dehydrogenase
HD  Huntington’s disease
BiP  Immunoglobulin binding 

protein
IGF-1  Insulin like growth factor 1
IPA  Ingenuity Pathways Analysis
IRE1  Inositol-requiring enzyme 1
MSS  Marinesco-Sjögren 

syndrome
mTOR  Mammalian target of 

rapamycin
MMPs  Matrix metalloproteinases
MTJ  Myotendinous junction



Page 15 of 16Amodei et al. Journal of Translational Medicine          (2024) 22:787 

PD  Parkinson’s disease
PI3K  Phosphatidylinositol 

3-kinases
NDHF  Primary human dermal 

fibroblast
PERK  PRK-like endoplasmic 

reticulum kinase
qPCR  Quantitative real-time PCR
SCA1  Spinocerebellar ataxia type 1
SEMA3A, SEMA3B,SEMA3C, SEMA5A, SEMA6A  semaphorin genes
TEM  Transmission electron 

microscopy
TIMPs  Tissue inhibitors of 

metalloproteinases
UPR  Unfolded protein response

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12967-024-05582-0.

Supplementary Material 1

Supplementary Material 2

Supplementary Material 3

Supplementary Material 4

Supplementary Material 5

Supplementary Material 6

Supplementary Material 7

Acknowledgements
The authors thank Giorgia Rastelli for her help in isolating mouse tissue.

Authors’ contributions
L.A., F.P., M.V. performed the molecular experiments; L.P. and M.A. performed 
the transmission electron microscope analysis; A. G. R. and B.D. performed 
the cellular experiments; R.F. performed the statistical analysis; L.S. L.F. V.D.L. 
critically discussed the data and edited the manuscript; M. Sallese conceived 
and supervised the work and wrote the manuscript.
L.A. and A.G.R. contributed equally to this study.

Funding
This work was supported by the NextGenerationEU - MUR, Fondo Promozione 
e Sviluppo, DM 737/2021 to M.S. - Project title: Study of the pathological 
mechanisms in the Marinesco-Sjögren syndrome by means of a multi-omics 
approach, acronym: MSS-omics, CUP number: D75F21003210001; The Italian 
Telethon ONLUS Foundation, Rome, Italy, for the grants N° GGP20092 to M.S. 
and for the contract to M.V. Laura Amodei has a PhD fellowship (code: n. 
DOT1353593-1) in the framework of PON RI 2014/2020, I.1- “Innovative PhDs 
with industrial characterization”, funded by the Italian Ministry of University 
and Research (MUR), Italy, FSE-FESR.

Data availability
The data and materials in this article are available with the agreement of 
corresponding authors.

Declarations

Ethics approval
All procedures involving the mice were performed according to the protocol 
approved by the Institutional Animal Care and Use Committee of the Italian 
Ministry of Health (authorization n° 596/2021-PR, issued pursuant to art. 31 of 
Legislative Decree 26/2014).

Consent for publication
All authors have approved the manuscript and agree with its publication.

Competing interests
The authors have no relevant financial or non-financial interests to disclose.

Author details
1Department of Innovative Technologies in Medicine and Dentistry, 
Chieti, Italy
2Center for Advanced Studies and Technology (CAST), Chieti, Italy
3Department of Bioscience and Technology for Food Agriculture and 
Environment, University of Teramo, Teramo 64100, Italy
4Department of Neuroscience, Imaging and Clinical Science, Chieti, Italy
5Department of Medicine and Aging Sciences, Chieti, Italy
6Department of Life, Health and Environmental Sciences, University of 
L’Aquila, L’Aquila 67100, Italy
7Department of Psychological Health and Territorial Sciences, “G. 
d’Annunzio” University of Chieti-Pescara, Chieti 66100, Italy

Received: 29 May 2024 / Accepted: 5 August 2024

References
1. Anttonen AK, Lehesjoki AE. Marinesco-Sjogren Syndrome. In GeneReviews(R). 

Edited by Pagon RA, Adam MP, Ardinger HH, Wallace SE, Amemiya A, Bean 
LJH, Bird TD, Fong CT, Mefford HC, Smith RJH, Stephens K. Seattle (WA); 2010.

2. Chiesa R, Sallese M. Review: protein misfolding diseases - the rare case of 
Marinesco-Sjogren syndrome. Neuropathol Appl Neurobiol. 2020;46:323–43.

3. Ichhaporia VP, Hendershot LM. Role of the HSP70 Co-chaperone SIL1 in 
Health and Disease. Int J Mol Sci 2021, 22.

4. Krieger M, Roos A, Stendel C, Claeys KG, Sonmez FM, Baudis M, Bauer P, Bor-
nemann A, de Goede C, Dufke A, et al. SIL1 mutations and clinical spectrum 
in patients with Marinesco-Sjogren syndrome. Brain. 2013;136:3634–44.

5. Chung KT, Shen Y, Hendershot LM. BAP, a mammalian BiP-associated protein, 
is a nucleotide exchange factor that regulates the ATPase activity of BiP. J Biol 
Chem. 2002;277:47557–63.

6. Behnke J, Feige MJ, Hendershot LM. BiP and its nucleotide exchange factors 
Grp170 and Sil1: mechanisms of action and biological functions. J Mol Biol. 
2015;427:1589–608.

7. Singh R, Kaur N, Choubey V, Dhingra N, Kaur T. Endoplasmic reticulum 
stress and its role in various neurodegenerative diseases. Brain Res. 
2023;1826:148742.

8. Ron D, Walter P. Signal integration in the endoplasmic reticulum unfolded 
protein response. Nat Rev Mol Cell Biol. 2007;8:519–29.

9. Walter P, Ron D. The unfolded protein response: from stress pathway to 
homeostatic regulation. Science. 2011;334:1081–6.

10. Potenza F, Cufaro MC, Di Biase L, Panella V, Di Campli A, Ruggieri AG, 
Dufrusine B, Restelli E, Pietrangelo L, Protasi F et al. Proteomic analysis of 
Marinesco-Sjogren syndrome fibroblasts indicates pro-survival metabolic 
adaptation to SIL1 loss. Int J Mol Sci 2021, 22.

11. Ichhaporia VP, Kim J, Kavdia K, Vogel P, Horner L, Frase S, Hendershot LM. SIL1, 
the endoplasmic-reticulum-localized BiP co-chaperone, plays a crucial role 
in maintaining skeletal muscle proteostasis and physiology. Dis Model Mech 
2018, 11.

12. Dzobo K, Dandara C. The Extracellular Matrix: its composition, function, 
remodeling, and role in Tumorigenesis. Biomimetics (Basel) 2023, 8.

13. Soles A, Selimovic A, Sbrocco K, Ghannoum F, Hamel K, Moncada EL, Gilliat 
S, Cvetanovic M. Extracellular Matrix Regulation in Physiology and in Brain 
Disease. Int J Mol Sci 2023, 24.

14. Long KR, Huttner WB. The role of the Extracellular Matrix in neural progenitor 
cell proliferation and cortical folding during Human Neocortex Develop-
ment. Front Cell Neurosci. 2021;15:804649.

15. Csapo R, Gumpenberger M, Wessner B. Skeletal muscle Extracellular Matrix - 
what do we know about its composition, regulation, and physiological roles? 
A narrative review. Front Physiol. 2020;11:253.

16. Prein C, Beier F. ECM signaling in cartilage development and endochondral 
ossification. Curr Top Dev Biol. 2019;133:25–47.

17. Thomas K, Engler AJ, Meyer GA. Extracellular matrix regulation in the muscle 
satellite cell niche. Connect Tissue Res. 2015;56:1–8.

18. Deries M, Goncalves AB, Vaz R, Martins GG, Rodrigues G, Thorsteinsdottir S. 
Extracellular matrix remodeling accompanies axial muscle development and 
morphogenesis in the mouse. Dev Dyn. 2012;241:350–64.

https://doi.org/10.1186/s12967-024-05582-0
https://doi.org/10.1186/s12967-024-05582-0


Page 16 of 16Amodei et al. Journal of Translational Medicine          (2024) 22:787 

19. Kjaer M. Role of extracellular matrix in adaptation of tendon and skeletal 
muscle to mechanical loading. Physiol Rev. 2004;84:649–98.

20. Charvet B, Ruggiero F, Le Guellec D. The development of the myotendinous 
junction. A review. Muscles Ligaments Tendons J. 2012;2:53–63.

21. Filocamo M, Mazzotti R, Corsolini F, Stroppiano M, Stroppiana G, Grossi S, 
Lualdi S, Tappino B, Lanza F, Galotto S, Biancheri R. Cell line and DNA Biobank 
from patients affected by genetic diseases. Open J Bioresources. 2014;1:e2.

22. Chen S, Zhou Y, Chen Y, Gu J. Fastp: an ultra-fast all-in-one FASTQ preproces-
sor. Bioinformatics. 2018;34:i884–90.

23. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson 
M, Gingeras TR. STAR: ultrafast universal RNA-seq aligner. Bioinformatics. 
2013;29:15–21.

24. Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data 
with or without a reference genome. BMC Bioinformatics. 2011;12:323.

25. McCarthy DJ, Chen Y, Smyth GK. Differential expression analysis of multifactor 
RNA-Seq experiments with respect to biological variation. Nucleic Acids Res. 
2012;40:4288–97.

26. Quartararo JS, Eshelman MR, Peraro L, Yu H, Baleja JD, Lin YS, Kritzer JA. A 
bicyclic peptide scaffold promotes phosphotyrosine mimicry and cellular 
uptake. Bioorg Med Chem. 2014;22:6387–91.

27. Dufrusine B, Damiani V, Capone E, Pieragostino D, Dainese E, De Marco M, 
Reppucci F, Turco MC, Rosati A, Marzullo L, et al. BAG3 induces fibroblasts to 
release key cytokines involved in pancreatic cell migration. J Cell Biochem. 
2022;123:65–76.

28. Petukhova VZ, Aboagye SY, Ardini M, Lullo RP, Fata F, Byrne ME, Gabriele F, 
Martin LM, Harding LNM, Gone V, et al. Non-covalent inhibitors of thioredoxin 
glutathione reductase with schistosomicidal activity in vivo. Nat Commun. 
2023;14:3737.

29. Pietrangelo L, Michelucci A, Ambrogini P, Sartini S, Guarnier FA, Fusella A, 
Zamparo I, Mammucari C, Protasi F, Boncompagni S. Muscle activity prevents 
the uncoupling of mitochondria from ca(2+) release units induced by ageing 
and disuse. Arch Biochem Biophys. 2019;663:22–33.

30. Pietrangelo L, D’Incecco A, Ainbinder A, Michelucci A, Kern H, Dirksen RT, 
Boncompagni S, Protasi F. Age-dependent uncoupling of mitochondria from 
Ca2(+) release units in skeletal muscle. Oncotarget. 2015;6:35358–71.

31. Kvist AJ, Johnson AE, Morgelin M, Gustafsson E, Bengtsson E, Lindblom K, 
Aszodi A, Fassler R, Sasaki T, Timpl R, Aspberg A. Chondroitin sulfate perlecan 
enhances collagen fibril formation. Implications for perlecan chondrodyspla-
sias. J Biol Chem. 2006;281:33127–39.

32. Ahmed IM, Lagopoulos M, McConnell P, Soames RW, Sefton GK. Blood supply 
of the Achilles tendon. J Orthop Res. 1998;16:591–6.

33. Senderek J, Krieger M, Stendel C, Bergmann C, Moser M, Breitbach-Faller N, 
Rudnik-Schoneborn S, Blaschek A, Wolf NI, Harting I, et al. Mutations in SIL1 
cause Marinesco-Sjogren syndrome, a cerebellar ataxia with cataract and 
myopathy. Nat Genet. 2005;37:1312–4.

34. Anttonen AK, Mahjneh I, Hamalainen RH, Lagier-Tourenne C, Kopra O, Waris 
L, Anttonen M, Joensuu T, Kalimo H, Paetau A, et al. The gene disrupted in 
Marinesco-Sjogren syndrome encodes SIL1, an HSPA5 cochaperone. Nat 
Genet. 2005;37:1309–11.

35. Ichhaporia VP, Sanford T, Howes J, Marion TN, Hendershot LM. Sil1, a 
nucleotide exchange factor for BiP, is not required for antibody assembly or 
secretion. Mol Biol Cell. 2015;26:420–9.

36. Capone V, Clemente E, Restelli E, Di Campli A, Sperduti S, Ornaghi F, 
Pietrangelo L, Protasi F, Chiesa R, Sallese M. PERK inhibition attenuates the 
abnormalities of the secretory pathway and the increased apoptotic rate 
induced by SIL1 knockdown in HeLa cells. Biochim Biophys Acta Mol Basis 
Dis. 2018;1864:3164–80.

37. Roos A, Kollipara L, Buchkremer S, Labisch T, Brauers E, Gatz C, Lentz C, 
Gerardo-Nava J, Weis J, Zahedi RP. Cellular signature of SIL1 depletion: Disease 
Pathogenesis due to alterations in protein composition beyond the ER 
Machinery. Mol Neurobiol. 2016;53:5527–41.

38. Zhao L, Longo-Guess C, Harris BS, Lee JW, Ackerman SL. Protein accumulation 
and neurodegeneration in the woozy mutant mouse is caused by disruption 
of SIL1, a cochaperone of BiP. Nat Genet. 2005;37:974–9.

39. Lau LW, Cua R, Keough MB, Haylock-Jacobs S, Yong VW. Pathophysiology of 
the brain extracellular matrix: a new target for remyelination. Nat Rev Neuro-
sci. 2013;14:722–9.

40. Levi N, Papismadov N, Solomonov I, Sagi I, Krizhanovsky V. The ECM path of 
senescence in aging: components and modifiers. FEBS J. 2020;287:2636–46.

41. Pinter P, Alpar A. The role of Extracellular Matrix in Human Neurodegenerative 
diseases. Int J Mol Sci 2022, 23.

42. Opal P, Ashizawa T. Spinocerebellar Ataxia Type 1. In GeneReviews((R)). Edited 
by Adam MP, Feldman J, Mirzaa GM, Pagon RA, Wallace SE, Bean LJH, Gripp 
KW, Amemiya A. Seattle (WA); 1993.

43. Hamel K, Moncada EL, Sheeler C, Rosa J-G, Gilliat S, Zhang Y, Cvetanovic M. 
Loss of intracerebellar heterogeneity and selective vulnerability in spinocere-
bellar ataxia type 1 neurodegeneration. bioRxiv 2023:2022.2002.2024.481789.

44. Lamb CL, Cholico GN, Perkins DE, Fewkes MT, Oxford JT, Lujan TJ, Morrill 
EE, Mitchell KA. Aryl Hydrocarbon Receptor Activation by TCDD Modulates 
Expression of Extracellular Matrix Remodeling Genes during Experimental 
Liver Fibrosis. Biomed Res Int 2016, 2016:5309328.

45. Rahim T, Becquart P, Baeva ME, Quandt J. Expression of the neuroprotective 
protein aryl hydrocarbon receptor nuclear translocator 2 correlates with 
neuronal stress and disability in models of multiple sclerosis. J Neuroinflam-
mation. 2018;15:270.

46. Webb EA, AlMutair A, Kelberman D, Bacchelli C, Chanudet E, Lescai F, Ando-
niadou CL, Banyan A, Alsawaid A, Alrifai MT, et al. ARNT2 mutation causes 
hypopituitarism, post-natal microcephaly, visual and renal anomalies. Brain. 
2013;136:3096–105.

47. Melouane A, Yoshioka M, St-Amand J. Extracellular matrix/mitochondria path-
way: a novel potential target for Sarcopenia. Mitochondrion. 2020;50:63–70.

48. Kwong AK, Zhang Y, Ho RS, Gao Y, Ling X, Tsang MH, Luk HM, Chung BH, 
Bonnemann CG, Javed A, Chan SH. Collagen VI-related myopathies: clinical 
variability, phenotype-genotype correlation and exploratory transcriptome 
study. Neuromuscul Disord. 2023;33:371–81.

49. Barraza-Flores P, Bates CR, Oliveira-Santos A, Burkin DJ. Laminin and integrin 
in LAMA2-Related congenital muscular dystrophy: from disease to therapeu-
tics. Front Mol Neurosci. 2020;13:1.

50. Caria F, Cescon M, Gualandi F, Pichiecchio A, Rossi R, Rimessi P, Cotti Piccinelli 
S, Gallo Cassarino S, Gregorio I, Galvagni A, et al. Autosomal recessive Beth-
lem myopathy: a clinical, genetic and functional study. Neuromuscul Disord. 
2019;29:657–63.

51. Wederell ED, de Iongh RU. Extracellular matrix and integrin signaling in lens 
development and cataract. Semin Cell Dev Biol. 2006;17:759–76.

52. Edwards AO. Clinical features of the congenital vitreoretinopathies. Eye 
(Lond). 2008;22:1233–42.

53. Lassen N, Bateman JB, Estey T, Kuszak JR, Nees DW, Piatigorsky J, Duester 
G, Day BJ, Huang J, Hines LM, Vasiliou V. Multiple and additive functions of 
ALDH3A1 and ALDH1A1: cataract phenotype and ocular oxidative damage in 
Aldh3a1(-/-)/Aldh1a1(-/-) knock-out mice. J Biol Chem. 2007;282:25668–76.

54. Dubail J, Cormier-Daire V. Chondrodysplasias with multiple disloca-
tions caused by defects in Glycosaminoglycan Synthesis. Front Genet. 
2021;12:642097.

55. Gibson BG, Briggs MD. The aggrecanopathies; an evolving phenotypic spec-
trum of human genetic skeletal diseases. Orphanet J Rare Dis. 2016;11:86.

56. Cho SY, Bae JS, Kim NKD, Forzano F, Girisha KM, Baldo C, Faravelli F, Cho TJ, 
Kim D, Lee KY, et al. BGN mutations in X-Linked Spondyloepimetaphyseal 
Dysplasia. Am J Hum Genet. 2016;98:1243–8.

57. Schinzel RT, Higuchi-Sanabria R, Shalem O, Moehle EA, Webster BM, Joe L, 
Bar-Ziv R, Frankino PA, Durieux J, Pender C, et al. The hyaluronidase, TMEM2, 
promotes ER Homeostasis and Longevity Independent of the UPR(ER). Cell. 
2019;179:1306–e13181318.

58. Chen X, Shi C, He M, Xiong S, Xia X. Endoplasmic reticulum stress: molecular 
mechanism and therapeutic targets. Signal Transduct Target Ther. 2023;8:352.

59. Khoonkari M, Liang D, Lima MT, van der Land T, Liang Y, Sun J, Dolga A, Kam-
perman M, van Rijn P, Kruyt FAE. The unfolded protein response Sensor PERK 
mediates stiffness-dependent adaptation in Glioblastoma Cells. Int J Mol Sci 
2022, 23.

60. Xiao Y, Xie X, Chen Z, Yin G, Kong W, Zhou J. Advances in the roles of ATF4 in 
osteoporosis. Biomed Pharmacother. 2023;169:115864.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	Sil1-deficient fibroblasts generate an aberrant extracellular matrix leading to tendon disorganisation in Marinesco-Sjögren syndrome
	Abstract
	Background
	Materials and methods
	Cell cultures
	Transcriptomic analysis
	Computer simulation
	Quantitative real-time PCR (q-PCR)
	Collagen degradation/internalization assay
	Collagenase assays
	Cell adhesion assay
	Motility assay
	Transmission electron microscopy (TEM) of soluble ECM
	Mice
	Histology and TEM of woozy mouse Achilles tendon

	Results
	Changes in the extracellular matrix and anchoring junctions in fibroblast isolated from a patient affected by Marinesco-Sjögren syndrome
	Remodelling of extracellular matrix is impaired in patient fibroblasts
	Transmission electron microscope analysis showed the presence of proteinaceous fibres only in the ECM produced by the patient fibroblasts
	The change in cell morphology during attachment to Petri dishes and cell motility are slowed down in patient fibroblasts
	Aberrant ECM deposition/remodelling impact tendon thickness/organization in woozy mouse

	Discussion
	Conclusions
	References


