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Abstract  

Hypermobile Ehlers-Danlos syndrome (hEDS), mainly characterized by generalized joint 

hypermobility and its complications, minor skin changes, and apparently segregating with an 

autosomal dominant pattern, is still without a known molecular basis. Hence, its diagnosis is only 

clinical based on a strict set of criteria defined in the revised EDS nosology. Moreover, the hEDS 

phenotypic spectrum is wide-ranging and comprises multiple associated signs and symptoms shared 

with other heritable or acquired connective tissue disorders and chronic inflammatory diseases. In 

this complex scenario, we previously demonstrated that patients’ skin fibroblasts show phenotypic 

features of myofibroblasts, widespread extracellular matrix (ECM) disarray, perturbation of ECM-

cell contacts, and dysregulated expression of genes involved in connective tissue architecture and 

related to inflammatory and pain responses. Herein, the cellular proteome of 6 hEDS dermal 

myofibroblasts was compared to that of 12 control fibroblasts to deepen the knowledge on 

mechanisms involved in the disease pathogenesis. Qualitative and quantitative differences were 

assessed based on top-down and bottom-up approaches and some differentially expressed proteins 

were proofed by biochemical analyses. Proteomics disclosed the differential expression of proteins 

principally implicated in cytoskeleton organization, energy metabolism and redox balance, 

proteostasis, and intracellular trafficking. Our findings offer a comprehensive view of dysregulated 

protein networks and related pathways likely associated with the hEDS pathophysiology. The 

present results can be regarded as a starting point for future in-depth investigations aimed to 

decipher the functional impact of potential bioactive molecules for the development of targeted 

management and therapies.  

 

Keywords: Hypermobile Ehlers-Danlos syndrome; myofibroblasts; proteome profiling; 

cytoskeleton remodeling and signalling; metabolic changes; S100A4. 
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actin (ACTB), cofilin-1 (CFL1), cofilin-2 (CFL2), conditioned medium (CM), damage-associated 

molecular patterns (DAMPs), differentially expressed proteins (DEPs), endoplasmic reticulum 

(ER), extracellular matrix (ECM), false discovery rate (FDR), fibroblast-to-myofibroblast transition 

(FMT), fibronectin (FN), filamin A (FLNA), filamin C (FLNC), gene ontology (GO), 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), hypermobile Ehlers-Danlos syndrome 

(hEDS), heritable connective tissue disorder (HCTD), immunofluorescence microscopy (IF), 

integrin linked kinase (ILK), liquid chromatography with tandem mass spectrometry (LC-MS/MS), 

lactate dehydrogenase B (LDHB), matrix metalloproteinases (MMPs), matrix-assisted laser 

desorption/ionization mass spectrometry (MALDI-TOF MS), minimum information about a 

proteomics experiment-gel electrophoresis (MIAPE-GE), monoclonal antibody (mAb), myosin IC 

(MYO1C), non-muscle actin β (β-actin), peptide mass fingerprint (PMF), pyruvate kinase M1/2 

(PKM), protein disulfide isomerase family A member 3 (PDIA3), RAB1B, member RAS oncogene 

family (Rab1b), Rac family small GTPase 1 (RAC1), reactive oxidative species (ROS), S100 

calcium binding protein A4 (S100A4), two-dimensional difference in-gel electrophoresis (2D-

DIGE), vimentin (VIM), western blotting (WB). 

 

Highlights  

• Hypermobile Ehlers Danlos syndrome (hEDS) is orphan of a genetic etiology 

• In vitro cultured hEDS dermal fibroblasts show a myofibroblast-like phenotype  

• Proteome profiling of hEDS myofibroblasts to add insights into disease mechanisms 

• hEDS cell differentiation may involve cytoskeleton signaling and metabolic changes 

• S100A4 as potential key disease molecule and therapeutic target in hEDS 
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1. Introduction  

Hypermobile Ehlers-Danlos syndrome (hEDS) is a multisystemic heritable connective tissue 

disorder (HCTD) that significantly decreases patients’ quality of life [1–3]. Despite hEDS is likely 

the most common HCTD and in the last years several efforts have been made in attempting to 

disclose (a) causal gene(s), it remains without a known molecular basis. hEDS is considered an 

autosomal dominant condition with nearly complete penetrance, variable expressivity within and 

between families, marked age- and sex-dependent variability, and is diagnosed only clinically, since 

no instrumental, histopathological/ultrastructural, and molecular findings are yet considered 

beyond-any-doubt diagnostic. The current EDS nosology defined a set of strict criteria for hEDS 

that is determined by the presence of generalized joint hypermobility; two or more items among 

systemic involvement, positive family history and musculoskeletal involvement; and the exclusion 

of other hereditary and acquired CTDs [2].  

The hEDS phenotypic spectrum is wide-ranging and comprises a range of comorbidities not 

included in the up-to-date nosology, such as functional gastrointestinal dysfunctions (e.g. 

gastrointestinal pain, gastroesophageal reflux disease, gastrointestinal dysmotility, irritable bowel 

disease), pelvic and bladder dysfunctions, mast cell activation syndrome, orthostatic intolerance, 

postural orthostatic tachycardia syndrome, and a range of psychological issues associated with pain 

such as depression, anxiety, sleep disturbance, headache, and migraine, although the underlying 

causes remain to be explored [1,3].  

In this confusing scenario, our earlier works provided some evidence to unveil the disease 

mechanisms likely contributing to the hEDS pathogenesis [4,5]. Indeed, we demonstrated that 

hEDS dermal fibroblasts compared to control cells show the differential expression of genes mainly 

involved in extracellular matrix (ECM) organization, cell-cell and cell-ECM interactions, and 

implicated in pain and inflammatory responses [4]. Moreover, hEDS skin fibroblasts exhibit a 

widespread ECM disarray, including that of collagens and fibronectin (FN), and show a 
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myofibroblast-like phenotype characterized by α-smooth muscle actin (α-SMA) microfilaments 

organization, cadherin-11 expression, augmented levels of secreted ECM-degrading matrix 

metalloproteinase 9 (MMP9), enhanced migration, and dysregulated expression of inflammatory 

mediators [5]. We also demonstrated that in hEDS the fibroblast-to-myofibroblast transition (FMT) 

is sustained by an αvβ3 integrin-mediated signal transduction pathway involving the integrin linked 

kinase (ILK) and the transcription factor Snail1/Slug [5,6]. Furthermore, control fibroblasts treated 

with hEDS culture media acquire this myofibroblast-like phenotype, indicating that patients’ cell 

conditioned medium (CM) contains key factors that control this phenotypic switch [5]. 

Herein, we performed proteome profiling of dermal myofibroblasts from hEDS patients to uncover 

potential key molecules involved in the FMT and additional molecular mechanisms related to the 

disease pathogenesis. Our study provides a proteomic map of dysregulated processes and altered 

protein networks, thus adding novel insights in the hEDS pathobiology.  
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2. Materials and Methods  

2.1. Patients, skin biopsies and ethical statement 

Written informed consent to the study and for skin biopsy was obtained from 6 hEDS patients and 

12 sex- and age-matched healthy donors according to Italian bioethics laws. Skin biopsies were 

established in our lab by standard protocols, following approval by the local Ethical Committee 

(Ethical Committee Protocol Number NP3151, Comitato Etico di Brescia, ASST degli Spedali 

Civili, Brescia). All patients were diagnosed at the specialized outpatient clinic for HCTDs and 

EDS of the University Hospital Spedali Civili of Brescia according to the 2017 EDS nosology [2].  

Four patients (P1, P2, P3, P4) were previously reported [5] and two (P5, P6) were novel. All 

enrolled patients were adult females with an age range on last evaluation of 38 to 56 years. The 

corresponding patients' identifier, their classification according to the 2017 EDS nosology, and the 

detailed description of mucocutaneous, osteoarticular, orthopedic, muscular, gastrointestinal, 

cardiovascular, neuropsychiatric, uro-gynecological, immunological, and ocular signs are 

summarized in Supplementary Table 1.  

 

2.2. Cell cultures  

Cell cultures from skin biopsies derived from 6 adult hEDS females (P1-P6) and 12 unrelated 

healthy donors (C1-C12) were grown in vitro at 37 °C in a 5% CO2 atmosphere in Earle's Modified 

Eagle Medium supplemented with 2 mM L-glutamine, 10% FBS, and 100 µg/ml penicillin and 

streptomycin (Life Technologies). Cells were expanded until full confluence and then harvested by 

0.25% trypsin/0.02% EDTA treatment. The number of cell passages were between 1st – 4th.  

 

 

2.3. Immunofluorescence microscopy (IF) 
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To analyze the α-SMA organization and the FN-ECM, control and hEDS cells grown for 72 h on 

glass coverslides were fixed in cold methanol and immunoreacted for 1 h at room temperature 

(R.T.) with 2 µg/ml anti-α-SMA monoclonal antibody (mAb) (Sigma Chemicals, clone 1A4) and 

1:100 rabbit anti-FN polyclonal Ab (Sigma Aldrich, #F3648), recognizing all human isoforms of 

the protein, diluted in 1% and 0.3% BSA, respectively. The expression of cadherin-11 was 

investigated fixing cells in 4% PFA/10 mM sucrose for 10 min, permeabilizing with 0.1% Triton X-

100 for 10 min, blocking in 2% BSA/PBS 1x for 1 h at R.T., and immunoreacting for 3 h with 2 

µg/ml rabbit anti-CDH11/Cadherin OB Ab (Thermo Fisher Scientific, #71-7600) diluted in 0.1% 

BSA. The distribution of Snail1/Slug was investigated fixing cells in 3.7% PFA/60 mM sucrose, 

blocking 30 min at R.T. with 0.1% non-fat milk/0.1% Tween 20/PBS 1x, and immunoreacting O.N. 

at +4 °C with 1:500 rabbit anti-Snail1/Slug Ab (Abcam, #ab180714) diluted in 0.1% Tween 20/PBS 

1x. The organization of non-muscle actin β (β-actin) cytoskeleton and αvβ3 integrin was tested 

fixing control and hEDS cells in 3% paraformaldehyde/60 mM sucrose and permeabilizing in 0.5% 

(v/v) Triton X-100. Cells were reacted with 1 µg/ml anti-β-actin (Sigma Chemicals, clone AC-74) 

and 4 µg/ml mouse anti-αvβ3 integrin (Millipore-Chemicon Int., clone LM609) mAbs. After 

washing, cells were incubated for 1 h with anti-mouse or anti-rabbit secondary Abs conjugated to 

Alexa Fluor®594 and 488, respectively. IF signals were acquired by a CCD black-and-white TV 

camera (SensiCam-PCO Computer Optics GmbH) mounted on a Zeiss fluorescence Axiovert 

microscope and digitalized by Image Pro Plus software. All experiments were repeated three times. 

Before proteome analysis, dermal fibroblasts from the new engaged hEDS patients (P5 and P6) 

were evaluated by IF for disassembly of the FN-ECM, expression of the alternative FN receptor 

αvβ3 integrin, organization of the α-SMA cytoskeleton, expression of cadherin-11 and Snail1/Slug, 

as earlier published [5]. Like the previously reported patients’ skin fibroblasts (P1-P4), also the 2 

novel hEDS cell strains show these typical myofibroblast-like features. All dermal control 

fibroblasts included in this work were also analyzed for the absence of these myofibroblast-like 

markers (Supplementary Figure 1). 
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2.4. Protein extraction 

For two-dimensional difference in-gel electrophoresis (2D-DIGE) and label-free liquid 

Chromatography-Tandem Mass Spectrometry (LC-MS/MS), each cell strain was suspended in lysis 

buffer (7 M urea, 2 M thiourea, 4% CHAPS, 30 mM Tris, and 1 mM PMSF) and solubilized by 

sonication on ice. Proteins were selectively precipitated using PlusOne 2D-Clean up Kit (GE 

Healthcare) to remove non-protein impurities. 2D-DIGE and immunoblot samples were re-

suspended in lysis buffer. The pH of the protein extracts was adjusted to pH 8.5 by addition of 1 M 

NaOH. Label-free LC-MS/MS samples were re-suspended in 50 mM ammonium bicarbonate and 

0.1% RapiGest SF surfactant (Waters). Protein concentrations were determined by PlusOne 2D-

Quant Kit (GE Healthcare). 

 

2.5. Two-dimensional difference in-gel electrophoresis (2D-DIGE) 

Whole cell extracts from patients and controls were analyzed by quantitative 2D-DIGE, followed by 

MS. The 2D-DIGE method was inserted in The Minimum Information About a Proteomics 

Experiment-Gel Electrophoresis (MIAPE-GE) compliant form [7] in Supplementary Table 2. 

Protein minimal labeling with cyanine dyes (Cy3 and Cy5), 2D separation, and analyses were 

performed as previously described [8].  

Briefly, 50 µg of each sample extract were mixed with 400 pmol CyDye (GE Healthcare) and 

incubated, on ice, in the dark for 30 min. The labelling reaction was quenched with 1 ml L-lysine 10 

mM on ice for 10 min in the dark. Sample proteins were labelled with Cy5 whereas the internal 

standard, generated by pooling individual samples (hEDS and controls), was Cy3 labelled. Samples 

from each subject (40 µg) were combined with an equal amount of internal standard. Each sample 

was run in triplicate on 24 cm, 3–10 non-linear pH-gradient IPG strips, with a voltage gradient 

ranging from 200 to 8000 V, for a total of 75 000 Vh, using an IPGphor electrophoresis unit (GE 
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Healthcare). After focusing, proteins were reduced and alkylated. The second dimension was 

carried out in 20 × 25 cm2, 12% T, 2.5% C constant concentration polyacrylamide gels at 20 °C, 

and 15 mA per gel using the Ettan Dalt II system (GE Healthcare). CyDye-labelled gels were 

visualized and acquired using a Typhoon 9200 Imager (GE Healthcare). Image analysis was 

performed using the DeCyder version 6.5 software (GE Healthcare).  

For each experimental group, spots present in at least 80% of samples were considered. Statistically 

significant differences of 2D-DIGE data were computed by Student’s t-test (p < 0.05). False 

discovery rate (FDR) was applied as a multiple test correction in order to keep the overall error rate 

as low as possible [9]. Power analysis was conducted on statistically changed spots, and only spots 

that reached a sensitivity threshold > 0.8 were considered as differentially expressed. Proteins of 

interest were then identified by MS. 

 

2.6. Protein identification by matrix-assisted laser desorption/ionization mass spectrometry 

(MALDI-TOF MS)  

Semipreparative gels, containing 400 µg of total protein extract per strip, were loaded; 

electrophoretic conditions were the same as for 2D-DIGE, except that gels were stained with a 

protein fluorescent stain (Krypton, Thermo Fisher Scientific). Image acquisition was performed 

using the Typhoon 9200 laser scanner. Spots of interest were excised from gel using the Ettan spot 

picker robotic system (GE Healthcare), destained in 50% methanol/50 mM ammonium bicarbonate, 

and incubated with 30 µl of 6 ng/µl trypsin (Promega) dissolved in 10 mM ammonium bicarbonate 

for 16 h at 37 °C. Released peptides were subjected to reverse phase chromatography (Zip-Tip C18 

micro, Millipore), eluted with 50% acetonitrile (ACN)/0.1% trifluoroacetic acid. Peptides mixture 

(1 µl) was diluted in an equal volume of 10 mg/ml alpha-cyano-4-hydroxycinnamic acid matrix 

dissolved in 70% ACN/30% citric acid 50 mM. Proteins were identified by Peptide Mass 

Fingerprint (PMF) utilizing a MALDI-TOF mass spectrometer (Ultraflex III TOF/TOF, Bruker 
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Daltonics), as previously described [10]. In particular, the search was performed by correlation of 

uninterpreted spectra to entries in UP5640_H. sapiens 20201007 database (97057 sequences; 

38760527 residues). Protein identification methods are provided in a MIAPE-MS compliant form 

[7] in Supplementary Table 2.  

 

2.7. Label-free liquid chromatography with tandem mass spectrometry (LC-MS/MS) 

Protein extracts were reduced for 45 min in 5 mM DTT at 60 °C, carbamidomethylated for 45 min 

in 15 mM iodoacetamide, and digested with sequence grade trypsin (Promega) for 16 h at 37 °C 

using a protein:trypsin ratio of 50:1. After acidification with trifluoracetic acid and desalting on C18 

tips (Zip-Tip C18 micro, Millipore), peptide samples were vacuum concentrated, reconstituted in 

HPLC buffer A (0.1% formic acid) and separated on a Dionex UltiMate 3000 HPLC System with 

an Easy Spray PepMap RSLC C18 column (250 mm, internal diameter of 75 µm) (Thermo Fisher 

Scientific), adopting a five steps ACN/formic acid gradient (5% ACN in 0.1% formic acid for 5 

min, 5–35% ACN in 0.1% formic acid for 139 min, 35–60% ACN in 0.1% formic for 40 min, 60-

100% ACN for 1 min, 100% ACN for 10 min, at a flow rate of 0.3 µl/min), and electrosprayed into 

an Orbitrap Tribrid Fusion (Thermo Fisher Scientific). The LTQ-Orbitrap was operated in positive 

mode in data-dependent acquisition mode to automatically alternate between a full scan (350–2,000 

m/z) in the Orbitrap (at resolution 60000, AGC target 1000000) and subsequent CID MS/MS in the 

linear ion trap of the 20 most intense peaks from full scan (normalized collision energy of 35%, 10 

ms activation). Isolation window: 3 Da, unassigned charge states: rejected, charge state 1: rejected, 

charge states 2+, 3+, 4+: not rejected; dynamic exclusion enabled (60 s, exclusion list size: 200). 

Mass spectra were analyzed using MaxQuant software (version 1.6.3.3). The initial maximum 

allowed mass deviation was set to 6 ppm for monoisotopic precursor ions and 0.5 Da for MS/MS 

peaks. Enzyme specificity was set to trypsin/P, and a maximum of two missed cleavages were 

allowed. Carbamidomethylation was set as a fixed modification, while N-terminal acetylation and 
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methionine oxidation were set as variable modifications. The spectra were searched by the 

Andromeda search engine against the H. sapiens Uniprot sequence database (74823 proteins, 

release 1 January 2020). Protein identification required at least one unique or razor peptide per 

protein group. Quantification in MaxQuant was performed using the built in XIC-based label free 

quantification (LFQ) algorithm using fast LFQ. The required FDR was set to 1% at the peptide, 1% 

at the protein and 1% at the site-modification level, and the minimum required peptide length was 

set to 7 amino acids. Statistical analyses were performed using the Perseus software (version 

1.4.0.6). Only proteins present and quantified in at least two out of three technical repeats were 

considered as positively identified in a sample. For each experimental group, the proteins identified 

in at least 80% of samples were considered. Statistically significant differences were computed by 

Student’s t-test and FDR (p < 0.05). 

 

2.8. Functional enrichment analyses 

To obtain an overview of the biological significance of proteomic changes in hEDS myofibroblasts, 

we performed Gene Ontology (GO) enrichment analysis by using the online bioinformatic tool 

DAVID version 6.8 [11]. We included only statistically significant GO terms and clusters of up-and 

downregulated differentially expressed proteins (DEPs) with an FDR-adjusted p-value < 0.05 and a 

kappa threshold of 0.7. The freely available software packages PANTHER [12] and STRING v.11 

[13] were also queried to identify protein class and potential protein-protein interaction networks, 

respectively. Criteria for reported functional enrichment required a fold enrichment >1.5, FDR < 

0.05, and an adjusted p-value < 0.05.  
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2.9. Protein quantification by immunoblotting 

The expression level of a subset of DEPs, i.e., vimentin (VIM), α-parvin (PARVA), cofilin-2 

(CFL2), filamin C (FLNC), Rac family small GTPase 1 (RAC1), myosin IC (MYO1C), β-actin, 

protein disulfide isomerase family A member 3 (PDIA3) RAB1B, member RAS oncogene family 

(Rab1b), annexin A2 (ANXA2), and S100A4 was evaluated by Western blotting (WB) on pooled 

cell extracts obtained from 1x106 cells of 6 healthy individuals (C5-C7, C9-C11) and 6 hEDS 

patients (P1-P6). In addition, the expression of α-SMA was evaluated both in control and hEDS 

cells, although proteome analysis did not reveal a statically significant difference. 

Protein concentration was determined using detergent compatible Bio-Rad Dc Protein Assay 

(Sigma Aldrich, #1001-491004) and each sample was loaded in triplicate. Specifically, to validate 

the differential expression of S100A4, ANXA2, VIM, and MYO1C, control and hEDS cells were 

lysed with RIPA buffer (20 mM Tris HCl pH 7.4, 150 mM NaCl, 0.1% SDS, 1% DOC, 1% Triton 

X-100, 1 mM EDTA, 0.02 UI/ml aprotinin, 5 µg/ml leupeptin, 1 µg/ml pepstatin, 10 mM NaF, 5 

mM Na3VO4, 1 mM PMSF) and centrifuged at 13,000 rpm at +4 °C for 10 min. 25-50 µg of pooled 

proteins were separated in reducing conditions by electrophoresis using 5%, 8%, and 12%, SDS-

PAGE and after nitrocellulose sheet transfer, membranes were blocked O.N. at 37 °C in 5% non-fat 

dry milk/TBS-0.1% Tween 20 (TBS-T) and immunoreacted with the following antibodies: 1 µg/ml 

mouse anti-S100A4 mAb (Novus Biological, clone 1C4), 0.4 µg/ml rabbit anti-MYO1C polyclonal 

Ab (Abnova, #PAB 30610) diluted in 5% dry milk/TBS-T for 3 h at R.T., 1:1,000 rabbit anti-

vimentin mAb (Cell Signalling Tech., clone D21H3) in 5% BSA-TBS-T, and 1:1,000 anti-annexin 

A2 mAb (Cell Signalling Tech., clone D11G2) in 5% dry milk/TBS-T O.N. at +4 °C. To analyze 

Rab1B and PDIA3 cells were extracted using RIPA buffer modified with 10 mM Tris HCl pH 7.5 

and 0.5% DOC, sonicated three times for 15 sec in ice, 25 µg of pooled proteins were resolved in 

8% SDS-PAGE, and immunoreacted with 1:1,000 rabbit anti-Rab1B Ab (Invitrogen, #PA5-77783) 
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and 1 µg/ml mouse anti-ERp57/PDIA3 mAb (Abcam, clone CL2444) diluted in 5% dry milk/TBS-

T for 3 h at R.T.  

The cytoskeletal proteins α-SMA, β-actin, PARVA, CFL2, FLNC, and RAC1 were analyzed in 

control and hEDS pooled cell extracts after lysis with 20 mM Tris HCl pH 7.5, 150 mM NaCl, 

0.1% SDS, 1 % Triton X-100, 10 µg/ml leupeptin, 4 µg/ml pepstatin, 10 µg/ml aprotinin, 1 mM 

Na3VO4, 10 mM NaF, 10 mM Na4P2O7. 80 µg of proteins were resolved in 8% or 5% (for filamin 

C) SDS-PAGE. Membranes blocked in 5% dry milk/PBS/0.05% Tween20 O.N. at 37 °C were 

immunoreacted with 2 µg/ml mouse anti-α-SMA (Sigma Chemicals, clone 1A4) and 1 µg/ml anti-β-

actin (Sigma Chemicals, clone AC-74) mAbs for 3 h at R.T. Membranes blocked in 5% dry 

milk/TBS-T O.N. at 37 °C were immunoreacted with 1:1,000 rabbit anti-α-parvin mAb (Cell 

Signalling Tech., clone D7F9), 0.28 µg/ml rabbit anti-cofilin 2 Ab (GeneTex, #GTX113650), 1.0 

µg/ml mouse anti-Rac1 mAb (Abcam, clone 23A8), and 1:1,000 mouse anti-filamin C Ab (Abnova, 

#H00002318-A01) for 3 h at R.T. The extracellular fraction of S100A4 (e-S100A4) was 

investigated in pooled control and hEDS CM recovered 48 h from cell seeding, treated O.N. with 

lysis buffer containing 10 mM Tris HCl pH 6.8, 150 mM NaCl, 1mM EDTA, 0.1% SDS, 1% Triton 

X-100, 5 µg/ml leupeptin, 1 µg/ml pepstatin, 0.002 UI/ml aprotinin, 5 mM Na3VO4, 10 mM NaF, 1 

mM PMSF, 100 µg of proteins were resolved in a 12% SDS-PAGE under reducing conditions, and 

the membrane immunoreacted as reported above. After washing in TBS-T, membranes were 

incubated 2 h at R.T. with HRP-conjugated anti-rabbit or anti-mouse IgGs (Sigma Chemicals, 

#A8275 and #A5906, respectively) diluted 1:1,000 according to the dilution buffer of the primary 

Ab, and chemiluminescent signals developed using the ECL method. Band quantification was 

performed using the Image Pro Plus software (Media Cybernetics) and the intensities were 

normalized against the total amount of proteins on the membrane stained by Sypro Ruby Protein 

Blot Stain (Thermo Fisher Scientific, #S-11791). The reported values are the means ± standard error 

of mean (SEM) of the ratios between the integrated optic density (IOD) of the band and total 

proteins transferred on the membrane detected in the same lane, loaded in triplicate. Student’s t test 
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was used to compare group means, and a p-value < 0.05 was considered statistically significant. 

Statistical analyses were carried out with the GraphPad Prism software (version 5.0). 
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3. RESULTS 

3.1. Protein changes in hEDS dermal myofibroblasts 

To decipher protein networks and regulatory mechanisms likely involved in the hEDS 

pathophysiology, we compared the cellular proteome of 6 hEDS dermal myofibroblasts to that of 12 

control fibroblasts through a combination of 2D-DIGE and label-free LC-MS/MS analyses. Each 

approach was performed in triplicate to minimize the variability and increase the reliability of 

results and statistical analyses. As shown in Figure 1, 2D-DIGE revealed a total of 1023 matched 

spots between all gels and 336 of these were present in at least 80% of gels. After application of 

statistical criteria (Student’s t-test and FDR p < 0.05), 32 spots were identified as differentially 

expressed between hEDS and control cells that corresponded to 11 distinct DEPs (HSP90B1, 

ANXA6, HSPA2, VCL, PKM, UGDH, PDIA3, VIM, EIF4A1, ACTB, KRT10) as shown by 

MALDI-ToF MS (Supplementary Table 2). Label-free LC-MS/MS analysis recognized instead a 

total of 2526 proteins. After filtering those that were present in 2 over 3 technical replicates and in 

at least 80% of samples per group, 772 proteins were identified. Following the application of 

Student’s t-test and FDR p < 0.05, 178 proteins resulted significantly changed in hEDS 

myofibroblasts compared to control cells, 120 of which showed increased levels and 58 a decreased 

expression (Figure 1, Supplementary Table 3). Amid the 2 approaches, 6 DEPs were shared 

between the 2 datasets (ANXA6, HSP90B1, UGDH, PDIA3, VIM, ACTB), whereas HSPA2, PKM, 

VCL, EIF4A1, and KRT10 proteins were identified only by means of 2D-DIGE (Figure 1, 

Supplementary Table 2). 
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Figure 1. Schematic diagram summarizing identification process and findings obtained from 2D-
DIGE and label-free LC–MS/MS proteomic analyses of hEDS vs control cells. 2D-DIGE led to the 
identification of 11 varied proteins, whereas label-free LC-MS/MS highlighted 178 changed 
proteins. Of the 6 proteins in common, 3 were increased and 3 decreased in both datasets.  
 
The final list of 183 DEPs (121 upregulated and 62 downregulated) was then analyzed through 

bioinformatics software programs, i.e., PANTHER database of protein families, DAVID functional 

enrichment clustering, and STRING database of protein interactions. As outlined in the PANTHER 

analysis graph (Figure 2), the proteomic survey of hEDS myofibroblasts revealed significant 

alterations in different protein classes mainly involved in cellular and redox homeostasis (19%), 

cytoskeleton organization (16%), translation (14%), protein modification (8%), membrane 

trafficking (8%), calcium binding (7%), transport (7%), as well as with chaperone (4%), adaptor 

(4%), and nucleic acid binding (3%) functions. 

The distribution of identified up- and downregulated DEPs in the different protein families is 

reported in Table 1. Of note, most of the proteins related to metabolism and cell redox balance, 

translation, calcium binding, and chaperone function showed an increased expression, whereas the 

majority of proteins with a reduced expression were implicated in the actin cytoskeleton 

organization and membrane trafficking (Table 1). 
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Figure 2. Overview of the main altered protein classes in hEDS dermal myofibroblasts according to 
the PANTHER database.  
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Table 1. Distribution of up- and downregulated proteins in hEDS compared to control cells based on the PANTHER protein classification 

Proteins with an increased expression are highlighted in bold. 

PANTHER protein class DEPs identified in hEDS dermal myofibroblasts 

Metabolite interconversion 
enzyme 

CAT, GAPDH, HINT1, SOD1, HADHB, ECHS1, PRDX1, GPX1, MDH2, TKT, AK1, ACO2, PRDX3, 
ACADVL, ETFA, LDHB, FH, MAT2A, PFKP, TGM2, GLS, QARS, NNMT, SRM 

Cytoskeletal protein  ACTC1, MYO1C, PDLIM7, WDR1, DNM1L, PLS3, VCL, ACTB, TPM2, TAGLN, PARVA, CNN3, ACTR2, 
ARPC1A, CSRP1, MAPRE1, CFL2, VILL, DCTN2, CTTN, COTL1, STOML2 

Translational protein  RPL13, EEF1D, EIF2S2, RPL23, RPS5, RPS18, RPL7A, RPS19, RPL18, RPL12, RPS13, RPL7, RPL10A, 
LRRC47, RPL24, RPL6, EIF3I, EIF4A1 AARS, WARS 

Protein modifying enzyme  CUL4B, USP5, PEPD, PREP, CAND1, SEC11A, PSMD3, PSMD4, SKP1 

Membrane traffic protein  LAMP2, DNM1L, SCARB2, COPE, LAMP1, EHD2, USO1, PICALM, CLTA, CLTB, STX7 

Calcium binding protein CALM1, CALM2, CALU, S100A4, S100A13, RCN3, ANXA1, ANXA2, ANXA7, ANXA6 

Transporter VDAC1, VDAC2, ATP5PO, STOML2, SEC13, KPNA4, KPNA6, ATP2A2 

Protein binding activity 
modulator 

ARHGDIA, PEBP1, PRKCSH, RAC1, GNAI2, GNA11, GDI2, ATL3  

Chaperone  TBCA, CALR, BAG2, HSPE1, HSP90B1, FKBP1B, HSPA2 

Scaffold/adaptor protein  YWHAQ, PLIN3, YWHAE, RANBP1, YWHAZ 

Nucleic acid binding protein  RAD23B, TCEB2, SBDS, H2AFY 

Extracellular protein  COL1A1, COL6A1, LGALS1 

Transmembrane signal 
receptor  

PGRMC1, CD44 
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3.2. GO enrichment analysis  

Functional annotation of global proteome changes was examined using the DAVID database by 

performing enrichment analysis of biological process, molecular function, and cellular component 

with a filtering cut-off of at least 5 proteins in each GO term and Fisher exact test (Figure 3, 

Supplementary Table 4).  

The 183 DEPs were associated with a total of 45 statistically significant (FDR p-value < 0.05) GO 

terms for biological process. The most enriched were “cell adhesion” (5.4%), “translational 

initiation” (5.1%), “rRNA processing” (4.3%), “protein folding” (3.8%), “cell redox homeostasis” 

(2.3%), and “response to reactive oxygen species” (1.8%) (Figure 3A). The most important 

molecular functions included “protein binding” (37%), “poly(A) RNA binding” (12.4%), “cadherin 

binding involved in cell-cell adhesion” (7%), followed by “calcium ion binding” (4.6%), “structural 

constituent of ribosome” (3.8%), and “actin filament binding” (3.3%) (Figure 3B). The most 

enriched GO terms for cellular component were “extracellular exosomes” (31.5%) and “cytoplasm” 

(24.8%), followed by “focal adhesion” (11.8%), “mitochondrion” (10.3%), “extracellular matrix” 

(7.2%), “actin cytoskeleton” (3.8%), and “endoplasmic reticulum” (3.6%) (Figure 3C, 

Supplementary Table 4). 

To further explore the biological significance of proteome changes, we performed functional 

annotation clustering of all up- and downregulated proteins by querying the DAVID database 

(Tables 2-3, Supplementary Tables 5 and 6). Functional enrichment analysis of the upregulated 

proteins revealed 6 major biological GO clusters (Table 2). 
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Figure 3. GO enrichment analysis of the DEPs in hEDS dermal myofibroblasts according to the 
DAVID database. The top 10 enriched categories for “biological process” (A), “molecular function” 
(B), and “cellular component” (C) are shown together with the number of associated proteins in 
each GO term. The complete list of GO categories is reported in Supplementary Table 4. 
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The 2 most statistically significant groups contained proteins belonging to the large and small 

ribosomal subunits with biological functions related to translation and rRNA processing (Table 2, 

Supplementary Table 5). Further upregulated proteins were implicated in energy metabolism 

including glycolysis, citric acid cycle, and respiratory electron transport [e.g. glyceraldehyde-3-

phosphate dehydrogenase (GAPDH), phosphoglycerate mutase 1 (PGAM1), pyruvate kinase M1/2 

(PKM), lactate dehydrogenase B (LDHB), ATP synthase membrane subunit g (ATP5MG), ATP 

synthase peripheral stalk subunit OSCP (ATP5O), ATP synthase F1 subunit gamma (ATP5F1C), 

fumarate hydratase (FH), malate dehydrogenase 2 (MDH2), aconitase 2 (ACO2), and electron 

transfer flavoprotein subunit alpha (ETFA)]. Patients’ cells also showed a higher expression of 

proteins involved in endoplasmic reticulum (ER) protein folding [e.g. different members of the 

protein disulfide isomerase family (PDIA3, PDIA4, PDIA6), calreticulin (CALR), calumenin 

(CALU), DnaJ heat shock protein family member B11 (DNAJB11), and heat shock protein 90 beta 

family member 1 (HSP90B1)] and maintenance of redox balance [e.g. superoxide dismutase 1 

(SOD1), catalase (CAT), glutathione peroxidase 1 (GPX1), peroxiredoxin 1 (PRDX1), 

peroxiredoxin 3 (PRDX3), peroxiredoxin 5 (PRDX5), and glutathione S-transferase pi 1 (GSTP1)]. 

Another significantly enriched GO cluster included calcium related proteins such as three members 

of the annexin family (ANXA1, ANXA2, ANXA7) and proteins containing a specific calcium-

binding domain, known as EF-hand. Among these, there were 2 members of the S100 family 

(S100A4 and S100A13), calmodulin 1 (CALM1) and calmodulin 2 (CALM2), and some ER-

resident proteins such as reticulocalbin 3 (RCN3), peptidyl-prolyl cis–trans isomerase FKBP9, 

isoform 1 (FKBP9), and CALU. Moreover, GO enrichment analysis also indicated the up-regulated 

expression of different proteins involved in catabolic process mediated by the proteasome-mediated 

ubiquitin system (Table 2, Supplementary Table 5). 

Functional annotation clustering of downregulated proteins highlighted that most of them were 

involved in actin binding, cytoskeleton organization, and maintenance of focal adhesion and cell-

cell junction. Of note, this cluster included more than a few proteins with a calponin homology 
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domain such as transgelin (TAGLN), calponin 3 (CNN3), actinin alpha 1 (ACTN1), filamin A 

(FLNA), plastin 3 (PLS3), and parvin alpha (PARVA) (Table 3, Supplementary Table 6). 
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Table 2. DAVID functional annotation clustering of upregulated proteins in hEDS myofibroblasts  

 

 

 

 

 

 

 

 

 

 

 

 

 

Cluster Term description Count FDR Proteins in the cluster 

1a GO:0006413~translational initiation 19 1,17E-15 RPL23, RPS5, RPL12, RPL10A, EIF2S2, RPL6, RPL7, RPL7A, 
RPS25, RPS16, RPS19, RPL18A, RPS18, EIF3I, EIF3G, RPL24, 
RPL13, RPL18, RPS13 

1b hsa03010:ribosome 16 1,48E-08 RPL18, RPL13, RPL24, RPS5, RPS25, RPS18, RPS19, RPS16, RPL7, 
RPL23, RPL18A, RPL6, RPS13, RPL7A, RPL12, RPL10A 

2a GO:0005739~mitochondrion 31 1,30E-08 YWHAE, FH, ACADVL, ECHS1, GSTP1, RAB1B, HSD17B4, 
ATP5C1, ETFA, PARK7, ATP5O, ATP5L, PRDX3, LDHB, PRDX5, 
YWHAQ, C1QBP, PRDX1, CLIC1, GPX1, MDH2, HSPE1, YWHAZ, 
RAB11B, SOD1, HADHB, PKM, CAT, VDAC2, VDAC1, ACO2 

2b GO:0005759~mitochondrial matrix 14 2,49E-06 ACADVL, FH, ECHS1, GPX1, MDH2, ATP5C1, ETFA, PARK7, 
HSPE1, SOD1, PRDX3, PRDX5, C1QBP, ACO2 

3a IPR012336:thioredoxin-like fold 10 3,15E-05 PRDX3, PRDX5, GPX1, GSTP1, PRDX1, SH3BGRL3, PDIA6, CLIC1, 
PDIA4, TXNDC5 

3b GO:0045454~cell redox homeostasis 8 7,16E-05 PRDX3, PRDX5, GPX1, PRDX1, SH3BGRL3, PDIA6, PDIA4, 
TXNDC5 

4a GO:0006457~protein folding 11 2,17E-05 BAG2, PRKCSH, DNAJB11, FKBP9, TBCA, CALR, HSPE1, PDIA6, 
PDIA4, GNAI2, TXNDC5 

4b GO:0005788~endoplasmic reticulum lumen 10 5,01E-05 RCN3, MYDGF, PRKCSH, P4HA2, DNAJB11, CALR, PDIA6, 
SUMF2, PDIA4, TXNDC5 

4c hsa04141:protein processing in endoplasmic 
reticulum 

11 0,002 SEC13, BAG2, PRKCSH, DNAJB11, CALR, PDIA6, RAD23B, 
CKAP4, PDIA4, SKP1, TXNDC5 

5a Calcium 17 4,80E-04 ANXA1, ANXA2, PRKCSH, CLTB, CLTA, SUMF2, RCN3, S100A13, 
CALU, ANXA7, S100A4, FKBP9, VILL, CALR, CALM1, CALM2 
TKT 

5b domain:EF-hand 1 8 0,009 RCN3, PRKCSH, S100A13, CALU, S100A4, FKBP9, CALM1, 
CALM2 

6 GO:0043161~proteasome-mediated ubiquitin-
dependent protein catabolic process 

6 0,01 PSMB6, PSMB5, PSMD4, PSMD3, RAD23B, SKP1 
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Table 3. DAVID functional annotation clustering of downregulated proteins in hEDS myofibroblasts 

 

 

 

Cluster Term description Count FDR Proteins in the cluster 

1a GO:0051015~actin binding 15 1,58E-12 ACTR2, TAGLN, WDR1, TPM2, ACTN1, ARPC1A, DSTN, PARVA, 
CNN3, VCL, MYO1C, FLNA, PLS3, MYH9, MYH10  

1b IPR001715:calponin homology domain 6 3,9E-06 TAGLN, ACTN1, FLNA, PLS3, PARVA, CNN3 

2a GO:0015629~actin cytoskeleton 10 1,09E-06 ACTR2, ARPC1A, MYH9, DSTN, FLNA, PARVA, MYH10, VCL, 
PDLIM7, CNN3 

2b GO:0051015~actin filament binding 10 8,25E-08 ACTR2, WDR1, TPM2, ACTN1, ARPC1A, MYH9, DSTN, FLNA, PLS3, 
MYH10 

2c GO:0098641~cadherin binding involved in cell-
cell adhesion 

8 0,002 USO1, MYH9, FLNA, PARVA, VCL, PFKP, CNN3, PICALM 

3a GO:0005925~focal adhesion 17 8,36E-12 SCARB2, ACTR2, ACTN1, FHL1, GDI2, PARVA, CNN3, AKAP12, 
ACTC1, CSRP1, FLNA, MYH9, ITGA5, FERMT2, PDLIM7, VCL, TGM2 

3b GO:0005911~cell-cell junction 6 0,003 WDR1, ACTN1, FLNA, ITGA5, VCL, PDLIM7 

3c hsa04510:focal adhesion 7 0,04 COL1A1, ACTN1, COL6A2, FLNA, PARVA, ITGA5, VCL 

4a GO:0005524~ATP binding 16 0,003 ACTR2, EIF4A1, WARS, ATP2A2, HSPA2, EHD2, MYO1C, ACTC1, 
QARS, MAT2A, LARS, MYH9, MYH10, PFKP, TGM2, AARS 

4b Aminoacyl-tRNA synthetase 4 0,002 WARS, QARS, LARS, AARS 
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3.3 Pathways enrichment analysis and protein-protein interaction networks 

To identify significant dysregulated pathways and enriched protein domains among the DEPs in 

hEDS myofibroblasts, we also queried the STRING database (Table 4, Supplementary Table 7). 

This analysis revealed the KEGG pathways “ribosome”, “protein processing in endoplasmic 

reticulum”, “carbon metabolism”, “metabolic pathways”, “biosynthesis of amino acids”, “pyruvate 

metabolism”, and “regulation of actin cytoskeleton” as the most perturbed ones. In particular, 

pathways implicated in metabolic processes, protein translation and processing into the ER lumen, 

and maintenance of ER proteostasis seem to be enhanced, as suggested by the increased expression 

of numerous associated proteins. Molecular functions involved in focal adhesion/cell-matrix 

interactions and fibroblast-specific actin cytoskeleton organization seem to be impaired, given the 

differential expression of several related proteins, the majority of which were downregulated.  

Consistently, also according to the REACTOME database, the most significantly perturbed 

pathways were related to “metabolism of proteins”, “eukaryotic translation”, “SRP-dependent co-

translational protein targeting to membrane”, “vesicle-mediated transport”, “cell-extracellular 

matrix interactions”, and “cellular responses to stress” (Supplementary Table S7). Classification of 

protein families and domains according to the InterPro database further corroborated these findings 

(Table 5, Supplementary Table 7). 

The STRING database was also queried to investigate the interaction pattern of DEPs in hEDS 

myofibroblasts, which confirmed the previous bioinformatic results. Indeed, protein–protein 

interaction networks of upregulated proteins highlighted potential hubs with biological functions 

mainly related to ribosome biogenesis and translation, vesicular transport and membrane 

trafficking, protein quality control including proper protein folding in the ER lumen, cell energy 

metabolism, and cell redox balance (Figure 4A). The most enriched protein clusters of 

downregulated proteins were actin cytoskeleton organization, tRNA aminoacylation for protein 

translation, lysosomal transport, ER-Golgi trafficking, and ECM organization (Figure 4B). 
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Table 4. Most significantly perturbed pathways in hEDS myofibroblasts according to the STRING database 

 

Proteins with an increased expression are highlighted in bold. 

KEGG ID Pathway description Count FDR Proteins in the pathway 

hsa03010 Ribosome 16 7,16E-11 RPL18, RPL13, RPL24, RPS5, RPS25, RPS18, RPS19, 
RPS16, RPL7, RPL23, RPL18A, RPL6, RPS13, RPL7A, 
RPL12, RPL10A 

hsa04141 Protein processing in endoplasmic 
reticulum 

14 7,77E-08 BAG2, CALR, CKAP4, DNAJB11, HSP90B1, PDIA3, 
PDIA4, PDIA6, PRKCSH, RAD23B, SEC13, SKP1, 
TXNDC5, CRYAB 

hsa01200 Carbon metabolism 10 1,58E-05 ACO2, CAT, PKM, ECHS1, FH, GAPDH, MDH2, PFKP, 
PGAM1, TKT 

hsa01230 Biosynthesis of amino acids 7 0,00039 ACO2, GAPDH, MAT2A, PKM, PGAM1, PFKP, TKT 

hsa05016 Huntington's disease 10 0,00071 ATP5C1, ATP5O, CLTA, CLTB, DCTN2, GPX1, SOD1, 
TGM2, VDAC1, VDAC2 

hsa01100 Metabolic pathways 27 0,0012 ACADVL, ACO2, ADK, AK1, ATP5C1, ATP5L, ATP5O, 
CBR1, ECHS1, FH, GAPDH, GLS, HADHB, HSD17B4, 
LDHB, MAT2A, MDH2, NAGK, NME1, NNMT, P4HA2, 
PFKP, PGAM1, QARS, SRM, TKT, UGDH 

hsa04510 Focal adhesion 9 0,0029 VCL, COL1A1, ITGA5, COL6A2, FLNC, PARVA, RAC1, 
FLNA, ACTN1 

hsa04810 Regulation of actin cytoskeleton 9 0,0035 VCL, MYH9, ARPC1A, ITGA5, CFL2, RAC1, MYH10, 
ACTN1, CFL1 

hsa00620 Pyruvate metabolism 4 0,0096 PKM, MDH2, FH, LDHB 
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Table 5. InterPro classification of the protein families and domains among the DEPs identified in hEDS myofibroblasts  

Proteins with an increased expression are highlighted in bold. 

 

 

 

 

InterPro ID Description FDR UniProt KB ID Proteins name 

IPR036249 Thioredoxin-like 

superfamily 

0,00021 Q06830, P30044, Q9H299, P13667, 

P30048, P30101, O00299, Q8NBS9, 

P09211, Q15084, P07203 

CLIC1, GPX1, GSTP1, PDIA3, PDIA4, 

PDIA6, PRDX1, PRDX3, PRDX5, 

SH3BGRL3, TXNDC5 

IPR005788 Disulphide 

isomerase 

0,0025 P13667, P30101, Q8NBS9, Q15084 PDIA3, PDIA4, PDIA6, TXNDC5 

IPR001715 Calponin homology 

domain 

0,00042 Q14315, Q9NVD7, P13797, P21333, 

Q15417, Q15691, P12814, Q01995 

ACTN1, CNN3, FLNA, FLNC, MAPRE1, 

PARVA, PLS3, TAGLN 

IPR037104 Annexin superfamily 0,0113 P07355, P08133, P20073, P04083 ANXA1, ANXA2, ANXA6, ANXA7 
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Figure 4. Protein-protein interaction networks of up- (A) and downregulated (B) proteins identified 
in hEDS myofibroblasts based on the STRING database. Each node represents a protein, and each 
edge represents an interaction including either physical or functional associations. Only interactions 
with the highest confidence score (0.9) are shown.  
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3.4. Biochemical analyses by WB and IF 

To corroborate the proteomic changes identified in hEDS myofibroblasts, the expression levels of a 

subset of DEPs related to different cellular pathways, i.e., cytoskeleton organization, intracellular 

trafficking/vesicular transport, and cell redox homeostasis, were investigated by WB and IF. 

Concerning the cytoskeletal organization, WB confirmed the increased protein levels in hEDS vs 

control cells of VIM, CFL2, FLNC, and RAC1, as well as the reduced expression of PARVA, 

MYO1C, and β-actin (Figures 5A,B). Although α-SMA was not identified as differentially 

expressed by proteome analysis, WB demonstrated an increased expression of this myofibroblast 

specific marker in hEDS compared to control cells (Figures 5A,B).  

To further verify the rearrangement of the cytoskeleton architecture in hEDS myofibroblasts, the 

organization of α-SMA and β-actin was evaluated also by IF. As previously reported [5] and shown 

in Figure 5C and Supplementary Figure 1, all hEDS cells included in this study organized α-SMA 

in cytoskeletal microfilaments, whereas in control cells only intracellular non-fibrillar protein was 

detectable. In line with the decreased expression of β-actin shown by proteome analysis and WB, IF 

analysis displayed fragmented fibres of this non muscular actin isoform in hEDS cells compared to 

controls, which, on the contrary, organized the protein in abundant microfilaments (Figure 5C). 

WB also confirmed the higher expression in hEDS myofibroblasts of the ER-resident enzyme 

PDIA3 implicated in protein folding as well as of Rab1b, ANXA2, and S100A4 involved in 

intracellular trafficking and vesicular transport (Figures 5A,B). Since it is known that the S100A4 

protein can be secreted trough microvesicles [14], we investigated its presence in the CM 

(extracellular S100A4, e-S100A4) of control and patient cells. WB analysis revealed significant 

secreted levels of the e-S100A4 protein only in the CM of hEDS myofibroblasts (Figure 5A).  
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Figure 5. Representative WB images (A) and respective quantitative analyses (B) of protein amounts in pooled whole 
cell extracts from control fibroblasts (n=6, white bars) and hEDS myofibroblasts (n=6, gray bars) of VIM, PARVA, 
CFL2, FLNC, RAC1, MYO1C, β-actin, α-SMA, PDIA3, Rab1b, ANXA2, and S100A4. This latter was also analyzed in 
pooled CM of control and patient cells, starting from 100 µg of proteins recovered after a specific lysis treatment and 
immunoreacted with the mouse S100A4 mAb, detecting a 12 kDa band (e-S100A4) only in the CM of hEDS 
myofibroblasts. Protein bands were quantified by image analysis as described in Materials and Methods section. The 
IOD values were normalized against the total amount of loaded proteins stained with Sypro Ruby Protein Blot Stain. 
Representative IF analyses (C) of α-SMA and β-actin cytoskeleton organization in control and hEDS cells. Scale bar: 
9.5 µm. All graphical results are expressed as mean ± SEM of technical triplicates. Statistical analysis was performed 
with the Student’s t-test. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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4. Discussion 

Myofibroblasts are highly specialized and differentiated cells that regulate connective tissues 

remodeling and exhibit cytoskeletal characteristics of contractile smooth muscle cells [15]. They are 

dynamically involved in response to tissue injury and pathologically contribute to cancer and 

several fibrotic and inflammatory conditions, as this cell type represents an important source of 

ECM-remodeling enzymes (e.g. MMPs and their inhibitors) and of inflammatory mediators, 

cytokines, chemokines, and growth factors [16,17]. Apart from the pathway of the transforming 

growth factor-β1 (TGF-β1), the most potent and established stimulator of the FMT [16,18], growing 

evidences on cytoskeleton-dependent signalling and associated mechano-transduction involving 

integrins and actin remodeling are emerging [19–21]. Indeed, during FMT, the actin cytoskeleton 

regulates not only mechanical functions (e.g. focal adhesion formation, contraction, ECM 

remodeling), but it is also involved in transduction of different signals/stimuli (e.g. ECM 

components, soluble growth factors, and physical force inputs) into biochemical signalling and 

transcriptional and translational regulation [21,22]. Along with classical cytoskeletal characteristics 

of myofibroblasts, increasing evidences point to the involvement of mitochondrial alterations and 

metabolic remodeling in the myofibroblast differentiation. Changes in mitochondrial morphology 

and activity, including reactive oxidative species (ROS) production, are reported to occur early in 

myofibroblast formation [23]. Modifications of cellular metabolism, including ATP generation and 

synthesis of building blocks (e.g. nucleotides, phospholipids, and amino acids), are needed to 

sustain the biomass required for cellular growth and differentiation, as well as the energetic demand 

of the acquired contractile phenotype. Indeed, compared with the quiescent state, myofibroblasts 

increase aerobic glycolysis and lactate production that, in turn, modulate mitochondrial oxidative 

phosphorylation [24]. Furthermore, recent studies identified variations in mitochondrial and 

cytosolic calcium dynamics as key mediators linking metabolism to epigenetic modifications 

required for the FMT [23,24]. 
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In the present study, we performed a comprehensive proteome profiling of 6 hEDS dermal 

fibroblasts all showing myofibroblast-like features including organization of α-SMA 

microfilaments, expression of cadherin-11 and αvβ3 integrin, and nuclear localization of the 

Snail1/Slug transcription factor. Proteomics identified 183 DEPs predicted to perturb numerous 

biological processes/pathways, among which cytoskeleton remodeling, cell energy metabolism, 

proteostasis, redox homeostasis, and vesicle trafficking were the most significant.  

Consistent with actin cytoskeleton changes essential for the differentiation of fibroblasts to 

myofibroblasts, hEDS cells showed the differential expression of more than a few cytoskeletal 

proteins and their interactors. Among these, we found reduced levels of the cytoplasmic β-actin 

isoform, which, contrary to control cells, was not organized in stress fibers. The decreased 

expression of regulatory proteins associated with the actin polymerization, i.e., a member of the 

actin-related protein 2/3 complex (ARPC1A), the actin cross-linker ACTN1, and actin 

depolymerizing factor destrin (DSTN), likely influences the atypical organization of the actin’s 

network in α-SMA-positive hEDS cells. Furthermore, VIM, one of the most abundant intermediate 

filaments protein in mesenchymal cells [20], showed higher levels compared to control fibroblasts 

along with CFL1 and CFL2, which both support actin turnover [25]. FLNA and FLNC were 

differentially expressed as well; particularly, the ubiquitously expressed FLNA showed a 

diminished expression, whereas FLNC, the most prevalent isoform in striated muscles, was 

upregulated. Both proteins crosslink actin filaments and bind to Rho GTPases family members such 

as RAC1 [26,27], which was also upregulated in hEDS myofibroblasts. This small GTPase, the 

activation of which is regulated by GDP/GTP-bound conformation changes and through several 

post-translational modifications [28,29], participates in cell migration, differentiation, and 

cytoskeletal and cell adhesion dynamics [30,31]. RAC1 activity is controlled by multiple 

extracellular signals including growth factors, cytokines, integrins (including αvβ3), and 

mechanical stresses. Concerning signalling through integrins, it is well defined that their 

downstream effectors (such as ILK) are capable to influence both actin cytoskeleton remodeling 
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and Rho GTPases activity [32,33]. ILK connects integrins to the cytoskeleton via the so-called IPP 

complex, comprising ILK itself, PINCH1/2, and the α/β/γ-parvins adaptor proteins [34]. As ILK 

can only bind one PINCH and one parvin isoform at the same time, this kinase is capable of being 

part of distinct IPP complexes that may trigger different signalling outputs [35]. In contrast to β-

parvin, PARVA appears to be a negative regulator of RAC1 signalling [36,37] and it has been 

suggested that reduced PARVA amounts in the IPP complex causes RAC1 activation [38]. Since in 

patients’ cells PARVA showed lower levels and RAC1 a higher expression, an enhanced RAC1 

activity triggered by the αvβ3/ILK-dependent signalling, which finally leads to the Snail1-mediated 

FMT [5], can be envisaged. After activation, RAC1 orchestrates many downstream signalling 

cascades through different effectors or targets including kinases (e.g. ROCKs, PAKs) and actin-

nucleating proteins (e.g., Arp2/3 complex and formins). In transformed keratinocytes, it has been 

proofed that RAC1 mediates TGFβ1-induced epithelial-to-mesenchymal transition (EMT), through 

the p21-activating kinase (PAK1) by regulating expression of Snail1, as well as MMP9 

production/secretion [39]. In chondrocytes from patients with osteoarthritis, RAC1 signalling has 

been shown to be involved in the cartilage ECM destruction by stimulating MMPs production [40]. 

In a mouse model of retinitis pigmentosa, it has been suggested that the activation of an αvβ3 

integrin/RAC1-dependent pathway by inflammatory molecules (e.g. urokinase-type plasminogen 

activator) induces the transcription of different genes including inflammatory factors, thus 

exacerbating chronic inflammation [41]. Based on these studies and our previous and present data, 

the hypothesis that in the phenotypic switch of hEDS fibroblasts a peculiar cytoskeleton 

remodeling/signalling, which likely involves αvβ3-ILK complexes in focal adhesion sites, RAC1 

and its downstream effectors, is very intriguing. Additional basic research is needed to proof this 

aspect, which could provide significant insights into the relevance of this signalling pathway in the 

hEDS pathophysiology. 

In line with mitochondrial and metabolic changes contributing to the myofibroblast differentiation 

and function [23], proteomics recognized a conspicuous group of related DEPs. In particular 
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dysregulated levels of various mitochondrial proteins, including some subunits of the mitochondrial 

ATP synthase (ATP5O, ATP5C1, ATP5L) and enzymes involved in oxidative metabolism and fatty 

acid beta-oxidation (ACO2, MDH2, FH, ACADVL, ECHS1, HADHB, ETFA), and 

synthesis/turnover of building blocks (TKT, ADK, AK1, NME1, NAGK) were identified. Besides, 

hEDS myofibroblasts showed higher expression of the glycolytic enzymes GAPDH, PGAM1, and 

PKM together with the LDHB that is involved in lactate production, thus suggesting that an 

increased aerobic glycolysis (a.k.a. glycolytic switch) accompanied by decreased glucose oxidation 

might be involved in the phenotypic differentiation of hEDS fibroblasts. Indeed, several studies 

have suggested that the reduced glucose oxidation, in face of enhanced glycolytic rates, is a key 

metabolic driver of myofibroblast differentiation [23,42–46]. For example, it has been shown that 

the inhibition of aerobic glycolysis prevents the expression of α-SMA, suppresses renal interstitial 

myofibroblast differentiation [43], and induces the phenotypic reversal of hepatic myofibroblasts 

into a less mature form [47]. Likewise, the inhibition of LDH prevents the expression of α-SMA 

[42,45], whereas its overexpression induces myofibroblast differentiation [44]. Notably, in one of 

these studies it has been demonstrated that the addition of exogenous lactate was sufficient to 

increase the expression of phenotypic myofibroblast markers in a dose-dependent manner [43]. The 

mechanisms by which lactate promotes myofibroblast differentiation are not fully explored and 

range from pH-dependent activation of latent TGF-β in the ECM to epigenetic modifications (e.g. 

through histone lactylation) regulating gene expression [23,44,48]. These experimental evidences 

highlighting that changes in metabolism not only associate with the myofibroblast phenotype but 

are in fact necessary for the myofibroblast differentiation, prompt to further research aimed to 

unveil the functional significance of metabolic alterations in hEDS. 

It is well established that the functional interplay between mitochondria and other cellular 

organelles, particularly ER, Golgi apparatus, peroxisomes, and lysosomes along with metabolic 

alterations may perturb several cellular functions [49]. Specifically, mitochondria and ER actively 

communicate, and their contact sites are key hubs for aerobic metabolism, lipid trafficking, calcium 
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signalling, ER stress, autophagy, and apoptosis [49]. In this regard, proteome data indicated an 

increased expression of VDAC1 and VDAC2, which are core components of specialized tethering 

complexes that function as chaperones to regulate calcium flux from ER to mitochondria, thereby 

contributing to the intracellular redox balance [49,50]. Besides, the variation of the ER redox state 

can result in increased mitochondria coupling to ER, which influences ATP production, oxygen 

consumption, and mitochondrial calcium exchange [51]. In hEDS myofibroblasts, intracellular 

calcium signaling and ER homeostasis seem to be altered, as suggested not only by the differential 

expression of VDAC1 and VDAC2 but also by the upregulation of RCN3, CALU, and CALR, 

which are proteins involved in the calcium storage within the ER lumen and also act as molecular 

chaperones to promote protein folding [52,53]. These proteins together with other increased 

chaperones (FKBP9, HSP90B1, BAG2) and members of the PDI family (PDIA3, PDIA4, PDIA6) 

[54,55] could be associated with robust protein synthesis of activated fibroblasts and/or in 

recognition of misfolded proteins and response to cellular stress. Likewise, the increased levels of 

numerous proteins belonging to the core of translation machinery (e.g. ribosomal proteins and 

translational regulators) and of different proteins involved in ER-associated degradation and 

ubiquitin–proteasome system (PSMB5, PSMB6, PSMD3, PSMD4, SKP1, RAD23B), further point 

out a dysregulation of the protein quality control in hEDS cells. Besides, an imbalance of the redox 

state can also be supposed, considering the upregulation of various antioxidant enzymes (CAT, 

SOD, GPX1, GSTP1, CBR1, PRDX1, PRDX3, PRDX5), which act as ROS scavengers in different 

compartments [56]. Together, it is reasonable to assume that in hEDS myofibroblasts several 

pathways are triggered in response to an unknown molecular defect that affects energy metabolism, 

proteostasis, calcium homeostasis, and redox balance.  

Other deregulated calcium-related proteins were CALM1 and CALM2, which function as 

intracellular sensors of calcium signalling by mediating the activation of calcium/calmodulin-

dependent protein kinases that, in turn, regulate many processes such as cytoskeleton remodeling, 

cell metabolism, differentiation, and proliferation [57]. Diverse members of the annexin family 
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(ANXA1, ANXA2, ANXA6, ANXA7), which are involved in signalling, proliferation, and 

inflammation [58–61], were also differentially expressed. Annexins mediate exocytic and endocytic 

events, membrane-cytoskeleton linking, and participate in the biogenesis of exosomes, thereby 

facilitating the loading of a variety of active molecules in the extracellular space [59,62]. Besides 

annexins, members of the Rab small GTPases family are also involved in the control of intracellular 

vesicular trafficking [59,63]. In this regard, the ER-Golgi trafficking seems to be altered in hEDS 

myofibroblasts, as suggested by the differentially expression of some related proteins including the 

Rab1b, a small GTPase involved in vesicle transport between ER and Golgi [64], the vesicle 

transport factor USO1 (a.k.a. p115) [65], and members of Golgi-associated myosins (non-muscle 

myosin IIA, a.k.a. MYH9, and MYO1C), which serve to stabilize branched actin to facilitate the 

arrival of cargos at the Golgi complex [66]. 

It is known that annexins form heterotetramers with S100 proteins, which are another group of 

calcium-binding proteins involved in a wide range of processes, such as proliferation, migration, 

and differentiation [67]. The establishment of S100-annexins complexes are functionally relevant, 

since they regulate the organization of membranes and vesicles, thereby participating in the correct 

disposition of membrane-associated proteins [68]. hEDS myofibroblasts showed high levels of two 

members of this family, i.e., S100A13 and S100A4, with the latter as the most upregulated protein 

in patient cells. S100A4 is implicated in disease states of different pro-inflammatory conditions and 

it is considered a hallmark of the EMT [69–72]. Several proteins have been identified as 

intracellular S100A4 targets, including liprin β1, methionine aminopeptidase, the p53 tumor 

suppressor protein, and proteins involved in cytoskeletal rearrangement and cell motility [14,69,72–

74]. The latter proteins include filamentous actin (F-actin), tropomyosin (TPM2), MYH9, and 

MYH10, which were all differentially expressed in hEDS myofibroblasts. S100A4 can also be 

actively released in the extracellular space by various cell types including fibroblasts [69,70,73]. Of 

note, S100A4 is not secreted by the classical ER-Golgi route and some evidences showed that 

cytokine-dependent pathways stimulate the S100A4 secretion through microvesicles shedding from 
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the plasma membrane [70,75]. S100A4 is classified within the group of molecules called damage-

associated molecular patterns (DAMPs), which have critical functions in the activation of innate 

immunity and secretion of inflammatory mediators [73,76]. Indeed, extracellular S100A4 is a 

multireceptor ligand that acts as DAMP and regulates several signalling by interacting with more 

than a few pro-inflammatory surface receptors (e.g. RAGE, ANXA2, TLR4) [72,73]. S100A4 

contributes to the pathological ECM remodeling by modulating the production of different 

structural components as well as matrix degrading proteases [74,77]. Indeed, accumulating evidence 

revealed a pivotal role of extracellular S100A4 in the establishment of an inflammatory milieu and 

invasive cellular phenotype by stimulating the production of various MMPs in different cancer and 

stroma cells [78–82]. Our finding that in hEDS myofibroblasts S100A4 is likely secreted through 

extracellular vesicles, since it was detectable only in the CM of patient cells after a specific lysis 

treatment, suggests a potential extracellular role of this protein in the disease pathogenesis. Based 

on the present findings and in line with our previous data showing that control fibroblasts acquire 

the hEDS-specific myofibroblast-like phenotype when treated with patient cells’ CM [5], it is 

reasonable to speculate that S100A4 is one of the key disease factors involved in the FMT. S100A4 

likely acts either intracellularly and/or as extracellular DAMP by inducing a pro-inflammatory 

microenvironment characterized by excessive ECM degradation through the stimulation of an 

enhanced MMPs-mediated proteolytic activity [5]. However, the molecular action by which 

S100A4 elicits its pathophysiological effect as well as the causal relationship with the hEDS 

pathogenesis remains to be further investigated. As future expectation, intracellular S100A4 

inhibitor compounds (such as niclosamide, calcimycin, LY294002), and/or neutralizing antibodies 

that specifically target extracellular functions [70,83], and/or MMPs inhibitors such as tetracycline 

derivatives [84,85], might be promising anti-inflammatory strategies in hEDS that merit further 

research efforts.  
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5. Conclusions 

In summary, this work sheds light into several dysregulated mechanisms and altered protein 

networks likely involved in the hEDS pathogenesis. Considering the potential role of actin-

dependent signalling in integrating multiple inputs promoting ECM remodeling and myofibroblast 

differentiation and the possible implication of mitochondrial and metabolic changes in controlling 

cellular differentiation, these may represent attractive pharmacologic targets for hEDS, once 

investigated more in detail. Likewise, our data provide interesting hints for additional research to 

decipher mechanisms of action and functional impact of potential bioactive molecule(s) such as 

S100A4 that might be used or targeted for future therapies in pre-clinical and clinical settings for 

this molecularly unsolved EDS type. 
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Figure legend 

Supplementary Figure 1. Organization of FN, αvβ3 integrin, α-SMA cytoskeleton, cadherin-11, 

and Snail1/Slug expression in hEDS patients P5 and P6, and control cells. IF of FN-ECM, αvβ3 

integrin, α-SMA organization, cadherin-11, and Snail1/Slug distribution in 72 h-grown control and 

hEDS P5 and P6 cells. The organization of α-SMA and αvβ3 integrin as well as the expression of 

cadherin-11 and Snail1/Slug in hEDS P5 and P6 cells are consistent with a myofibroblast-like 

phenotype. Scale bar: FN, α-SMA, and cadherin-11 9.5 µm; Scale bar: αvβ3 integrin and 

Snail1/Slug 6 µm.  
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