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A B S T R A C T   

Vascular Ehlers-Danlos syndrome (vEDS) is a severe connective tissue disorder caused by dominant mutations in 
the COL3A1 gene encoding type III collagen (COLLIII). COLLIII is primarily found in blood vessels and hollow 
organs, and its deficiency leads to soft connective tissues fragility, resulting in life-threatening arterial and organ 
ruptures. There are no current targeted therapies available. Although the disease usually results from COLLIII 
misfolding due to triple helix structure disruption, the underlying pathomechanisms are largely unknown. To 
address this knowledge gap, we performed a comprehensive transcriptome analysis using RNA- and miRNA-seq 
on a large cohort of dermal fibroblasts from vEDS patients and healthy donors. Our investigation revealed an 
intricate interplay between proteostasis abnormalities, inefficient endoplasmic reticulum stress response, and 
compromised autophagy, which may significantly impact the molecular pathology. We also present the first 
detailed miRNAs expression profile in patient cells, demonstrating that several aberrantly expressed miRNAs can 
disrupt critical cellular functions involved in vEDS pathophysiology, such as autophagy, proteostasis, and mTOR 
signaling. Target prediction and regulatory networks analyses suggested potential interactions among miRNAs, 
lncRNAs, and candidate target genes linked to extracellular matrix organization and autophagy-lysosome 
pathway. Our results highlight the importance of understanding the functional role of ncRNAs in vEDS patho-
genesis, shedding light on possible miRNAs and lncRNAs signatures and their functional implications for dys-
regulated pathways related to disease. Deciphering this complex molecular network of RNA interactions may 
yield additional evidence for potential disease biomolecules and targets, assisting in the design of effective pa-
tient treatment strategies.   

1. Introduction 

Vascular Ehlers-Danlos syndrome (vEDS, OMIM #130050), a rare 
autosomal dominant connective tissue disorder with an estimated 
prevalence of 1/50.000–150.000, is the most severe form of EDS where 
affected individuals are at risk of life-threatening ruptures of medium- 
and large-sized arteries, the gastrointestinal tract, the gravid uterus, and 

other internal organs such as the liver or spleen [1–3]. vEDS is caused by 
mutations in the COL3A1 gene encoding type III collagen (COLLIII), 
which provides strength and flexibility to blood vessels and membranes 
lining body cavities. COLLIII is primarily expressed in the walls of blood 
vessels and hollow organs, which explains why its deficiency can result 
in increased bruising, arterial and bowel rupture, and uterine, cervical, 
and vaginal fragility during pregnancy and delivery [1]. The diagnosis of 
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vEDS is based on the 2017 International Classification of EDS [4], which 
includes a family history with documented causative variant in COL3A1, 
a clinical history of arterial rupture, dissection or aneurysm, rupture of 
the large intestine, pregnancy complications at young ages, and carotid- 
cavernous fistula [1,3]. The biomechanical consequences of COL3A1 
mutations on tissue fragility extend beyond the vasculature. In fact, 
patients exhibit a range of clinical features including thin, translucent 
skin, spontaneous pneumothorax, acrogeria, hypermobile small joints, 
gingival recession due to fragile gingiva, early varicose veins, and a 
distinctive facial appearance [3]. The majority of disease-causing vari-
ants in vEDS are missense or splice site mutations that introduce a 
glycine substitution or result in an in-frame exon skip within the triple 
helical domain. These mutations cause misfolding of COLLIII in the 
endoplasmic reticulum (ER), leading to the retention of misfolded pro-
collagen trimers in the cell and enlargement of ER vesicles [5]. Such 
mutations have a dominant negative effect on the protein by inhibiting 
extracellular accumulation of mature COLLIII [6]. A small proportion of 
affected individuals have null-mutations leading to COL3A1 hap-
loinsufficiency, which is associated with a delayed onset of complica-
tions by almost two decades and an overall milder phenotype [1,2]. 

Treatment for vEDS is currently limited to symptomatic measures, 
and surgical intervention is challenging due to the friable and fragile 
nature of tissues [7,8]. Preclinical research has been hindered by the 
lack of accurate animal models that can replicate disease mechanisms 
and vascular pathogenesis [8,9]. However, some progress has been 
made with the generation of knockin mouse models that mimic many of 
the vascular features of vEDS including arterial aneurysms and rupture 
[10,11]. From a biological perspective, the understanding of the specific 
functional implications of COLLIII deficiency in the extracellular matrix 
(ECM) and how alterations in the ECM affect underlying disease pro-
cesses is limited. Our previous transcriptome analysis of dermal fibro-
blasts derived from a small group of patients revealed a dysregulated 
expression pattern of genes responsible for regulating collagen biosyn-
thesis, ECM organization, and maintaining ER protein folding homeo-
stasis. Protein studies showed that the altered distribution of the ER 
marker protein disulfide isomerase PDI, along with decreased levels of 
the COLLs-modifying enzyme FKBP22 [12,13], were consistent with 
disturbance in ER-related homeostasis and anomalies in collagen fiber 
structure and size [14]. 

In this study, we used comprehensive RNA sequencing to analyze 
transcriptome changes in a large cohort of dermal fibroblasts from vEDS 
patients and healthy donors. Our primary aim was to define a detailed 
molecular map that would reveal perturbed gene expression networks 
and cellular pathways contributing to the vEDS pathobiology. We also 
explored the potential involvement of non-coding RNAs (ncRNAs) such 
as microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) as sig-
nificant contributors to the underlying disease mechanisms. lncRNAs are 
a large group of non-protein coding transcripts exceeding 200 nucleo-
tides in length that can modulate gene expression at various levels 
including epigenetic control, transcription, RNA processing, and trans-
lation [15]. miRNAs are small endogenous ncRNAs that are key regu-
lators of gene expression, primarily influencing post-transcriptional 
processes by altering the translation and stability of target genes. They 
can precisely modulate various cellular processes related to disease 
onset and progression by targeting multiple components within a 
functional gene network [16]. 

Our transcriptome findings provide novel evidence of the impact of 
COL3A1 defects on crucial cellular functions, which are associated with 
impaired adaptive cellular responses to counteracted ER stress and 
defective autophagy. Furthermore, we identified an abnormal expres-
sion profile of several miRNAs and lncRNAs that could potentially 
contribute to epigenetic mechanisms responsible for the multisystemic 
nature of vEDS. These novel insights improve the understanding of the 
disease pathogenesis, especially given the lack of prior molecular data 
on ncRNAs expression alterations. They also offer valuable clues that 
could facilitate translational and preclinical research efforts aimed at 

developing therapeutic options for patient management. 

2. Patients, materials, and methods 

2.1. Patients 

This study was conducted in accordance with the Helsinki Declara-
tion Principles and approved by the local Institutional Review Board 
(ASST degli Spedali Civili, Brescia, Italy, registration number NP5328). 
Eighteen adult vEDS patients (P1-P18, 10 females, 8 males) and 36 
unrelated healthy donors (C1-C36, 30 females, 6 males) provided writ-
ten informed consent for the study and skin biopsy in accordance with 
Italian bioethical standards. All patients were evaluated at the Univer-
sity Hospital Spedali Civili of Brescia's specialized outpatient clinic for 
Ehlers-Danlos syndromes and related connective tissue disorders. Pa-
tients were diagnosed according to the 2017 EDS nosology and molec-
ularly characterized in our lab for a pathogenic dominant negative 
COL3A1 variant [3]. Three patients (P1-P3) and all healthy individuals 
(C1-C36) were previously reported [13,17], whereas the other vEDS 
patients (P4-P18) were novel. Supplementary Table S1 lists the patho-
genetic variants found in all enrolled patients along with an overview of 
their key clinical features. 

2.2. Cell culture conditions 

Fibroblast cultures were established in our lab according to standard 
protocols from skin biopsies obtained from the same site in the upper 
arms of vEDS patients and healthy donors. Fibroblasts 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, 100 μg/ml penicillin 
and streptomycin (Thermofisher Scientific, Rodano, Italy). Cells were 
expanded until full confluency and then harvested by 0.25 % trypsin/ 
0.02 % EDTA treatment at the same passage number (from 3rd to 5th). 
Prior to transcriptome sequencing, we confirmed the typical ECM 
disorganization of type I, III, and V collagens, and fibronectin, along 
with the absence of α2β1 and α5β1 integrin expression, and the presence 
of organized αvβ3 integrin in all vEDS fibroblasts, through immunoflu-
orescence analyses as previously reported [12,13]. 

2.3. RNA purification and transcriptome sequencing 

Total RNA (comprising miRNAs) was purified from 18 vEDS patient 
and 36 control dermal fibroblasts grown for 72 h at 80 % of confluency 
using the miRNeasy kit (Qiagen, Milano, Italy). RNA quality and con-
centration were assessed with the Agilent 2100 Bioanalyzer (Agilent 
Technology, Cernusco sul Naviglio, Italy) and the Qubit fluorometer 
(Thermofisher Scientific, Rodano, Italy). To maximize statistical power, 
each transcriptome profile from both experimental groups included two 
biological replicates, for a total of 108 sequenced libraries. Tran-
scriptome sequencing was carried out using the Thermofisher Scientific 
Ion Ampliseq Transcriptome Human Gene Expression kit (Thermofisher 
Scientific, Rodano, Italy), which targets by multiplexed PCR 18,574 
protein-coding and 2228 ncRNAs (including lncRNAs), as previously 
reported [17]. Libraries were quantified using the Ion qPCR Library 
Quantification Kit, diluted to 100 pM and pooled at 8 samples per pool. 
Emulsion PCR and enrichment were performed using the Ion One-
Touch2 system with ES. Libraries were loaded on an Ion 540 chip and 
sequenced with the Ion S5 instrument. Transcriptome Analysis Console 
4.0 with the ampliSeqRNA plugin was used to identify differentially 
expressed genes (DEGs) through an ANOVA test with a fold-change 
threshold of 1.5 and an adjusted p-value ≤ 0.05 (p-value correction 
with Benjamini & Hochberg). 

2.4. miRNome sequencing 

miRNA libraries were prepared from 100 ng of total RNA purified 
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from 18 vEDS and 18 control cell strains using the QIAseq miRNA Li-
brary Kit (Qiagen, Milano, Italy). This library preparation kit in-
corporates unique molecular indexes during cDNA synthesis, which 
uniquely tag each strand before amplification, resulting in a more ac-
curate reflection of endogenous miRNA levels by controlling for library 
amplification bias [18]. To ensure the accuracy and reproducibility of 
the data, a biological replicate was prepared for each patient and control 
sample, resulting in a total of 72 miRNA libraries. Libraries quality and 
concentration were assessed using the QIAxcel DNA high-sensitivity kit 
(Qiagen, Milano, Italy). Libraries were diluted to 4 nM and pooled at 6 
samples per pool, followed by emulsion PCR and enrichment with the 
Ion OneTouch2 with ES system. Libraries were then loaded on an Ion 
540 chip and sequenced with the Ion S5 instrument. 

After read trimming using cutadapt v1.18 (adapter 3′ AACTG-
TAGGCACCATCAAT; adapter 5′ GTTCAGAGTTCTACAGTCCGACGATC), 
quantification was performed with the mirdeep2 pipeline [19] using as 
reference miRNAs and hairpins as defined in the miRBase 22.1. Reads 
shorter than 17 nucleotides were discarded. miRNAs with average 
expression below 20 counts across samples were excluded from further 
analysis. Differential expression analysis was performed with the 
DESeq2 R package v1.38.3 [20]. Differentially expressed miRNAs (DE- 
miRNAs) were identified by using an adjusted p-value ≤ 0.05 (p-value 
correction with Benjamini & Hochberg). 

2.5. Biological classification of DEGs and miRNA targets prediction 

DEGs were annotated based on the Gene Ontology (GO) and the 
Kyoto Encyclopedia of Genes and Genome (KEGG) terms using the 
DAVID database [21]. Functional enrichment analysis was performed 
with the ClueGO and CluePedia plugins of the Cytoscape platform to 
cluster dysregulated genes by their association with WikiPathways, 
KEGG, and REACTOME pathways annotation terms [22]. Being the 
number of input genes very high, network specificity was improved by 
setting strict parameters, as a GO level interval from 6 to 15 and a kappa- 
score (k) threshold of 0.7. A two-sided hypergeometric test was used 
considering only functional annotations with a step-down Bonferroni 
corrected p-value ≤ 0.01. MirWalk, TargetScan, microT-CDS, and miR-
TarBase databases were used to predict potential miRNAs-target genes. 
The Enrichr web tool was used to perform GO and pathway analyses to 
identify cellular pathways influenced by DE-miRNAs. Potential in-
teractions among miRNAs, lncRNAs, and DEGs were obtained from 
miRNet 2.0 [23]. 

2.6. Quantitative PCR (qPCR) 

Relative expression levels of a subset of DEGs were verified by qPCR 
using different RNA extractions obtained from patient and control fi-
broblasts. 3 μg of pooled vEDS (N. 18) and control (N. 36) RNA samples 
were reverse transcribed with random primers and qPCR was performed 
by SYBR Green dye and standard thermal cycling conditions using the 
QuantStudio 3 Real-Time PCR System (Thermofisher Scientific, Rodano, 
Italy). ATP5B, CYC1, RPLP0, and YWHAZ were used as housekeeping 
genes for mRNA normalization. Selected DE-miRNA relative expression 
levels were also verified using cDNA from reverse transcription of 20 ng 
of 18 pooled vEDS and 18 control RNA samples using the miRCURY LNA 
RT kit (Qiagen, Milano, Italy). qPCR was carried out with miRCURY LNA 
miRNA SYBR Green PCR kit (Qiagen, Milano, Italy), and miRCURY LNA 
miRNA PCR assay specific for each DE-miRNA (hsa-miR-15b-5p, ID: 
YP00204243; hsa-miR-16-5p, ID: YP00205702; hsa-miR-21-3p, ID: 
YP00204302; hsa-miR-24b-3p, ID: YP00204260; hsa-miR-29a-3p, ID: 
YP00204698; hsa-miR-29b-3p, ID: YP00204679; hsa-miR-138-5p, ID: 
YP00206078; hsa-miR-145-5p, ID: YP00204483; hsa-miR-195-5p, ID: 
YP00205869). SNORD48 (ID: YP00203903), U6 snRNA (ID: 
YP00203907), SNORA66 (ID: YP00203905), SNORD44 (ID: 
YP00203902), and SNORD38B (ID: YP00203901) reference miRNAs 
were amplified for normalization of cDNA loading. Relative mRNA and 

miRNA expression levels were normalized to the geometric mean of 
references and analyzed using the 2− (ΔΔCt) method. Statistical data were 
obtained with GraphPad Prism 8.0 by applying the unpaired Student's t- 
test. 

3. Results 

3.1. Exploring the transcriptomic landscape of vEDS dermal fibroblasts 

To gain biological insights into dysregulated molecular mechanisms 
contributing to pathogenesis, we performed transcriptome sequencing 
on 18 dermal fibroblast strains from patients with vEDS and 36 cell 
strains from healthy donors. RNA samples from each group were 
sequenced twice as biological replicates to improve statistical power. We 
used ANOVA with a fold-change threshold of 1.5 and an FDR-adjusted p- 
value ≤ 0.05 to identify 3189 DEGs between vEDS and control fibro-
blasts: 3061 mRNAs and 128 ncRNAs. Out of the 128 identified ncRNAs, 
64 were differentially expressed lncRNAs (DE-lncRNAs), comprising 13 
upregulated and 51 downregulated transcripts, while 20 were small 
nucleolar RNAs with 17 upregulated and 3 downregulated transcripts. 
The remaining 44 were pseudogenes, of which 12 were upregulated and 
32 downregulated (Supplementary Table S2). 

Principal component analysis (PCA) and hierarchical clustering 
analysis (HCA) revealed the presence of two distinct clusters that effi-
ciently separated vEDS patients from healthy individuals (Fig. 1A–B). 
The volcano plot indicated that 2618 DEGs (2532 mRNAs and 86 
ncRNAs) were downregulated, while 571 showed increased expression 
(529 mRNAs and 42 ncRNAs) (Fig. 1C). 

3.2. Transcriptome analysis revealed dysregulated biological functions 
potentially relevant for disease pathogenesis 

To gain insight into the biological activities of the protein products of 
all DEGs, we performed GO enrichment analysis with DAVID. As shown 
in Fig. 2 and Supplementary Table S3, the most perturbed biological 
processes included mRNA splicing and processing, protein transport, 
translation, cell cycle regulation, autophagy, and chromatin remodeling. 
The most prevalent GO terms for molecular functions comprised protein 
binding, RNA binding, cadherin binding, structural constituent of ribo-
some, transcription corepressor activity, and ATP binding. Nucleoplasm, 
cytoplasm, mitochondrion, spliceosome, and endoplasmic reticulum 
were the most enriched cellular components GO terms. To further 
investigate the biological consequences of transcriptome alterations, we 
performed functional annotation clustering of all up- and down-
regulated DEGs (Table 1, Supplementary Table S4). Most of the func-
tional clusters linked to downregulated DEGs were involved in 
mitochondrial processes, mRNA processing and translation, cell divi-
sion, and DNA repair pathways. Patients' fibroblasts appear to have 
impaired ER homeostasis due to decreased expression of many protein- 
coding genes involved in ER protein folding quality control. These ER- 
associated genes encode molecular chaperones (CANX, CCPG1, 
DNAJA2, DNAJA4, DNAJB5, DNAJC1, CCT3, CCT5, CCT8), members of 
the protein disulfide isomerase family (PDIA3, ERP29, P4HB), as well as 
ER stress sensors (ATF6, IRE1, XBP1) that participate in the adaptive 
cellular ER stress responses, i.e., unfolded protein response (UPR) and 
ER-associated degradation (ERAD). Many genes (ATP6V1A, ATP6AP2, 
ATP6V0A2, ATP6V1B2, ATP6V1H, ATP6V0C, ATP6V0A1) related to the 
clathrin-coated vesicle membrane and components of the vacuolar 
ATPase (V-ATPase) made up another significantly enriched GO cluster. 
The decreased expression of TFEB, ATG9A, ATG10, ATG12, VPS37A, 
VPS41, GABARAP, GABARAPL1, UVRAG, LAMP1, and CTSL strongly 
suggests that the autophagy pathway may be compromised in vEDS 
cells. 

According to the most enriched GO clusters (Table 1, Supplementary 
Table S4), the upregulated DEGs were primarily related to mitochon-
drial functions (e.g., MRS2, MCUR1, COX4I1, ECI2, ETFA, GCSH), 
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spliceosome and RNA processing (e.g., SF3A1, RBM25, SNRPD2, LSM3), 
and the mTOR signaling (e.g., EIF2B5, EIF2S3, RPS6KB1, RPS6, AKT1). 

We also created functionally organized networks to gain a deeper 
understanding of the biological terms and functional pathways associ-
ated with gene expression changes (Fig. 3). Most of these biological 
networks were enriched by downregulated DEGs (Supplementary 
Table S5). Functional networks were primarily related to RNA meta-
bolism and translation, mRNA splicing, ribosome, spliceosome, and 
mitochondrial ribosome. Additionally, cellular responses to stress and 
starvation, secretory and endocytic pathways, proteostasis, and cata-
bolic processes like retrograde Golgi-to-ER traffic, membrane traf-
ficking, endocytosis, ubiquitin-mediated proteolysis, proteasomal 
degradation, autophagy, and the mTOR signaling pathway, were all 
significantly enriched biological groups. 

3.3. miRNome profiling revealed several differentially expressed miRNAs 
in pathways relevant to disease pathology 

To investigate the potential role of miRNAs in disease mechanisms, 
we compared the entire miRNome of 18 vEDS dermal fibroblasts to 18 
control cells. To improve statistical reliability, each sample from both 
groups was sequenced as biological replicates. By applying a log2 fold 
change threshold >1 or <− 1, and an adjusted p-value ≤ 0.05, we 
identified 137 DE-miRNAs in patient vs. control fibroblasts. Of these, 71 
miRNAs were downregulated, while 66 were upregulated (Supplemen-
tary Table S6). 

To explore the functional relationship between DE-miRNAs and the 
altered gene expression profile of vEDS cells, we searched 4 miRNA- 
target prediction databases (microT-CDS, Targetscan, miRTarBase, and 
miRwalk) in addition to relevant literature sources providing informa-
tion on the functional roles of these miRNAs. We then focused our 
research on a specific subset of DE-miRNAs, namely miR-15b-5p, miR- 
16-5p, miR-21-3p, miR-24-3p, miR-29a-3p, miR-29b-3p, miR-138-5p, 

Fig. 1. Differential gene expression analysis. PCA plot of the 72 control (red dots) and 36 vEDS (blue dots) samples (A). Heatmap with downregulated genes in blue 
and upregulated genes in red for the 3189 DEGs found in vEDS vs. control showing two distinct transcript clusters that discriminate patient (blue bars) from control 
cells (red bars) (B). The Volcano plot illustrates the distribution of the 2618 downregulated (in green) and 571 upregulated (in red) DEGs (C). The plot represents 
expression values as fold change on the x-axis and -log10 FDR-adjusted p-value on the y-axis. A subset of DEGs is labeled with their gene symbols. 
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miR-145-5p, and miR-195-5p, which may play a biological role in dys-
regulated molecular mechanisms implicated in vEDS pathogenesis. 

Our initial focus was on miR-29a-3p and miR-29b-3p due to their 
role in regulating critical cellular processes such as ECM remodeling into 
the vascular network, autophagy, cell proliferation, and apoptosis 
[24–26]. These biological processes are likely perturbed in vEDS cells 
and may contribute to the molecular pathogenesis of the disease. 

To further investigate the role of these miRNAs, we searched for 
predicted miRNA targets among the 3189 DEGs. To reduce false posi-
tives, we only considered putative targets that were predicted by at least 
2 of the 4 databases (Supplementary Table S7). We then merged the list 
of potential targets with the full list of DEGs to identify targets of miR- 
29a-3p and miR-29b-3p. For miR-29a-3p, this analysis revealed a total 
of 2586 potential target genes, distributed as follows: MicroT-CDS (984 
targets), TargetScan (1260 targets), miRTarBase (242 targets), and 

miRwalk (1084 targets). Of these, 784 targets predicted by at least 2 of 
the 4 databases were merged with the DEGs, identifying 181 potential 
targets for miR-29a-3p (Fig. 4A). The analysis of miR-29b-3p identified 
2996 potential target genes from MicroT-CDS (1002 targets), TargetS-
can (1264 targets), miRTarBase (240 targets), and miRwalk (487 tar-
gets), with 174 predicted targets obtained by intersecting the 749 targets 
predicted by at least 2 of the 4 databases with the DEGs (Fig. 4B). 

To investigate how miR-29a-3p and miR-29b-3p contribute to the 
dysregulated cellular processes observed in patient cells, we performed 
GO and pathway enrichment analyses on their predicted target DEGs. 
GO analysis revealed that both miRNAs may alter fundamental biolog-
ical functions like regulation of transcription by RNA polymerase II, 
negative gene expression regulation, miRNA-mediated gene silencing, 
translation regulation, heterochromatin organization, and ECM organi-
zation (Table 2, Supplementary Table S8). According to KEGG pathway 

Fig. 2. DAVID functional gene enrichment analysis on DEGs (vEDS vs. control). Top 12 enriched GO terms for “Biological Process”, “Molecular Function”, and 
“Cellular Component” categories. GO terms for each category are plotted according to the -log10 p-value. 
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analysis, miR-29a-3p and miR-29b-3p may impact several biological 
processes, such as autophagy, cellular senescence, RNA degradation, 
lipid and atherosclerosis, and lysine degradation. Moreover, both miR-
NAs may affect different signal transduction pathways including mTOR, 
FoxO, RIG-I-like receptor, and sphingolipid signaling pathways 
(Fig. 4A–B). 

We also conducted functional enrichment analyses on the putative 
target DEGs of other relevant miRNAs, such as miR-15b-5p, miR-16-5p, 
miR-21-3p, miR-24-3p, miR-138-5p, miR-145-5p, and miR-195-5p 
(Supplementary Table 7). Consistent with the findings for miR-29a 
and miR-29b, also these miRNAs may be involved in pathways rele-
vant to the disease pathophysiology (Supplementary Table S8). KEGG 
enrichment analysis indicated that some miRNAs may perturb signifi-
cant cellular processes related to protein processing in ER, protein 
export, ubiquitin-mediated proteolysis, mitophagy, mTOR signaling (e. 
g., miR-15b, miR-16, miR-24, miR-145, miR-195), autophagy (e.g., miR- 
15b, miR-16, miR-21, miR-24, miR-195), cellular senescence (e.g., miR- 
21, miR-138), and p53 signaling pathway (e.g., miR-15b, miR-16, miR- 
24, miR-195) (Figs. S1 and S2). Together, the abnormal expression of 
several miRNAs in vEDS cells suggests epigenetic control over several 
DEGs and related biological processes, potentially impacting disease 
mechanisms. 

3.4. Integrated analysis of potential miRNA-mRNA-lncRNA interactions 

To identify lncRNAs that could act as competing endogenous RNAs, 
we searched the miRNet database [23] for co-regulatory expression 
networks involving lncRNAs, miR29a-3p, and miR-29b-3p. We identi-
fied 52 lncRNAs potentially acting as sponges for both miRNAs (Fig. 5A). 
RNA-seq analysis identified nuclear paraspeckle assembly transcript 1 
(NEAT1) and HLA complex group 18 (HCG18) as downregulated tran-
scripts, and MIRLET7B host gene (MIRLET7BHG) as upregulated in vEDS 
cells, with NEAT1 being the most significantly downregulated ncRNA 

(Supplementary Table S2). Of note, NEAT1 has been shown to act as 
molecular sponge for miR-29a-3p and miR-29b-3p to regulate their 
levels [27]. Therefore, we used the miRNet database to investigate the 
potential interactions between NEAT1, miR-29a, and miR-29b, and the 
161 predicted target DEGs shared by both miRNAs (Supplementary 
Table S7). To improve the consistency of the results, we integrated 
experimentally validated miRNA target genes from the miRTarBase 
database [28], and focused on miRNA nodes that functioned as hubs. 
This analysis identified 213 predicted interactions between miR-29a and 
miR-29b and their potential targets. The targets of miR-29a or miR-29b 
included downregulated genes involved in collagen processing, protein 
degradation pathways, ECM remodeling, autophagy regulation and 
lysosomal acidification, as well as modulators of the Akt-mTOR 
signaling pathway (e.g., P3H1, CAND1, COL5A1, COL7A1, COL15A1, 
LAMC1, ADAM12, ADAM19, TFEB, ATP6V1A, PTEN) (Supplementary 
Table S9). A noteworthy observation is that ATG9A that is crucial for 
vesicle formation and elongation during autophagy was predicted to be 
a target of both miRNAs (Fig. 5B). Specifically, both miR-29a-3p and 
miR-29b-3p have been experimentally validated as targeting this gene in 
previous studies [27,29]. Additionally, also NEAT1 has been reported to 
regulate the expression of ATG9A [27]. In addition to miR-29a and miR- 
29b, other dysregulated miRNAs in vEDS fibroblasts, such as miR-16-5p, 
miR-15a-5p and various members of the miR-let-7 family, were highly 
connected to several target DEGs (Fig. 5B, and Supplementary Table S9). 

3.5. Validation of RNA-seq data by qPCR 

We performed qPCR on a selection of dysregulated genes involved in 
significantly perturbed biological processes to validate transcriptome 
findings. We found that COL3A1 structural mutations influence the 
expression of many transcripts involved in degradative endocytic traf-
ficking and autophagy, including TFEB, ATG9A, ATG10, ATG12, 
GABARAP, MAP1LC3A, STX17, UVRAG, LAMP1, STAT3, NLRX1, and 

Fig. 3. Enriched biological networks based on the DEGs identified in vEDS fibroblasts, integrating GO-Biological Process with WikiPathways, KEGG, and Reactome 
databases. Terms (as nodes) are linked based on their κ score level (0.7), which defines term-term interactions (edges) and functional groups based on shared genes 
between the terms. Only enriched terms with Bonferroni step down-adjusted p-value ≤ 0.01 were considered. 
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TP53INP2 (Fig. 6A). We also confirmed expression changes of genes 
encoding subunits of V-ATPases and related to the mTOR signaling 
pathway, such as AKT1, PTEN, NRAS, TSC1, TSC2, CASTOR1, CASTOR2, 
SLC38A9, MIOS, ATP6V1H, ATP6V0A1, and ATP6V0A2 (Fig. 6B). A 
considerable proportion of ER-associated genes, particularly those 
involved in protein folding, protein catabolism, COLLs processing, and 
ER homeostasis maintenance, including the UPR and ERAD pathways, 
showed significant expression changes (Fig. 6C). We also verified the 
differential expression of a specific group of upregulated (miR-29a-3p, 
miR-29b-3p, miR-15-5p, miR-16-5p, miR-21-3p, miR-138-5p) and 
downregulated (miR-24-3p, miR-145-5p, miR-195-5p) miRNAs 
(Fig. 6D). Likewise, we confirmed the decreased expression of the 
lncRNAs NEAT1 and HCG18, which were chosen based on their pre-
dicted interactions with some of the DE-miRNAs (Fig. 5A). Overall, 
qPCR validation of all these transcripts supported the reliability of our 
RNA-seq results. 

4. Discussion 

The precise pathogenic mechanisms underlying vEDS remain poorly 
understood and there are currently no targeted therapies available for 
this condition. Our research study is the first attempt to reveal peculiar 
molecular signatures and disease mechanisms in a large cohort of 
dermal fibroblasts from vEDS patients and healthy individuals. By using 
an integrated transcriptomics approach, we have created a compre-
hensive map of complex gene expression networks in vEDS, which sheds 
light on intricate interactions within cellular signaling pathways. Our 
findings are particularly significant from a translational perspective, as 
there is currently no available molecular data describing alterations in 
the expression of miRNAs and lncRNAs in the context of disease mech-
anisms. Although we recognize that dermal fibroblasts may not perfectly 
replicate all vascular defects seen in vEDS, as other ECM-producing cells 
like vascular smooth muscle cells (VSMCs) and adventitial fibroblasts 
may exhibit different gene expression profiles, our cellular model can 
still provide valuable insights. Since vEDS patients exhibit significant 
cutaneous involvement and skin fragility similar to defects in vascular 
tissues, analyzing gene expression in dermal fibroblasts provides helpful 
clues regarding molecular pathways that could aid in explaining disease 
causes and guide future treatments. 

The biological insights gleaned from our analyses are expected to 
provide valuable information for a considerable proportion of affected 
individuals. Indeed, all enrolled patients harbored COL3A1 glycine 
substitutions and in-frame exon skipping, which are the most common 
types of mutations that cause the disease and are associated with a more 
severe clinical presentation [3,6,8]. In addition to their dominant 
negative effect on the ECM, such structural mutations in collagen mol-
ecules can cause ER stress by disrupting the proper protein turnover and 
ER homeostasis [30]. This disturbance triggers adaptive cellular re-
sponses, such as UPR, in the attempt to restore ER homeostasis by 
upregulating the expression of ER-resident chaperones to increase pro-
tein folding capacity, activating protein degradation pathways, while 
simultaneously reducing global protein synthesis [30,31]. Our previous 
protein and gene expression studies have indicated that abnormal 
COLLIII expression and its intracellular retention are associated with 
pathological ECM remodeling, insufficient proteostasis, and perturbed 
ER homeostasis [13,32]. In line with our previous works, the current 
RNA-seq data confirm and provide additional convincing evidence that 

Table 1 
DAVID functional annotation clustering.  

Cluster Term description Count FDR Selection of genes in the 
cluster 

Selection of GO clusters enriched with downregulated DEGs 
1 GO:0005759 ~ 

mitochondrial matrix  
58 1,13E- 

04 
ACADVL, ACAA2, 
FASTKD1, ECI1, 
FASTKD3, NDUFA10, 
ALKBH7, ALDH1L2, 
YARS2, MTG1, FPGS, 
NARS2, PMPCA, 
ACADM, NUDT13 

2 GO:0006397 ~ mRNA 
processing  

39 0,00171 SF3B2, RBM26, 
AKAP8L, SRA1, 
HNRPLL, YBX1, USP39, 
TSEN2, PRPF8, TSEN54, 
IWS1, ALKBH5, 
SNRPD1, PPP1R8, 
SAP18, RBM5 

3 GO:0051301 ~ cell 
division  

58 0,00162 RB1, DYRK3, CCNT1, 
HNRNPU, WASL, SMC3, 
USP39, TRIOBP, 
CDC73, SMC2, 
BABAM1, PPP1CC, 
CHMP1A, RCC1, PELO, 
NUDC 

4 GO:0006412 ~ 
translation  

50 0,00117 MRPS17, RPL5, 
MRPS15, MRPL36, 
RPL8, MRPL35, YARS2, 
RPL6, RPS15, MRPL3, 
RPL36AL, RPL35, 
RPL37, RPS11, RPL39, 
RPS9 

5 GO:0006457 ~ protein 
folding  

32 0,01147 TBCEL, WIPF1, GNAI1, 
DNAJB5, GRPEL2, 
CCT8, CCT5, TXNDC5, 
CCT3, PDIA3, HSPA9, 
PTGES3, TTC1, CLPX, 
PDCL3, DNAJC1, 
DNAJA4, CDC37, 
CANX, DNAJA2, ERP29, 
P4HB, ATF6, PPID 

6 GO:0030665 ~ 
clathrin-coated vesicle 
membrane  

11 0,00493 ATP6V1A, NECAP1, 
DENND1A, ATP6AP2, 
ATP6V1B2, ATP6V1H, 
AP3B1, ATP6V1E1, 
ATP6V0C, ATP6V1C1, 
ATP6V0A1 

7a GO:0016236 ~ 
macroautophagy  

18 0,006 GABARAPL1, TSG101, 
SRC, EI24, MTMR14, 
VTA1, ATG10, VPS37A, 
STAM, GABARAP, 
ATG12, HGS, VPS41, 
CHMP2B, VTI1A, 
CHMP4B 

7b GO:0000421 ~ 
autophagosome 
membrane  

13 0,01043 UVRAG, GABARAPL1, 
ATP6AP2, ATG9A, 
GABARAP, VMP1, 
LAMP1, JMY, CHMP2B, 
CHMP1A, CHMP4B, 
CHMP3, SNAP29  

Selection of GO clusters enriched with upregulated DEGs 
1 GO:0005739 ~ 

mitochondrion  
68 0,03227 MRS2, MCUR1, 

COX4I1, ECI2, ETFA, 
GCSH, METTL13, 
ANXA6, SLC25A40, 
TSPO, UQCRFS1, 
CAPN1, MRPL9, 
MTPAP, RMRP, USP48 

2 hsa03040:Spliceosome  16 0,01247 TCERG1, PRPF38B, 
SF3A1, RBM25, PPIL1, 
HNRNPA3, ALYREF, 
LSM3, SNRPD2, DHX16, 
SNRPD3, SRSF7, 
BCAS2, HSPA1A, 
RBM22  

Table 1 (continued ) 

Cluster Term description Count FDR Selection of genes in the 
cluster 

3 Skeletal muscle 
hypertrophy is 
regulated via AKT/ 
mTOR pathway  

6 0,00408 EIF2B5, EIF2S3, 
RPS6KB1, RPS6, AKT1, 
EIF2S1  
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ineffective proteostasis, unbalanced ER homeostasis, and compromised 
autophagy could substantially impact the molecular pathology driving 
the disease. Disruption of these key biological pathways necessary for 
maintaining cellular health supports our belief that an inadequate 
cellular response to ER stress likely plays an important role in vEDS 
pathomechanisms, as demonstrated in other collagen-related disorders 
[30,33–37]. The significant changes in the expression of numerous 
genes required for maintaining autophagy and normal protein folding 
observed in vEDS fibroblasts strongly corroborate this view. Indeed, 
many DEGs play pivotal roles at distinct stages of the autophagy- 
lysosome system, including vesicle formation and elongation (TFEB, 
WIPI, MAP1LC3A, ATG9A), autophagosome-lysosome fusion 
(GABARAP, UVRAG, LAMP1), and substrate degradation (CTSL and 
numerous V-ATPase subunit genes). V-ATPases are ATP-dependent 
proton pumps that create an acidic lysosomal environment required 
for proper degradation and turnover of cellular components and pre-
vention of cytotoxic products accumulation within cells [38]. Among 
the above-mentioned autophagy-related genes, the transcription factor 
EB (TFEB) is recognized as a central regulator of lysosomal biogenesis 
and homeostasis [39]. By controlling the expression of numerous tran-
scripts involved in autophagy and lysosome function, TFEB orchestrates 
a transcriptional program that controls key phases of the autophagic flux 
and lysosomal proteolysis [40,41]. Our transcriptome analysis revealed 
decreased expression not only of TFEB, but also many of its known 
downstream targets, including ATG9A, UVRAG, LAMP1, CTSL, and 
various V-ATPase subunit genes. All these genes have been well- 
characterized as being involved in these processes [40,42,43]. There-
fore, our RNA-seq results strongly indicate a significant impairment of 
the entire autophagy-lysosome pathway in vEDS cells, which involves 
TFEB and several of its downstream target genes. Autophagy also serves 
as a cytoprotective mechanism during ECM detachment-induced 
apoptosis [44,45] and as an ER-phagy pathway for collagen quality 
control in collagen-producing cells [46,47]. Impaired autophagy can 
disrupt the normal ECM turnover, resulting in defective collagen pro-
teostasis and perturbed ER homeostasis, leading to unresolved ER stress 
and activation of pro-apoptotic programs [48]. Our previous protein 
analyses of patients' fibroblasts support this finding, showing increased 
pro-apoptotic caspase enzymes and decreased anti-apoptotic Bcl-2 

Fig. 4. Target prediction analysis for miR-29a-3p (A) and miR-29b-3p (B) by querying the microT-CDS, TargetScan, miRwalk, and miRTarBase databases. The 
predicted targets for both miRNAs were compared with the 3189 DEGs, identifying 181 and 174 targets for miR-29a-3p and miR-29b-3p, respectively. Functional 
enrichment analysis of target DEGs was performed by querying the EnrichR web tool. The KEGG pathway analysis results are shown in the bottom panel. 

Table 2 
The most representative GO terms for target DEGs of miR-29a and miR-29b.  

Biological processes related to the aberrant expression of miR-29a-3p 

GO terms p-Value 181 target DEGs 

Regulation of transcription by RNA 
polymerase II (GO:0006357) 

0.0001 NFAT5, DDX3X, KMT2A, 
DOT1L, EHMT1, GABPB1, 
ZBTB5, PPM1D, GLIS2, LRP6 

Negative regulation of gene 
expression (GO:0010629) 

0.00162 DNMT1, BTG2, DDX3X, 
SETDB2, DICER1, PPM1D, 
SIRT1, REST, SERBP1, REL, 
EPC1, CPEB3, PAIP2, DCP2 

Heterochromatin organization 
(GO:0070828) 

0,00432 KDM5B, KDM4B, REST, CBX5, 
POLE3, EHMT1, HDGF, 
SPTY2D1, SMARCA2, SIRT1 

Negative regulation of signal 
transduction by p53 class 
mediator (GO:1901797) 

0,04218 MAPKBP1, NLRX1, RIOK3, 
SIRT1 

Regulation of translation 
(GO:0006417) 

0,04218 RPS6KA3, BTG2, DDX3X, 
SERBP1, LARP4, CPEB3, PAIP2, 
EIF2S1   

Biological processes related to the aberrant expression of miR-29b-3p 

GO terms p-Value 174 target DEGs 

Negative regulation of gene 
expression (GO:0010629) 

0.00017 BTG2, DDX3X, SETDB2, DNMT3A, 
DICER1, PPM1D, SIRT1, CNOT1, 
AGO1, REL, EPC1, CPEB3, DCP2 

Gene silencing by miRNA 
(GO:0035195) 

0,00216 CNOT6, CNOT1, AGO1, SNIP1, 
DICER1 

Heterochromatin 
organization (GO:0070828) 

0,00414 SETDB2, POLE3, SIRT1 

Proteasomal Protein Catabolic 
Process (GO:0010498) 

0,04346 KLHDC3, WDR26, RMND5A, FEM1B, 
DDI2, MDM2, UBE2K, SIRT1 

Extracellular matrix 
organization (GO:0030198) 

0,04416 ADAM19, COL15A1, COL5A1, 
SH3PXD2A, COL7A1, ADAM12, 
P3H1, LAMC1, NID2 

Downregulated DEGs are shown in bold. 
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protein [49]. These data suggest that vEDS cells are more susceptible to 
apoptosis due to excessive ECM disorganization and defective ER ho-
meostasis, which is most likely caused by reduced secretion and intra-
cellular accumulation of abnormally folded COLLIII protein, leading to 
subsequent ER stress [12,13,32,49,50]. Despite previous findings 
showing enlarged ER in patients' skin biopsies [5,14], the nature of the 
altered proteostasis within the ER and its downstream molecular con-
sequences remain poorly defined. The present findings could provide 
noteworthy evidence to address this gap in molecular understanding. 
Indeed, the discovery that a large portion of downregulated genes 
encode proteins essential for maintaining ER protein folding, such as 
molecular chaperones, protein folding enzymes, proteasome complex 
subunits, key ER stress sensors, and components of the UPR and ERAD 
pathways, provides additional evidence that patients' fibroblasts may 
fail to activate efficient defenses against defective ER homeostasis. 
Taken together, our current and previous research provides further 
support for the widely accepted view that COL3A1 misfolding mutations 
disrupt the ECM network and reduce the bioavailability of several 
structural constituents, including other fibrillar collagens, fibronectin, 
and elastin, all of which are essential for the integrity of soft connective 
tissues, including vascular tissue [13,32]. As a result, misfolded COLLIII 
aggregates, along with intracellular accumulation of other misfolded 
ECM proteins, may hamper protein folding machinery, disrupting ER 
proteostasis, adaptive cellular stress responses, and autophagy (Fig. 7). 

Additional hints from RNA-seq data point to a potential connection 
between the mammalian target of rapamycin (mTOR) pathway, 
impaired autophagic response, and insufficient lysosome clearance in 
vEDS cells. Various genes involved in the mTOR signaling, including 
AKT1, PTEN, NRAS, TSC1, TSC2, CASTOR1, CASTOR2, SLC38A9, and 
MIOS, showed significantly altered expression in patients' cells. These 
gene expression abnormalities may result in mTOR signaling dysregu-
lation, which could then impact crucial cellular processes like protein 
quality control, autophagy, and lysosome function, all of which appear 
impaired in vEDS. 

mTOR signaling controls different anabolic biological activities, 
including protein synthesis, lipid metabolism, and cell growth by 
interacting with particular adaptor proteins and forming multiprotein 

complexes called mTORC1 and mTORC2 [51]. mTOR also senses and 
responds to upstream signals like growth factors, nutrients, amino acids, 
and starvation [52], and acts as a transcriptional regulator controlling 
autophagy and lysosome degradation [42]. Moreover, it is crucial in 
coordinating TFEB phosphorylation, its subcellular localization and the 
expression of a specific set of TFEB-responsive genes involved in auto-
lysosome formation and lysosomal acidification [38,53], including the 
downregulated DEGs UVRAG, LAMP1, and several V-ATPase subunit 
genes. A deeper understanding of the mTOR-mediated mechanisms 
governing autophagic and lysosomal events (e.g., by inhibiting TFEB 
nuclear translocation) could provide new insights into the precise role of 
this signaling network in disease pathways. Furthermore, epigenetic 
changes that result in altered expression of specific miRNAs identified in 
patients' fibroblasts could impact this potential molecular regulatory 
network linking mTOR signaling and autophagy-lysosomal pathway. 
Upregulated miR-15b-5p, miR-16-5p, miR-21-3p, miR-29a, and miR- 
29b may influence the intricate interaction between these two crucial 
biological processes by inhibiting the transcription of several associated 
genes [54,55]. By analyzing miRNA-target interactions, we discovered 
several interesting target genes of miR-29a-3p and miR-29b-3p. As 
previously demonstrated [27,29,56–59], both miR-29a and miR-29b 
may negatively regulate the expression of mTOR and autophagy- 
related genes like TFEB, ATG9A, GABARAP, PTEN, and STAT3, which 
are all downregulated in patients' cells. To further assess potential 
connections between DE-miRNAs, DE-lncRNAs, and DEGs, we built a 
regulatory interaction network. This analysis revealed that various 
miRNAs, including miR-29a and miR-29b, as well as lncRNAs like 
NEAT1, may compete to control the expression of different genes. 
Among the predicted targets, ATG9A was recognized as a potential co- 
regulated target of both miRNAs [27,29]. This gene encodes an inte-
gral membrane protein essential for the early stages of autophagosome 
formation [60]. Our observations are consistent with earlier experi-
mental findings that demonstrated a close relationship between miR- 
29b-3p, ATG9A, and NEAT1, as well as their crucial role in controlling 
autophagy activation [27]. NEAT1 acts as a competing endogenous RNA 
by sequestering miR-29b, leading to lower levels and reduced activity 
[27,61]. NEAT1 contributes significantly to the autophagic flux 

Fig. 5. Construction of a miRNA-mRNA-lncRNA interaction network. In silico prediction of co-regulatory lncRNA-miRNA networks involving miR-29a-3p and miR- 
29b-3p (A). Potential regulatory network involving DE-miRNAs-DEGs-DE-lncRNAs (B). Red squares indicate upregulation of miR-29a-3p and miR-29b-3p, green 
circles represent downregulation of lncRNAs NEAT1 and HCG18, purple circle indicates upregulation of lncRNA MIRLET7BHG, and grey squares represent other DE- 
miRNAs. The miRNet 2.0 database was queried for the prediction analysis of ncRNA-mRNA interactions. 
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activation by enhancing transcription of key autophagy-related genes 
like ATG9A and GABARAP required for the autophagosomes and auto-
lysosomes formation [27,62]. The reduced expression of these genes 
adds further validity to our hypothesis that patients' cells may have a 
dysfunctional autophagy pathway. Interestingly, either NEAT1 silencing 
or miR-29b overexpression can prevent NEAT1's beneficial effects on 
autophagy [27,63]. Based on these studies and our expression data, we 
can reasonably speculate that an abnormal axis involving miR-29 family 
members and NEAT1 may influence the autophagy pathway in vEDS 
cells. Future research targeting miR-29a and miR-29b is likely to provide 
valuable insights regarding their impact on the defective autophagy that 
may underpin vEDS. 

Dysregulation of miRNAs and lncRNAs may disrupt the ECM archi-
tecture and VSMC phenotype, impacting vascular remodeling [64–66]. 
Accumulated evidence reported that various miRNAs and lncRNAs, 
including those aberrantly expressed in vEDS like miR-21-3p, miR-24, 
miR-29a-3p, miR-29b-3p, miR-138, miR-145, miR-195, and NEAT1, 
may play a significant role in altering various ECM structural compo-
nents of the blood vessels wall, as well as regulating the phenotypic 
transformation of VSMCs [15,65,67]. miRNAs are important intracel-
lular regulators that target a multitude of genes involved in VSMC 
apoptosis, elastogenesis, ECM breakdown, and collagen and fibrillins 
deposition [66,68]. Extensive experimental research has shown that 
they have potential to disrupt vascular homeostasis and interfere with 

critical cellular processes linked to vascular diseases, including aneu-
rysmal pathologies [24,68–76]. Given the crucial regulatory role of miR- 
29 family members in vascular biology [24,67,70], functionally eluci-
dating the marked upregulation of miR-29b in vEDS cells could clarify 
its contribution in molecular mechanisms underlying the vascular 
pathogenesis of the disease. Our assumption is supported by well- 
established scientific evidence linking miR-29b dysregulation, aortic 
dilation, and aneurysm development. Some research provided in vitro 
and in vivo experimental data demonstrating miR-29b's contribution to 
aneurysm formation through its detrimental effects on vascular ECM 
remodeling [71,72,77,78]. In murine models of abdominal aortic an-
eurysms, miR-29b upregulation accelerated aneurysm expansion and 
increased rupture rates. This was accompanied by a decreased expres-
sion of known ECM targets (e.g., Col1a1, Col3a1, Col5a1, Eln). 
Conversely, inhibiting miR-29b attenuated aortic aneurysms progres-
sion [71]. Similarly, in a mouse model of Marfan syndrome, the 
expression of miR-29b was found upregulated in the ascending aorta, 
leading to enhanced matrix metalloproteinase 2 activity and increased 
elastin fragmentation [72]. Importantly, elevated levels of miR-29b 
were observed in aortic biopsy samples from patients with thoracic 
aneurysms [77]. Moreover, miR-29b may act in concert with members 
of the miR-15 family, such as miR-195, to synergistically control ECM 
remodeling in blood vessels [79]. Interestingly, long-term suppression of 
miR-29b was shown to slow the formation and growth of aneurysms 

Fig. 6. qPCR validation of transcriptome findings. The relative mRNA expression levels of selected genes related to autophagy and lysosomal biogenesis (A), mTOR 
signaling pathway (B) and involved in protein folding, COLLs processing, ER homeostasis, ER stress response (UPR and ERAD pathways), and proteasome-mediated 
protein degradation (C) were determined using the 2-(ΔΔCt) method normalized with the geometric mean of ATP5B, CYC1, RPLP0, and YWHAZ reference genes. Bars 
represent the mean ratio of target gene expression from pooled RNA samples of 18 vEDS and 36 control fibroblasts. Relative expression levels of a subset of DE- 
miRNAs and DE-lncRNAs identified in patients' cells (D). SNORD48, U6 snRNA, SNORA66, SNORD44, and SNORD38B reference miRNAs were used as endoge-
nous controls for template normalization. Bars represent the mean ratio of expression levels from pooled RNA samples of 18 vEDS and 18 control cells. All qPCR 
analyses were carried out in quadruplicate in two independent experiments. Statistical significance between groups were determined using an unpaired Student's t- 
test and data are expressed as mean ± SEM (*p < 0.05, ****p < 0.0001). 

N. Chiarelli et al.                                                                                                                                                                                                                               



BBA - Molecular Basis of Disease 1870 (2024) 166915

11

[80], providing compelling evidence for its potential as a therapeutic 
target in various vasculopathies [24,67,81]. Based on these experi-
mental proofs, it is reasonable to hypothesize that miR-29b may play a 
key pathogenetic role in vEDS by negatively impacting vascular 
remodeling, interfering with the ECM structural integrity, and resulting 
in pathological arterial wall remodeling and vascular fragility. Future 
research focusing on inhibiting miR-29b activity may aid in under-
standing how it affects the abnormal remodeling of several essential 
ECM components like fibrillar collagens, fibrillins, EMILINs, and elastin, 
which have been shown to be disorganized within the ECM of vEDS fi-
broblasts [13,32]. Given the crucial roles of miR-21, miR-24, miR-138, 
and miR-145 in vascular development and homeostasis [24,68,81], 
these miRNAs are of particular interest for further research into their 
potential contribution in the vascular signaling mechanisms associated 
with vEDS. miR-21 overexpression directly targets PTEN and Bcl-2 
proteins, regulating VSMC proliferation and apoptosis, and enhancing 
vessel wall stability [56]. Similarly, elevated levels of miR-24, which 
exhibited reduced expression in vEDS cells, have been shown to limit 
aortic vascular inflammation and ECM degradation by affecting 
macrophage survival and cytokine production [82]. The miR-143/145 
cluster and miR-138 both play crucial roles in maintaining VSMC dif-
ferentiation, promoting their proliferation, migration, and maturation 
during development [83,84]. 

5. Conclusions 

In summary, the current transcriptome findings significantly 
enhance our understanding of the pathobiology of vEDS, particularly in 
light of the limited molecular data available on expression alterations of 

miRNAs and lncRNAs in this context. Our data help elucidate some key 
biological aspects, highlighting the involvement of critical cellular and 
molecular pathways that are intrinsically linked to the underlying 
pathomolecular mechanisms of vEDS. It is particularly intriguing to note 
that disruptions in ER proteostasis, impairments in the ER stress 
response, and dysfunctional autophagy may each play significant roles 
in disease mechanisms. These findings raise several new research 
questions that warrant further investigation. For instance, exploring 
autophagy and ER stress-related pathways as potential targets could 
yield promising results. Modulating these critical biological functions, 
for example by increasing autophagic flux, reducing the load of cyto-
toxic misfolded protein aggregates, and restoring ER functions, may 
offer therapeutic benefits. A deeper understanding of these inter-
connected cellular events could provide valuable clues for future 
translational studies, which may involve restoring collagen proteostasis 
and ECM functions, both pivotal for maintaining vascular integrity. Our 
findings also underscore the crucial necessity of elucidating the func-
tional roles that miRNAs and lncRNAs play in vEDS pathogenesis. Of 
particular interest is our discovery that miR-29b might adversely in-
fluence the autophagic pathway and ECM remodeling. Functionally 
examining miR-29b as a possible molecular target is paramount for 
unraveling its mechanisms of action and establishing its impact on 
vascular alterations. All these research efforts could potentially pave the 
way for new therapeutic approaches in managing vEDS. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbadis.2023.166915. 

Fig. 7. A schematic overview depicting dysregulated cellular processes in vEDS pathogenesis, based on current and previous research [13,32]. The model highlights 
key transcriptomic changes that impact these processes. COL3A1 structural mutations lead to the production of defective COLLIII molecules that cause a widespread 
ECM disarray. Accumulation of these misfolded aggregates can disturb ER proteostasis, adaptative responses to counteract ER stress (UPR and ERAD pathways), 
autophagy, the mTOR pathway, and lysosome function through changes in gene expression. Perturbation of these key processes can further impact a range of cell 
functions like differentiation, proliferation, and apoptosis. Abbreviations: COLLI: type I collagen; COLLIII: type III collagen, COLLV: type V collagen; ECM: extra-
cellular matrix; ELN: elastin; ER: endoplasmic reticulum; ERAD: ER-associated degradation; FBNs: fibrillins; FN: fibronectin; PGs: proteoglycans; UPR: unfolded 
protein response. The image was created with BioRender.com. 
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tissues: cellular and extracellular effects of ECM mutations, Nat. Rev. Genet. 10 
(2009) 173–183. 

[32] N. Zoppi, R. Gardella, A. De Paepe, S. Barlati, M. Colombi, Human fibroblasts with 
mutations in COL5A1 and COL3A1 genes do not organize collagens and fibronectin 
in the extracellular matrix, Down-regulate α2β1 integrin, and recruit αvβ3 instead 
of α5β1 integrin, J. Biol. Chem. 279 (2004) 18157–18168. 

[33] R. Besio, G. Iula, N. Garibaldi, L. Cipolla, S. Sabbioneda, M. Biggiogera, J.C. Marini, 
A. Rossi, A. Forlino, 4-PBA ameliorates cellular homeostasis in fibroblasts from 
osteogenesis imperfecta patients by enhancing autophagy and stimulating protein 
secretion, Biochim. Biophys. Acta Mol. basis Dis. 2018 (1864) 1642–1652. 
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