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Abstract

Classical Ehlers-Danlos syndrome (cEDS) is a dominant inherited connective tissue disor-
der mainly caused by mutations in the COL5A1 and COL5A2 genes encoding type V colla-
gen (COLLV), which is a fibrillar COLL widely distributed in a variety of connective tissues.
cEDS patients suffer from skin hyperextensibility, abnormal wound healing/atrophic scars,
and joint hypermobility. Most of the causative variants result in a non-functional COL5A1
allele and COLLYV haploinsufficiency, whilst COL5A2 mutations affect its structural integrity.
To shed light into disease mechanisms involved in cEDS, we performed gene expression
profiling in skin fibroblasts from four patients harboring haploinsufficient and structural muta-
tions in both disease genes. Transcriptome profiling revealed significant changes in the
expression levels of different extracellular matrix (ECM)-related genes, such as SPP1,
POSTN, EDIL3, IGFBP2, and C3, which encode both matricellular and soluble proteins that
are mainly involved in cell proliferation and migration, and cutaneous wound healing. These
gene expression changes are consistent with our previous protein findings on in vitro fibro-
blasts from other cEDS patients, which exhibited reduced migration and poor wound repair
owing to COLLYV disorganization, altered deposition of fibronectin into ECM, and an abnor-
mal integrin pattern. Microarray analysis also indicated the decreased expression of
DNAJBY?, VIPAS39, CCPG1, ATG10, SVIP, which encode molecular chaperones facilitating
protein folding, enzymes regulating post-Golgi COLLs processing, and proteins acting as
cargo receptors required for endoplasmic reticulum (ER) proteostasis and implicated in the
autophagy process. Patients’ cells also showed altered mRNA levels of many cell cycle reg-
ulating genes including CCNE2, KIF4A, MKI67, DTL, and DDIAS. Protein studies showed
that aberrant COLLV expression causes the disassembly of itself and many structural ECM
constituents including COLLI, COLLIII, fibronectin, and fibrillins. Our findings provide the
first molecular evidence of significant gene expression changes in cEDS skin fibroblasts
highlighting that defective ECM remodeling, ER homeostasis and autophagy might play a
role in the pathogenesis of this connective tissue disorder.
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Introduction

Classical Ehlers-Danlos syndrome (cEDS) (MIM #130000) is an autosomal dominant connec-
tive tissue disorder with an estimated prevalence of 1:20,000 and is mainly characterized by
abnormal skin texture and joint hypermobility (JHM). According to the 2017 EDS nosology
[1], skin hyperextensibility plus atrophic scarring (criterion 1) and generalized JHM (criterion
2) are major criteria for cEDS, whereas easy bruising, soft and doughy skin, skin fragility, mol-
luscoid pseudotumors, subcutaneous spheroids, hernia, epicanthal folds, and JHM complica-
tions, such as sprains, luxation/subluxation, pain, and family history of a first-degree relative
are minor criteria. Minimal criteria suggestive for cEDS are major criterion 1 plus either major
criterion 2 and/or at least three minor criteria. Confirmatory molecular testing is mandatory
to reach a final diagnosis [1-3].

More than 90% of cEDS patients harbor a pathogenic variant in the COL5A1 and COL5A2
genes encoding type V collagen (COLLV) [4,5]. Besides, in a minority of cEDS patients,
the specific COLIA1 ¢.934C>T (p.Arg312Cys) variant is found [1,5,6]. COLLV haploinsuffi-
ciency is the most common molecular defect caused by a non-functional COL5A1 allele,
whereas variants in COL5A2 affect its structural integrity and are generally associated with a
more severe phenotype [4,5,7,8]. The majority of pathogenetic variants in COL5A1 are non-
sense, frameshift or splice site mutations that generate a premature termination codon, with
the consequent activation of the nonsense-mediated mRNA decay pathway, finally leading
to COLLV haploinsufficiency [2,4,5]. Conversely, almost all described disease-causing variants
in COL5A2 are missense or in-frame exon-skipping splice mutations, which result in the pro-
duction of mutant 02(V) chains that exert a dominant negative effect on COLLV molecules
[4,5].

COLLYV, classified as a regulatory fibril-forming COLL, is a heterotrimer composed of two
pro-a.1(V) chains and a single pro-a2(V) chain [2]. Although COLLV is a quantitatively
minor fibrillar COLL, it is widely distributed in a variety of connective tissues including der-
mis, tendons, and muscles among the most affected tissues in cEDS patients [9]. COLLV plays
a central role in fibrillogenesis forming heterotypic fibrils with other fibril-forming COLLs,
particularly COLLI, since it is involved in the fibril assembly and regulation of fibril diameter
[10]. COLLV knockout mice synthesize and secrete normal amounts of COLLIL, but COLL
fibrils are virtually absent, and mice die at the onset of organogenesis, indicating that proper
fibrillogenesis regulated by COLLYV is crucial for normal embryonic development [9]. The
COLLV-deficient dermis has a disruption in COLL fibrillogenesis with fewer fibrils, abnormal
fibril structure, i.e., “cauliflower”-shaped fibrils with an abnormal diameter distribution, and
abnormal packing [11].

COLLYV has also been implicated in wound healing process given its upregulated expression
during tissue healing [12,13], although the exact mechanism is not yet elucidated. In this
regard, we previously demonstrated that cEDS patients’ dermal fibroblasts have a reduced
migration capability and delayed wound repair in a scratch assay [14] caused by poor COLLV
organization, defective fibrillar fibronectin (FN) assembly into the extracellular matrix (ECM)
and abnormal integrin pattern [15,16]. Likewise, both Col5a1- and Col5a2-deficient mice
showed deficits in wound healing [17,18].

To shed light on altered gene expression pattern and dysregulated biological processes
involved in the molecular pathology of cEDS, we carried out transcriptome profiling on der-
mal fibroblasts from four cEDS patients with either haploinsufficient or structural mutations
in both causative genes.
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Patients, materials and methods
Clinical evaluation of cEDS patients

Approval of the present research was obtained by the local Ethical Committee “Comitato Etico
di Brescia, ASST degli Spedali Civili, Brescia, Italia”, registration number NP2658 and the
study was conducted in accordance with the principles of the Declaration of Helsinki. cEDS
patients (2 females, 2 males) and healthy individuals (5 females, 4 males) were evaluated in the
Centre of Heritable Connective tissue disorders and Ehlers-Danlos syndromes of the Spedali
Civili of Brescia. Mean age at examination was 40 years for the patients (range 34-46) and 42
years for the healthy subjects (range 32-49). Written informed consent to the study and for
skin biopsy was obtained from all patients and healthy donors according to Italian bioethics
laws. All of the patients fulfilled the cEDS criteria of the Villefranche nosology [19] and its
2017 revision [1], whereas healthy individuals did not show any cEDS sign. A summary of the
patients’ clinical features according to the 2017 cEDS nosology is reported in S1 Table.

The cEDS fibroblast strains here analyzed (cEDS P1, P2, P3, P4) were obtained from previ-
ously clinically characterized patients in Ritelli et al., [4] as AN_002514, AN_002503, and
AN_002526, harboring the ¢.2988del (p.Gly997Alafs*77), ¢.1165-2A>G (p.Pro389Leufs*168),
and ¢.4178G>A (p.Gly1393Asp) COL5A1 pathogenic variants, respectively, and as
AN_002534 carrying the ¢.2499+2T>C (p.Gly816_Pro833del) COL5A2 splice variant. Specifi-
cally, the c.2988del frameshift mutation and the ¢.1165-2A>G splice variant are null alleles
leading to COLLV haploinsufficiency, whereas the c.4178 G>A missense mutation and the
€.2499+2T>C splice site variant are structural mutations that exert a dominant negative effect
on the protein by interfering with the triple helix formation [4] and S1 Table.

Cell cultures and antibodies

Skin fibroblast cultures from four cEDS patients and nine unrelated age-matched healthy
donors were established in our lab from skin biopsies by standard protocols. Fibroblasts were
grown in vitro at 37° Cin a 5% CO, atmosphere in Earle’s Modified Eagle Medium (MEM)
supplemented with 2 mM L-glutamine, 10% FBS, 100 pg/ml penicillin and streptomycin (Life
Technologies, Carlsbad, CA, USA). Cells were expanded until full confluency and then har-
vested by 0.25% trypsin/0.02% EDTA treatment at the same passage number (from 2™ to 6™),
as previously described [14-16].

Goat anti-COLLI, anti-COLLIII, and anti-COLLV polyclonal antibodies (Abs) were from
Millipore-Chemicon Int. (Billerica, MA). Mouse anti-fibrillins (FBNs) (clone 11C1.3) mono-
clonal Ab (mAb) was from NeoMarkers (Fremont, CA). The rabbit Ab against human FN was
from Sigma Chemicals (St. Louis, MO). Rhodamine-conjugated anti-goat IgG Ab was from
Calbiochem-Novabiochem INTL, and the Alexa Fluor 488 anti-rabbit and Alexa Fluor 594
anti-mouse secondary Abs were from Life Technologies.

Immunofluorescence microscopy (IF)

To analyze the COLLI-, COLLIII-, COLLV-, FN- and FBNs-ECM organization, cEDS fibro-
blasts were immunoreacted 48 h after seeding as described previously [14, 20-23]. In brief,
cold methanol fixed fibroblasts were immunoreacted with 1:100 anti-FN, anti-COLLI, COL-
LIII, and anti-COLLV Abs. In brief, cold methanol fixed fibroblasts were immunoreacted for 1
h with 1:100 anti-COLLIL, anti-COLLIII, anti-COLLV, anti-FN Abs, and with 1 ug/ml anti-
FBNs mAD, which recognizes all FBN isoforms. After washing in PBS, cells were incubated for
1 h with rhodamine-conjugated anti-goat IgG or anti-rabbit or anti-mouse secondary Abs
conjugated to Alexa Fluor 488 and 594, respectively. IF signals were acquired by a CCD black-
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and-white TV camera (SensiCam-PCO Computer Optics GmbH, Germany) mounted on a
Zeiss fluorescence Axiovert microscope and digitalized by Image Pro Plus software (Media
Cybernetics, Silver Spring, MD, USA). All experiments were repeated three times.

Microarray procedures

Total RNA was purified from skin fibroblasts of four cEDS patients and nine healthy individu-
als using the Qiagen RNeasy kit, by standard protocol (Qiagen, Hilden, Germany). Prior to
microarray analysis, quality control of RNA was checked on the Agilent 2100 BioAnalyzer
(Agilent Technologies, Santa Clara, CA, USA). Transcriptome analysis was carried out by
using the Affymetrix GeneChip Human Gene 1.0 ST array as previously described in detail
[21-24]. The resulting CEL files were analyzed using the Partek Genomics Suite software (Par-
tek Inc., St. Louis, MO, USA), as previously described [23]. To detect differentially expressed
genes (DEGs) between cEDS vs control cells, a one-way ANOVA analysis was applied as a cri-
terion for the selection of DEGs. To assess significant differences in the gene expression profile
in cEDS fibroblasts, we selected genes that had more than a 1.5-fold change and p-value <0.05.
Multiple testing correction was applied to control the false-discovery rate (FDR) using the
Benjamini-Hochberg (BH) procedure [25]. Genes with a FDR <0.05 were selected as differen-
tially expressed and retained for further analysis. Database for Annotation, Visualization and
Integrated Discovery (DAVID) v.6.8 and ToppGene suite database were queried for identifica-
tion of significantly enriched functional annotations, Gene Ontology (GO) biological process,
and pathways analysis. Specifically, the main GO categories were examined with a FDR <30%
after BH correction. All microarray data were MIAME compliant, and raw array data and pro-
cessed data were deposited to the Gene Ontology Omnibus Database (GEO Accession Number
GSE117680).

Quantitative real-time PCR

Relative expression levels of a series of selected DEGs identified by array analysis were con-
firmed by quantitative real-time PCR (qPCR) using different RNA extractions obtained from
skin fibroblast cultures of all patients and 6 out of 9 healthy subjects. 3 ug of total RNA were
reverse-transcribed with random primers by standard procedure. qPCR was performed with
SYBR Green qPCR Master Mix (Life Technologies), 10 ng of cDNA, and with 10 uM of each
primer set. qPCR was performed using the ABI PRISM 7500 Real-Time PCR System by stan-
dard thermal cycling conditions: initial denaturation for 30 s at 95° C, followed by 40 cycles of
95° Cfor 15 s and 60° C for 60 s. HPRT, GAPDH, ATP5B, and CYCI reference genes were
amplified for normalization of cDNA loading. Relative mRNA expression levels were normal-
ized to the geometric mean of these reference genes and analyzed using the 2"“*“Y method.
Results were expressed as the mean value of relative quantification + SEM. Statistical signifi-
cance between groups was determined using unpaired Student’s t-test with GraphPad Prism
software.

Results
Gene expression profiling

To identify genes potentially involved in the molecular mechanisms associated with the patho-
genesis of cEDS, transcriptome-wide expression analysis was carried out comparing gene
expression pattern among patients’ and controls’ skin fibroblasts. Gene expression profiling
identified 548 DEGs in cEDS patients’ cells when compared to controls: of these, 368 genes
were up-regulated, and 180 were down-regulated (S2 Table). Fig 1A represents the volcano
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Fig 1. Volcano plot and hierarchical clustering analyses for DEGs in skin fibroblasts from cEDS patients and control subjects. (A)
The volcano plot depicts all statistically significant 548 DEGs (180 down-regulated, 368 upregulated) identified in cEDS cells. The fold-
change of DEGs on the x-axis vs the statistical significance (FDR-adjusted p-value <0.05) on the y-axis is shown; the up-regulated genes
are reported in red, and the down-regulated genes are in blue. (B) Hierarchical clustering analysis of DEGs identified in cEDS fibroblasts.
Although fibroblasts from only 9 control subjects (C) and 4 cEDS patients (P) were analyzed, this analysis showed the presence of two
distinct clusters of transcripts that clearly distinguish the patients from the healthy individuals. The red color represents high gene
expression, and blue represents low gene expression.

https://doi.org/10.1371/journal.pone.0211647.9g001

plot that illustrates the statistical significance (FDR) vs fold-change of DEGs, and Table 1
reports a selection of up- and down-regulated DEGs (FDR < 0.05 and fold change threshold
> 1.5). To group transcripts with similar expression profiles between patients and controls,
hierarchical clustering of DEGs was conducted (Fig 1B).

To identify biological processes that are over- or under-represented in patients’ cells, we
classified up- and down-regulated genes according to the GO categories by using the DAVID
and ToppGene biological databases. Only GO categories with FDR <0.3 in each annotation
term were considered relevant.

Functional analysis of the 368 up-regulated genes yielded 11 different GO clusters (Table 2
and S3 Table). The most prominent group of up-regulated DEGs was implicated in DNA rep-
lication, cell cycle regulation, and DNA damage and repair responses, including different cell
cycle protein-encoding genes. Specifically, different genes, i.e., CCNE2, CDC6, TYMS, CDC45,
MCMS8, POLE2, RRM2, MCM10, CDCA5, MCM4, MCM5, MCMS6, are involved in the transi-
tion of G1/S phase of cell cycle. Many genes belong to the minichromosome maintenance
complex (MCM, i.e., MCM8, MCM4, MCM5, MCM6), which is a key component of the pre-
replication complex required for the initiation of eukaryotic DNA replication. We also found
that GO categories related to “DNA synthesis involved in DNA repair” and “double-strand
break repair via homologous recombination” were significantly enriched with different up-
regulated genes (EXOI, RFC3, XRCC2, RAD51API1, BLM, BRIP1, RAD51, MCMS8, FEN1).
Another group of significantly up-regulated genes encode various histone proteins, i.e.,
HIST2H3A, HISTIH2AB, HIST1H2BB, HISTIH2BM, HISTIH2AE, which are essential for
nucleosome core assembly.

The most enriched GO clusters of the 180 down-regulated DEGs (Table 3 and S4 Table)
were associated with genes related to the regulation of transcription (ZNF630, CCDC85B,
ZNF296, TRIB3, CCDC59, ZNF615, ZNF75D, HEY1, HAND2, XBP1, ZNF404, ZNF33A, EGR2,
JUNB, ZNF415). Many of these transcription-associated genes encode zinc finger domain-con-
taining proteins that are involved in gene transcription and translation, mRNA trafficking,
cytoskeleton organization, cell adhesion, protein folding, and chromatin remodeling. Different
down-regulated genes, i.e., CDKN1A, MDM2, PTEN, GADD45A, GADD45B, are implicated in
p53 and FOXO signaling pathways involved in the control of DNA replication, chromosome
segregation and cell division.

Patients’ cells also showed decreased mRNA levels of several ECM-associated genes (S2
Table) including SPP1, POSTN, and EDIL3, which encode matricellular proteins primarily act-
ing as mediators of cell-matrix interactions rather than as structural components. Specifically,
osteopontin (SPP1I) and the epidermal growth factor-like repeats discoidin I-like domain 3
protein (EDIL3), which contain an Arg-Gly-Asp (RGD) tripeptide integrin binding motif, and
periostin (POSTN), containing an N-terminal EMI domain through which it binds to COLLI
and FN, play an important role in cell proliferation and migration, cutaneous wound healing,
cell cycle, and apoptosis. Likewise, IGFBP2 and C3 genes, showing up-regulated transcription
in cEDS fibroblasts (S2 Table), encode insulin like growth factor binding protein 2 and com-
plement C3, respectively, which are also involved in cell migration and wound repair process.
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Table 1. Selection of DEGs identified in cEDS patients’ skin fibroblasts.

Down-regulated genes

Gene symbol Gene description FDR <0.05 Fold change
EDIL3 EGF-like repeats and discoidin I-like domains 3 0,005 -3,83
RNU5B-1 RNA, U5B small nuclear 1 0,002 -3,61
SNORDS0 small nucleolar RNA, C/D box 80 5,80E -3,13
CllIorf87 chromosome 11 open reading frame 87 0,001 -2,94
TRIB3 Tribbles pseudokinase 3 9,08E° -2,52
SNORD116-6 Small nucleolar RNA, C/D box 116-6 0,002 -2,69
GDF15 Growth differentiation factor 15 0,0003 -2,43
WDR74 WD repeat domain 74 0,00007 -2,53
WNT5A Wingless-type MMTYV integration site family, member 5A 0,004 -2,29
HEY1 Hes-related family bHLH transcription factor with YRPW motif 1 0,0006 -2,14
CCPG1 Cell cycle progression 1 0,0001 -1,95
TBCIDI9 TBC1 domain family, member 19 2,34 2,01
HAND2 Heart and neural crest derivatives expressed 2 0,0008 -2,13
CSRP2 Cysteine and glycine-rich protein 2 9,00E* -1,95
KRT6B Keratin 6B, type II 2,52E° -1,95
PAPPA Pregnancy-associated plasma protein A, pappalysin 1 0,001 -1,74
ATGI0 Autophagy related 10 4,42E-% -1,64
POSTN Periostin, osteoblast specific factor 0,002 -1,60
SVIP Small VCP/p97-interacting protein 9,51E- -1,57
RAB33A RAB33A, member RAS oncogene family 0,001 -1,55
VPS29 VPS29 retromer complex component 0,0004 -1,54
SPP1 Secreted phosphoprotein 1 0,008 -1,52
VIPAS39 VPS33B interacting protein 3,35E-% -1,50
Up-regulated genes
IGFBP2 Insulin like growth factor binding protein 2 0,0001 3,46
GRPR Gastrin-releasing peptide receptor 0,005 3,39
C3 Complement component 3 0,002 3,10
CDC6 Cell division cycle 6 0,0004 2,70
DTL Denticleless E3 ubiquitin protein ligase homolog (Drosophila) 0,0004 2,67
PODXL PODXL podocalyxin-like 0,003 2,63
BRIPI1 BRCALI interacting protein C-terminal helicase 1 5,16E° 2,55
ADAMTSLI ADAMTS like 1 0,0002 2,50
CCNE2 Cyclin E2 0,0004 2,48
ND6 NADH dehydrogenase, subunit 6 (complex I) 0,0002 2,44
ZNF730 Zinc finger protein 730 0,001 2,42
PEGI10 Paternally expressed 10 0,0007 2,41
GABBR2 Gamma-aminobutyric acid (GABA) B receptor, 2 0,0003 2,38
FAMI111B Family with sequence similarity 111, member B 0,0007 2,36
ESCO2 Establishment of sister chromatid cohesion N-acetyltransferase 0,0008 2,27
HISTIH2BM Histone cluster 1, H2bm 6,05E 2,26
DCLK1 Doublecortin-like kinase 1 0,003 2,25
RGS4 Regulator of G-protein signaling 4 0,007 2,25
CCBE1 Collagen and calcium binding EGF domains 1 0,002 2,23
RASD2 RASD family, member 2 0,001 2,20
HSD17B6 Hydroxysteroid (17-beta) dehydrogenase 6 0,003 2,20
FAMI106A Family with sequence similarity 106, member A 0,008 2,18
(Continued)
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Table 1. (Continued)

Down-regulated genes

Gene symbol Gene description FDR <0.05 Fold change
EPHA5 EPH receptor A5 0,002 2,15
PTPN3 Protein tyrosine phosphatase, non-receptor type 3 0,005 2,15
MKI67 Marker of proliferation Ki-67 0,0009 2,10

https://doi.org/10.1371/journal.pone.0211647.t001

Finally, in cEDS fibroblasts biological functions related to intracellular protein transport,
endoplasmic reticulum (ER) proteostasis, and autophagy seem to be perturbed, as suggested
by the reduced transcription of many related genes such as DNAJB7, RAB33A, VPS29, CCPG1,
ATGI10, SVIP, and VIPAS39 (S2 Table).

Pathways enrichment analysis

To identify differentially expressed pathways in cEDS fibroblasts, an enrichment analysis was
carried out on all DEGs by querying both ToppGene and DAVID databases and selecting a
threshold of FDR-adjusted p-value <0.05. As shown in S5 Table, cell cycle was the most per-
turbed pathway in patients’ cells, as shown by a significant dysregulated expression of many
cell cycle regulating genes. Some of these DEGs, i.e, CDKN1A, MCM4, MCM5, MCMS6,
MCM10, RRM2, CDC45, TYMS, POLE2, MCM8, CCNE2, and CDCE6, are specifically involved
in G1/S transition and G2/M checkpoint. DNA replication seems to be also induced, as indi-
cated by the augmented transcription of different associated genes such as replication factor
subunit 3 (RFC3), DNA polymerase epsilon 2 (POLE2), different members of the mini-chro-
mosome maintenance complex (MCM4, MCM5, MCM6), and the flap endonuclease 1
(FEN1), all playing a crucial role in DNA replication and damage repair response.

Pathways analysis also indicated that p53 and FOXO signaling pathways seem to be per-
turbed in cEDS fibroblasts. These pathways are master regulators of cellular homeostasis in
response to different stress signals including growth factor deprivation, metabolic stress, oxi-
dative stress, and DNA mutations. Concerning the p53 signaling pathway, its perturbation is
indicated by the dysregulated expression of several p53-regulated genes including cyclin E2

Table 2. DAVID functional annotation clustering of upregulated genes in cEDS patients’ skin fibroblasts.

Cluster Enrichment Score Category Term FDR <0.3

1 9.2 GOTERM_BP G0:0006260~DNA replication 2,24E%8
GOTERM_BP GO0:0000082~G1/S transition of mitotic cell cycle 2,41E°%

2 3.5 UP_KEYWORDS DNA damage 0,025
GOTERM_BP GO:0006281~DNA repair 1,288

3 3.2 INTERPRO IPR001208: Mini-chromosome maintenance, DNA-dependent ATPase 0,131
GOTERM_CC GO0:0042555~MCM complex 4,5774
KEGG_PATHWAY hsa04110: Cell cycle 4,730

4 2.4 GOTERM_CC GO:0005654~nucleoplasm 2,244

5 2.3 UP_KEYWORDS Cell cycle 0,001
GOTERM_BP GO:0051301~cell division 8,104

6 2.1 GOTERM_BP GO:0000731~DNA synthesis involved in DNA repair 0,058

7 1.75 GOTERM_MF GO:0004386~helicase activity 15,03

8 1.74 INTERPRO IPR003593:AAA+ ATPase domain 18,96

9 1.2 INTERPRO IPR002213: UDP-glucuronosyl/UDP-glucosyltransferase 27,2

https://doi.org/10.1371/journal.pone.0211647.t1002
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Table 3. DAVID functional annotation clustering of down-regulated genes in cEDS patients’ skin fibroblasts.

Cluster Enrichment Score Category Term FDR <0.3

1 1.51 KEGG_PATHWAY hsa04115: p53 signaling pathway 1,517
KEGG_PATHWAY hsa04068: FoxO signaling pathway 10,23
GOTERM_BP GO0:0000079~regulation of cyclin-dependent protein serine/threonine kinase activity 22,22

2 1.43 GOTERM_BP GO:0006355~regulation of transcription, DNA-templated 11,42
INTERPRO IPR013087: Zinc finger C2H2-type/integrase DNA-binding domain 24,27
GOTERM_CC GO0:0005634~nucleus 23,40

https://doi.org/10.1371/journal.pone.0211647.t1003

(CCNE2), cyclin-dependent kinase inhibitor 1A (CDKN1A), ribonucleotide reductase M2
(RRM2), MDM2 proto-oncogene (MDM?2), phosphatase and tensin homolog (PTEN), and
growth arrest and DNA-damage-inducible alpha (GADD45A) and beta (GADD45B). Regard-
ing the FOXO signaling pathway, apart from CDKNIA, MDM?2, PTEN, and GADD45A, cEDS
cells also showed a higher expression of other FOXO related genes including polo-like kinase 1
(PLK1) and 4 (PLK4), SMAD family member 3 (SMAD3), and homer scaffold protein 2
(HOMER?Y).

Drug metabolism-related biological process was also disturbed, as indicated by the altered
expression of glutathione S-transferase mu 3 (GSTM3), monoamine oxidase B (MAOB), and
different members of UDP glucuronosyltransferase family 2, such as member B17 (UGT2B17),
member A2 (UGT2A2), and member B7 (UGT2B?).

Validation of microarray expression data by quantitative PCR

We evaluated the differential expression of a selection of DEGs by qPCR. Genes were priori-
tized based on their expression pattern and GO functional classification that was significantly
perturbed in cEDS fibroblasts. Specifically, we focused on genes related to ECM remodeling,
ER protein folding homeostasis/autophagy, inflammatory and immune response, cell cycle
regulation, cell adhesion/motility and actin cytoskeleton organization (Figs 2 and 3). gPCR
confirmed the differential expression of genes related to ECM remodeling, wound healing,
and connective tissues integrity, such as ITGA3, EDIL3, POSTN, SPP1, CCBE1, MMP11,
PAPPA, ADAMTSLI, and IGFBP2 (Fig 2A). We also verified the altered expression of many
transcripts related to ER homeostasis and autophagy, i.e., ATG10, CCPG1, VIPAS39, SVIP,
ALGI3, and DNAJBY7 (Fig 2B). Significant changes of mRNA levels of several cell cycle regulat-
ing genes. i.e., KIF4A, CDKNI1A, CCNE2, ASF1B, MKI67, CLSPN, DTL, and DDIAS, were also
confirmed (Fig 3A). qPCR also revealed altered transcriptional levels of different genes impli-
cated in the cell adhesion and cytoskeleton organization, such as ENAH, ACTR10, MTSS1,
SIPA1L3, and PODXL (Fig 3B), and involved in inflammatory and immune response, i.e.,
ACKR3, IFNA16, IFNA6, CCL13, IL8, ILIRL1, COLECI2, VEGFD, GDF15, and C3 (Fig 3C).

Aberrant COLLYV expression causes the disassembly of different ECM
structural proteins

In cEDS patients’ skin fibroblasts, we previously demonstrated abnormal synthesis and deposi-
tion of COLLV into the ECM together with the disarray of FN and the lack of COLLs- and
FN-specific integrin receptors [15,16,20]. Moreover, these cells also showed an in vitro reduced
migratory capability and poor wound healing rescued by purified exogenous COLLV treat-
ment [14]. IF analysis of COLLV in the present patients’ cells confirmed the aberrant COL-
LV-ECM deposition and its intracellular retention (Fig 4). The consequence of the aberrant
COLLV expression on the organization of other ECM structural components such as COLLI,
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Fig 2. qPCR validation of genes related to ECM remodeling, wound healing, and ER homeostasis. (A) The relative mRNA
expression levels of selected genes related to ECM architecture and (B) involved in ER homeostasis and autophagy, were determined
with the 2"“4“Y method normalized with the geometric mean of different reference genes. Bars represent the mean ratio of target gene
expression in four patients’ fibroblasts compared to six unrelated healthy individuals. gPCR was performed in triplicate, and the results
were expressed as mean + SEM. **p<0.01, and ***p<0.001.

https://doi.org/10.1371/journal.pone.0211647.9002

COLLIIL FN, and FBNs was investigated by IF. As reported in Fig 4, COLLI was accumulated
in the cytoplasm with few thin ECM-fibrils in control fibroblasts, whereas it was only detected
in the cytoplasm in patients’ cells. COLLIII was assembled into the ECM by control cells, but
not by cEDS fibroblasts, in which this protein was retained in the cytoplasm. FN and FBNs
were organized in fibrillar and differently shaped networks covering control fibroblasts,
whereas these proteins were not assembled into the ECM in patients’ cells. Specifically, in
cEDS fibroblasts only few FN fibrils were localized in the intercellular spaces, whereas FBNs
were present in rare and sparse cytoplasmic spots (Fig 4).

Discussion

The present study reports the first molecular evidence of significant gene expression changes
in dermal fibroblasts from cEDS patients. Although the reduction in the amount of COLLV is
central to the pathogenesis of cEDS [26,27], so far, the molecular mechanisms contributing to
the pathophysiology of the disease have never been investigated in-depth. Even if we recognize
the limited number of analyzed samples and that findings should be confirmed in a larger
cohort of patients, our results provide intriguing insights into dysregulated gene expression
pattern and related biological processes that likely contribute to the molecular pathology of
cEDS. We specifically focused on different candidate genes mainly involved in ECM remodel-
ing, wound healing/inflammation, ER homeostasis/autophagy, and associated with cell cycle
regulation (Fig 5).

ECM remodeling, wound healing, and inflammation

Transcriptome profiling revealed the differential expression of a subset of genes, such as SPPI,
POSTN, EDIL3, IGFBP2, PAPPA, CCBEI, ITGA3, MMP11, and ADAMTSLI, which are
involved in ECM turnover, cell migration, and wound healing. After cutaneous injury, the
wound healing occurs through several processes, including coagulation, granulation tissue for-
mation, re-epithelialization, and ECM remodeling [28]. ECM components are essential for
wound repair, since they create a provisional matrix, providing a structural integrity of matrix
during healing process, and regulate the cell-cell and cell-matrix interactions [29,30]. ECM
proteins like fibrin, FN, and COLLs contribute to the structural integrity of the matrix,
whereas matricellular proteins, like osteopontin, periostin, tenascins, thrombospondins, and
vitronectin, associate with the ECM and act temporally and spatially to provide signals eliciting
specific cell activities within the wound [29,31]. Among the dysregulated ECM-related genes
identified in cEDS fibroblasts, SPPI encodes osteopontin (OPN), a secreted phosphoprotein
with an RGD motif through which it binds to cell surface receptors including ovp3 integrin
and CD44 [32]. OPN is particularly expressed during embryogenesis and participates in the
resolution of dermal wounds [33]. Several in vivo and in vitro studies indicated that OPN pro-
motes cell proliferation, cell migration, and wound healing through inhibition of apoptosis
[33-36]. Interestingly, Opn-deficient mice show altered wound healing, with small COLL
fibrils and disorganized ECM in the deep layers of the wound [33]. Despite these observations,
a further work demonstrated by in vivo wound studies that the knockdown of OPN improves
the skin wound healing and reduces scarring in mice [37]. Wu and colleagues [38] also
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Fig 3. qPCR validation of genes involved in cell cycle regulation, actin cytoskeleton organization, and related to
inflammatory and immune responses. (A) The relative mRNA expression levels of different cell cycle regulating
genes, (B) transcripts associated with cytoskeleton organization, and (C) implicated in inflammation and immune
response, were determined with the 27**“Y method normalized with the geometric mean of different reference genes.
Bars represent the mean ratio of target gene expression in four patients’ fibroblasts compared to six unrelated healthy
individuals. QPCR was performed in triplicate, and the results were expressed as mean + SEM. *p<0.05, **p<0.01, and
1 p<0.001.

https://doi.org/10.1371/journal.pone.0211647.g003

demonstrated that OPN is a mediator of dermal fibrosis since stimulates TGFf activation and
increases dermal thickness in lesional skin of wild type compared to Opn deficient mice. In
addition, dermal fibroblasts isolated from Opn™~ mice show decreased migration compared to
control cells, whereas treatment with OPN partially restores their migratory capability, sug-
gesting an involvement of OPN in dermal fibroblasts migration [38].

POSTN encodes the matricellular protein periostin that is a predominantly expressed in
COLLs-rich tissues and contributes to proper COLLs assembly and homeostasis [39,40]. It was
previously reported that in bronchial tissues of patients with asthma periostin colocalizes with
other ECM proteins such as COLLI, COLLIII, COLLV, EFN, and tenascin-C [41], whereas
COLLs cross-linking is significantly reduced in periostin-deficient mouse skin, suggesting a
role of this ECM-associated matricellular protein in the appropriate COLLs fibrillogenesis
[42].

Like other ECM proteins, periostin plays a fundamental role in tissue remodeling. Indeed,
periostin interacts with avB3 and avf5 integrins on cell surfaces, influencing cell-matrix inter-
actions, adhesion, proliferation, and differentiation [43]. In addition, periostin is a key mod-
ulator of processes essential for proper wound resolution [44]. In this regard, Ontsuka et al.,
[45] showed that periostin-deficient mice exhibit delayed in vivo wound repair capability that
was improved by exogenous administration of periostin, indicating a role of this protein in the
resolution of cutaneous wound repair. The authors also demonstrated that loss of periostin
impairs proliferation and migration of healthy dermal fibroblasts that is rescued by exogenous
supplementation of the protein, supporting its key role in the response to wounding. More-
over, loss of periostin affects COLLs stability and assembly in cultured human dermal fibro-
blasts, leading to higher amounts of COLLs fragments owing to proteases digestion [40].
Given the physiological role of periostin in the interaction with several ECM proteins and
proper COLLs assembly to regulate the ECM architecture, its shortage may contribute to the
generalized ECM disarray of cEDS patients’ fibroblasts [15,20, this study]. In this view, we pre-
viously demonstrated that cEDS fibroblasts exhibit a reduced migratory potential and delayed
wound healing [14] owing to COLLV disorganization, defective fibrillar FN assembly into the
ECM and abnormal integrin pattern [15,16,20,46], consistently with the poor wound repair
and defective scars observed in cEDS patients [4]. Our expression and protein findings are also
in line with in vivo wound healing studies on a Col5a1"" haploinsufficient murine model
showing that these mutant mice heal significantly slower than the wild type [17], as in mice
heterozygous for Col5a2 null alleles that show deficits in wound healing [18]. In addition, der-
mal fibroblasts from Col5a1"~ mice exhibit reduced proliferation, decreased attachment of
fibroblasts to wound matrix components, and impaired cell migration [17].

EDIL3, which is the most down-regulated transcript in cEDS cells, encodes a matrix-associ-
ated matricellular protein with three epidermal growth factor (EGF)-like repeats, two discoi-
din-like domains, and an RGD motif in the second EGF-like repeat [47]. EDIL3 can induce
angiogenesis through binding avf3 and avf5 integrins and increase neovascularization of
ischemic tissues in a mouse model of hind-limb ischemia [48]. In endothelial cells, this ECM-
related protein acts as a survival factor protecting these cells from apoptosis and anoikis
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Fig 4. cEDS patients’ skin fibroblasts show the altered deposition of different structural components into the
ECM. Control and patients’ cells were analyzed with specific Abs directed against COLLI, COLLIIL, COLLV, FN, and
FBNs. FN and FBNs were investigated by labeling the cells with Abs recognizing all their isoforms. Images are
representative of 4 control and 4 cEDS cell strains. Scale bar: 10 um.

https://doi.org/10.1371/journal.pone.0211647.g004

PLOS ONE | https://doi.org/10.1371/journal.pone.0211647 February 4, 2019 14/23


https://doi.org/10.1371/journal.pone.0211647.g004
https://doi.org/10.1371/journal.pone.0211647

®PLOS | one

Transcriptome profiling in classical Ehlers-Danlos patients’ skin fibroblasts

COLLYV defect

ECM disarray/perturbed ECM homeostasis

Disorganization of COLLs-, FN-, Pre-apoptotic state/ ' BC,I'ZJT .
FBNs-ECM and o5p1 and 021 integrins - anoikis Cds[);sle;()ég?ift‘\?q-

Pro-survival signaling mediated by an
avp3 integrin-EGFR cross-talk

i

Defective Reduced Impaired ER homeostasis

Altered

wound healing cell migration

and autophagy

cell cycle

DNAJB7

SPPI] CCPG1
POSTN IGFBPZT ATGI10
EDIL3 & C3 SVIP

PAPPA ALGI3

VIPAS39

Fig 5. Schematic summary illustrating the main biological processes deregulated in skin fibroblasts with COL5A1 and COL5A2 pathogenetic variants. COLLV
defect is associated with pathological ECM remodeling and anoikis, which is rescued by an avp3 integrin-EGFR signaling transduction pathway [20], together with
defective ER homeostasis, autophagy and cell cycle progression. Down-regulated DEGs are indicated by blue arrows and those up-regulated by red arrows.

https://doi.org/10.1371/journal.pone.0211647.9005

through binding the RGD motif of the avf3 integrin [49]. In addition, its silencing impairs
proliferative and migratory capabilities of human retinal endothelial cells in vitro, EGF recep-
tor-signaling mediated pathways, and induces cell cycle arrest at the G1 phase [50]. Moreover,
Edil3-deficient mice develop more severe osteoarthritis compared to control mice that is asso-
ciated with increased susceptibility of chondrocytes to apoptosis [51].

The protein encoded by IGFBP2, which is most up-regulated transcript in cEDS fibroblasts,
is a member of six similar proteins that bind insulin-like growth factors I and II (IGFs) modu-
lating their activity. Other IGF-independent actions ascribed to IGFBP2 involve the C-termi-
nal RGD motif, which mediates the interaction with the a5p1 integrin [52]. This interaction
promotes cell migration in different cell models and stimulates the migratory capability of
human dermal fibroblasts [52-56]. These IGFBP2-mediated functions suggest a possible
involvement of this soluble protein in a potential rescue of migratory defects that was reported
in cEDS fibroblasts and restored by the treatment with exogenous COLLV [14].

Furthermore, during tissue repair, an excessive inflammation delays healing and may lead
to complications and chronic wounds [57]. Complement system activation is needed to restore
tissue injury, however, its inappropriate activation causes cell death and enhances inflamma-
tion, thus contributing to further injury and impaired wound healing [58]. About this, in
cEDS patients’ cells, we observed the dysregulated expression of many inflammatory and
immune response related genes, i.e., CCL13, IL8, ILIRL1, COLEC12, GDF15, and C3. Of these,
C3, showing an about 20-fold mRNA levels increase in patients’ fibroblasts, encodes a member
of the complement system, which is composed of several plasma proteins interacting with
numerous immune mediators involved in inflammatory response in several biological pro-
cesses including wound healing [58]. Complement cascade can also regulate the migration and

PLOS ONE | https://doi.org/10.1371/journal.pone.0211647 February 4, 2019 15/23


https://doi.org/10.1371/journal.pone.0211647.g005
https://doi.org/10.1371/journal.pone.0211647

®PLOS | one

Transcriptome profiling in classical Ehlers-Danlos patients’ skin fibroblasts

activation of immune cells such as macrophages and neutrophils, which are actively involved
in wound healing [59]. Specifically, C3 seems to have an inhibitory role in wound healing [60].
Indeed, in C3” mice C3 deficiency accelerates the initial rate of excisional wound healing,
whereas wound healing is attenuated with sera from wild type animals or purified human C3
treatment. C3 deficiency also modulates the inflammatory infiltrate of healing by reducing the
numbers of neutrophils and increasing the number of mast cells, thus accelerating the whole
wound healing process [60]. Additionally, the pro-inflammatory effect of C3 exacerbates the
skin inflammation in psoriasiform dermatitis [61].

Taken together, these gene expression changes suggest a potential involvement of different
ECM-related proteins such as osteopontin, periostin, IGFBP2, and C3 in both the reduced
migratory capability and wound repair of cEDS patients’ fibroblasts. More research is needed
to establish the concrete role of these proteins in the process of cutaneous wound healing in
cEDS cells.

The ADAMTS (a disintegrin-like and metalloproteinase with thrombospondin type 1
motifs) superfamily contains 19 secreted metalloproteinases involved in various biological pro-
cesses including extracellular matrix (ECM) degradation, matrix assembly, angiogenesis, and
cell migration.

ER turnover, protein homeostasis, and autophagy

ER is a highly dynamic organelle in eukaryotic cells, which is deputed to lipid and protein bio-
synthesis, calcium storage, and detoxification of various exogenous and endogenous harmful
compounds. Signaling sensors within the ER detect lumen perturbations and employ down-
stream cascades that engage effector mechanisms to restore homeostasis [62]. The most stud-
ied ER signaling mechanism is the unfolded protein response, which is known to increase
many effector mechanisms, including autophagy [63]. This cellular defense mechanism is con-
sidered an effector pathway for ER stress through the process of autophagic sequestration of
ER fragments into autophagosomes, namely ER-phagy. During ER-phagy a discrete portion of
the ER is sequestered by nascent autophagosomes and delivered to lysosomes for degradation
and recycling [64]. In this regard, our transcriptome profiling in cEDS cells revealed a
decreased expression of different genes related to the ER protein folding homeostasis and
autophagy, such as DNAJB7, CCPG1, ATG10, SVIP, and VIPAS39. Among them, the protein
encoded by the DNAJB7 belongs to the Dna] heat shock protein family, which are molecular
co-chaperones acting as ER reductases that catalyze the removal of non-native disulfides and
enhance protein folding [65]. Cell-cycle progression gene 1 (CCPGI) encodes an ER-resident
transmembrane protein that acts as a non-canonical autophagy cargo receptor essential for
ER-phagy and ER proteostasis by binding Atg8-family proteins, thus preventing the hyperac-
cumulation of insoluble protein within the ER lumen [66]. The protein encoded by the autop-
hagy related gene (ATG10) is an E2-like conjugating enzyme involved in two ubiquitin-like
modifications essential for autophagosome formation, a double-membrane vesicle containing
cellular debris that are degraded via lysosome-autophagy pathway [67]. SVIP, encoding the
small p97/VCP-interacting protein, acts as an inhibitor of the ER-associated degradation path-
way (ERAD) by competing with the E3 ligase binding to p97/VCP to regulate its function [68].
The p97/VCP protein is a member of the AAA ATPase family that plays a central role in
ERAD, since it binds and extracts polyubiquitined protein from the ER for degradation by the
cytosolic proteasomes [69]. The negative regulatory role of SVIP in ERAD leads to vacuoles
formation that may be caused by accumulation of misfolded proteins when SVIP is overex-
pressed [70]. On the other hand, RNAi-mediated knockdown of SVIP reduces the levels of the
LC3 microtubule-associated protein, which is involved in the autophagic pathway [71].
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VIPAS39 encodes a core constituent of the multiprotein tethering complexes, namely HOPS
and CORVET complexes, which are essential to coordinate endosome and lysosome fusion in
eukaryotic cells [72]. Specifically, VIPAS39 and the VPS33B partner protein control a myriad
of functions including post-Golgi COLLs processing by regulation of the lysyl hydroxylase 3
(LH3) trafficking. LH3 is a member of the lysyl hydroxylase isoenzymes that catalyze procolla-
gen lysine-hydroxylation, a post-translational modification essential for COLLs homeostasis
[73]. Indeed, VIPAS39 and VPS33B deficiencies, which cause arthrogryposis, renal dysfunc-
tion and cholestasis syndrome (ARC), result in a reduction of LH3-dependent post-transla-
tional modification of COLLIV in inner medullary collecting duct cells accompanied by an
abnormal ECM deposition [73]. Furthermore, cultured dermal fibroblasts from ARC patients
show consistent procollagen I accumulation and structural COLLI defects were also found in
tail tendons from Vps33b and Vipas39 deficient mice [73]. Similarly, primary murine fibro-
blasts isolated from both mutant mice secrete a COLLI disorganized matrix, strengthening the
evidence that defects in LH3 delivery cause alterations in COLLs modifications and cross-link-
ing [74].

Both physiological and pathological changes in the composition of the ECM have been
shown to alter autophagy activity. It is well known that many ECM components including
COLLVI, decorin, and laminin o2 modulate autophagy both positively and negatively [75].
For instance, mice lacking COLLVI or decorin have impaired autophagic responses in vivo
[76,77]. Besides, dermal fibroblasts critically depend on integrin-mediated cell adhesion to
ECM for proper growth, proliferation, and survival, and the lack of cell adhesion to the ECM
induces the fibroblasts’ growth arrest and anoikis [78]. Reduced ECM or integrin-mediated
signals in primary human epithelial cells and mouse embryonic fibroblasts can induce autop-
hagic flux, whereas autophagy regulators depletion enhances apoptosis in detached cells, con-
firming that induction of autophagy during anoikis promotes cell survival, thus acting as a
persistence strategy to mitigate the stresses of ECM detachment [79]. In line with these obser-
vations, we previously demonstrated that the ovf3 integrin-mediated signaling rescues from
anoikis cEDS fibroblasts by a cross-talk with EGFR [20]. These findings are consistent with
several evidences of cross-talk mechanisms between integrins and growth factors’ receptors
eliciting cell growth and rescue from apoptosis [80,81]. Additionally, misfolded procollagen
molecules containing mutations affecting triple helix conformation are likely to be degraded
by the autophagy pathway, thus playing a protective role against ER stress [82]. Moreover, the
treatment of Osteogenesis imperfecta patients’ skin fibroblasts with the autophagic inducer
4-phenylbutyric acid ameliorates autophagy, stimulates protein secretion and rescues cellular
homeostasis, suggesting that a complementary process of autophagy may favor the degrada-
tion of retained unfolded proteins [83]. Conversely, the inhibition of autophagy and lysosome
function in chondrocytes decreases COLLs transcription, as a possible compensatory mecha-
nism to reduce the folding rate and to contrast accumulation of COLLs intermediates within
the ER [64]. Taken together, all these evidences and our findings highlight that an appropriate
autophagy is crucial to maintain ER homeostasis and COLLs proteostasis. Anyway, further
investigations are required to verify the cellular consequences of a defective autophagy
response in cEDS patients’ fibroblasts.

Cell cycle

The prominent group of DEGs in cEDS cells was implicated in processes related to cell divi-
sion, DNA replication, DNA repair, telomere organization, and associated with nucleosome
and chromatin assembly. We also found significant expression changes of several transcripts
encoding histone proteins that could reflect a perturbation of DNA synthesis, given that
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histones enter in nucleosome formation and proper DNA wrapping after the S phase of the
cell cycle [84]. Besides, in cEDS fibroblasts, different up-regulated transcripts encode cell cycle
regulators required for the G1/S transition (CCNE2, KIF4A, DTL), S phase progression
(MKI67), and S/G2 transition (CLSPN), as well as components of the DNA replication
machinery (CDC6, CDC45, CDCA2, CDCAS5, CDCA7), which ensure sequential progression
through the cell cycle in an orderly fashion [85]. Conversely, these cells show the diminished
expression of the cyclin dependent kinase inhibitor 1A (CKDNIA), which encodes the p21
protein that is an inhibitor of cyclin-dependent kinase/cyclin complexes acting as a regulator
of cell cycle progression at G1 [85]. Overall, the differential expression of several cell cycle
related genes could suggest an attempt to overcome the G1 phase in response to the ECM defi-
ciency-mediated pre-apoptotic state of these cells, in which caspases’ activity is up-regulated
according to the low levels of the Bcl-2 anti-apoptotic protein [20]. In line with this hypothesis,
cEDS fibroblasts also show increased mRNA levels of the DNA damage-induced apoptosis
suppressor (DDIAS), which has an anti-apoptotic function during DNA damage by regulating
caspase-8 stability and promoting its proteasomal degradation [86].

In conclusion, our approach illustrates global mRNA profiling changes of several genes and
related biological processes that could offer novel insights in the cEDS pathophysiology. Addi-
tional functional work is required to verify whether altered ER proteostasis and defective
autophagy play a crucial role in the pathogenesis of this connective tissue disorder, thus offer-
ing future therapeutic options.
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