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ARTICLE INFO ABSTRACT

Hypermobile Ehlers-Danlos syndrome (hEDS) is a heritable connective tissue disorder with unknown molecular
basis mainly characterized by generalized joint hypermobility, joint instability complications, and minor skin
changes. The phenotypic spectrum is broad and includes multiple associated symptoms shared with chronic
inflammatory systemic diseases. The stricter criteria defined in the 2017 EDS nosology leave without an identity
many individuals with symptomatic joint hypermobility and/or features of hEDS; for these patients, the term
Hypermobility Spectrum Disorders (HSD) was introduced. We previously reported that in vitro cultured hEDS
and HSD patients' skin fibroblasts show a disarray of several extracellular matrix (ECM) components and dys-
regulated expression of genes involved in connective tissue homeostasis and inflammatory/pain/immune re-
sponses. Herein, we report that hEDS and HSD skin fibroblasts exhibit in vitro a similar myofibroblast-like
phenotype characterized by the organization of a-smooth muscle actin cytoskeleton, expression of OB-cadherin/
cadherin-11, enhanced migratory capability associated with augmented levels of the ECM-degrading metallo-
proteinase-9, and altered expression of the inflammation mediators CCN1/CYR61 and CCN2/CTGF. We de-
monstrate that in hEDS and HSD cells this fibroblast-to-myofibroblast transition is triggered by a signal trans-
duction pathway that involves avp3 integrin-ILK complexes, organized in focal adhesions, and the Snaill/Slug
transcription factor, thus providing insights into the molecular mechanisms related to the pathophysiology of
these protean disorders. The indistinguishable phenotype identified in hEDS and HSD cells resembles an in-
flammatory-like condition, which correlates well with the systemic phenotype of patients, and suggests that
these multisystemic disorders might be part of a phenotypic continuum rather than representing distinct clinical
entities.
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1. Introduction

Ehlers-Danlos syndromes (EDS) are a heterogeneous group of heri-
table connective tissue disorders (HCTDs) sharing a variable combina-
tion of skin hyperextensibility, generalized joint hypermobility (gJHM),
internal organ and vessel fragility and dysfunctions. Thirteen EDS types
are recognized by specific diagnostic criteria in the 2017 EDS nosology
[1]. Classical EDS (cEDS), principally caused by mutations in COL5A1
and COL5A2 encoding type V collagen (COLLV), is characterized by

cutaneous involvement and gJHM. Vascular EDS (VEDS), due to type III
collagen (COLLIII) defects caused by COL3A1 mutations, shows a
marked fragility of blood vessels and internal organs. Hypermobile EDS
(hEDS), a dominantly inherited trait without a defined molecular basis,
is mainly defined by gJHM, joint dislocations/instability complications,
i.e., musculoskeletal chronic pain, and a combination of mucocutaneous
features [1]. According to the 2017 EDS nosology, the following 3
criteria must be met for a hEDS diagnosis: gJHM, evaluated with an
age-dependent Beighton score (criterion 1); two or more of the
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following features: systemic manifestation of a more generalized soft
HCTD, family history, complications of gJHM (criterion 2); and absence
of unusual skin fragility, exclusion of other heritable and acquired
CTDs, such as autoimmune rheumatologic conditions, and other alter-
native diagnoses (criterion 3) [1]. This new set of clinical criteria is
stricter than the previous Villefranche criteria, used for the diagnosis of
EDS hypermobility type (EDS-HT) [2], and the Brighton criteria for
joint hypermobility syndrome (JHS) [3]. For all those phenotypes
presenting symptomatic JHM plus one or more of its secondary mani-
festations, but that do not fulfill the new hEDS criteria, the term hy-
permobility spectrum disorder(s) (HSD) was introduced to not leave
patients with an incomplete clinical presentation without a defined
diagnosis [4]. In the recent years, the hEDS-associated phenotypic
spectrum was complicated by the description of multiple associated
manifestations not comprised in the new diagnostic criteria for hEDS
that include gastrointestinal dysfunction, increased susceptibility to
osteoarthritis, chronic generalized musculoskeletal pain, inflammatory
soft-tissue lesions, and a range of neurological features, ie., myalgia,
cramps, sickness behavior/fatigue/depressive symptoms, and sleep
disturbance [1,4-6]. Many of these features are typical symptoms of
chronic inflammatory systemic diseases (CID), such as rheumatoid ar-
thritis, systemic lupus erythematosus, multiple sclerosis, and anky-
losing spondylitis [7], which must be excluded during the diagnostic
process of a hEDS patient according to the criterion 3 of the new no-
sology [1].

In hEDS and HSD patients' skin fibroblasts, we previously reported a
widespread disarray of several extracellular matrix (ECM) structural
components, such as type I collagen, COLLIII, and COLLV, fibronectin
(FN), fibrillins, tenascins, and elastin, together with a dysregulated
expression of many genes related to ECM organization, cell adhesion,
immune and inflammatory responses [8]. hEDS and HSD fibroblasts
also do not organize the COLL- and FN-specific a2B1 and o531 integrin
receptors [8], but express the avf33 integrin that is a common trait of all
types of EDS fibroblasts [8-12].

Fibroblasts are primarily responsible for synthesis, remodeling, and
reabsorption of ECM in tissues, and through synthesis of cytokines and
chemokines modify the quality and duration of the inflammatory re-
sponses [13]. At the end of these responses, they contribute to the re-
solution of inflammation, mostly normalizing the chemokine gradients
and allowing infiltrating leukocytes to undergo apoptosis [14]. Fibro-
blasts can be activated by a variety of autocrine and paracrine signals
for their transition to myofibroblasts [15]. These specialized cells show
fibroblast and smooth muscle cell-like characteristics and are involved
in the contraction of ECM during wound healing [16], in pathological
conditions such as fibrosis [17], and contribute to chronic inflammation
[18]. In response to injury, myofibroblasts are activated by in-
flammatory cytokines and mediators produced by local cells. Pheno-
typic changes occurring in fibroblast-to-myofibroblast transition in-
clude the expression of the a-smooth muscle actin (a-SMA) and its
incorporation into stress fibres that allows cell's migration and con-
traction [19,20]. These structures are directly connected at sites of
cadherin-cell adherens junctions; indeed, during the fibroblast-to-
myofibroblast transition a decrease of N-cadherin expression and an
increase of OB-cadherin/cadherin-11 have been described [21]. Myo-
fibroblasts also synthesize and secrete cytokines, ECM molecules, such
as COLLs and FN, and matrix metalloproteinases (MMPs) that control
the ECM turnover and remodeling [22,23]. Furthermore, during tissue
repair, growth factors are induced by tissue injury and inflammation
including CCN2/CTGF and CCN1/CYR61 that have respectively a sti-
mulatory and antagonist effect on myofibroblasts proliferation and
differentiation and on the resolution phase of the inflammatory state
[24,25]. When the myofibroblasts' activity persists, unsuccessful repair
occurs and chronic contractures and/or fibrosis develop [26]. Presence
of myofibroblasts, or myofibroblast-like contractile cells, has been de-
monstrated in several tissues during inflammation including synovia of
ligaments, menisci, and tendons [27].
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In this work, we report that cultured skin fibroblasts derived from
hEDS and HSD patients show a myofibroblast-like phenotype in the
presence of a-SMA and OB-cadherin/cadherin-11 organization, en-
hanced active MMP-9 levels, and increased expression of CCN2/CTGF
and demonstrate an ILK-mediated avf33 integrin pathway that signals to
Snaill/Slug to regulate this fibroblast-to-myofibroblast transition.

2. Materials and methods
2.1. Patients, skin biopsies, and ethical statement

Skin biopsies from 4 hEDS, 3 HSD, 4 cEDS, 4 vEDS patients, and 2
unrelated age-matched healthy donors, were established in our lab by
standard protocols, following approval by the local Ethical Committee
“Comitato Etico di Brescia, ASST Spedali Civili, Brescia, Italia” (regis-
tration numbers NP2378, and NP2658). All patients were diagnosed at
the Centre of Heritable Connective tissue disorders and EDS of the
University Hospital Spedali Civili of Brescia.

Among the hEDS (hEDS P1, P2, P3, P4) and HSD (HSD P5, P6, P7)
patients, 5 were previously reported in Chiarelli et al. [8], which were
re-classified following the 2017 EDS nosology [1], and 2 were novel
patients. Six were females with an age range on examination of 34 to
53 years, and a 36-year-old male. The corresponding patients' identi-
fier, their classification according to the revised and the Villefranche
nosology, and the Brighton criteria, and the detailed description of
mucocutaneous, osteoarticular, orthopedic, muscular, gastrointestinal,
cardiovascular, neuropsychiatric, uro-gynecological, immunological,
and ocular signs are summarized in Supplementary Table 1.

The 4 cEDS fibroblasts analyzed here (cEDS P1, P2, P3, P4) derived
from patients previously described in Ritelli et al. [28] as AN_002514,
AN_002503, and AN_002526, harboring the c.2988del (p.Gly997A-
lafs*77), c.1165-2A > G (p.-Pro389Leufs*168), c.4178G > A
(p.Gly1393Asp) COL5A1 mutations, respectively, and as AN_002534
carrying the ¢.2499+ 2T > C (p.Gly816_Pro833del) COL5A2 mutation.
Similarly, the 4 vEDS patients for whom skin fibroblasts were obtained
(VEDS P1, P2, P3, and P4 this study) were previously reported in Drera
et al. [29] as P.1, P.2, P.4, and P.10, respectively. All these patients
carried a structural COL3A1 mutation, i.e., c.764G > A (p.Gly225Asp),
c.709G > A (p.Gly237Arg), c.951 +6T > C (p.Gly301_Ala318del), and
¢.1835G > A (p.Gly612Asp), respectively.

2.2. Cell cultures, antibodies, and inhibitors

Skin fibroblasts from healthy donors, hEDS, HSD, cEDS and VvEDS
patients were grown in vitro at 37 °C in a 5% CO, atmosphere in Earle's
Modified Eagle Medium (MEM) supplemented with 2 mM t-glutamine,
10% FBS (Corning Life Sciences, B.V., Amsterdam, The Netherlands),
and 100 pug/ml penicillin and streptomycin (Life Technologies,
Carlsbad, CA, USA). Cells were expanded until full confluency and then
harvested by 0.25% trypsin/0.02% EDTA treatment at the same passage
number (from 1st to 10th). In addition, control fibroblasts were grown
for 10 days in the presence of conditioned media (CM) recovered from
72 h-grown control, hEDS, HSD, and cEDS fibroblasts' cultures and re-
plenished every 48 h. Protein concentration of CM was evaluated using
detergent compatible Bio-Rad D, Protein Assay (Bio-Rad Laboratories,
Hercules, CA, USA) and a concentration of 2.5 mg/ml was used in the
experiments.

ILK inhibition was performed growing for 18 h control, hEDS, and
HSD cells in MEM supplemented with 5% FBS in the absence and in the
presence of increasing concentrations, from 0.5 to 4.0 uM, of Cpd22
inhibitor.

The mouse anti-avB3 (clone LM609) integrin monoclonal antibody
(mAb) recognizing integrin ligand-binding sites, the mouse anti-f3 in-
tegrin subunit (clone B3A), the affinity purified rabbit polyclonal an-
tibody (Ab) against the (33 integrin subunit, and the inhibitory com-
pound Cpd22 were from Millipore-Chemicon Int. (Billerica, MA, USA).
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The rabbit Ab against all human isoforms of FN, the anti-a-SMA mAb
(clone 1A4), the mAb against B-actin (clone AC-74), the horseradish
peroxidase (HRP)-conjugated anti-rabbit, and anti-mouse secondary
Abs were from Sigma Chemicals (St. Louis, MO, USA). The anti-human
ILK mAD (clone 65.1.9) was from Upstate (Lake Placid, NY). The anti-
human paxillin mAb (clone 165) was from BD Biosciences (Milan,
Italy). Rabbit Abs against the human Snaill/Slug, the MMP-9, the anti-
B1 integrin subunit (clone BV7) mAb, and the RabMab rabbit anti-ILK
mADb (clone EP1593Y) were from Abcam Ltd. (Cambridge, UK). The
mouse anti-lamin A/C mAb (clone mab636) was from Thermo Fisher
Scientific (Waltham, MA USA). The rabbit anti-CCN1/CYR61 Ab was
from LSBio LifeSpan BioSciences, Inc. (Seattle, WA, USA). The Alexa
Fluor® 488 anti-rabbit and the Alexa Fluor® 594 anti-mouse Abs, the
rabbit anti-CDH11/Cadherin OB, and anti-CCN2/CTGF Abs were from
Life Technologies. The rabbit anti-integrin p3 pY’”> phosphospecific Ab
was from Biosource Int. Inc. (Camarillo, CA, USA). The mouse anti-
GAPDH (clone 0411) mAb was from Santa Cruz Biotechnology, INC.
(Heidelberg, Germany).

2.3. Quantitative real-time PCR

Relative expression levels of MMP9 and SNAIL1 were evaluated by
quantitative real-time PCR (qPCR). 3 ug of total RNA from 4 hEDS, 2
HSD, 4 cEDS skin fibroblasts and 2 unrelated healthy controls were
reverse-transcribed with random primers by standard procedure. gPCR
reactions were performed with the ABI PRISM 7500 Real-Time PCR
System by standard thermal cycling conditions and by using SYBR
Green qPCR Master Mix (Life Technologies), 10 ng of cDNA, and with
10 uM of each primers set. GAPDH and YWHAZ reference genes were
amplified for normalization of cDNA loading. All qPCR reactions were
run in triplicate. Relative mRNA expression levels were normalized to
the geometric mean of the reference genes and analyzed using the
27 @A% method. Results were expressed as the mean value of relative
quantification # standard error of mean (SEM). Statistical significance
between EDS compared to control cells was determined using an un-
paired Student's t-test with the GraphPad Prism software (GraphPad
Software, Inc., La Jolla, CA, USA).

2.4. Cell migration assay

The migratory potential of control, cEDS, vEDS, hEDS and HSD cells
under basal conditions, and of control fibroblasts plated either in the
presence of their own CM, or of CM recovered from cEDS, hEDS and
HSD cells was analyzed using the Transwell 8-um filter (Corning Costar,
Cambridge, MA) migration assay. 5 X 10* control and EDS skin fibro-
blasts, resuspended in serum-free MEM, were plated into the upper
chamber, and allowed to migrate for 6 h through the polycarbonate
filter into the bottom well. The bottom wells were filled with un-
conditioned complete MEM (UM) or with control, cEDS, hEDS and HSD
cells' CM. Non-migrated cells were removed from the upper surface
using a cotton swab. Migrated cells collected in the bottom chamber
were methanol-fixed and stained with Diff-Quick staining kit (Medion
Diagnostic GmbH, Switzerland), following manufacturer's instructions.
Migration was quantified by counting the cells in ten 1 mm? non-
overlapping fields using a light microscope. Statistical significance was
determined using one-way ANOVA followed by Dunnett's multiple
comparisons post hoc test. Data are expressed as means = SEM from 3
independent experiments performed in triplicate. Analyses were per-
formed with GraphPad Prism software.

2.5. Immunofluorescence microscopy (IF)

To analyze avf3 integrin, 1 integrin subunit, and ILK distribution,
control, cEDS, VEDS, hEDS, and HSD cells, grown for 72h on glass
coverslides were fixed in 3% paraformaldehyde (PFA)/60 mM sucrose
and permeabilized in 0.5% (v/v) Triton X-100 as previously reported
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[9]. In particular, fibroblasts were reacted for 1 h at room temperature
(R.T.) with 4 pg/ml anti-av3 integrin, anti-B1 subunit, and anti-ILK
mADbs diluted in 1% BSA. The co-distribution of the avf3 integrin with
ILK protein was evaluated performing a double staining of the cells, in
the same conditions and immunoreacting with 1:50 anti-p3 pY””> in-
tegrin subunit Ab and anti-ILK mAb as reported above. Alternatively,
control fibroblasts were grown for 10 days in the absence or in the
presence of CM recovered from 72 h-grown control, cEDS, hEDS, and
HSD fibroblasts' cultures, replenished every 48 h, and immunoreacted
as mentioned above with anti-avf3 mAb, and with 2 ug/ml anti-pax-
illin mAb. Cells grown in the same conditions and fixed in cold me-
thanol were immunoreacted for 1 h with 1:50 anti-a-SMA mAb diluted
in 1% BSA or with 1:100 anti-FN Ab diluted in 0.3% BSA. To analyze
Snaill/Slug distribution, 72 h-grown control, cEDS, hEDS, HSD cells,
and control fibroblasts, grown for 10 days in the presence of CM re-
covered from 72 h-grown control, cEDS, hEDS, and HSD fibroblasts'
cultures, were fixed for 15 min in 3.7% PFA/60 mM sucrose, blocked
30 min with 0.1% non-fat milk/0.1% Tween 20/PBS 1x, and im-
munoreacted with 1:500 anti-Snaill/Slug Ab diluted in 0.1% Tween
20/PBS 1 x O.N. at +4 °C.

To investigate the expression of CCN1/CYR61, 72 h-grown control,
cEDS, hEDS, and HSD cells were fixed with 4% PFA for 20 min, per-
meabilized with 0.3% Triton X-100 for 5 min, blocked with 50% FBS/
1% BSA/0.025% Tween 20/PBS 1x for 30 min at 37 °C, and im-
munoreacted O.N. at + 4 °C with the specific rabbit anti-CCN1/CYR61
Ab diluted 1:100 in 1% BSA. The expression of OB-cadherin/cadherin-
11 was investigated fixing control and EDS cells in 4% PFA/10 mM
sucrose for 10 min, permeabilizing with 0.1% Triton X-100 for 10 min
and blocking in 2% BSA/PBS 1x for 1 h at R.T.; cells were then im-
munoreacted for 3 h at R.T. with 2 pg/ml rabbit anti-CDH11/Cadherin
OB Ab diluted in 0.1% BSA. The analysis of the effects of ILK inhibition
on ILK, avP3 integrin, a-SMA and Snaill/Slug distribution was per-
formed on control, hEDS, and HSD cells grown for 18 h in the absence
and in the presence of increasing concentrations (0.5, 1.0, 2.0, 3.0,
4.0 uM) of Cpd22 compound; the cells were fixed and immunoreacted
with anti-ILK, anti-av(33 integrin, and anti-a-SMA mAbs and with anti-
Snaill/Slug Ab, as reported above. Cells were incubated for 1 h with
anti-mouse or anti-rabbit secondary Abs conjugated to Alexa Fluor® 594
and 488, respectively. IF signals were acquired by a CCD black-and-
white TV camera (SensiCam-PCO Computer Optics GmbH, 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.

2.6. Cell extracts, immunoprecipitation, and Western blotting (WB)

To analyze FN, MMP-9, CCN1/CYR61, and CCN2/CTGF secreted in
the cell medium, control, cEDS, hEDS, and HSD cells were cultured in
complete medium for 72 h and CM were collected in the absence and in
the presence, respectively, of proteases inhibitors, 1 mM PMSF, 1 mM
aminobenzamidine and 50 mM EDTA after centrifugation. CCN1/
CYR61 and CCN2/CTGF were analyzed in the cell extract (CE) obtained
by cell lysis at + 4 °C with RIPA buffer treatment (20 mM Tris-HCI
pH 7.2, 150 mM NacCl, 2% NP-40, 0.1% SDS, 0.5% DOC, 1 mM PMSF,
1 mM aminobenzamidine, 25 mM EDTA, 10 pug/ml leupeptin, 4 pg/ml
pepstatin, 0.1 Ul/ml aprotinin) and centrifuged at 13,000 rpm at + 4 °C
for 10 min. The protein concentration was evaluated using detergent
compatible Bio-Rad D, Protein Assay and 25 pug of total proteins were
separated in reducing conditions by electrophoresis using 8% SDS-
PAGE. After nitrocellulose sheet transfer, the membranes were blocked
O.N. at 37 °C with 3% and 5% non-fat dry milk in PBS 1x, respectively,
and immunoreacted with 1:1000 anti-FN Ab diluted in 0.3% BSA or
with 1:1000 anti-CCN1/CYR61 and anti-CCN2/CTGF Abs diluted in
2.5% milk/TBS-0.1% Tween 20 (TBS-T) for 3 h at R.T. After stripping,
the CE filter was reprobed with 2 ug/ml anti-B actin mAb, as loading
control. To analyze the secretion of MMP-9, 150 pg of proteins were
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Fig. 1. The organization of a-SMA, OB cadherin/cadherin-11, avf3 integrin, and the increased migratory activity in hEDS and HSD cells are consistent with a fibroblast-to-
myofibroblast transition. IF of a-SMA cytoskeleton, OB cadherin/cadherin-11, and avP3 integrin in 72 h-grown control C1, cEDS P1, vEDS P1, hEDS P1, and HSD P5 dermal fibroblasts.
The cells were analyzed at different in vitro cell growth passages (1%-10") with similar results (not shown).

The images represent cell strains analyzed at 5" in vitro passage and are representative of 2 controls, 4 cEDS, 4 VEDS, 4 hEDS, and 3 HSD cell strains (see Supplementary Fig. 1). Scale bars:
10 pum. The number of migrated cells in 10 1 mm? non-overlapping microscopic fields were counted for each cell strain. Data shown represent the means + SEM from 3 independent
experiments performed in triplicate for 2 controls, 4 cEDS, 4 vEDS, 4 hEDS, and 3 HSD cell strains (**P < 0.01; **P < 0.001 compared with control cells).

separated in not-reducing conditions by 8-10% SDS-PAGE; im-
munoblotting was performed by saturating the nitrocellulose mem-
brane O.N. at 37 °C in PBS/5% non-fat milk and incubating for 4 h at
R.T. with the rabbit anti-MMP-9 Ab recognizing both the pro-form
(95 kD) and the active form (82 kD) of the human enzyme (dilution
1:1000 in PBS/3% non-fat milk). After washing in TBS-T, membranes
were incubated for 2 h at R.T. with HRP-conjugated anti-rabbit IgGs,
diluted in 0.3% BSA and 2.5% milk/TBS-T, respectively, and developed
using the ECL method (Pierce).

The membrane-bound avf3 integrins were extracted by lysing cells
with 0.5% Triton X-100, 150 mM NaCl, 1 mM CaCl,, 1 mM MgCl,,
20 mM Tris-HCl pH 7.4, 1 mM NazVO,, 10 mM NaF, 10 mM Na,P,0,
1 pg/ml leupeptin, 4 pg/ml pepstatin, 0.1 UL/ml aprotinin. To analyze
avf33 integrin co-precipitation with ILK and Snaill/Slug, 1 mg of pro-
teins from control, hEDS, and HSD cells was immunoprecipitated with
10 pg of anti-avBf3 mAbD in accordance with the immunoprecipitation
dynabeads protein G kit instructions (Novex by Life Technologies).
Immunocomplexes were tested by WB in a 4-8% non-reducing gel,
immunoreacting the 5% non-fat dry milk-blocked filter with 1 pg/ml
anti-B3 integrin subunit Ab. The filter was stripped, tested for the ab-
sence of a residual signal and reprobed with 1 ug/ml anti-ILK mAb and
then with 1:1000 anti-Snaill/Slug Ab. Primary Abs were diluted in 5%
non-fat milk/TBS-T and incubated 3 h at R.T. After washing in TBS-T,
the membrane was incubated for 2 h at R.T. with 1:500 HRP-conjugated
anti-rabbit or anti-mouse IgGs, diluted in TBS-T and developed using
the ECL method. Alternatively, total 3 integrin subunit, ILK, and
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Snaill/Slug recovered from control, hEDS, and HSD cells' extracts were
analyzed as reported above. The two stripped filters were reprobed with
1 ug/ml anti-GAPDH mADb, as negative control of immunoprecipitation
and as loading control, respectively. To analyze the ILK-mediated in-
teraction of Snaill/Slug with avP3 integrin, ILK was extracted from
control, hEDS, and HSD cells with 10 mM Tris-HCl pH 7.4, 1% Triton X-
100, 150 mM NaCl, 1 mM EDTA, 1 mM NazVO,, 10 mM NaF, 10 mM
Na4P,0;, 10 pg/ml leupeptin, 4 pg/ml pepstatin, 0.1 Ul/ml aprotinin.
One mg of each cell extract was immunoprecipitated for 1 h with 4 ug
anti-ILK RabMab and the immunocomplexes were tested in a 4-8% gel
and immunoreacting the 5% non-fat dry milk-blocked filter with 1 pg/
ml anti-ILK mAb and 1:1000 diluted anti-Snaill/Slug Ab. The extrac-
tion of total Snaill/Slug was performed by scraping untreated and
Cpd22-treated control, cEDS, hEDS, and HSD cells in the extraction
buffer containing 20 mM Tris-HCI pH 8.0, 250 mM NaCl, 2 mM EDTA,
0.1% Triton X-100, 4 mM Na3VO,, 5 mM NaF and 5 mM Na4P,0,, 5 pug/
ml leupeptin, 10 ug/ml aprotinin, and 0.4 mM PMSF. The nuclear
fraction of Snaill/Slug was obtained by REAP method, as previously
described [30]. In particular, untreated and Cpd22-treated cells grown
as monolayers in 10 cm diameter dishes were washed in ice-cold PBS
pH 7.4, scraped from culture dishes on ice and collected in 1 ml of ice-
cold PBS. After centrifugation, supernatants were removed and cell
pellets were resuspended in 900 pl of ice-cold 0.1% NP40 (Calbiochem,
CA, USA) in PBS, triturated 5 times using a micropipette, and cen-
trifuged; the supernatant was removed as the cytosolic fraction. The
pellet was resuspended in 1 ml of ice-cold 0.1% NP40 in PBS and
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centrifuged, and the supernatant was discarded. The pellet of the nu-
clear fraction (about 20 pl) was resuspended in 180 pl of 1 X Laemmli
sample buffer and sonicated twice for 5 s, followed by boiling for 1 min.
25 ug of total and nuclear proteins were separated by electrophoresis
using 8-12% SDS-PAGE and filters were immunoreacted with the anti-
Snaill/Slug Ab. Filters of total and nuclear cell extracts were stripped,
tested for the absence of a residual signal and reprobed with 2 pg/ml
anti-B-actin and anti-lamin A/C mAbs, respectively, as loading controls.
To ensure the specificity of the nuclear extract, the filter was reacted
with anti-B-actin mAb. Each experiment was performed two times.

3. Results

3.1. hEDS and HSD dermal fibroblasts exhibit a myofibroblast-like
phenotype

Control, cEDS, vEDS, hEDS, and HSD dermal fibroblasts were ana-
lyzed by IF for the expression and organization of a-SMA, OB-cadherin/
cadherin-11, and avp3 integrin. As shown in Fig. 1 and Supplemen-
tary Fig. 1, hEDS and HSD cells organized a-SMA in cytoskeletal stress
fibres, whereas control, cEDS and vEDS cells showed, at different levels,
disorganized a-SMA in the cytoplasm and perinuclear region. The a-
SMA cytoskeleton was detectable at each in vitro passage, starting from
the 1% to the 10™. The percentage of cells organizing the a-SMA cy-
toskeleton ranged from about 60% to 90% in the different hEDS and
HSD cell strains, without any difference between the two cell types and
in vitro passage (not shown). Similarly, OB-Cadherin/Cadherin-11 was
highly expressed and organized in cytoplasmic bridges only by hEDS
and HSD cells (Fig. 1, Supplementary Fig. 1). The av33 integrin was
organized on the whole surface of all EDS cells, both in fibrillar and
focal adhesions in different shaped-patches, whereas it was almost ab-
sent in control fibroblasts (Fig. 1, Supplementary Fig. 1). The ex-
pression in both hEDS and HSD cells of a-SMA and OB-cadherin/cad-
herin-11, which are myofibroblasts' markers, prompted us to evaluate
the migratory potential of these cells by Transwell assay. Indeed, the
number of migrated hEDS and HSD cells was about 5-fold higher than
that of control fibroblasts. On the contrary, cEDS and VEDS cells showed
a diminished migration of about 2-fold (Fig. 1). Overall, these data
demonstrate that both hEDS and HSD fibroblasts exhibit in vitro a
myofibroblast-like phenotype with an enhanced migratory capability,
which distinguishes them from cEDS and vEDS cells. Given the com-
parable cellular phenotype of hEDS and HSD cells, the subsequent ex-
periments were performed only on 2 hEDS (P1, P2) and 2 HSD (P5, P6)
cell strains at the 5 in vitro growth passage. In addition, since also
cEDS and vEDS exhibit a similar cellular behavior, only cEDS skin fi-
broblasts were further included in the study.

3.2. hEDS and HSD cells secrete factors promoting fibroblast-to-
myofibroblast transition

To verify whether in vitro grown hEDS and HSD cells release factors
promoting the fibroblast-to-myofibroblast transition, control fibroblasts
were grown in the presence of CM recovered from control, cEDS, hEDS,
and HSD cells grown for 72 h, and the a-SMA cytoskeleton assembly
was analyzed. In the presence of control and cEDS fibroblasts' CM, the
cells showed a reduction of the a-SMA protein (Fig. 2A), whereas in the
presence of CM recovered from hEDS and HSD cell strains from 40% to
85% of cells organized a-SMA stress fibres (Fig. 2A). Subsequently, the
control fibroblasts' migration towards different CM was measured by
Transwell assay. As shown in Fig. 2B, control fibroblasts exhibited an
increased migratory activity (about 4-fold higher compared with UM)
only in the presence of hEDS and HSD cells' CM. Together, these find-
ings show that only hEDS and HSD cells secrete molecules able to
promote the migratory myofibroblast-like phenotype.

To verify whether hEDS and HSD cells specifically express factors
promoting inflammation that might be involved in the fibroblast-to-
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myofibroblast transition, the inflammatory proteins CCN1/CYR61 and
CCN2/CTGF were analyzed by IF and/or WB. Control and cEDS cells
abundantly expressed and organized on the plasma membrane CCN1/
CYR61, which was also secreted in the media (Fig. 2C). Conversely, in
hEDS and HSD cells CCN1/CYR61 was undetectable in CE and present
at low levels in their media (Fig. 2C). CCN2/CTGF was present in the
culture media of hEDS and HSD cells at levels comparable to those
observed in control and cEDS cells, whereas in the CE it was found at
higher amounts (Fig. 2C).

Since ECM molecules or their fragments released by MMPs activated
in response to injury are known to be pro-inflammatory signals in vivo,
the ECM organization of FN and the possible presence of its proteolytic
fragments were investigated in cEDS, hEDS, and HSD cells by IF and
WB. In line with our previous studies [8,9], IF analysis showed that all
EDS cell types did not organize a fibrillar FN-ECM (Fig. 2D). WB de-
monstrated that degraded FN proteolytic fragments are present only in
hEDS and HSD cells' media (Fig. 2D), suggesting the occurrence of a
proteolytic activity. This hypothesis was corroborated by the treatment
of control fibroblasts with CM from all cell types, which induced the
disorganization of the FN-ECM only in the presence of hEDS and HSD
cells' CM (Fig. 2D). Consequently, the expression of the ECM-degrading
MMP-9 was investigated by qPCR and WB that showed an increase of
both mRNA and protein levels in hEDS and HSD compared to control
and cEDS fibroblasts (Fig. 2D). In hEDS and HSD cells media the MMP-9
82 kDa active form was present at high levels, whereas only the inactive
95 kDa proenzyme was secreted by control fibroblasts, suggesting an
increased proteolytic activity of this protease in hEDS and HSD media.
In cEDS cells, the MMP-9 protein was almost undetectable, consistent
with the 3-fold lower mRNA levels detected by qPCR compared to
control cells (Fig. 2D). Overall, these data highlight that hEDS and HSD
cells display a range of phenotypic features that are typical of myofi-
broblasts.

3.3. The avf33 integrin transduces through ILK in the focal adhesions for the
organization of the a-SMA cytoskeleton

To investigate the possible involvement of the avf33 integrin orga-
nized in hEDS and HSD cells in the establishment of their a-SMA cy-
toskeleton, first, a 10-days treatment of control fibroblasts with hEDS
and HSD cells' CM was performed. Control fibroblasts, grown in the
presence of their own CM and of that recovered from cEDS cells, did not
recruit the avB3 integrin as well as under basal conditions. In contrast,
the treatment with both hEDS and HSD cells' CM, promoting the a-SMA
assembly (Fig. 2A), induced the organization of abundant avp3 integrin
patches, preferentially localized in focal adhesions (Fig. 3A).

To better define the possible involvement of an avf3 integrin-
mediated signal transduction pathway in hEDS and HSD cells, the ex-
pression of ILK, which in skin fibroblasts can interact with the cyto-
plasmic domain of the 1 and 3 integrin subunits and is known to be
involved in migration and transdifferentiation mechanisms [31], was
investigated. In control, cEDS, hEDS and HSD cells ILK was detected by
IF with a different localization, i.e., in focal and fibrillar adhesions in
control and cEDS fibroblasts and mainly in focal adhesions in hEDS and
HSD cells (Fig. 3B). Subsequently, the co-immunoprecipitation of av33
integrin with ILK and the total levels of avf33 and ILK were analyzed in
CE of control, hEDS and HSD cells (Fig. 3B, Supplementary Fig. 2).
cEDS fibroblasts were not included, since in these cells we previously
demonstrated an ILK-independent avB3 transduction pathway invol-
ving paxillin- and p60Src [10]. As shown in Fig. 3B, hEDS and HSD cells
immunoprecipitated higher amounts of B3 integrin subunit and ILK
than control fibroblasts, suggesting that this kinase co-localizes with the
avPB3 integrin. We next investigated the avB3 integrin activation
through IF by analyzing the phosphorylation of Tyr 773 (pY’”?) in the
(33 integrin subunit. Indeed, only in hEDS and HSD cells the 3 integrin
subunit in focal adhesions was activated and co-localized with ILK
(Fig. 3C). In control cells, ILK in fibrillar and focal adhesions should co-



N. Zoppi et al.

a-SMA
C1+C1 CM

C1+UM

CCNI/CYR61

hEDS P1

FN-ECM

Cl1

C1+C1 CM

localize with the 1 integrin subunit, for instance with the canonical
FN- and COLLs- receptors a5B1 and a2fB1 respectively, which are
abundantly expressed in these cells [10]. In hEDS and HSD cells, we
previously demonstrated that they did not organize the a5f1 and o231
dimers [8]. To exclude the expression of other $1-containing integrins
that are expressed in skin fibroblasts, i.e., dimers containing av or

CM

BBA - Molecular Basis of Disease 1864 (2018) 1010-1023

C1+cEDS P1 CM

50004 *kk

*% %

40004

w
=
=
S
1

2000

10004

number of migrated cells

s & & & bo*\
& o ® X <
x 0‘0 > Q"
(o & % 9
< &8
CJ\ P X
& @
C cEDS  _hEDS _HSD

C1 P1 Pl PZ P5 P6 kDa

CCN1/CYR61 é - q-’ - —_— —q—%

CCN1/CYRo61

ce comercr [ ihoi. —

1015

C cEDS
C1 Pl

hED:
P1

P2
—6

B-ACTIN m.-‘ —

C c¢EDS _hEDS HSD
1 P2
Ldal W
C cEDS hEDS HSD
C1 P1
MMP9 b ] m
20 MMP9
*
% s
<
£ 10
= 1.
Z 0.5
&~
00

(caption on next page)

different a integrin partners including al, a4, a7, and a9, the orga-
nization of 1 integrin subunit was analyzed by IF that demonstrated
the lack of expression of this integrin subunit both in hEDS and HSD
cells (Supplementary Fig. 3).

ILK localization was also investigated in control fibroblasts treated
with different CM. As shown in Fig. 3D, control cells, treated with their
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Fig. 2. hEDS and HSD cells secrete factors promoting fibroblast-to-myofibroblast transition.

(A) IF of the a-SMA cytoskeleton assembly in control fibroblast (C1) grown for 10 days in the presence of UM (C1 + UM), its own CM (C1 + C1 CM), and CM obtained from cEDS P1
(C1 + cEDS P1 CM), hEDS P1 (C1 + hEDS P1 CM), and HSD P5 (C1 + HSD P5 CM) cells. Comparable results were obtained by using CM of hEDS P2 and HSD P6 cells (not shown). Scale
bar: 10 um. (B) The number of migrated control cells (C1) in 10 1 mm? non-overlapping microscopic fields were counted for the different conditions: UM, C1 CM, cEDS P1 CM, hEDS CM
(n = 2) and HSD CM (n = 2). Data represent the means = SEM from 3 independent experiments performed in triplicate for the above groups (***P < 0.001 compared with C1 + UM).
(C) IF of CCN1/CYR61 in 72 h-grown control C1, cEDS P1, hEDS P1, and HSD P5 cells. Scale bar: 10 pm. The images are representative of 2 control, 4 cEDS, 2 hEDS (P1, P2), and 2 HSD
(P5, P6) cell strains (not shown). WB of 50 pg of proteins recovered from control C1, cEDS P1, hEDS P1 and P2, and HSD P5 and P6 CE and CM, immunoreacted with the rabbit anti-
human CCN1/CYR61 Ab, detecting a 46 kDa band, and with rabbit anti-CTGF Ab, detecting a 37 kDa band. Loading control for CE: B-actin. (D) IF of FN-ECM analyzed in 72 h-grown
control C1, cEDS P1, hEDS P1, and HSD P5 cells. The images are representative of 2 control, 4 cEDS, 2 hEDS (P1, P2), and 2 HSD (P5, P6) cell strains (not shown). IF of FN-ECM analyzed
in control fibroblast (C1) grown for 10 days in the presence of its own CM (C1 + C1 CM), and CM recovered from cEDS P1 (C1 + cEDS P1 CM), hEDS P1 (C1 + hEDS P1 CM), and HSD
P5 (C1 + HSD P5 CM) cells. Comparable results were obtained by using CM of hEDS P2 and HSD P6 cells (not shown). Scale bar: 10 pum. WB of 50 pg of proteins recovered from control
C1, cEDS P1, hEDS P1 and P2, and HSD P5 and P6 cells' CM were immunoreacted with the anti-human FN Ab that detects a 250/260 kDa FN dimer. In hEDS and HSD cells' CM discrete
fragments at 160, 110 and 60 kDa were present. WB was also performed with the anti-MMP-9 Ab, recognizing the 95 kDa pro-form and the 82 kDa active form of the enzyme. The relative
mRNA expression levels of MMP9 were determined with the 27 (AAC) method. Bars represent the mean ratio of normalized target gene expression in hEDS (n = 4), HSD (n = 2, P5, P6)
and cEDS (n = 4) vs control cells (n = 2). qPCR was performed in triplicate, and the results are expressed as mean + SEM (*P < 0.05, **P < 0.01).

own CM and with that obtained from cEDS fibroblasts, showed ILK participates in the phenotypic switch of hEDS and HSD fibroblasts. To

localization both in focal and fibrillar adhesions, whereas, after the corroborate that in hEDS and HSD cells the higher Snaill/Slug nuclear
treatment with CM from hEDS and HSD cells, ILK was mainly localized expression associates with an avp3/ILK-mediated signal transduction,
in focal adhesions, resembling its distribution in hEDS and HSD cells the distribution of this transcription factor was investigated, by IF and
(Fig. 3B), in which co-localization with the 33 integrin subunit in focal WB, after ILK inhibition with increasing sublethal concentrations of

adhesions was demonstrated (Fig. 3C). The organization of paxillin, a Cpd22. After treatment of hEDS and HSD cells with 0.5 to 2.0 yM
marker of both fibrillar and focal contacts, did not show any difference Cpd22, total and nuclear Snaill/Slug gradually decreased (Fig. 5C). In

after treatment with the hEDS and HSD cells' CM, indicating that fi- contrast, in control fibroblasts the inhibition of ILK by low concentra-
brillar sites are maintained in the presence of CM. Therefore, it is likely tions of Cpd22 (up to 1 uM), inducing the avfB3 integrin and ILK lo-
that the hEDS and HSD cells' media promote the ILK recruitment in calization in focal contacts and the a-SMA cytoskeleton assembly
focal adhesions through its interaction with the avB3 integrin, pre- (Fig. 4), led to the cytoplasmic and nuclear Snaill/Slug up-regulation
ferentially clustered in these sites only in the presence of hEDS and HSD (Fig. 5C). Besides, control fibroblasts grown in the presence of hEDS
cells' CM (Fig. 3A,D). These findings suggested a direct involvement in and HSD cells' CM were induced to express and translocate into the

hEDS and HSD cells of an avp3/ILK-mediated signaling transduction nucleus Snaill/Slug (Fig. 5D). Overall, these data stand for the in-
pathway in the a-SMA cytoskeleton assembly. To validate this possi- volvement of an av(33-ILK-Snaill/Slug axis in the hEDS and HSD cells'
bility, ILK was inhibited in control, hEDS, and HSD cells with increasing transdifferentiation mechanism.

sublethal concentrations (0.5 to 2.0 pM) of the liposoluble ILK inhibitor
Cpd22. In hEDS and HSD cells, the treatment with low amounts of
Cpd22 (up to 2.0 uM) was associated both with the progressive reduc-
tion of avPB3 integrin in fibrillar and focal adhesions and a-SMA cy-
toskeleton disassembly (Fig. 4), finally leading to cell detachment at
4.0 uM (not shown). In control fibroblasts, the treatment with in-
creasing Cpd22 concentrations (up to 1 uM) induced the progressive
localization of ILK in the focal adhesions and the concomitant organi-
zation of the avP3 integrin in these contacts along with the organiza-
tion of a-SMA stress fibres (Fig. 4). Concentrations > 2.0 uM of Cpd22
induced cells' detachment (not shown). Taken together, these results
reinforce the assumption that the ILK-av3 complexes in focal contacts
are essential to promote the a-SMA assembly that is indispensable for
the myofibroblast differentiation.

4. Discussion

This study represents the first detailed cellular characterization of
hEDS and HSD dermal fibroblasts and shed light on mechanisms asso-
ciated with the molecular pathology of these genetically undefined
disorders. Our findings suggest that hEDS and HSD are likely not dis-
tinct entities, but rather part of a phenotypic continuum characterized
by a common altered tissue homeostasis and a chronic inflammatory
condition. Indeed, both hEDS and HSD skin fibroblasts displayed in vitro
the same disorganized ECM, a myofibroblast-like phenotype with the
formation of a-SMA microfilaments, enhanced expression of OB-cad-
herin/cadherin-11 and MMP-9 together with an avp3-mediated sig-
naling transduction pathway involving ILK and Snaill/Slug.

Disorganization of the ECM is a common feature of in vitro grown

3.4. The transcription factor Snaill/Slug is involved in the avf33-ILK- EDS fibroblasts [8-12] that should reflect both the dermal ultra-
mediated signal transduction in hEDS and HSD myofibroblasts structural anomalies identified in different EDS types, such as irregular
and loosely packed collagen fibrils [33,34], and the structural impair-
To identify downstream effectors of the avp3 integrin-ILK signal ment of the numerous affected connective tissues, i.e., joints, ligaments,
transduction in hEDS and HSD cells, the expression of the transcrip- tendon, skin, mucosae, muscle, and bone [4,35-37]. While for the ge-
tional repressor Snaill/Slug, known to be involved in cell motility and netically defined forms of EDS the ECM disarray and its secondary ef-
trans-differentiation mechanisms [32], was first analyzed by qPCR. As fects is explained by the underlying molecular defects, the responsible
shown in Supplementary Fig. 4, hEDS and HSD cells expressed sig- mechanism(s) in hEDS and related disorders remain(s) an enigma.
nificantly higher levels of SNAIL1 than control and cEDS fibroblasts. IF Our findings suggest that the increased expression of the active form
analysis showed that in hEDS and HSD cells the Snaill/Slug was loca- of MMP-9 could explain the disassembly of the ECM and the frag-
lized both in the cytoplasm and nucleus; this distribution was not ob- mentation of FN observed in hEDS and HSD cells, at least in part since
served in control and cEDS fibroblasts (Fig. 5A). WB analyses confirmed additional proteases might be involved. It is well established that ECM
that both total and nuclear Snaill/Slug were increased in hEDS and molecules or fragments released by MMPs modulate inflammatory/
HSD cells compared to control and cEDS fibroblasts; in cEDS and con- immune pathways and hyperalgesic signaling. Indeed, different ECM
trol nuclei the transcription factor was almost undetectable (Fig. 5B). degradation products generated from hyaluronic acid, fibrinogen, and
Furthermore, when compared to control fibroblasts, higher levels of FN are included in damage-associated molecular patterns (DAMPs),
Snaill/Slug co-immunoprecipitated from hEDS and HSD cells' extracts which are released downstream of cell damage and injury [38-42].

both with avf33 integrin (Fig. 3B) and with ILK (Supplementary Fig. COLLs, FN, and laminin fragments are known to have bioactive prop-
5). These data allow to hypothesize that in these cells Snaill/Slug, erties that regulate tissue remodeling [43], and MMP-9 plays a role in
through an ILK-mediated interaction with the av3 integrin, the ECM degradation in a large spectrum of physiologic and
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pathophysiologic processes [44]. For instance, MMP-9 expression sti-
mulates cardiac fibroblasts migration and induces fibroblast-to-myofi-
broblast transition, essential in tissue remodeling and healing [45,46].
MMP-9-mediated proteolysis also stimulates the immune response to
initiate pathogenesis or exacerbate disease progression. FN fragments
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generated by MMP-9 cleavage act as chemoattractants for a variety of
cell types, including neutrophils and macrophages [47]. MMP-9 also
processes several cytokines, including TNF-a, IL-1f, and the latent pro-
form of TGF-f to its active state [44]. In line with these observations,
our previous transcriptome analysis of hEDS and HSD fibroblasts
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Fig. 3. hEDS and HSD myofibroblasts secrete factors promoting the avp3 integrin and ILK recruitment in control cell's focal adhesions (A) IF of avf3 integrin in control
fibroblasts (C1) grown for 10 days in the presence of UM (C1 + UM), their own CM (C1 + C1 CM) and recovered from cEDS P1 (C1 + cEDS P1 CM), hEDS P1 (C1 + hEDS P1 CM), and
HSD P5 (C1 + HSD P5 CM) cells. Comparable results were obtained by using CM of hEDS P2 and HSD P6 cells (not shown). Arrows indicate examples of focal adhesions that are integrin-
containing structures localized on the lower and peripheral fibroblast surface conferring cell adhesion to the substrate; triangles indicate examples of fibrillar adhesions that are integrin-
containing complexes localized on the upper cell surface involved in the ECM fibrils organization. Scale bar: 10 um. (B) IF of ILK analyzed in 72 h-grown control C1, cEDS P1, hEDS P1,
and HSD P5 cells. Scale bar: 10 pm. The images are representative of 2 control, 4 cEDS, 2 hEDS, and 2 HSD cell strains (not shown). WB of the av(33 integrin immunoprecipitated from 2
control, 2 hEDS (P1, P2), and 2 HSD (P5, P6) cell strains using an anti-avp3 integrin mAb, immunoreacted with the anti-B3 integrin subunit Ab, and anti-ILK mAb, detecting bands at 95
and 59 kDa, respectively, and with anti-Snaill/Slug Ab, detecting a 29 kDa band. Negative control of the immunoprecipitation: GAPDH. Loading control: IgG. (C) IF of the 33 integrin
subunit phosphorylated in tyrosine 773 residue (B3 integrin pY”’”>) and its co-localization with ILK in 72 h-grown control C1, hEDS P1, and HSD P5 cells. The black/white and color
images were captured from different fields for each cell strain. Scale bars: 10 um. (D) IF of ILK and paxillin in control fibroblast (C1) grown for 10 days in the presence of UM (C1 + UM),
its own CM (C1 + C1 CM), and CM recovered from cEDS P1 (C1 + cEDS P1 CM), hEDS P1 (C1 + hEDS P1 CM), and HSD P5 (C1 + HSD P5 CM) cells. Similar results were obtained by
using CM of hEDS P2 and HSD P6 cells (not shown). Scale bar: 10 um. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

revealed expression changes of several genes related to inflammatory Recently, in patients with connective tissue manifestations and
and immune responses [8]. Furthermore, in hEDS and HSD patients' multiple associated symptoms like those observed in hEDS and HSD
sera increased levels of different complement system proteins have been elevated basal serum tryptase levels were identified [57]. Tryptase is a
demonstrated, suggesting the possibility of locally occurring in- serine protease considered an inflammatory mediator secreted by mast
flammatory processes [48]. All these data allow to hypothesize that cells that degrades glycoproteins, such as FN [58], activates MMPs [59],
hEDS and HSD patients share many characteristics with those affected and affects the in vivo and in vitro phenoconversion of fibroblasts to
by CID [7]. Fragments of FN and possibly of other ECM proteins might myofibroblasts [60,61]. Mast cells are a recent, thrilling topic in EDS
act as DAMPs in hEDS and HSD cells, likely contributing to the gen- research, and more work is needed to clarify if their activation plays a
eration of the in vitro inflammation-like phenotype, which could be role in the pathogenesis of hEDS and HSD [5].
related to the chronic pain observed in hEDS and HSD patients [49]. hEDS and HSD fibroblasts express and organize into the plasma
Skin fibroblasts isolated from hEDS and HSD patients show a per- membrane other markers of the fibroblast-to-myofibroblast transition,
sistent in vitro phenotype characterized by synthesis and organization of i.e., OB-cadherin/cadherin-11 and avp3 integrin. In hEDS and HSD
a-SMA in cytoskeletal stress fibres that is observed neither in cEDS and cells, the organization of OB-cadherin/cadherin-11 is consistent with
VvEDS nor in control skin fibroblasts. Besides, these cells show an in- our previously reported down-regulation of several genes belonging to
creased migratory capability, that is, together with the MMPs-mediated the N-cadherin family [8]. The expression of OB-cadherin/cadherin-11
proteolytic degradation of ECM and the a-SMA cytoskeleton assembly, was reported in fibroblast-like synoviocytes to maintain the integrity of
a peculiar feature of a fibroblast-to-myofibroblast transition [50-52]. joint structures [62,63], and the switch from E- and N-cadherin to the
Our findings suggest that a proteolytic activity present in the CM of mesenchymal OB-cadherin/cadherin-11 has been correlated with in-
hEDS/HSD cells might be involved in the establishment of the myofi- creased mobility of these cells and with the enhanced synthesis of

broblast-like phenotype. Indeed, when control fibroblasts are grown in MMPs [64,65], leading to the notion that OB-cadherin/cadherin-11 is
the presence of CM of hEDS and HSD cells their abundant FN-ECM involved in synovial inflammatory reactions. The hEDS and HSD

scaffold is disassembled and the a-SMA cytoskeleton is organized. myofibroblast-like phenotype shares several features with synoviocytes
Furthermore, the CM of hEDS and HSD fibroblasts enhances the mi- that have been described in many inflammatory diseases affecting dif-
gratory capability of control cells, resembling the hEDS and HSD ferent connective tissue structures, i.e., ligaments, tendons, and joints
myofibroblast-like phenotype. [27,65].

The myofibroblast differentiation and the expression of a-SMA are The recruitment on the cell surface of the avp3 integrin has been
regulated by different pathways, including TGF-# and Wnt/[3-catenin described as a hallmark of myofibroblasts [50-52]. The avf3 integrin
signaling [53,54]. In particular, the treatment of fibroblasts with Wnt3a expression is a common trait in fibroblasts derived from all types of EDS
promotes the formation of a myofibroblast-like phenotype by up-reg- [8-12,66]. In cEDS and vEDS fibroblasts, a survival role of avf3 in-

ulating TGF-f signaling through SMAD?2 in a canonical Wnt/f-catenin- tegrin in the rescue from apoptosis induced by the ECM disassembly
dependent manner [54]. Conversely, blocking of Wnt/p-catenin sig- was reported [10], which should not be excluded in hEDS and HSD cells

naling by the secreted frizzled-related protein 2 (sFRP2) prevents TGF- given the widespread ECM disarray ([8]; this work). For instance, in
B-dependent myofibroblasts formation and myocardial fibrosis [55]. hEDS and HSD cells, the binding of avf33 integrin to a FN fragment
Interestingly, the possible involvement in the hEDS and HSD patho- might up-regulate a non-canonic signal transduction pathway allowing
genesis of the Wnt/f-catenin pathway was suggested by our previous the escape from apoptosis. On the other hand, only in hEDS and HSD
microarray study that showed altered expression of several related cells, but not in cEDS and vEDS fibroblasts, the av3 integrin is asso-
genes with the sFRP2-encoding transcript as the most down-regulated ciated with the myofibroblast-like phenotype. Furthermore, the evi-
in hEDS and HSD patients' cells [8]. Additional functional work is re- dence that control fibroblasts, which do not express this integrin in
quired to investigate the contribution of Wnt/p-catenin and TGF-f3 standard growth conditions ([9,10], this work), organize it pre-
signaling pathways in the establishment of the myofibroblast-like ferentially in focal adhesions in the presence of hEDS and HSD CM
phenotype in hEDS and HSD cells. corroborates the involvement of avf3 integrin in focal contacts in the
During wound healing and tissue regeneration, fibroblasts are transdifferentiation of fibroblasts into myofibroblasts.
generally induced to express a-SMA and become myofibroblasts, until Indeed, we demonstrated that the avf33 integrin, localized in focal
they undergo apoptosis [26]. CCN2/CTGF and CCN1/CYR61 are known adhesions of hEDS and HSD cells, is phosphorylated in tyrosine 773 and
to be key inflammatory mediators in the proliferation and resolution co-distributes with ILK, reinforcing the hypothesis that the signal
phases. CCN1/CYR61 is expressed in myofibroblasts of granulation transduction pathway in hEDS and HSD cells is different from that
tissue and it controls fibrosis through cell senescence. Furthermore, it described in cEDS and VEDS fibroblasts, in which the avB3 integrin
down-regulates a-SMA expression and myofibroblasts' cell migration signals to paxillin and p60Src without involving ILK [10]. In the focal
and promotes their apoptosis, thereby playing an antagonist function contacts of hEDS and HSD cells, the av(33 integrin-ILK complex should
towards the proliferative phase of inflammation positively modulated be specifically involved in the establishment of the myofibroblast-like

by CCN2/CTGF [24,56]. In hEDS and HSD cells, the strong reduction of phenotype, because of the undetectable organization of (1 integrin
CCN1/CYR61 together with the higher synthesis of CCN2/CTGF might subunits in these cells. Finally, a further proof that in hEDS and HSD
participate in the fibroblast-to-myofibroblast transition. cells the av3 integrin-ILK complex in focal contacts plays a key role in
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Fig. 4. ILK in focal adhesions is essential for the a-SMA cytoskeleton assembly. IF of ILK, avB3 integrin, and a-SMA analyzed in 18 h-grown control C1, hEDS P1, and HSD PS5 cells in
the absence and in the presence of increasing concentrations of ILK inhibitor-Cpd22 compound (0.5 to 2.0 uM). The images are representative of 2 control, 2 hEDS (P1, P2), and 2 HSD

(P5, P6) cells (not shown). Scale bars: 10 pm.
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Fig. 5. The transcription factor Snaill/Slug is involved in the avB3/ILK-mediated signal transduction for the a-SMA organization in hEDS and HSD myofibroblasts. (A) IF of
Snaill/Slug analyzed in 72 h-grown control C1, cEDS P1, hEDS P1, and HSD P5 cells. The images are representative of 2 control, 4 cEDS, 2 hEDS, and 2 HSD cell strains (data not shown).
Scale bar: 10 um. (B) WB of 25 pug of proteins recovered from control C1, cEDS P1, hEDS P1 and P2, and HSD P5 and P6 total and nuclear cells' extracts, immunoreacted with the rabbit
anti-human Snaill/Slug Ab detecting a 29 kDa band. Loading control for total and nuclear extracts:  actin and lamin A/C, respectively. (C) IF of Snaill/Slug analyzed in 18 h-grown
control C1, hEDS P1, and HSD P5 cells in the absence and in the presence of increasing concentrations of ILK inhibitor-Cpd22 compound (0.5 to 2.0 uM). The images are representative of
2 control, 2 hEDS, and 2 HSD cell strains (not shown). Scale bar: 10 pm. WB of 25 ug of proteins recovered from total and nuclear extracts of 18 h-grown control C1, C2, hEDS P1, and HSD
P5 cells in the absence and in the presence of increasing concentrations of the ILK inhibitor Cpd22 (0.5 to 2.0 uM) and immunoreacted with the rabbit anti-human Snaill/Slug Ab
detecting a 29 kDa band. Loading control for total and nuclear extracts: B-actin and lamin A/C, respectively. The nuclear extracts were also immunoreacted with the anti-B actin mAb to
verify the purity of the cell fraction. The images are representative of 2 hEDS, and 2 HSD cell strains (not shown). (D) IF of Snaill/Slug in control fibroblast (C1) grown for 10 days in the
presence of UM (C1 + UM), its own CM (C1 + C1 CM), and CM recovered from cEDS P1 (C1 + cEDS P1 CM), hEDS P1 (C1 + hEDS P1 CM), and HSD P5 (C1 + HSD P5 CM) cell strains.
Comparable results were obtained by using CM of hEDS P2 and HSD P6 cells (not shown). Scale bar: 10 pm.
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the acquisition of the myofibroblast-like phenotype was obtained by the
disorganization of the a-SMA cytoskeleton observed after ILK inhibition
that was associated with the gradual decrease of the avf3 integrin in
these structures. This is confirmed by the fact that control fibroblasts,
after treatment with the CM from hEDS and HSD cells, redistributed ILK
in focal adhesions together with the concomitant recruitment of av33
integrin, organized a-SMA in stress fibres and acquired a myofibroblast-
like phenotype like that of hEDS and HSD cells.

ILK may act as a scaffold protein to function through cell-matrix
interactions, cell signaling, and cytoskeletal organization. Proteins such
as PINCH, a-parvin, B-parvin, and paxillin interact directly with ILK
and facilitate its localization to focal adhesions and coordinate cell
spreading and actin organization. ILK can also act as a kinase trans-
mitting signals in a PI3K-dependent manner through several down-
stream effectors including AKT, GSK-3f, and NF-kB [31]. The inhibition
of ILK signaling was shown to induce the up-regulation of E-cadherin
and down-regulation of MMP-2 and MMP-9 expression, and other me-
senchymal markers, such as N-cadherin, vimentin, and Snaill/Slug
[67]. Among these numerous ILK-dependent targets, the nuclear
transdifferentiation regulator Snaill/Slug is considered a key marker of
the epithelial-to-mesenchymal transition. Snaill/Slug is up-regulated in
activated fibroblasts in many diseases and pathologic lesions
[31,32,68-75]. For instance, Snaill/Slug regulates the TNFa-mediated
activation of synovial fibroblasts from patients with rheumatoid ar-
thritis. On the other hand, overexpression of Snaill in normal synovial
fibroblasts was shown to induce myofibroblast markers such as OB-
cadherin/cadherin-11 and a-SMA [76].

In hEDS and HSD cells the increased expression levels and nuclear
accumulation of Snaill/Slug suggested a direct involvement of this
transcriptional regulator in the establishment of the myofibroblast-like
phenotype. This hypothesis was corroborated by the evidence that
control fibroblasts, acquiring a myofibroblast-like phenotype by the
treatment with the CM of hEDS and HSD cells, exhibited higher
amounts of nuclear Snaill/Slug. As a further evidence, the inhibition of
ILK with Cpd22 in hEDS and HSD cells not only led to the dis-
organization of the a-SMA cytoskeleton but also significantly reduced
the nuclear accumulation of Snaill/Slug.

Cpd22 is known to abolish the ILK-mediated phosphorylation of
AKT and GSK-3p [77]. Indeed, ILK by stimulating the AKT phosphor-
ylation promotes NF-kB activation, which, in turn, binds the human
Snaill promoter leading to increased Snail transcription [31,68]. ILK-
activated AKT also phosphorylates the (-catenin, leading to its nuclear
accumulation and transcriptional activity which results in the expres-
sion of several genes typically associated with myofibroblasts including
a-SMA [78]. Furthermore, ILK in focal adhesions can inactivate GSK-3[3
by phosphorylation allowing for the upregulation of Snaill [31,67,79].
On the other hand, the active form of GSK-3B can phosphorylate
Snaill/Slug at two consecutive motifs in serine-rich regions that control
its subcellular localization and ubiquitination [80].

These ILK-dependent mechanisms might partially explain the results
obtained by the inhibition of this kinase with low doses of Cpd22 both
in hEDS and HSD cells and in control fibroblasts. In patients' cells, the
loss of ILK in focal contacts should prevent the inactivation of GSK-3p,
which results in the loss of Snaill's nuclear localization and its sub-
sequent degradation, and the concomitant activation of AKT that, in
turn, should result in the down-regulation of the B-catenin-dependent
transcription of myofibroblast phenotype-related genes. On the con-
trary, in control cells Cpd22 treatment was associated with the pre-
ferential localization of ILK in focal adhesions that could lead to the
inactivation by phosphorylation of GSK-3f3, thus explaining the nuclear
accumulation of Snaill. In addition, ILK in focal contacts could allow
for the activation of AKT that, through -catenin-dependent transcrip-
tion regulation, leads to the acquisition of the a-SMA positive pheno-
type.

Both these potential molecular mechanisms could also occur when
control fibroblasts are grown in the presence of hEDS and HSD cells' CM
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that also led to the preferential localization of ILK in focal contacts,
where this kinase can act as a scaffold protein to promote a-SMA as-
sembly and its incorporation into the cytoskeleton [31].

Although these signal transduction pathways downstream the avf33-
ILK axis were not yet investigated at protein level, our previous mi-
croarray results indicated the perturbation of PI3K/AKT/GSK and NF-
kB signaling in hEDS and HSD cells [8], suggesting a pivotal role of the
avP3 integrin-ILK-mediated signal transduction in the fibroblast-to-
myofibroblast transition.

Besides, increased Snaill/Slug levels have been also associated with
the secretion of CCN2/CTGF, which, in turn, induces fibroblast-to-
myofibroblast transition [81,82]. Moreover, the involvement of Snaill
in the MMP-9 expression has been reported [83,84]. Snaill up-regulates
expression of vimentin and MMPs, thereby leading to decreased cell
adhesion and enhanced migration, whereas the targeting of SNAILI
expression by siRNA down-regulates the expression of the MMP2 and
MMP9 [85,86]. Therefore, the involvement of Snaill/Slug in the up-
regulated expression of MMP-9, acting in the hEDS and HSD fibroblast-
to-myofibroblast transition, can be hypothesized.

In conclusion, this study reports the identification of a myofibro-
blast-like phenotype in dermal cells isolated both from hEDS and HSD
patients, which distinguishes them from cEDS and vEDS fibroblasts,
suggesting the presence of a common inflammatory-like state consistent
with the patients' systemic clinical manifestations. Once confirmed on a
larger number of hEDS and HSD patients' cell strains, this peculiar
phenotype might be used as a cellular signature to support the clinical
diagnosis of this(these) challenging disorder(s). The identification of
the avP3 integrin-ILK-Snaill/Slug transduction pathway needs to be
explored in depth to provide further insights into the molecular me-
chanisms involved in the pathophysiology of this(these) neglected
disorder(s) and may represent a starting point for identifying potential
therapeutic options.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2018.01.005.
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