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ARTICLE INFO ABSTRACT

Keywords: Elastic fibres undergo aberrant mineralization in genetic as well as in acquired pathologic conditions causing
Elastin severe impairment of tissue mechanical properties. Despite the number of investigations performed so far, the
Calcification pathogenesis of these alterations is still elusive, due to both the complexity of the elastin network and the
WES o involvement of many genes and/or pro-osteogenic signalling pathways.

_?g':;;;%)e tissue Whole Exome Sequencing (WES) was performed on DNA from three patients affected by beta-thalassemia
Mitochondria exhibiting soft connective tissue calcification. WES data were analysed with a bioinformatic approach, allowing

to screen and to select genes carrying rare sequence variants. These genes were matched with those present in
Extracellular Matrix DB. This approach enables to shed light on the involvement of the extracellular matrix in the
occurrence of ectopic calcification.

Results revealed a number of rare sequence variants in genes related to elastic fibre assembly and integrity.
For instance, the involvement of fibrillins and collagen type VI in the formation of a modified microfibrillar
scaffold may lead to elastic fibres less resilient and more prone to hydroxyapatite deposition. Moreover, data
reveal that changes in mitochondrial metabolic pathways are sustained by a genetic background and emphasize
that a persistent chronic oxidative stress can further influence extracellular matrix homeostasis and cell sig-
nalling through the TGFB-BMP axis. Eventually, the presence of multiple rare sequence variants in the Solute
Carrier Family 25 Member 5 (SLC25A5) gene is suggestive of the role of this gene as a key factor linking
mitochondria metabolism, ADP/ATP ratio and oxidative stress thus affecting extracellular matrix homeostasis
and activation of pro-osteogenic factors.

1. Introduction

Ectopic calcification is an active and progressive phenomenon oc-
curring as a frequent complication of several pathologic conditions.
Interestingly, clinically relevant calcification is only rarely observed in
newborns or during childhood, even in the presence of pathogenic
disease-causing mutations [1]. The recent literature is disclosing an
increasing number of genes and of pro-osteogenic signalling pathways
contributing to the aberrant progressive deposition of hydroxyapatite
[2].

Within the frame of studies investigating the mechanisms re-
sponsible for ectopic calcification, it has been observed that a number
of patients affected by beta-thalassemia, independently from blood
transfusion requirements, iron accumulation or chelation therapy,

shows soft connective tissue mineralization responsible for the devel-
opment of dermal abnormalities, cardiovascular and ophthalmological
complications [3]. The genetic basis of these alterations is still unclear.
Ex-vivo studies on skin biopsies from calcification affected areas have
demonstrated changes in the extracellular components, as laterally
fused collagen fibrils, presence of thread electron-dense material,
fragmentation and mineralization of elastic fibres associated with ac-
cumulation of calcium-affinity glycoproteins as osteopontin, bone sia-
loprotein and alkaline phosphatase [4]. Additional studies on isolated
and cultured fibroblasts from beta-thalassemia patients have proven
that, in the presence of pathologic mineralization, cells exhibit in-
creased anion superoxide as well as oxidized proteins and lipids
maintaining, in vitro, the oxidative stress condition already witnessed in
vivo in the same patients as well as in other patients with ectopic
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calcification [5,6].

Despite the number of investigations performed so far in different
diseases and experimental models [1,7], it is still unclear why elastic
fibres are more susceptible with respect to other matrix components to
pathologic mineralization and even more elusive is the comprehension
of factors regulating the variable extent of calcification in different
tissues/organs or even in different areas of the same tissue.

Elastic fibres are composed of a number of molecules interacting to
form a complex network required to guarantee the specific mechanical
properties of connective tissues [8]. Therefore, changes in one or more
of these constituents can interfere with the assembly, organization and/
or stability of the whole elastic fibre. The consequences of these al-
terations are further worsened by the almost absent turnover of elastic
fibres. Moreover, age-dependent changes in the ratio of different matrix
components can favour their accumulation and/or promote metallo-
protease-mediated degradation, thus contributing to the exposure of
charged nucleation site for hydroxyapatite deposition [9,10].

Since it has been demonstrated that ectopic calcification is an active
process with the involvement of mesenchymal cells [7,11], it can be
suggested that changes in the composition of the extracellular milieu
may influence connective tissue homeostasis as well as cell behaviour
through modified signalling pathways [12].

Aim of the present study was to investigate in three patients affected
by beta-thalassemia exhibiting soft connective tissue calcification if
genes carrying rare sequence variants can be involved in molecular
pathways affecting the extracellular environment and in particular
elastic fibres. Whole Exome Sequencing (WES) and a bioinformatic
approach were applied in order to screen for candidate genes.

2. Material and methods
2.1. Patients

In the present study, the conditions of three unrelated beta-tha-
lassemia female patients exhibiting, at clinical examination, dermal,
cardiovascular and ocular complications have been investigated.

The diagnosis of beta-thalassemia was based on the usual haema-
tological criteria (peripheral blood evaluation and haemoglobin elec-
trophoresis) and on the presence of mutations in HBB gene. Two pa-
tients (PT1 and PT2) were carriers, of a pathogenic variant in intron 1
(IVS1-110G > A) at homozygous and heterozygous status, respectively,
causing a deficient beta-globin chain synthesis (*), while the third
patient (PT3) was homozygous for a stop codon mutation in exon 2
(c.118C > T, p.GIn40*), causing absent beta-globin chain synthesis (%)
and therefore requiring frequent blood transfusion and chelation
therapy.

The study, in accordance with the basic principles of the Declaration
of Helsinki, was approved by the local Ethical Committee (n. 358/17).

2.2. Light and electron microscopy

Calcification of soft connective tissues was demonstrated on dermal
biopsies. Skin biopsy obtained from each patient was processed for
morphological analyses as already described with modifications [13].
Briefly, samples were fixed in 10% formalin (Electron Microscopy Sci-
ences, Hatfield, PA, USA) for light microscopy or in 2.5% glutar-
aldehyde (Electron Microscopy Sciences) in cacodylate buffer (Sigma-
Merck, Darmstadt, D) and in 1% osmium tetroxide (Societa Italiana
Chimici, Roma, I) in the same buffer for electron microscopy. After
dehydration, specimens were embedded in paraffin (Sigma-Merck) or in
Araldite (Serva Electrophoresis, Heidelberg, D), respectively. Sections
from paraffin-embedded specimens underwent von Kossa staining. Ul-
trathin sections (70nm) from Araldite embedded samples were
mounted on 150 mesh copper grids and contrasted with UranyLess
(Electron Microscopy Sciences) followed by lead citrate staining before
observation with SEM-FEG FEI Nova450 (ThermoFisher Scientific,
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Massachusetts, USA).
2.3. Library preparation and sequencing

DNA was extracted from whole blood using standard methods and
subjected to whole exome sequencing. SureSelect Human All Exon V6’
kit (Agilent, Santa Clara, CA) was used for library preparation and
exome enrichment, targeting 60 Mb of human exonic content. Samples
were quantified and quality tested using the Qubit 2.0 Fluorometer
(Invitrogen, Carlsbad, CA) and Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA). Libraries were processed with Illumina
cBot (Illumina, San Diego, CA), following manufacturer's re-
commendations and sequenced at 9-plex level of multiplexing on
NextSeq500 (Illumina, San Diego, CA), pair-end with 125 cycles per
read.

2.4. Whole exome sequencing bioinformatic analysis

Raw reads were quality trimmed at both ends with erne-filter v1.4.3
[14] using default parameters and minimum read length of 40 bp.
Adapters were removed by Cutadapt [15]. Trimmed reads were aligned
to the human reference genome (GRCh37/hg19 assembly) with BWA
[16]. Only reads that mapped to unique positions were retained and
duplicated sequences were removed. GATK tools were used for rea-
lignment, base quality scores recalibration and variant discovery
[17,18]. Variant functional annotation was performed by ANNOVAR
[19].

We used avSNP150 database to identify known variants and cor-
responding rs identifiers, and RefSeq gene annotation to identify the
genes harbouring each variant and its functional category. We selected
only variants mapping to exons or splicing junctions of coding genes,
discarding synonymous single-nucleotide variants (SNVs). Several da-
tabases (1000 Genomes Project, Exome Sequencing Project [ESP],
Exome Aggregation Consortium [ExAC], Genome Aggregation Database
[gnomAD]) were used to obtain variant frequency data. Only rare
variants with an allele frequency < 1% were retained for subsequent
analysis. Moreover, we used FLAGS [20] and GDI [21] databases to
discard variant in frequently mutated genes, i.e. variant with FLAGS
score = 250 or GDI score = 13. Finally, for each patient we selected
only variant with a coverage (DP) = 10 reads and a genotype quality
(GQ) = 40. For variant functional prediction we used dbNSFP (v3.3a)
[22] database for coding variants and dbscSNV (v1.1) [23] for splice
variants. For clinical interpretation we used ClinVar database
(v20170905) [24] and InterVar database (v20180118) [25].

Structural predictions of EGF-like domains of fibrillin-2 and fi-
brillin-3 were performed using homology-modelling web tool SWISS-
MODEL (https://swissmodel.expasy.org/, swiss-model template library
version 2019-02-13) [26]. Fibrillin-2 EGF-like domain 5 was modelled
on luzj.1.A fibrillin-1 template while EGF-30 like and EGF-35 like
domains of fibrillin-3 on 2w86.1.A fibrillin-1 template. Structures are
graphically modified with VMD software (v. 1.9.3, http://www.ks.uiuc.
edu/Research/vmd/) [27] to highlight secondary structures and var-
iants in aminoacids sequence.

Genes ontology (GO) analysis was performed using PANTHER
(v.14.0, http://www.pantherdb.org/) and organism was restricted to
human [28].

The interactome of genes with rare variants involved in extra-
cellular matrix was realized using STRING (v.10.5, https://version-10-
5.string-db.org) setting no > 50 interactors [29]. The network was
graphically elaborate using Cytoscape (v. 3.6.1) [30].

2.5. Immunohistochemistry

To  evaluate  TGF-B/SMAD  signalling  pathways, im-
munohistochemistry was performed on resin embedded skin sections of

three beta-thalassemia and three healthy subjects matched for age and
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Fig. 1. Morphological analyses. (A-B) von Kossa staining of paraffin embedded
skin sections shows positive (dark) mineralized areas in the reticular dermis.
Bars: 10 um. (C) Electron microscopy shows collagen bundles (Col) and elon-
gated and calcified (arrows) as well as highly mineralized and deformed (as-
terisks) elastic fibres (E). Bars: 2 pm.

sex. The following primary antibodies were used: anti pSMAD1/5/8
(dilution 1:25; Merck) and anti pSMAD2/3 (dilution 1:25, Abcam) in-
cubated at 37°C for 1h. As positive control liver tissue was used.
Immunostaining was performed as previously described [31]. Briefly,
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we used the detection kit UltraView DAB on the automated system
Ventana BenchMark XT (Roche, Monza, Italy). Slides were washed,
mounted and evaluated using a Zeiss light microscope.

3. Results and discussion
3.1. Calcified elastic fibres

Morphological analyses of dermal biopsies from affected areas
showed the presence of connective tissue alterations as previously re-
ported [4]. In particular, von Kossa staining demonstrated the presence
of mineral precipitates in specific areas of the reticular dermis (Fig. 1A,
B). Transmission electron microscopy confirmed that calcification was
localized on elastic fibres that appeared deformed and fragmented
(Fig. 10).

3.2. Whole exome sequencing (WES)

A bioinformatic approach was applied to WES data from three un-
related beta-thalassemia female patients with soft connective tissues
calcification and exhibiting dermatological and ocular manifestations,
aiming at screening for candidate gene(s) responsible for, or con-
tributing to, elastic fibre mineralization.

In total, ~38,000 SNVs and ~1100 insertions and deletions
(INDELSs) variants were detected in exons and splice junctions of RefSeq
coding genes. After filtering out synonymous SNVs, selecting rare var-
iants and removing variants with low coverage and genotype quality, a
total of 1963 variants (1775 SNVs and 188 INDELs) was obtained
[Fig. 2A]. Almost all variants (98%) were mapped in exons and only 2%
were located in splicing sites [Fig. 2B]. Most variants (83%) were
classified as non-synonymous SNVs, ~5% as non-frameshift INDELs,
4% as frameshift INDELs and ~2% as stop-gain variants [Fig. 2C].
Furthermore, 272 new variants not present in the avSNP database
[Fig. 2D] were identified.

In each patient ~800 variants were identified, most of which were
in the heterozygous state [Fig. 3].

It is well known that complex diseases are likely caused by multiple
genes and/or by multiple mutations on individual genes, however, it is
becoming progressively more clear that phenotypic variability, even in
apparently monogenic diseases, is the result of modifying genetic co-
factors that, if mutated, are insufficient to cause a disease, but can

A Filters SNVs INDELs B Variant localization
fSeIec.:t variants in exons and splice 38,300 1176
junctions of coding genes [ exons
Remove synonymous SNVs 19,807 1,176 B splicing sites
Select rare variants 1,887 225
Remove variants with low coverage
and genotype quality L#09 188 98%
Total variants 1,963
C  Functional annotation D  avSNP database

B non-synonymous SNV

stop-gain
B stop-loss

B unknown

B non-frameshift deletion
non-frameshift insertion
O frameshift deletion
| Bframeshift insertion

14% O present

M absent

86%

Fig. 2. Whole Exome Sequencing. A) Total number of identified rare sequence variants after subsequent filtering processes; B) rare sequence variants detected in
exons or at splicing sites; C) functional annotation of rare sequence variants; D) variants present or not in the avSNP database.
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Fig. 3. Characteristics of patients' genotype. Number of rare sequence variants
revealed by Whole Exome Sequencing in each patient (PT1-3).

interact with other genes to influence the susceptibility and/or the se-
verity of a specific disease [32].

In the present study, we have focused attention only to rare se-
quence variants, even though we are also aware of the synergic con-
tribution of polymorphisms, either in the same or in different genes,
that may contribute to the development of clinical complications [33].
However, as a screening for candidate genes, we have preferred to
apply stringent filter options focusing on rare sequence variants.

A possible limitation of this study is that we are not measuring the
functional effect at protein level of a set of sequence variants, since in
silico algorithms can only predict the effect of a single variant, although
they may lead to possible false-positive as well as false-negative inter-
pretations [34].

Nevertheless, a bioinformatic approach allows to screen for the
presence of multiple sequence variants and to disclose candidate genes
contributing to, or responsible for, elastic fibre calcification, thus
paving the way for further studies investigating more in detail specific
molecular/signalling pathways on a larger number of patients.

3.3. Extracellular-related rare sequence variants

In order to investigate if matrix-related pathways are altered in
these patients, possibly contributing to the occurrence of ectopic cal-
cification, genes carrying rare sequence variants were matched with
1363 genes present in Extracellular Matrix DB (v. 3.4, http://matrixdb.
univ-lyonl.fr/). Results are shown in Table 1 and details on sequence
variants and on GO are reported in Supplementary Table S1 and Table
S2, respectively.

Approximately 10 to 15 extracellular matrix (ECM) genes appeared
to carry rare sequence variants in all patients. Interestingly, the more
consistent alterations were related to elastic fibre homeostasis.

3.3.1. Changes in elastic fibre-related genes
Even though the elastin gene does not appear to carry any rare se-
quence variant, changes were observed in a number of genes related to
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Table 1

List of extracellular matrix genes presenting rare sequence variants in three
beta-thalassemia patients (PT). Genes common to two or three patients (PT) are
highlighted in bold.

Extracellular matrix genes

PT1 PT2 PT3
CLEC14A ADAMTS17 COL11A2
COL7A1 AMTN COL19A1
COLQ CDH13 COL6A6
DST COL15A1 CPA6
FBN3 COL16A1 CPZ
HMCN1 COL4A6 CRISPLD2
IGFALS COL6A2 DPT
LAMA1 DST FBN3
LRFN1 FBN2 FNDC8
LTBP3 FREM1 GAS6
PFKP HSPB1 LAMAS
POSTN LAMC3 LTBP3
SLC25A5 LOXL2 MMP2
SNED1 OTOG OTOG
TSKU PCOLCE2 SLC25A5
VWF PODN SVEP1

PRG4 TFF3

SLC25A5 TLR9

SMOC2 VWA7

TGFBR2

USH2A

VCAN

Fig. 4. Elastin interactome. Genes involved in the development/formation/
degradation of elastic fibres and presenting a rare sequence variant in at least
one patient are shown in red. The interactome was obtained using STRING.
Network was graphically elaborated using Cytoscape. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

elastic fibre assembly (FBN2, FBN3, COL6A2, COL6A6, LOXL2, VCAN),
signalling (TGFbR2, LTBP3) and remodelling (MMP2, ADAMTS17)
(Fig. 4), most of them coding for molecules within the elastin-micro-
fibril interface or in association with the elastic fibre-cell interface [35].

Elastogenesis is initiated by the assembly of microfibrils serving as a
scaffold for elastin deposition. Microfibrils are mainly composed from
three fibrillins (FBN1, FBN2 and FBN3). Whereas FBN1 is expressed
throughout postnatal growth and in adults, FBN2 and FBN3 are pro-
duced in developing foetal tissues [36], thus suggesting to play a role in
the early phases of elastic fibre assembly.
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Fig. 5. Fibrillin EGF-like domain predictions. Schematic representation of fibrillin-2 and fibrillin-3 putative domains. Structural predictions of EGF-like domain 5 of

human fibrillin-2, EGF-like domain 30 and EGF-like domain 35 of human fibrillin 3.

style.

In PT1 and PT3, FBN3 present p.C1890Y and p.G2202R variants,
respectively, whereas PT2 has an allelic variant in FBN2 (p.R347H)
(Supplementary Table S1).

Fibrillins show a primary structure characterized by a defined pat-
tern of EGF-like domains with interspersed TGF-f3 binding domains (TB)
(Fig. 5). TB domains with flanking EGF-like domains mediate extensive
intra- and inter-molecular interactions [37-39]. Rare variants in these
sequences could interfere with microfibrils physical properties and with
their ability to interact with other molecules.

Primary structure of fibrillin EGF-like domains contains six highly
conserved Cys forming disulfide bridges (C1-3, C2-4, C5-C6) [40-42]
necessary to guarantee a conformational stability in the absence of an
extensive secondary structure [36]. The variant p.C1890Y produces a
C1-3 disulfide bridge break interfering with the structural integrity of
the antiparallel 3-sheet of EGF-30 like domain [43] (Fig. 5). Moreover,
this structural change is enhanced by Cys substitution with Tyr, an
amino acid with different size and physic-chemical properties. The
pathogenicity of this variant was supported by in silico analysis.

Rare variants involved in amino acids changes are represented as Licorice VMD

Both FBN2 (p.R347H) and FBN3 (p.G2202R) exhibit rare sequence
variants in the calcium-binding consensus sequences (Ca_EGF-like do-
mains). For instance, the presence of Arg instead of Gly in p.G2202R
induces a mass reduction and introduces a positive charge in the 35
Ca_EGF-like domain. Ca™ * binding in a negatively charged cavity im-
proves the fold stability and helps to secure a relative orientation of two
neighbouring Ca_EGF domains. Therefore, the introduction of a positive
charge in the negatively charged Ca* ™ binding cavity can likely di-
minish the fibrillin Ca™* binding affinity. Consistently, in vitro ex-
periments have clearly demonstrated that calcium plays a central role
in the supramolecular organization of fibrillins within microfibrils and
in their functional properties, thus influencing cell-matrix interactions
and cell spreading [44].

These data suggest that local changes in the environment may in-
terfere with elastic fibre stability thus favouring accumulation of matrix
components within the fibre and/or promoting degradation and frag-
mentation of the elastic component. It has to be noted that, even though
calcified elastic fibres can be observed in many organs [45], not all
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Fig. 6. Immunohistochemistry for pSMAD2/3 (A, B) and for pSMAD1/5/8 (C, D) in skin samples from control subjects (A, C) and from beta[HYPHEN]thalassemia
patients with calcified elastic fibres (B, D). Scale bar = 100 pm. Insert = 50 pm.

elastic fibres are mineralized, even in patients with genetically-based
ectopic calcification (e.g. Pseudoxanthoma elasticum, PXE) [46].

Previous investigation on elastic fibre assembly demonstrated the
role of proteoglycans as carriers of tropoelastin moieties on the mi-
crofibrillar scaffold [47] and that altered networking of elastic fibre
components interferes with the presence/accumulation of glycosami-
noglycans (GAGs) within the fibres [48-50]. Moreover, since the type
of GAGs may vary depending on several factors (i.e. age, organs and
localization within tissues) [51], the amount and composition of GAGs
within elastic fibres [47,52] may expose modified charges favouring
Ca/P precipitation, thus explaining the different propensity of fibres to
calcify, even within the same tissue.

In addition, changes in the composition/assembly of elastic fibres
favour the increased susceptibility to metalloproteases [10] and the
release of fragments that can either increase the activity of the pro-
osteogenic alkaline phosphatase and either reduce the expression of the
anti-osteogenic matrix GLA protein [9].

Similarly to fibrillins, type VI collagen forms a network of beaded
microfilaments in the extracellular matrix. Moreover, it is negatively
charged and its amount and morphology are modulated by physiolo-
gical concentrations of divalent cations as Ca* *. However, in contrast
to fibrillins, type VI collagen microfibrils are more amphiphilic and
could be more responsive even to small changes in the concentration of
divalent cations [44].

The collagen type VI rare sequence variants p.P414S and p.R316fs*
observed in two patients can cause conformational protein changes,
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thus altering functionally-relevant domains.

Collagen type VI plays a structural role supporting integrin-medi-
ated cell attachment and spreading [53], but can also promote cell
signalling, hence contributing to stemness maintenance and providing
cytoprotective effects, even in the presence of oxidative damage [54].

Moreover, type VI collagen microfibrils favour platelet adhesion and
aggregation, and can modulate the platelet response to blood vessel
injury [55]. A number of studies have clearly demonstrated that he-
modynamic forces, acting on both endothelial and smooth muscle cells,
regulate vascular homeostasis, translating biomechanical stimuli into
biologic responses through cellular signalling pathway activation.
During normal vascular homeostasis, laminar shear stress maintains an
anti-inflammatory and anti-atherogenic phenotype of endothelial cells.
By contrast, low shear stress and high pressure induce proinflammatory
cytokine expression, cell activation and differentiation, as well as ex-
tracellular matrix reorganization. Consistently, in the case of vascular
damages, platelet infiltrates/aggregates have been shown to favour the
osteogenic differentiation of mesenchymal cells [56]. Endothelial cells
with a pro-osteogenic phenotype have been demonstrated to be in-
volved in the endothelial damages occurring in patients affected by soft
connective tissue calcification [57]. It could be therefore suggested
that, in beta-thalassemia patients, changes in the microfibrillar struc-
ture of collagen type VI may have profound consequences on cell and
protein interactions, altering extracellular matrix assemblies that
function as reservoir for soluble signalling molecules [58].

Fibrillin-rich microfibrils control extracellular matrix formation and
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Table 2

List of mitochondria-related genes presenting rare sequence variants in three
beta-thalassemia patients (PT). Genes common to two or three patients (PT) are
highlighted in bold.

Mitochondria-related genes

PT1 PT2 PT3
ACAD10 AGK ABCA13
ACADL ALDH1B1 ADCK1
CBR4 ALKBH3 ARG2
Cs ANGEL2 CKMT1B
FDPS ATIC CYB5R2
MRPL13 ATP10D FAM136A
NEU4 CPT2 GOLPH3
NIT2 ETFB GPX1
PDE12 GCAT HEMK1
SLC25A5 GPX1 IBA57
TOP3A IDE IMMT
KIF1B MECR
KRT5 MRPL46
MCAT MTG1
MMACHC NME3
MPST OBSCN
MTCH2 SLC25A47
PITRM1 SLC25A5
PRODH TRIAP1
PRSS35
SLC25A27
SLC25A5
TIMM44
WARS2

remodelling by regulating, in a context-specific temporal (develop-
mental) and spatial (tissue-specific) manner, the storage, diffusion and
release of several molecules such as BMPs, TGFf, fibulins and the
versican-hyaluronan proteoglycan complex [59-63]. TGFf is secreted
from cells as a latent complex consisting of TGFf, the TGF[} pro-peptide,
and a molecule of latent TGFf binding protein (LTBP). LTBPs play a
crucial role in the folding and secretion of TGFf, and in the localization
of these complexes into specific sites of the ECM [64-66]. Moreover,
LTBP-3 controls TGFp levels during the commitment phase of me-
senchymal stem cell differentiation to osteoblasts [67,68].

In two patients, LTBP3 presents p.G36delinsLLLG variant that falls
within the hydrophobic region (H-region) of the signal peptide. Several
studies have demonstrated that signal peptide variations alter translo-
cation efficiency, cleavage sites and post-cleavage events. In particular,
p.G36delinsLLLG increases the hydrophobicity of the H-region by in-
troducing three Leu. Interfering with H-region hydrophobicity can af-
fect the secretion of the mature protein, the rate and efficiency of
protein translocation as well as protein expression by changing the
quantity of the mRNA at steady state by forming different mRNA sec-
ondary structures [69,70] and consequently interfere with TGFf
availability.

Alterations in this control system have been linked to the patho-
genesis of various diseases, associated to modifications in tissue mor-
phology and function [71]. Consistently, previous observation in
Pseudoxanthoma elasticum (PXE), a rare genodermatosis characterized
by ectopic calcification [72], demonstrated that changes in TGFp-re-
lated pathways can affect bone morphogenetic protein (BMP) signalling
[731.

BMPs, members of the TGFf} superfamily, were initially deemed to
specifically induce new bone formation [74]. However, additional
studies demonstrated that BMPs play important roles also in soft con-
nective tissues. BMP-2 and BMP-4, for instance, regulate many cellular
functions including cardiovascular development, angiogenesis, and
smooth muscle cell chemotaxis in response to vascular injury and cal-
cification [75,76]. BMP2 undergoes a complex regulatory mechanism
by Matrix Gla Protein (MGP) [77]. Low levels of MGP relative to BMP2
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may result in mild enhancement of BMP2 activity, whereas inter-
mediate levels would inhibit, and high levels strongly increase, BMP2
activity [7]. These findings clearly demonstrate the complexity of the
mechanisms regulating ectopic calcification, which depend not only on
the presence/absence of specific proteins and on their activity (due, for
instance, to post-translational modifications, as phosphorylation and
carboxylation), but also on the ratio among different molecules.

Since carboxylated MGP is reduced in beta-thalassemia [5], it can
be suggested that altered signalling pathways can interfere with the
TGFp-BMP axis, thus promoting and sustaining pathologic calcification.

In order to verify if SMAD signalling pathways are modified in the
presence of ectopic calcification we have performed im-
munohistochemistry assays on skin sections. In the calcified skin of
beta-thalassemia patients, fibroblasts were abundantly present in the
dermis, exhibited a large and spread morphology and were strongly
positive for pPSMAD2/3, clearly indicating an activation of this signal-
ling pathway (Fig. 6B). On the contrary, in healthy skin, fibroblasts
were less numerous and with a weak positivity (Fig. 6A). Consistently,
recent findings have shown that pPSMAD2/3 accumulates in vessel wall
calcification [78].

Similar results were also observed for the pSMAD1/5/8 signalling
pathway (Fig. 6C and D). These findings are in agreement with those
obtained in PXE patients, typically characterized by elastic fibre calci-
fication [72], where pSMAD1/5/8 up-regulates the pro-osteogenic runt-
related transcriptional factor2 (Runx2), thus inducing the expression of
pro-calcifying genes (i.e. osterix, alkaline phosphatase).

These data indicate that aberrant mineral deposition is related to
changes in signalling pathways involving TGF3-BMP axis.

3.4. Altered extracellular matrix may affect energy-metabolic properties

Further looking at genes present in the Extracellular Matrix DB that
were carrying rare sequence variants in our patients, SLC25A5, also
known as ANT2, appeared to be the most frequently affected.

ANTs are mitochondrial carrier proteins that exchange ATP and
ADP between the cytoplasm and the mitochondrial matrix, but ANTs
are also located at the plasma membrane of fibroblasts [79-81] and, by
interacting with the membrane-bounded protease MT1-MMP, link en-
ergy metabolism to pericellular proteolysis [79].

ANT2, in particular, regulates the ADP/ATP ratio in mitochondrial
oxidative phosphorylation.

The relative concentration of ADP, ATP, and consequently inorganic
pyrophosphate, are linked to P2 purinergic receptor activation, sug-
gesting that they play a role in the pathogenesis of ectopic calcification
in PXE [82]. In agreement with these data is the finding that P2 re-
ceptors enhance osteoblast differentiation involving PI3K/AKT signal-
ling pathway activation and gene expression induction of alkaline
phosphatase activity, bone sialoprotein and expression of osteogenic
proteins BMP-2 and BMP-4 [83].

ATP production and energy metabolism are highly variable in dif-
ferent tissues and cells. This variability results from both the differential
expression of genes involved in oxidative phosphorylation and in the
kinetic of ATP and ADP exchange in the cell, further supporting the
hypothesis that local factors contribute to the pro-osteogenic environ-
ment.

Furthermore, ANT2 plays important roles not only in ATP produc-
tion, but also in mitochondrial membrane potential stabilization and in
cellular resistance to oxidative stress [84].

The observation that all three beta-thalassemia patients are carriers
of several sequence variants in the SLC25A5 gene (Supplementary
Tables S3 and S4) is consistent with the altered redox balance that was
previously demonstrated in patients with ectopic calcification [5,6].

Consistently, rare sequence variants were also observed in glu-
tathione peroxidase-1 (GPx1) gene that encodes for an enzyme acting as
a primary defence against free radical-mediated damages in mi-
tochondria. Moreover, GPx1 has been associated to the occurrence of
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ectopic calcification in genetic (i.e PXE) [85] and acquired diseases (i.e.
type II diabetes) [86]. These data further sustain the relationship be-
tween oxidative stress and calcification.

Chronic oxidative stress condition, inflammation and subsequent
secretion of metalloproteases all contribute to elastin fragility and
fragmentation, especially in fibres characterized by loss of flexibility
and altered conformation due to the presence of carbamylation pro-
ducts and aldehydes generated from oxidative stress-induced perox-
idation of poly-unsaturated fatty acids [87].

In addition to SLC25A5, numerous genes involved in mitochondrial
energy metabolism appeared to carry rare sequence variants in patients
(Table 2 and Supplementary Tables S3 and S4).

Fig. 7 shows a number of genes involved in long-chain fatty acid -
oxidation (FAO) or in mitochondria fatty acid synthesis (mtFAS). It has
been previously reported that enzymes involved in FAO and electron
transport chain (ETC) are physically associated [88] and therefore al-
tered FAO enzymatic activities can induce accumulation of long-chain
fatty acids causing mitochondrial dysfunction by different ways such as
calcium homeostasis disturbance, mitochondrial membrane potential
dissipation, OXPHOS uncoupling and apoptosis [89].

4. Conclusion

A bioinformatic approach was applied to WES data from three pa-
tients affected by beta-thalassemia and ectopic calcification, aiming at
disclosing candidate gene(s) that in the extracellular environment can
modulate cell behaviour and signalling pathways responsible for, or
contributing to, elastic fibre mineralization.

In the light of these results, it can be suggested that a number of rare

138

sequence variants can modify elastic fibre packaging, permeability and/
or flexibility, thus weakening its stability. Moreover, less compact
elastic fibres can be either more susceptible to proteolysis and frag-
mentation or may accumulate charged matrix components as GAGs,
creating a more suitable pro-osteogenic environment.

Changes in elastic fibre assembly and stability can interfere with
TGF-beta availability as indicated by activated TGF(3-BMP signalling
pathways favouring ectopic calcification.

Eventually, altered extracellular matrix homeostasis is also linked to
oxidative stress and to changes in mitochondrial energy metabolism
leading to modified ADP/ATP ratio, suggesting that these changes can
modulate osteogenic differentiation of mesenchymal cells.
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