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Abstract: Pathological (ectopic) mineralization of soft tissues occurs during aging, in several common
conditions such as diabetes, hypercholesterolemia, and renal failure and in certain genetic disorders.
Pseudoxanthoma elasticum (PXE), a multi-organ disease affecting dermal, ocular, and cardiovascular
tissues, is a model for ectopic mineralization disorders. ABCC6 dysfunction is the primary cause of
PXE, but also some cases of generalized arterial calcification of infancy (GACI). ABCC6 deficiency in
mice underlies an inducible dystrophic cardiac calcification phenotype (DCC). These calcification
diseases are part of a spectrum of mineralization disorders that also includes Calcification of Joints and
Arteries (CALJA). Since the identification of ABCC6 as the “PXE gene” and the development of several
animal models (mice, rat, and zebrafish), there has been significant progress in our understanding
of the molecular genetics, the clinical phenotypes, and pathogenesis of these diseases, which share
similarities with more common conditions with abnormal calcification. ABCC6 facilitates the cellular
efflux of ATP, which is rapidly converted into inorganic pyrophosphate (PPi) and adenosine by the
ectonucleotidases NPP1 and CD73 (NT5E). PPi is a potent endogenous inhibitor of calcification,
whereas adenosine indirectly contributes to calcification inhibition by suppressing the synthesis
of tissue non-specific alkaline phosphatase (TNAP). At present, therapies only exist to alleviate
symptoms for both PXE and GACI; however, extensive studies have resulted in several novel
approaches to treating PXE and GACI. This review seeks to summarize the role of ABCC6 in ectopic
calcification in PXE and other calcification disorders, and discuss therapeutic strategies targeting
various proteins in the pathway (ABCC6, NPP1, and TNAP) and direct inhibition of calcification via
supplementation by various compounds.

Keywords: calcification; ABCC6; pseudoxanthoma elasticum; generalized arterial calcification of
infancy; pyrophosphate; therapies

1. Introduction

Physiological calcification is a multifactorial metabolic process normally restricted
to the bones and teeth. Calcification and mineralization (we will use these terms inter-
changeably thereon) primarily designate the formation of apatite crystals. Apatite is made
of phosphate and calcium ions (Cay9(PO4)s(OH);), but the crystal formation happens via
a number of short-lived intermediates such as octacalcium phosphate and amorphous
calcium phosphate [1]. The intra- and extracellular mechanisms regulating mineralization
rest upon a tightly regulated balance between calcification inhibitors and promoters. Un-
der normal circumstances, calcium and inorganic phosphate (Pi) concentrations are near
saturation in most soft tissues, which necessitates strong calcification inhibition systems [2].
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Ectopic calcification can lead to clinical symptoms when it occurs in cardiovascular
tissues and has been the object of intense research focus. Many host, environmental, and
genetic factors contributing to this calcification have been identified [3], but there are still
gaps in our understanding [4]. In recent years, the identification of mutations in the ATP-
binding cassette (ABC) transporter ABCC6 [5-7] and the characterization of its function [8]
has provided new molecular insight into the regulation of ectopic calcification inhibition
in relation to pyrophosphate (PPi). ABCC6 mediates the cellular efflux of nucleotides,
notably ATP, which is rapidly converted into PPi and adenosine at the cellular surface by
the ectonucleotidases NPP1 (encoded by ENPP1) and CD73 (encoded by NT5E) [8-11].
Both PPi and indirectly adenosine are major inhibitors of calcification. ABCC6 deficiencies
underlie the calcification disorders PXE (MIM#264800) and a cardiac calcification pheno-
type (DCC) described in mice [12-14]. GACI (MIM#208000) is primarily linked to NPP1,
the key enzyme that generates PPi [15]. However, some cases of GACI (MIM#614473) are
caused by ABCC6 mutations, while some PXE patients carry disease-causing variants only
in ENPP1 [16,17]. CALJA (MIM#211800) is due to mutations in CD73 (NT5E) [10]. PXE,
together with GACI and CALJA form a spectrum of diseases with overlapping calcification
processes but with distinct clinical features. If PXE, GACI, and DCC result from a deficit in
PPi production [18,19], CALJA is caused by increased PPi degradation [10,11] (Figure 1).
The explanation of these phenotypes places ABCC6 as an upstream modulator of an extra-
cellular purinergic pathway that, among other things, inhibits mineralization by regulating
the Pi/PPi ratio in connective tissues (Figure 1). Although it has been recently claimed
that ABCC6 acts downstream of NPP1 [20], this hypothesis is highly controversial in the
field [21] and contradicts most studies [8,9,11,18]. This pathway (Figure 1) and the molecu-
lar cascade leading to PPi generation and TNAP inhibition offers many opportunities for
therapeutic interventions in the case of PXE and also GACI.

PPi —— Ectopic calcification

NPP1
(PXE) GACH) "\
(GAC)) (PXE) CD73 —— Adenosine —— TNAP l
(NT5E)
(CALJA) .
Pi

Figure 1. The ABCC6 pathway influences calcification and extracellular purinergic metabolism.
ABCCE6 facilitates the cellular efflux of ATP from liver and other tissues/cells, which is quickly
converted to pyrophosphate (PPi), a potent inhibitor of mineralization. Decreased plasma PPi levels
cause calcification in PXE and GACI. CD73 activity leads to adenosine production, which affects
many biological activities including the inhibition of TNAP synthesis. TNAP degrades PPi into
inorganic phosphate (Pi), an activator of calcification, which leads to vascular calcification in CAL
JA patients.

At present, only palliative treatments to alleviate some symptoms exist for both PXE
and GACI [22-24]. Extensive studies on the mechanism behind calcification has resulted in
several novel approaches to treating PXE and GACI. The therapeutic solutions envisioned
and tested in animals include strategies focusing on two distinct aspects of the ABCC6 path-
way: (1) the correction/replacement/inhibition of dysfunctional genes/proteins involved
in the calcification pathway [9,18], and (2) supplementation therapies with exogenous com-
pounds. Drugs targeting ABCC6, NPP1 and TNAP aim at correcting parts of the ABCC6
pathway, whereas exogenous compounds such as magnesium, vitamin K, bisphosphonates
(PPi analogs), PPi and recently phytic acid are intended to directly inhibit calcification.

In this article, we provide an overview of ABCC6 as a key regulator of ectopic cal-
cification in PXE (and GACI). We will discuss possible treatment options that have been
explored in recent years and speculate as to what future treatments might be. Because
ABCC6 and NPP1 are functionally related proteins interchangeably causing PXE and



Int. J. Mol. Sci. 2021, 22, 4555

30f29

GACI [17], we address herein some aspects of GACI and NPP1, which can be relevant for
therapeutic interventions.

2. The Pathologies Associated with ABCC6 and ENPP1 Deficiencies
2.1. Pseudoxanthoma Elasticum

Pseudoxanthoma elasticum (PXE) is a rare disorder with progressive ocular, vascular
and skin abnormalities that result from the accumulation of morphologically abnormal
calcified elastic fibers [25]. The skin manifestations are the most prevailing characteristic
of PXE, but the ocular and cardiovascular symptoms are responsible for the morbidity of
the disease.

The first description of the clinical signs of PXE appeared in the literature more than
a century ago [26-28]. Is it Darier who proposed the term “pseudoxanthome élastique”,
which remains largely used to this day as pseudoxanthoma elasticum [29].

2.1.1. Dermal Manifestations

Skin lesions are generally the first signs of PXE to be observed during childhood
or adolescence and often progress slowly and unpredictably. Therefore, a dermatologist
frequently makes the initial diagnosis. The accumulation of abnormal calcified elastic fibers
in the mid-dermis produces yellow-hued papules and plaques and laxity with loss of
elasticity. These lesions can be seen on the neck, axilla, antecubital fossa, popliteal fossa,
groin, and periumbilical area [25,30-32].

2.1.2. Ocular Manifestations

Ocular lesions in PXE are due to the accumulation of abnormal elastic fibers in the
Bruch’s membrane, resulting in angioid streaks [33]. Angioid streaks are completely asymp-
tomatic and can remain undetected until later in life when retinal haemorrhages occur.
The majority of PXE patients will develop ocular changes during their second decade
of life. Bilateral angioid streaks are normally seen as linear gray or dark red lines with
irregular serrated edges lying beneath normal retinal blood vessels and they represent
breaks in the Bruch’s membrane. The elastic laminae of the Bruch’s membrane is located
between two layers of collagen and lies in direct contact with the basement membrane of
the retinal pigmented epithelium (RPE) and the capillaries of the choroid. Angioid streak
formation is likely the direct result of mineralization of elastic fibers in Bruch’s membrane.
As a consequence of the loss of structural integrity to the Bruch’s membrane, PXE patients
progressively develop choroidal neovascularization, which can lead to hemorrhagic de-
tachment of the fovea and retinal scarring. Optic nerve drusen may also be associated with
angioid streaks and results in visual field deficits.

It is worth noting that a minor yet important palliative treatment exists for some of
the ocular manifestations of PXE [24] and more details are provided below (Cf. Section 6.2).

2.1.3. Cardiovascular Manifestations

The common cardiovascular complications of PXE are due to the presence of abnor-
mal calcified elastic fibers in the internal elastic lamina of medium-sized arteries. The
broad spectrum of phenotypes includes peripheral arterial disease (PAD), resulting from
restrictive vascular calcification in the lower limbs, increased susceptibility to atherosclero-
sis [34-36], intermittent claudication, and possibly myocardial infarction and hypertension.
The fibrous thickening of the endocardium and atrioventricular valves can also result in
restrictive cardiomyopathy and/or mitral valve prolapse and atrial septal aneurysm [37].
A cardiac evaluation of French PXE patients revealed sporadic cases of left ventricular
hypertrophy, aortic stenosis, and valvulopathies. Overall in this cohort, PXE does not
appear to be associated with frequent cardiac complications. However, the development
of cardiac hypertrophy in old Abcc6~/~ mice suggests that aging PXE patients might be
susceptible to late cardiopathy [38].
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Extra cardiac downstream effects of arterial mineralization include renovascular
hypertension, gastrointestinal bleeding and central nervous system complications (such as
stroke and dementia) [30,39].

A comprehensive analysis of the arterial consequences (macro- and micro-arterial
beds were investigated) of ABCC6 ablation in mice was published in 2014 [40]. This
report revealed scattered arterial calcium depositions as a result of osteochondrogenic
transdifferentiation of vascular cells as mice age (as seen via increase Runx2 expression).
Lower elasticity and increased myogenic tone without major changes in agonist-dependent
contraction was found in older Abcc6~/~ mice suggesting reduced control of peripheral
blood flow, which in turn may alter vascular homeostasis which is not unlike the PAD
observed in PXE patients.

2.1.4. Renal Manifestations

Renal involvement in PXE has received little attention in the literature until recently.
Few cases of kidney stones in PXE patients have been described, whereas classic nephrocal-
cinosis has only been reported in sporadic cases [41-43]. More recent data suggested that
nephrolithiasis was an unrecognized and prevalent feature of PXE [44]. The first in depth
analysis of renal manifestations in a cohort of 113 French PXE patients showed a history of
kidney stones in 40% of patients, which is much higher than the general population. Com-
puted tomography scans revealed evidence of significant papillary calcifications (Randall’s
plaques) [45,46].

Remarkably, despite the presence of mineralized elastic fibers in pulmonary tissues,
there is no lung phenotype associated with PXE [47,48].

2.2. Generalized Arterial Calcification of Infancy (GACI)

Generalized arterial calcification of infancy (GACI [MIM 208000]) is a very rare autoso-
mal recessive disorder characterized by calcification of arterial elastic fibers and associated
fibrotic myointimal proliferation of muscular arteries and arterial stenosis [49]. Severe
vascular calcification causes hypertension, myocardial ischemia, and congestive heart
failure [17]. The majority of patients die within the first six months of life [50,51]. However,
patients treated with bisphosphonates can experience a more favorable outcome [52,53].
In addition to vascular mineralization, neonatal patients also present periarticular soft-
tissue calcifications. More mildly affected patients may also develop hypophosphatemic
rickets [53-55].

2.3. PXE and GACI Are Different Clinical Manifestations of a Phenotypic Continuum

PXE is primarily caused by ABCC6 deficiency, while GACI patients typically present
mutations in the ENPP1 gene. However, some GACI patients only carry ABCC6 mutations
and typical PXE manifestations can be associated with ENPP1 mutations. The clinical and
molecular genetic characterization of PXE and GACI [16,17] has suggested that ABCC6
and NPP1 are functionally related [56] and give rise to overlapping phenotypes with GACI
being a severe and acute form of PXE and vice versa [8,16,57].

Calcification of joints and arteries (CALJA, OMIM#211800) is outside of the scope
of this review. However, it is worth mentioning briefly because its molecular etiology is
intimately related to that of PXE and GACI. CALJA is due to mutated CD73 (encoded by
NT5E) [10], which is functionally downstream to NPP1 (Figure 1). The disease is character-
ized by vascular calcification in the lower limbs and periarticular mineralization. CALJA is
caused by enhanced PPi degradation [10,11] resulting from reduced adenosine signaling
and abnormal activation of tissue non-specific alkaline phosphatase (TNAP/ALPL) [11,20]
(Figure 1).

2.4. Thalassemia

For the most part, PXE is a monogenic disease caused by mutations in ABCC6. How-
ever, other than the cases associated with ENPP1 mutations [17], PXE manifestations can
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arise from multifactorial inheritance [58,59], environmental exposure [60-63] or secondary
to B-thalassemia and sickle cell anemia [64]. 3-thalassemia (MIM 141900) is a monogenic
disorder caused by mutations in the 3-globin gene that leads to the underproduction of
B-globin chains. The stoichiometric excess of a-chains unbound to 3-globin is unstable
and precipitates in red blood cell precursors causing the ineffective erythropoiesis. In the
past decade, it has become apparent that a large number of Mediterranean patients affected
by p-thalassemia or sickle cell anemia also develop manifestations similar to PXE [64].
-thalassemia and PXE are distinct genetic disorders, yet, the ectopic mineralization pheno-
type seen in 3-thalassemia and sickle cell patients is clinically and structurally identical to
inherited PXE [65-68] and arises independently of ABCC6 mutations [69]. Based on studies
with a mouse model of B-thalassemia (Hbb"3/*), it was suggested that the 3-thalassemia
patients could have a suboptimal endowment of ABCC6 expression in liver (and possibly
reduced PPi production), thereby increasing susceptibility to ectopic mineralization in a
PXE-like manner. If this is indeed the case, then 3-thalassemia and sickle cell patients could
benefit from several treatment options developed for the inherited forms of PXE.

3. The Structure and Molecular Function of ABCC6

The ATP-binding cassette (ABC) family represents the largest group of transmembrane
proteins. These proteins bind ATP and use its energy to drive the efflux and transport of
various molecules across cell membranes. ABC transporters are classified based on the
sequence and organization of their ATP-binding domains. The human ATP-binding cassette
(ABC) gene family consists of 48 members divided into seven subgroups, A through G.
Genetic changes in at least 14 of these genes cause heritable diseases [70,71]. About a
third of all of these ABC transporter-related diseases are linked to genes from the single
sub-group C, which includes ABCC6 and PXE but also the well-known cystic fibrosis
associated with ABCC7 mutations.

3.1. ABCC6 Structure

ABCC6 consists of 1503 amino acids with an approximate molecular weight of 165 kD
without glycosylation. This transporter protein possesses three transmembrane segments
with 5, 6, and 6 membrane-spanning regions, respectively, and two typical ABC domains
involved in the binding and hydrolyzing of ATP used for conformational changes and
transport activity. A 3D model of ABCC6 was successfully generated using X-ray structure
of the S. aureus Sav1866 export pump [72]. Fiilop et al. used this model of ABCC6 and the
distribution of PXE-causing mutations to demonstrate the strict relevance of the transmis-
sion interface (ICL-ABC contacts) as well as the ABC-ABC domain contacts for the function
of the transporter [73].

3.2. ABCC6 Is an Efflux Pump

Transport studies in vesicles isolated from Sf9 cells expressing the rat Abcc6 identified
the anionic cyclopentapeptide and endothelin receptor antagonist BQ-123 as substrates [74].
ATP binding and hydrolysis by rat ABCC6 has been demonstrated in a yeast expression sys-
tem [75]. Using a similar approach with the human ABCC6, Ilias et al. demonstrated ATP
binding and ATP-dependent active transport of the glutathione conjugates leukotriene Cy4
and N-ethylmaleimide S-glutathione and of the cyclopentapeptide BQ-123 [76]. Probenecid,
benzbromarone and indomethacin specifically inhibited transport of N-ethylmaleimide
S-glutathione [77]. Another study confirmed ATP-dependent transport of BQ123 and
leukotriene C4 by human ABCC6 and also identified S-(2, 4-dinitrophenyl) glutathione as
an in vitro substrate. Analysis of the drug sensitivity of ABCC6-transfected cells revealed
low levels of resistance to etoposide, teniposide, doxorubicin, and daunorubicin, indicating
that ABCC6 is able to confer low levels of resistance to certain anticancer agents [78]. How-
ever, this function appears unlikely to play a role in the pathophysiology of PXE and thus
has limited bearing on the possible therapeutic solutions. Note that the actual endogenous
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substrate(s) and the precise molecular mechanism by which ABCC6 achieves the efflux of
ATP and other nucleotides/nucleosides are still unknown.

3.3. Cellular Localization of ABCC6

ABCCE6 is firmly associated with the basolateral membrane of hepatocytes in mice,
rats, and humans [74,79,80], as well as in the proximal kidney tubules [81,82]. Although a
report challenged the well-established cellular localization of ABCC6 [83], it is interesting
to note that disease-causing missense ABCC6 mutations can lead to aberrant cellular
localization [80].

3.4. NPP1 Structure

NPP1 is a membrane bound enzyme consisting of 840 amino acids (just under 100 kDa)
that belongs to the ecto-nucleotide pyrophosphatase/phosphodiesterase (ENPP) family.
NPP1 is a type II transmembrane glycoprotein comprised of two identical disulfide-bonded
subunits. The polypeptide has a short N-terminal cytoplasmic domain followed by a trans-
membrane region. The extracellular structure consists of two somatomedin B (SMB)-like
domains (SMB1 and SMB2), a phosphodiesterase domain and a nuclease-like domain [84].
The SMB-like domains are disordered and do not interact with the catalytic domain. The
mapping of disease-causing mutations highlights the functional significance of the interac-
tion between the catalytic and nuclease-like domains. It is the SMB2 domain of NPP1 that
interacts with the insulin receptor and carries out physiological functions other than the
regulation of mineralization [85].

4. Mutations in ABCC6 and ENPP1
4.1. ABCCé6

Over 400 mutations (https://www.ncbi.nlm.nih.gov/clinvar, accessed on 3 February
2021) have now been identified in ABCC6. Most of these are single nucleotide changes
leading to a panel of missense, nonsense, splice site, and frameshift mutations, in addition
to small and large insertions/deletions. Missense variants are found in areas critical to the
stability and/or the function of the protein. Based on a small but representative number of
ABCC6 mutants, two possible molecular consequences to ABCC6 mutations were described:
(1) transport deficiency linked to the failure to hydrolyze ATP and (2) abnormal protein
folding leading to intracellular retention and/or reduced trafficking. The latter has been the
focus of studies designed to rescue trafficking by re-purposing the drug 4-phenylbutyrate
(Cf. Section 6.3.2). Transport deficiency and abnormal trafficking are likely the reasons
behind the loss of physiological function and provide a reasonable explanation for the lack
of phenotype—genotype correlation in PXE [86-88].

About 40% of all ABCC6 gene mutations in patients with PXE consist of premature
termination codon mutations and account for 25% of all mutations in PXE patients [88].
However, two mutations are recurrent in the Caucasian population, p.R1141X and g.del23-
29, which account for up to ~45% of all mutant alleles [87,88].

These ABCC6 mutations have consequences for the entire calcification pathway, as
evidenced by the downregulation of ENPP1 and NT5E gene expression in the absence
of ABCC6 [11,18], the reduced plasma levels of PPi [8], and the activation of TNAP as a
consequence of lowered adenosine production [11,20].

4.2. ENPP1

On the ClinVar database, there are nearly 100 ENPP1 pathological variants reported.
These variants present a similar profile to that found in ABCC6, with a large majority being
single nucleotide substitutions leading to missense, nonsense, splice site, and frameshift
mutations, plus some deletions and duplications. The main consequence of these disease-
causing variants, which affects all critical parts of the protein, is the inactivation of the
enzyme resulting in the failure to convert ATP (or ADP) into AMP and PPi. As NPP1 is the
only enzyme that generates PPi, plasma levels drop to near zero in its absence [89].
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5. Animal Models
5.1. The PXE Mice

Two lines of Abccé knockout (Abcc6~/~) mice were generated independently [90,91].
In these Abcc6~/~ mice, Abcc6 exons 15 to 18 were deleted. Both mouse lines lack the
ABCC6 protein and develop identical calcification phenotypes that are consistent with the
human PXE condition. The mice breed normally and have a life span of about 25+ months.
These animals display spontaneous mineralization in vascular, ocular, and renal tissues,
as well as in testes and vibrissae in the whiskers. The earliest evidence of mineralization
occurs at 5-6 weeks of age in the capsules of vibrissae. The calcification in vibrissae is
progressive and quantifiable and thus serves as a reliable marker of disease progression [92].
Heterozygous Abcc6t/~ mice do not develop any calcification. Similar to their human
counterpart, Abcc6~/~ mice have lowered plasma PPi [9,18] altered lipoproteins [93,94],
develop Randall’s plaques, and have low urinary PPi excretion [45,46]. These animals have
been invaluable for understanding the pathobiology of PXE and to test crucial pathophys-
iological hypotheses [95,96] that in vitro approaches could partially address [97]. These
mice were the ultimate tool that allowed the development of therapeutic solutions for PXE
patients [18,19,92,98,99].

5.2. The Murine DCC Phenotype and Other PXE Mouse Models

In the past years, two groups of investigators have found that ABCC6 deficiency
causes an acute and inducible dystrophic cardiac calcification phenotype (DCC) affecting
several strains of inbred mice, including C3H/HeJ, 12951/5v], and DBA /2] [12,14,100].
DCC is an autosomal recessive trait that was described decades ago [101,102]. DCC can
either occur spontaneously over the long-term, be initiated by a specific dietary regimen,
or be triggered into an acute phenotype by direct injury [103,104] or ischemia [13]. Of
note, arteries (most notably the aorta) as well as skeletal muscles, are also susceptible
to dystrophic calcification [100,105] (Le Saux et al., unpublished results). DCC is caused
by a single Abccé gene mutation in C3H/HeJ, 12951/5v], and DBA /2] mice [12], while
it is absent in C57BL/6] mice that are DCC-resistant. Note that the Abcc6~/~ mice that
have been used thus far were all backcrossed into C57BL/6]. This is important as there
are 3 other minor loci affecting the penetrance and the expression of DCC mapping to
chromosomes 4, 12, and 14 [104].

Remarkably, DCC-susceptible C3H/He]J mice develop an attenuated version of the
murine PXE phenotype as compared to the Abcc6~/~ animals, while the DBA /2] mice
present little or no manifestations [106]. It is interesting to note that the murine PXE mani-
festations reported in KK/H1]J mice are remarkably severe [107]. These mice show systemic
age-dependent ectopic mineralization, hyperplasia, and fibro-osseous lesions [108]. Calcifi-
cation mostly affects vibrissae (as for Abcc6™ /= animals), but also the heart, the lung and
many other organs to a lesser degree. Pancreatic islet hyperplasia was observed as well as
fibro-osseous lesions in several bones. More interesting is that these strains of mice carry
the exact same Abccé gene mutation and have similar plasma PPi levels (Figure 2), which
clearly underlie the possible role of other factors such as the environment [19] and/or
modifier genes in the development of ectopic calcification [109,110].
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Figure 2. Plasma pyrophosphate levels do not correlate with the calcification phenotype in mice.
Plasma pyrophosphate levels in Abcc6 =/~ mice (C57BL/6] background), and in C3H/H1] mice with
a naturally occurring Abcc6 mutation are virtually identical and significantly lower than wild type
C57BL/6] mice. However, at 12 months of age, Abcc6~/~ mice present a much more pronounced
vibrissae calcification as shown on this pCT scan rendering (right, arrows). Plasma PPi results are
shown as means +SEM. p-values were determined by Student’s ¢-test. ** p < 0.01, **** p < 0.0001.
Derived from [111].

5.3. The PXE Rat

PXE mouse models have been excellent research tools but their small physical size can
be an impediment to using certain investigative tools and techniques such as perfusion or
organ transplantation. In a recent report, Li et al. described the generation of Abcc6~/~ rats
using zinc finger nuclease (ZFN) technology [112]. These animals displayed a calcification
phenotype similar to that of Abcc6~/~ mice, with mineralization in the skin (vibrissae),
eyes (Bruch’s membrane), kidneys, and arterial beds. Plasma PPi levels were depleted by
more than 60%, which is consistent with Abcc6~/~ mice and PXE patients. Using in situ
perfusion experiments, the authors observed a near abolition of PPi levels in liver (and
kidney) perfusates, which has also been described in mice [9,18].

5.4. The “"PXE” Zebrafish

Rodent models present remarkable similarity to human diseases and have proven
extraordinarily useful. However, like all models, these systems have limitations, i.e., a
relatively long life span and the associated cost of development and maintenance. Zebrafish
are models that address some of these limitations and provide higher “n” numbers for
observation and quantification. Zebrafish carry two orthologs of human ABCC6 referred to
as abccb6a and abcec6b. These genes encode proteins of 1507 and 1502 amino acids, respectively,
which are similar to the human polypeptide at 1503 amino acids. Abcc6a and -b have ~50%
identity and ~70% similarity with the human protein, respectively. The first attempt to
generate a zebrafish model used morpholino technology, which is now progressively
replaced by genome-targeting methods such as CRISPR/Cas9 because it has often been
difficult to discriminate between specific and non-specific effects. Li et al., 2010 reported
the expression profiles of both abccéa and abcc6b and the lack of phenotype associated
with abcc6b knockdown [113]. Injection of abccba-specific morpholinos induced cardiac
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and developmental malformations followed by death of the animals. This phenotype
could be rescued with injection of mouse Abcc6 cDNA, suggesting some evolutionary
conservation in the physiological function of ABCC6. More recently, van Gils and co-
workers described a CRISPR/Cas9 abcc6a knockout zebrafish [114]. This zebrafish model
showed hypermineralization of the spine starting in the embryonic stage and progressing
into adulthood with scoliosis, vertebral and rib mineralization and loss of normal bone
architecture. These manifestations are not consistent with the human PXE condition and
there was no obvious mineralization in the skin or in the eyes. Thus, the abcc6a zebrafish
model develops an abnormal calcification phenotype but one that does not recapitulate
the human PXE. A new zebrafish model was recently created using the transcription
activator-like effector nuclease (TALEN) technique [115]. These animals displayed similar
skeletal changes as well as calcification in the ocular Bruch’s membrane and a range of other
previously unreported manifestations, such as cardiac fibrosis. Remarkably, this phenotype
could be attenuated by vitamin K treatment, similar to what had been previously reported
in 2015 with another zebrafish model [116].

Overall, zebrafish have shown some utility, notably in the characterization of the
4-phenylbutyrate treatment option for PXE [117], but their evolutionary distance and
phenotypic divergence limit their usefulness for understanding the pathophysiology of PXE.
However, they could be excellent preliminary testing tools for anti-calcification treatments.

5.5. The GACI Models
5.5.1. GACI Mice

The first evidence of a link between defective Enppl expression and abnormal min-
eralization was first demonstrated in ‘tiptoe walking’ (ttw/ttw) mice [118]. The various
Enpp1 deficient mouse models that exist present similar characteristics. The animals with
a naturally occurring mutation (ttw/ttw) carry a homozygous nonsense variant in the
Enppl coding sequence [118], whereas another mouse model harbors a missense muta-
tion [119]. The phenotype of these mice includes progressive ankylosing intervertebral
and peripheral joint hyperostosis, as well as spontaneous arterial and articular cartilage
calcification and increased vertebral cortical bone formation. Low plasma PPi and PXE-like
calcification are fundamental characteristics of these mice [119,120]. These animals also
have abnormal ossification, cardiovascular pathologies and altered glucose homeostasis
and diabetes [121,122].

5.5.2. The GACI Zebrafish

Similar to PXE and ABCC6, a zebrafish model of GACI was generated targeting the
Enpp1 gene [123]. Unlike the abcc6a KO counterparts, these mutant zebrafish developed
ectopic calcifications similar to that seen in GACI and PXE models in a variety of soft
tissues that included the skin, cartilage, heart, intracranial space, and the notochord sheet.
Treatment with the bisphosphonate etidronate (a PPi analog) rescues some aspects of the
phenotype. The report also noted that the expression of Enpp1 in blood vessels or the floor
plate of mutant embryos was able to rescue the notochord mineralization phenotype.

6. Rescue and Therapeutic Solutions

In recent years, basic science has elucidated the molecular etiology underlying
PXE [6,8,13,76,87,96,124,125], which has led to rapid advances in the development of
many potential therapeutic options for PXE and GACI and the recent completion of three
pilot clinical trials [18-20,80,99,117,126-130]. Among the several approaches (summarized
in Table 1) that have been considered are enzyme replacement therapy, rescue drugs,
and enzyme inhibitors, as well as exogenous compounds such as PPi. All target various
steps in the ABCC6 pathway (Figure 3) with the goal of either slowing or reversing the
progression of the disease. Figure 3 outlines many of these approaches and indicates the
targeted parts of the molecular pathway. We discern two main categories of therapeutic
solutions that have undergone development and testing, thus far. Most of these therapeutic
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solutions have been tested in pre-clinical animal models (mice and zebrafish) and a few
phase I/1I clinical trials. Beyond what is described in these paragraphs, note that there
are larger scale trials in preparation and further drug development that are taking place
based on past lessons and data. We cannot describe these ongoing efforts here for reasons
of confidentiality or simply for lack of detailed information.

Table 1. Preclinical studies and early clinical trials for PXE (and GACI).

Treatment/Therapy Rationale/Target Diagnosis References

Correction, replacement, or inhibition of dysfunctional genes/proteins

PTC-124 (Ataluren or Translarna) Allows read-through of PTC. codons, targets PXE [131]
nonsense mutations
4-Phenylbutyrate (4-PBA) Corrects missense mutations auowmg for PXE [80,99,117]
correct cellular localization
Rh-NPP1-Fc Replacement for ENPP1 GACI [89,132,133]
SBI-425 (TNAP inhibitor) Inhibits the enzymatic activity of TNAP PXE [20,127]
Glycoprotein that forms complexes with
Fetuin-A calcium and phosphate ions, acts as an PXE [134,135]
inhibitor of ectopic calcification
Adenovirus with ABCC6 cDNA Transiently express ABCC6 in the liver PXE [136]
Bevacizumab (Anti-VEGF) + Anti-angiogenic therapy; Preserves ocular PXE [24]

function in advanced and early disease stages

Supplementation therapies for direct inhibition of calcification

Sevelamer hydrochloride (Renagel) Phosphate binder PXE [130,137]
Magnesium Inhibits the formation of apatite PXE [129,138,139]
Vitamin K (phylloquinone/menaquinone) Correct for insufficient carboxylation of PXE [92,115,116,140-143]

matrix gla protein (MGP)
Non-hydrolyzable analog of PPi, inhibits

Bisphosphonate (etidronate *, zoledronate) . PXE and GACI [18,55,126,144-148]
enzymes that utilize pyrophosphate
Potent inhibitor of calcification, ABCC6
* r
Pyrophosphate modulates PPi production PXE [18,19,120], PROPHECI
INS-3001 (IP6 derivative) Known inhibitor of calcification PXE [149]
Sodium thiosulfate Approved for calciphlaxis PXE [59]

* Denotes treatments undergoing clinical trials, T currently in use in PXE patients. PXE, pseudoxanthoma elasticum; GACI, generalized
arterial calcification of infancy; MGP, matrix gla protein; PPi, pyrophosphate.

Magnesium, vitamin K, phosphate binder
fetuin-A, INS-3001, sodium thiosulfate
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Figure 3. Tested therapeutic Interventions targeting different steps in the ABCC6 pathway to prevent calcification in
PXE/GACI. Red boxes point to approaches that were tested in preclinical models and that are currently under human
evaluation/trials.
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6.1. Treatment Outcome Conundrum

Before we begin describing treatment options, there is one important point to address.
With the multiplicity of therapeutic solutions developed and tested, there has been strong
consideration given by both scientists and physicians as to what clinical criteria should be
used to reliably evaluate and quantify treatment outcomes for PXE patients. This debate,
which has been ongoing for several years, has yet to be settled due to the complexity of
the PXE phenotype as multiple organ systems (skin, eyes, cardiovascular, renal, etc. ... )
are affected with various degree of distribution, severity and considerable inter- and intra-
familial variability [150-152]. Indeed, identical mutations can cause the relatively mild PXE
or severe GACI [17] in humans but also in mice [111]. The lack of genotype/phenotype
correlation only compounds the problem. However, a very recent clinical study performed
with 289 PXE patients found that mixed genotype led to less severe arterial calcification and
ocular manifestations than patients with two truncating ABCC6 variants and suggested that
environmental or modifier genes could also contribute to the still unexplained phenotypic
variability in PXE [153]. The presence of modifier genes modulating calcification in PXE has
been investigated in human and mice but their predictive values for clinical applications
are not clear [109,110,147,150,154-156]. Moreover, PXE is a slow and chronic disease with
stepwise progression of the phenotype occurring over a period of time measured in years,
if not decades [157]. The progression of calcification in Abcc6~/~ mice mirrors that of
humans and typically takes many months to develop [18,92]. PPi has been considered as
a potential biomarker as it is central to the etiology of PXE [8] but its plasma levels only
bring partial information as to the status of the disease [158] (See Figure 2). Furthermore,
the daily and long-term natural variations of plasma PPi are not well known. Measuring
calcification is an obvious approach but its quantification in a non-invasive or minimally
invasive manner is not a trivial task. Invasive biopsies were tested in early trials in semi-
quantitative evaluations [129,130]. However, these trials did not yield positive conclusions
and it is possible that the quantification methodology combined with the heterogeneity
of the manifestations may have contributed to the inconclusive results. The capacity of
18F-sodium fluoride (*®F-NaF) positron emission tomography/computed tomography
(PET/CT) to identify and evaluate metabolically active osteogenesis in skin and arteries
in PXE patients has been demonstrated [159,160]. This method was applied in the recent
TEMP clinical trial and was able to discern some phenotypical changes within a year
following etidronate administration (Cf. Section 6.7.4) [126]. Although the potential of
some novel methodology is being investigated, at this time [161], PET/CT scan is probably
the best option available to evaluate treatment outcome in PXE patients, but it requires
access to well-equipped medical centers. However, it is very likely that a combination of
methodology and multiyear trials will be needed to achieve clear and objective results in
the future.

6.2. Palliative Treatment: An Ocular Therapy for PXE

As described above, PXE leads to severe visual impairment as a consequence of
choroidal neovascularizations resulting from angioid streaks. Visual loss is one of the
PXE manifestations that impacts quality of life the most. Photodynamic therapy has been
explored but was not found to be effective [162]. Because the monoclonal antibody against
the vascular endothelial growth factor (VEGF-Bevacizumab) has been shown to be benefi-
cial for the treatment of choroidal neovascularizations secondary to age-related macular
degeneration [163], which present many similarities with PXE, Finger et al. performed a
retrospective analysis with a small cohort of PXE patients to determine the effectiveness
of repeated intravitreal injections of Bevacizumab on visual acuity and morphologic out-
comes [24]. The results were unequivocal in showing that this therapy preserved ocular
function in cases of advanced disease and improved function in early stages. As a result,
anti-VEGF therapy has become a common symptomatic treatment for PXE patients.
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6.3. Targeting ABCC6

ABCC6 deficiency causes a broad spectrum of manifestations beyond calcification
that includes vascular malformation (rete mirabile, carotid hypoplasia) [164], dyslipidemia,
and atherosclerosis [93,94], as well as ischemic stroke [165], inflammation [159], premature
cellular senescence in hepatic cells and dermal fibroblasts [166,167], increased infarct size,
and apoptosis [168]. ATP released by ABCC6 and the nucleotides/nucleosides generated
downstream by the ectonucleotidases NPP1 and CD73 regulates cellular signaling towards
P2 (nucleotides) and P1 (Ado) receptors, which have a wide range of physiological influ-
ences that could well explain these other manifestations [124]. The primary advantage and
benefit from therapies that directly aim at restoring ABCC6 function would be the potential
rescue of the full spectrum of manifestations, not just calcification.

6.3.1. PTC-124

About 400 distinct disease-causing variants have so far been reported in the ABCC6
gene (https:/ /www.ncbi.nlm.nih.gov/clinvar, accessed on 3 February 2021). A little more
than 1/3 of all variants are nonsense that most likely result in nonsense-mediated decay
or possibly truncated ABCC6 proteins. The most common and recurrent variant (and the
first to be identified) is the nonsense p.R1141X, which accounts for ~30% of all pathogenic
alleles in PXE patients of Caucasian descent [169,170].

Correct protein synthesis is at the core of biological processes of all living organisms.
Therefore, many compounds with the ability to overcome premature termination codons
(PTC) have been studied over the years with the hope of restoring full-length protein
synthesis as a therapeutic approach for heritable diseases [171]. Indeed, about 12% of
human genetic disorders are caused by nonsense mutations, leading to the generation of
PTC. This strategy was tried previously with cystic fibrosis patients. In a phase II clinical
trial, these patients were given 1,2,4-oxadiazole (PTC-124), a non-aminoglycoside nonsense
mutation suppressor, with some success [172]. However, follow-up phase III trials were
relatively unsuccessful [173]. This drug is approved for clinical use by the European
Medicines Agency (EMA) to treat Duchenne muscular dystrophy but not by the Federal
Drug Administration in the US. It is commercialized under the names of Ataluren or
Translarna and can be delivered orally. It has not yet been tried clinically for PXE patients.

One preclinical study examined the efficacy of PTC-124 in a “PXE” zebrafish mor-
pholino model. Zhou et al. utilized HEK293 cells transfected with ABCC6 expression
vectors harboring seven different PXE-nonsense mutations, including the most common
stop codon mutation, p.R1141X, to evaluate whether PTC-124 could facilitate read-through
of these variants [131]. Using immunostaining, they found that the amount of full-length
protein synthesis was increased after 72 h of treatment with PTC-124 at a concentration
of 5 ug/mlL. To test the functionality of these potential full-length read-through ABCC6
proteins, they employed a zebrafish morpholino rescue system. As PTC-124 primarily
replaces UAG PTC with tRNA corresponding to Trp, Cys, and Arg (here replaced by Gly),
the authors of this study showed that these three possible read-through ABCC6 variants
rescued an Abccbéa morpholino-induced phenotype in zebrafish. Of note, in the ABCC6
mutation database, a single missense variant affecting codon R1141 is reported as p.R1141Q
and is classified as benign. It is therefore possible that substitutions at the R1141 site may
not have negative impact. Despite these encouraging results, the study did not address
calcification and there has been no follow-up study in mouse models of PXE.

One important argument for using PTC-124 would be restoration of the full physio-
logical function of the entire ABCC6 — NPP1 — NT5EATNAP pathway (Figures 1 and 3)
as the Enppl, Ntbe and Alpl genes are affected in the absence of Abcc6 [11,18]. In addition, a
large fraction of ABCC6 disease-causing variants are nonsense, notably the R1141X variant,
which is particularly prevalent in Caucasian PXE and GACI patients [169,170]. Another
advantage favoring PTC-124 is its oral delivery and that only one allele needs to be targeted,
as PXE and GACI are recessive diseases. However, these advantages are also limitations,
as treatment would only be restricted to those carrying nonsense alleles.


https://www.ncbi.nlm.nih.gov/clinvar

Int. J. Mol. Sci. 2021, 22, 4555

13 of 29

6.3.2. 4-Phenylbutyrate (4-PBA)

Drug repurposing has gained attention over the past years to cut development cost in
part because the safety of the drugs is known and the risk of failure is reduced. This is par-
ticularly advantageous for rare diseases like PXE and GACI. 4-phenylbutyrate (4-PBA) is an
aromatic fatty acid normally used to treat urea cycle disorders and thalassemia [174-176].
One of its metabolites, phenylacetylglutamine, contains the same nitrogen amount as urea,
and is thus an alternative to capturing excess nitrogen before excretion by the kidneys.
4-PBA is classified as an orphan drug commercialized under the names of sodium phenyl-
butyrate in the U.S. and BUPHENYL or AMMONAPS in other countries. Glycerol phenyl-
butyrate (RAVICTI) is a related compound. It is a triglyceride pro-drug containing three
molecules of 4-PBA linked to a glycerol backbone. RAVICTI is an FDA-approved alterna-
tive to sodium 4-PBA, recommended for pediatric use due to its improved palatability [177].
4-PBA also influences the transcription of endoplasmic reticulum chaperones [178] and this
off-target property has been exploited to treat patients with diseases caused by improper
translocation of proteins to the plasma membrane, including other ABC transmembrane
proteins [179-182].

The repurposing of 4-PBA for use in PXE has been explored in vitro as well as with
Abcc6~/~ mice [80,99,117]. 4-PBA was first tested to determine if it could restore the normal
cellular trafficking in vitro and in vivo of 10 frequently occurring disease-causing ABCC6
missense mutants as well as phenotypic rescue in zebrafish. Seven of the mutants were
transport-competent but were retained intracellularly. 4-PBA successfully restored the
plasma membrane localization and functionality of four of these ABCC6 mutants thus
providing the first evidence that 4-PBA therapy was possible for selected patients with
PXE and GACL.

In a follow-up study, the combination of 4-PBA treatment and the transient expres-
sion of human ABCC6 mutants in the liver of Abcc6~/~ mice was tested against the DCC
phenotype, which is a reliable indicator of ABCC6 function [99]. Treatments restored
the physiological function of human ABCC6 mutants and inhibited calcification, but in-
terestingly, failed to restore PPi levels in plasma. However, collectively these studies
demonstrated the credibility of 4-PBA for the treatment of both PXE and GACI [99].

The main advantage of 4-PBA is similar to that of PTC-124 and this drug has been in
clinical use for several decades. This would certainly facilitate and expedite clinical trials if
it were to be tested in eligible PXE/GACI patients. The limitations of 4-PBA would also be
similar to those of PTC-124, being an allele-specific drug that can only be applied to ABCC6
missense mutants with verified sensitivity to the drug. However, the premise of potentially
superior approaches focused on restoring PPi levels have supplanted both PTC-124 and
4-PBA and no clinical studies are currently envisioned for either drug.

6.4. Targeting NPP1

As most cases of GACI are caused by mutations in ENPP1, enzyme replacement
therapy has been proposed as a potential strategy to counteract the clinical manifestations
of the disease. NPP1 is a key enzyme in the calcification pathway, converting extracellular
ATP into adenosine monophosphate and PPi. There has been success with this strategy
in preclinical studies. Albright et al. demonstrated that replacement therapy with solu-
ble recombinant human NPP1 (rhNPP1-Fc) successfully reduced ectopic mineralization,
improved plasma PPi levels, and prevented mortality in a rodent GACI model [132]. An-
other study evaluating cardiac outcomes found recombinant NPP1 reduced not only aortic
calcification, but also improved cardiovascular function and blood pressure [133].

GACI presents manifestations beyond calcification that can potentially be attributed to
the influence of NPP1 enzyme activity on extracellular purinergic metabolism [89], which is
consistent with what has been found for ABCC6 and PXE [124]. In a recent study, Nitschke
and co-workers showed that nearly % of GACI patients display arterial stenoses due to
intimal proliferation of vascular smooth muscle cells (VSMC) [89]. This phenotype can be
reversed effectively in culture and in vivo with thNPP1-Fc or with adenosine. However,
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neither PPi nor the bisphosphonate etidronate (an off-label treatment for GACI) had an
effect on VSMC proliferation. This is an important finding as it pertains directly to PXE.
Indeed, NPP1, which is immediately downstream of ABCC6, is not only essential for
the generation of extracellular PPi but also for the cleavage of extracellular ATP into
adenosine via the action of CD73 (Figures 1 and 3). Remarkably, CALJA patients with
NT5E mutations (and inactive CD73) develop similar vascular obstructions in the lower
extremities in adulthood [10].

rhNPP1-Fc has yet to be tested in rodent models of PXE; however, there are some
indications that it could potentially be used in this case as well. It has been observed,
even with complete ABCC6 deficiency, that there are fairly high residual plasma levels of
PPi (~40%), indicating that other sources of extracellular ATP exist [9,112]. However, it
is possible that this strategy would require combination therapy to increase ATP release
from cells other than hepatocytes and replace NPP1 in order to restore plasma PPi levels.
However, preclinical studies are needed to demonstrate the viability of this therapeutic
strategy for PXE.

6.5. Targeting TNAP

Alkaline phosphatases are a group of isoenzymes located at the cell surface catalyzing
the hydrolysis of organic phosphate esters in a variety of phosphate-containing physio-
logical compounds. They contribute to a range of physiological functions such as DNA
synthesis, in addition to regulating calcification [183-186]. Alkaline phosphatases are clas-
sified as tissue-specific and tissue non-specific. The isoenzymes found in the intestine,
placenta, and germinal tissue are tissue-specific, whereas the tissue non-specific (TNAP),
often referred to as the liver/bone/kidney alkaline phosphatase, is found in these and
other tissues. These alkaline phosphatases are encoded by four different genes and each
has distinct functions.

The first evidence of a physiological connection between TNAP and a pathology
closely related to PXE was reported in 2011 by St Hilaire et al. [187], even though a
molecular connection was established a few years later [10,168]. This was followed by
a more elaborate series of experiments using cell culture and several mouse models tar-
geting the transporter/enzymes of the ABCC6 pathway (Figures 1 and 3) [20]. Using
primary skin fibroblasts from PXE patients with confirmed ABCC6 mutations, Ziegler et al.
found that these cells had elevated ALPL gene expression and associated TNAP enzymatic
activity as compared to controls. The authors also investigated the effects of a TNAP in-
hibitor, SBI-425 (30 mg/kg/day), administered in the food of Abcc6~/~ mice vs. etidronate
(240 mg/kg/day) or normal chow starting at 6 weeks of age for 14 weeks. MicroCT scans
at 20 weeks revealed significant attenuation of calcification in both the mice treated with
the TNAP inhibitor or etidronate. Furthermore, SBI-425 inhibited TNAP activity, whereas
etidronate did not. More promising still as a potential therapeutic, Abcc6~/~ mice aged
to 20 weeks and treated with the TNAP inhibitor did not show the same progressive
calcification as control animals, although the treatment did not reverse existing calcification
in this experimental context. Remarkably, Ziegler and colleagues found that plasma PPi
levels did not increase after SBI-425 treatment, despite decreased plasma TNAP activity.
This is somewhat surprising as PPi concentration in the plasma of Nt5¢~/~ mice is signifi-
cantly reduced [188]. Indeed, the lack of CD73 (NT5E) function leads to less adenosine and
higher TNAP activity, resulting in higher rates of PPi hydrolysis. This apparent discrepancy
is consistent with other circumstantial evidence [111,144], suggesting that plasma levels
do not adequately reflect the steady state levels of PPi in connective tissues where it is
most relevant.

A follow-up study used a slightly different approach to explore the role of TNAP in
the calcification phenotype of PXE and GACI using Abcc6~/~ Alpl*/~ double-mutant mice
and Enppl~/~ animals [127]. Mice heterozygous for Alpl in an Abcc6-deficient background
showed both reduced plasma TNAP activity and mineralization as compared to controls,
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and the administration of SBI-425 led to similar results. By contrast, SBI-425 treatment of
Enppl~/~ mice did not produce any significant change in mineralization.

Overall, these studies demonstrated that inhibition of TNAP is a convincing treat-
ment strategy for PXE (but maybe not for GACI). In fact, it is convincing enough that a
pharmaceutical company is investing in this approach.

6.6. Gene Therapy

In 2010, an esoteric approach was explored based on the observation that plasma
levels of fetuin-A in patients with PXE as well as in Abcc6~/~ mice are reduced by up to
30%. Fetuin-A is a circulating “hepatokine” predominantly synthesized in the liver, which
possesses diverse physiological functions, including bone metabolism regulation, vascular
calcification, and insulin resistance. Because fetuin-A is able to form complexes with
calcium and phosphate ions, it acts as an inhibitor of ectopic calcification. Mice deficient
in this glycoprotein show systemic calcification of soft tissues [134]. In this study [135], a
fetuin-A cDNA was transiently expressed in the liver of Abcc6~/~ mice and resulted in
an approximately 70% reduction of whisker calcification. However, the positive effects on
calcification were not persistent.

More recently, the transient expression of the human ABCC6 in mouse liver was shown
to have a positive effect on DCC [13], while permanent expression via transgenes produced
remarkable effects on ectopic calcification in several tissues (whiskers, kidneys, heart),
despite having only modest effects on plasma PPi [18].

A more elaborate methodology was explored with the intravenous administration to
Abcc6~/~ mice of a recombinant adenovirus carrying a cDNA encoding the normal human
ABCCE6 [136]. The mice showed high-level expression of the human ABCC6 in liver for
several weeks post-delivery. This resulted in the normalization of plasma pyrophosphate
levels. For sustained expression up to three repeated adenovirus injections 4 weeks apart
were also tested with success. At the time of sacrifice the mice were 4-5 months old and
showed very limited signs of mineralization in vibrissae. By contrast, treatments applied
to older mice (11 months old) had no effect on existing mineralization. The human species
C adenovirus serotype 5 (Ad5) used in this study is one the most frequently used gene
delivery systems in animal and clinical studies [189] and presents a high predilection
for liver transduction, which is the primary site of expression of ABCC6 [79,81]. This
proof-of-concept study suggested that adenovirus-mediated ABCC6 gene delivery may be
possible to treat PXE and ABCC6-related GACI patients, when gene therapy, especially one
targeting the liver, has reached sufficient maturity for clinical use.

6.7. Supplementation Therapies for Direct Inhibition of Calcification

Treatments with exogenous compounds such as magnesium, bisphosphonates (PPi
analogs), and PPi are focused on reducing or counteracting the excessive susceptibility
to mineralization found in PXE and GACI patients and to slow or interrupt the clinical
progression of the disease.

6.7.1. Calcium and Phosphate

Quickly after the generation of mouse models for PXE [90,91], several studies were
initiated to look at the effect of dietary minerals (calcium, phosphate, magnesium) that
could influence ectopic mineralization. Interestingly, a first attempt at altering the level of
dietary calcium fed to Abcc6~/~ mice produced no significant effect on the calcification
phenotype [138], mostly likely because plasma calcium levels are normally kept within
a narrow range. However, changes to dietary minerals, notably phosphate, produced
significant effects on soft tissue calcification in Abcc6~/~ mice [137]. These results prompted
the exploration of phosphate binders as therapy. However, experimental testing in mice
and human PXE patients showed this approach to be ineffective [130,137].
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6.7.2. Magnesium

Magnesium (Mg?*) is another mineral that inhibits the formation of apatite. In healthy
individuals, serum magnesium concentrations are carefully balanced in a narrow range [190].
The kidneys are the main organs controlling systemic Mg?* homeostasis, where its trans-
port is highly regulated by hormonal and other intrarenal factors [191]. Bones are the main
reservoir of Mg?*, holding ~60% of the total body content. Mg?* in bones is primarily
embedded at the surface of the apatite crystals [192]. Because of its inhibitory properties
towards calcification and oral bioavailability, Mg?* supplementation appeared to be a good
option to decrease soft tissue calcification in pathologies with calcification such as chronic
kidney disease (CKD) [193], but also in PXE, as both share some phenotypical character-
istics [194]. Preliminary testing in Abcc6~/~ mice with increased dietary Mg?* showed
results [138,139] encouraging enough that a prospective human clinical trial was initiated
(NCTO01525875). However, the translation to humans proved to be inconclusive [129],
probably because the dosages used in animal models exceeded what could actually be
tolerated in humans and/or as a result of the method for phenotype evaluation methodol-
ogy (Cf. Section 6.1). Therefore, Mg?* supplementation is probably not a viable treatment
strategy, at least on its own.

6.7.3. Vitamin K

Normal bone mineralization is a highly regulated process, requiring a fine balance
between inhibitors and promoters of calcification [195,196]. Among these regulators of
mineralization, Matrix Gla Protein (MGP) and osteocalcin (OC) are two proteins reliant
on carboxylation for activation and function [196,197]. Gheduzzi et al. described in 2007
high levels of undercarboxylated MGP in the circulation of PXE patients. Uitto et al. also
reported the presence of mostly undercarboxylated MGP in the calcified vibrissae of the
Abcc6~/~ mice [198]. At about the same time, a remarkably PXE-like phenotype was de-
scribed in patients carrying mutations in the gamma-glutamyl carboxylase gene (GGCX)
that encodes an enzyme essential for the carboxylation of MGP and OC as well as clotting
factors [199]. Because vitamin K is an essential component in the post-translational carboxy-
lation of glutamate residues (Glu) in these proteins, it was logically proposed that a vitamin
K precursor or a conjugated form was the potential substrate(s) for ABCC6 and that insuffi-
cient carboxylation of MGP was the cause of abnormal calcification in PXE [200]. The fact
that PXE patients have low serum levels of vitamin K [201], and that skin fibroblasts from
patients present molecular signatures of impaired vitamin K-dependent carboxylation [202]
gave further support to this notion. It was the first hypothesis that not only provided a
strong and credible explanation to the calcification phenotype of PXE, but was also easily
testable and offered the prospect of an affordable treatment. The PXE scientific community
lost no time in developing competing studies using Abcc6~/~ mice to test various active
forms of vitamin K, primarily K1 and K2 (i.e., phylloquinone or menaquinone), through
dietary supplementation. In quick succession, three publications reported disappointing
results, as none of the vitamin K forms tested at high or low concentrations stopped or
reversed PXE mineralization [92,140,141]. Despite these negative results, interest in the
relationship between vitamin K metabolism and abnormal calcification in PXE and GACI
continues and several follow-up studies have since been published [115,116,142,143]. How-
ever, neither phylloquinone or menaquinone are considered to be viable treatment options
for the time being.

6.7.4. Bisphosphonate Treatment for PXE and GACI

Bisphosphonates are non-hydrolyzable analogs of PPi with two phosphonate (PO3)
groups covalently linked to a central carbon (instead of an oxygen) and two side chains
that determine chemical characteristics. There are two categories of bisphosphonates based
on the presence of a non-nitrogenous or nitrogenous side chain. Because bisphosphonates
mimic the structure of PPi, they have similar properties and can inhibit enzymes that
utilize pyrophosphate. Bisphosphonates have been used clinically for decades in the
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treatment of osteoporosis and Paget’s disease of bone, as well as other applications related
to mineralization.

The bisphosphonate etidronate has been used to treat GACI patients and early treat-
ments improved GACI outcome [145]. Retrospective analyses have confirmed that survival
beyond infancy is markedly improved with etidronate therapy [55,146]. However, this
treatment seems to induce undesirable side-effects as a recent case report highlighted signif-
icant inhibition of skeletal calcification with paradoxical joint calcifications in a 7-year-old
GACI patient [145]. Furthermore, studies on uremic rats or Enppl~/~ mice suggested that
this bisphosphonate is incapable of preventing de novo calcification without alteration to
bone structures [203,204].

For PXE, a first study reported the anti-calcification properties of zoledronate (ni-
trogenous) in an in vitro series of experiments with primary fibroblasts [147]. However,
more elaborate studies with mouse models showed that only administration of etidronate
(non-nitrogenous), but not alendronate (nitrogenous), prevented ectopic mineralization.
However, etidronate treatment did not reverse existing mineralization [18,144,148]. The
effect of etidronate was accompanied by alterations in the trabecular bone microarchitec-
ture similar to what was described for Enpp1~/~ mice. Although the results suggested that
biphosphonates could be used as potential treatments for PXE, the high dosages and/or
the bone alterations are potentially detrimental in the long term.

However, these animal studies and the fact that etidronate is an approved drug already
tested for off-label applications against calcification in GACI and basal ganglia calcifica-
tions [205] were sufficiently convincing that a clinical trial termed Treatment of Ectopic
Mineralization in PXE or TEMP was initiated in the Netherlands [126]. This investigation
primarily tested effectiveness and safety of etidronate administration in PXE. The 12-month
long investigation used a cyclical treatment of 20 mg/kg for 2 weeks every 12 weeks in a
randomized, placebo-controlled phase I/1I with 74 participants. The primary outcome was
ectopic calcification as determined by '®fluoride positron emission tomography scans in
femoral arterial tissues. Secondary outcomes were computed tomography arterial calcifica-
tion and ophthalmological changes. Safety outcomes were bone density, serum calcium,
and phosphate. The overall results were somewhat mixed, with PXE patients that received
etidronate seeing reduced arterial calcification and subretinal neovascularization events.
However, they did not experience lower femoral fluoride positron emission tomography
activity, suggesting that active mineralization was still ongoing. Overall, no adverse effects
from the treatment were reported.

Of note, another phase I/1I clinical trial with a French cohort is in preparation and is
called PyROphosPHate supplementation to fight ECtoplc calcification in PXE (PROPHECI,
registration: https:/ /scanr.enseignementsup-recherche.gouv.fr/project/ PHRCN-PHRC-
19-0402, accessed on 2 March 2021). This trial will use oral disodium PPi, but etidronate
will be used as a control instead of a placebo.

6.7.5. Pyrophosphate (PPi)

The idea of using PPi as a therapeutic for PXE and GACI came quickly after the dis-
covery that ABCC6 modulates PPi production [8,9], though the idea of using PPi to prevent
ectopic calcification was not new [206,207]. Considering the short half-life of PPi in plasma,
several experimental approaches were devised to counteract calcification in PXE and GACI
mouse models. Two groups proceeded to test different methodologies, with either a single
daily bolus injection [18] or continuous delivery via drinking water [120]. The first study
found that daily injections achieved near complete suppression of ectopic mineralization
in several tissues despite a relatively poor bioavailability of about 0.5%. Importantly, and
similar to other forms of treatments tested thus far, established mineralization could not be
reversed [18].

Because daily injections are not necessarily practical for the lifelong treatment needed
for PXE or GACI patients, oral administration was also evaluated [120]. Adding sodium PPi
to drinking water sustainably raised plasma PPi in both Abcc6~/~ mice as well as in human
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volunteers, and significantly decreased calcification in both PXE and GACI mouse models.
However, calcification inhibition was not complete. One of the remarkable discoveries
of the latter study was that, contrary to previous beliefs [208], PPi is bioavailable when
administered orally, although poorly (~0.1%), but is still effective against mineralization.

Furthermore, there has been a recent and inadvertent discovery that modulating PPi
from dietary sources can also be effective at reducing calcification in Abcc6~/~ mice [19].
These findings were prompted by a routine change in the supplier of institutional rodent
diet. The new chow was enriched in PPi (a fact unknown to the manufacturer and the
research laboratory), leading to a doubling of plasma PPi and a halving of calcification
in Abcc6~/~ mice. Dietary PPi is also readily absorbed in humans with a bioavailability
comparable to that of drinking water (~0.1%), which suggests that dietary preference could
contribute to the considerable and still unexplained phenotypic heterogeneity in PXE [19].

These recent studies unambiguously showed that PPi supplementation via oral deliv-
ery or even by injection are arguably the most promising and credible strategies for treating
PXE (and GACI) patients. Indeed, PPi would be a simple and low-cost medication and it
has a very safe profile. It is a nontoxic, physiological metabolite as per the World Health
Organization (WHO). The US Food and Drug Administration (FDA) lists it as Generally
Recognized As Safe and it is designated as food additive E450(a) in Europe. PPi is thus
widely used in the food industry as a preservative in canned seafood, in baking soda, in
cured meat, etc. ... and is even present in toothpaste.

For these reasons, a phase II clinical trial using capsulized disodium PPji is currently
being conducted (NCT04441671) while the PROPHECI clinical trial (see above) for PXE pa-
tients is currently in preparation and also proposes to test the oral delivery of encapsulated
disodium PPi.

Of note, several pharmaceutical companies are now investing in the testing and
manufacturing of new PPi formulations for the treatment of calcification in PXE, GACI,
and other diseases.

6.7.6. Phytic Acid (IP6)

Phytic acid (myo-inositol hexakisphosphate; IP6) is a phosphate ester of inositol.
Its anti-calcification properties have been known for some time [209,210]. IP6 has poor
bioavailability and pharmacokinetics, which has prompted the development of a series
of derivatives [211]. These were tested in Abcc6~/~ mice [149]. Compound INS-3001 was
found to be superior in calcification inhibition both in vitro and in vivo and displayed a
better plasma half-life as compared with IP6 [211]. INS-3001 was administered to Abcc6 —/=
mice before and after the onset of mineralization at various dosages via two methods, either
microosmostic pumps for continuous delivery or sub-cutaneous bolus injections. With the
highest dosages of 4 to 20 mg/kg/day, calcification inhibition in vibrissae was effective,
though calcification reversal was not attained in the longest duration of the treatment
(12 weeks). Although phytic acid (IP6) is a safe compound found in food such as plant
seed and had the FDA designation Generally Recognized as Safe (GRAS), INS-3001 is a
new product with good potential but it remains to be fully evaluated for clinical use.

6.7.7. Sodium Thiosulfate

Sodium thiosulfate (NayS;03) is an industrial compound with a long clinical his-
tory [212] and it is commonly employed as a food preservative. It was originally used as
an intravenous medication for metal poisoning [213]. It is now approved for the treatment
of certain rare medical conditions notably calciphylaxis [214]. For this reason, intravenous
sodium thiosulfate was recently administered to a single PXE patient with polygenic inher-
itance and severe early-onset manifestations [59]. This treatment achieved a remarkable
regression of calcific stenosis in the coeliac and mesenteric arteries. However, significant
side-effects resulted in discontinuation of the treatment and in the relapse of the symptoms.
It is unclear if this treatment could be generalized to PXE and/or GACI patients but its
potential use for the reversal of existing calcification should be explored, perhaps as a
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temporary measure to reduce existing calcification before a long-term inhibitory treatment
can be applied.

7. Conclusions

We have learned much about ABCC6 [21] since its initial discovery 20 years ago [5-7],
from its transcriptional regulation [215-217], expression profile [79,81,128], and molecular
function and connections to an existing molecular pathway [8,9], to means and ways
to rescue this transporter and treatments for PXE [18,19,92,98,99]. In two decades, PXE
has gone from gene discovery to early clinical trials [126,218], a remarkable feat for rare
disorders with significant morbidity but low mortality. At the time of this writing, PXE
alone has been the subject of more than 2000 peer-reviewed publications (PubMed citations)
as well as many other book chapters and reviews.

The study of PXE and GACI (and CALJA) has brought to light new fundamental
knowledge about abnormal calcification and may have important implications for many
other pathological contexts in humans. Indeed, the molecular pathway and mechanisms
involved in PXE and the related diseases described above are likely to apply to common
age-associated disorders such as chronic kidney insufficiency, diabetes, atherosclerosis,
inflammatory skin diseases (sarcoidosis, systemic lupus erythematosus, scleroderma, and
dermatomyositis, to name a few). Simple aging is also accompanied by soft tissue min-
eralization. Factors such as inflammation, infections, metabolic alterations, and genetics
greatly influence and can exacerbate the mineralization process. When present, vascular
calcification, an age-old condition [219], is predictive of worse clinical outcomes, with
individual risk for cardiovascular mortality, or any cardiovascular event, dramatically
increasing [220]. We estimate the frequency of heterozygous carriers of ABCC6 mutations
could be as high as 1/80 in the general population [86,221]. Thus, understanding how
ABCC6 (and NPP1) influences the homeostasis of connective tissues may one day be used
to enhance tissue repair and lessen mineralization-associated morbidity and mortality in
the general population. This is particularly important in light of recent reports suggesting
that three of the genes in the pathway shown in Figures 1 and 3 that cause ectopic calcifi-
cation in PXE, GACI, and CALJA [6,8-11,17,18,20] have also been shown to play a role in
dyslipidemia and atherosclerosis [93,94,222-225].

Of all the treatment options explored above, none of them have focused and/or
achieved the removal or reversal of existing calcification in PXE and GACI, save for one
case of sodium thiosulfate usage. If past history has taught us anything, for diseases as
complex as PXE and GACI, no single treatment will cover all aspects of these pathologies
and there will be room for multiple forms of treatments for either disease, whether applied
in combination or in single application.

What is next? The central role of ABCC6 in PXE, GACI, and DCC is now well estab-
lished in humans [56] and animal models [112,226]. However, many aspects of the patho-
physiology of ABCC6 dysfunction are still unexplained. The liver expression of ABCC6 is
necessary but not sufficient for calcification inhibition [13,20]. The identification and contri-
bution of peripheral tissues to calcification regulation remains unresolved. Plasma PPi lev-
els fail to explain the wide range of calcification severity in humans [17] and mice [111] (Cf
Figure 1) and the clinical relevance of potential modifier genes [109,110,147,150,154-156]
is still unknown. Finally, what is (if any) the role of inflammation in the progression of
PXE [159]? Answering some of these questions will not only inform the scientific commu-
nity on these intriguing diseases but will ultimately help to refine and expand upon the
various treatment options explored today.
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