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Abstract: Pseudoxanthoma elasticum (PXE) is an inherited metabolic disease with autosomal
recessive inheritance caused by mutations in the ABCC6 gene. Since the first description of the disease
in 1896, alleging a disease involving the elastic fibers, the concept evolved with the further discoveries
of the pivotal role of ectopic mineralization that is preponderant in the elastin-rich tissues of the skin,
eyes and blood vessel walls. After discovery of the causative gene of the disease in 2000, the function
of the ABCC6 protein remains elusive. More than 300 mutations have been now reported and the
concept of a dermal disease has progressively evolved toward a metabolic disorder resulting from
the remote effects caused by lack of a circulating anti-mineralization factor. Very recently, evidence
has accumulated that this anti-mineralizing factor is inorganic pyrophosphate (PPi). This leads to
decreased PPi/Pi (inorganic phosphate) ratio that results from the lack of extracellular ATP release by
hepatocytes and probably renal cells harboring the mutant ABCC6 protein. However, the mechanism
by which ABCC6 dysfunction causes diminished ATP release remains an enigma. Studies of other
ABC transporters, such as ABCC7 or ABCC1 could help our understanding of what ABCC6 exact
function is. Data and a hypothesis on the possible roles of ABCC6 in acquired metabolic diseases are
also discussed.

Keywords: ABC transporter; inorganic pyrophosphate; pseudoxanthoma elasticum; arterial calcifications;
chronic kidney disease

1. Introduction

Membrane transporters are basic cellular elements, which play a central role in various cellular
functions and cells’ integrity. Adenosine triphosphate (ATP)-binding cassette (ABC) transporters are
a large family of 48 members involved in the pathogenesis of various inherited metabolic diseases.
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In this regard, ABCC6 is one of these new players, whose deficiency is responsible for pseudoxanthoma
elasticum (PXE), a rare and intriguing inherited disease with unexplained female 2 third prevalence
and whose phenotype is characterized by ectopic calcifications in elastin-rich tissues such as the
skin, the Burch’s membrane of the retina and the arterial wall. To date, the physiological role of
ABCC6 and its preferential substrate(s) remain an enigma. Recent findings are now showing a pivotal
role in the regulation of extracellular nucleotid metabolism and in the direct and remote control of
biomineralization. This review will summarize the current knowledge and speculated roles of ABCC6
transporter not only in PXE, but also in frequent acquired metabolic diseases characterized by arterial
calcifications (AC).

2. Pseudoxanthoma Elasticum: The Story of a “misnamed” Disease

The study of PXE, and thus the discovery of ABCC6, is paved by important clinical and scientific
rebounds. Thus a brief time-sketch of the progresses in our knowledge and on-going debates
are mandatory to the understanding of its biological and clinical relevance. PXE (also known
as Grönblad-Strandberg syndrome, elastosis dystrophica or elastodysplasia calcificans) is a rare
inherited disease (OMIM 264800, prevalence 1/25,000 to 1/50,000) characterized by a generalized
accumulation of calcified and fragmented elastic fibers selectively affecting the elastin-rich tissues
such as the skin, the retina and the vascular wall. Organs such as the kidneys, joints and tendons
are affected to various degrees, but remarkably, the pulmonary tissue seems to be spared in the
disease phenotype [1,2]. The skin manifestations are often the initial and most visible lesions in PXE,
with a “pseudoxanthoma” aspect affecting, for yet unknown reasons, the flexural areas of the body
(i.e., neck, arm, knee joints, groin) and periumbilical areas. The ambiguous name “pseudoxanthoma”
arose from the fact that the skin lesions mimic “xanthoma” lesions (i.e., subcutaneous papules of
yellow-orange color). Following the initial and independent reports on “xanthomas” lesion [3–5],
François-Ferdinand Darier in 1896 presented the idea that they were distinct from xanthomas with
an unusual involvement of elastic tissues, thereafter introducing the prefix “pseudo” as to cast doubt
on the real nature of the dermal lesions [6]. The fundamental histopathological feature of PXE,
i.e., the calcification of elastin, were described first in 1901 by von Tannenhain; Werther seemed to
have seeded the idea that PXE was a congenital trait [7]. Knapp was the first to report a specific
retinopathy coining the descriptor “angioid streaks”, still a pathognomonic clinical manifestation of
the disease. Finally, in 1929, Grönblad, an opthalmologist and Strandberg, a dermatologist, determined
that PXE was a specific entity. Currently, PXE diagnosis relies on the following criteria: clinically
suggestive skin lesions, angioid streaks, fragmented and calcified elastic fibers on skin biopsy [8].
The cardiovascular complications linked to PXE were initially reported by Balzer in 1884 who described
an “elastic degeneration of the skin and heart” and Carlsborg gave the first well-documented study
of cardiovascular elastic tissue calcification in 1944. Since that time, the term “pseudoxanthoma
elasticum” continues to be the most frequently used to designate this pathology in the literature for
historical reasons. However, one would suggest elasto-calcinosis as more appropriate [9].

3. Vascular Lesions of PXE

Beside the skin and retinal lesions, the arterial phenotype is an important aspect of the disease.
The internal elastic laminae in arteries are the most frequently affected. The small and medium
peripheral arterial beds are mostly involved [10], although other arteries, such as the coronary and the
cerebral arteries may also be affected. Typically, arterial lesions are characterized by an obstruction
of the lumen from a diffuse thickening of the wall and an echogenic plaque revealing calcification.
The lesions are primarily found on straight segments in leg arteries such as the superficialis femoralis
or arteries below knee. To date, the exact nature of these lesions is unknown in humans and lower limb
intermittent claudication due to peripheral occlusive disease represent a typical symptom of the disease
affecting more than 20% of the patients [11]. Contrary to what is expected with arterial mediacalcosis,
arterial compressibility is well-preserved in PXE, suggesting a specific arterial remodeling [11]. In fact,
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abnormal proteoglycan deposits, authenticated by post mortem histology, contributing to the arterial
obstruction was also advocated to preserve the compressibility of the peripheral arteries despite
fragmentation and calcifications of the elastin fibers [12,13]. To the best of our knowledge, medial
hyperplasia has never been reported in these patients. Arterial wall aneurysms have been described in
PXE patients, mostly in the intracranial vasculature and as an indirect consequence of the collateral
flow [14]. Although PXE patients are at high risk for stroke, it is mostly attributed to a small-cerebral
vessel disease with narrowed arteries rather than to embolisms. Increased myogenic tone in resistance
arteries, primarily evidenced in Abcc6−/− mice [15], may be responsible for such ischemic events,
even no evidence for such mechanisms have been shown in humans. Taken as a whole, the vascular
phenotype of PXE is unique and is not associated to bone mineralization defect [16] in contrast
with non-genetic vascular calcifying diseases, namely osteoporosis and/or chronic kidney disease
(CKD) [17].

Although arterial calcifications represent the most visible cardiovascular lesions in PXE,
other abnormalities have been reported [9]. Cardiac tissue may be affected in PXE. Some cohort studies
have reported specific changes in myocardial function whereas others reported that preclinical cardiac
dysfunction were rare [18,19]. Recently, results from prospective and comprehensive assessment of
cardiac function in 67 PXE patients aged 48 ± 15 years were found not to be different from those
of a comparable population regarding coronary artery disease, valve disease and echocardiography
findings [20].

4. Lessons Learned from Knockout Mice

Knockout animal models mimicking PXE disease have been developed using targeted disruption
of selected exons in Abcc6 [21,22]. These models replicate the human phenotype with mouse-specific
distinctions. For example, Abcc6−/− mice lack skin lesions but exhibit abnormal calcification of the
capsule of the vibrissae, a connective tissue absent in humans [21]. These knockout mice also mimic
the human cardiovascular phenotype [21,23] including higher intima-media thickness [24]. A higher
myogenic tone in distal arteries has been also observed [15], which has not been reported yet in
PXE patients. Finally, cardiac hypertrophy was described in Abcc6−/− mice after 24 months of life,
suggesting that late cardiomyopathy could develop in older PXE patients [20]. Abcc6 deficiency was
recently linked to an acute cardiac calcification phenotype referred to as dystrophic cardiac calcification
(DCC) in several inbred strains of mice including C3H/HeJ and DBA/2J [25–29]. DCC is an autosomal
recessive trait that was described several decades ago [27,29] in mice but not in humans to our
knowledge. It is a spontaneous condition affecting cardiovascular tissues that can also be triggered
into an acute phenotype by specific diet or direct injury causing myocardia necrotic lesions [27,29].
The Dyscalc1 locus affecting DCC was mapped to chromosome 7 [30–32] and a single Abcc6 gene
mutation leads to a constitutive decrease in protein levels in the liver [25,28]. Additional loci affecting
the penetrance and expression of the DCC phenotype were mapped to chromosomes 4, 12, and 14 [31].
Other knock out models have been engineered in rats [33] and zebrafish [34] showing the importance
of the Abcc6 gene in the calcifying phenotype of vertebrae.

5. Molecular Aspects of ABCC6

In 2000, Le Saux et al. identified the first PXE-causing mutations in the gene encoding ABCC6
(also referred to as multi-drug resistance-associated protein-6, MRP6) [35]. Genetic linkage analysis
failed to reveal any locus heterogeneity, suggesting that ABCC6 is solely responsible for PXE.
Today, more than 300 mutations have been identified (Table 1 and Figure 1). The vast majority is
represented by single nucleotide substitutions resulting in missense, nonsense and splice variants while
a few others are large and small deletions or insertions [36]. The ABCC6 gene is a member of the gene
family encoding ATP-binding cassette (ABC) proteins, one of the largest gene families. The 48 human
ABC transporters are distributed in 7 classes from A to G. All these genes code for proteins, which have
conserved domains specific to ATP binding and hydrolysis (e.g., Walker A, B and signature sequence).
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All ABC transporters are transmembrane proteins as their function mainly relate to the cellular efflux
of a variety of compounds. ABC transporters are composed of transmembrane domain (TMD) and
nucleotide binding domain (NBD). Two NDB domains interact to utilize ATP. The ABCC transporters
are divided into two subgroups based on their short or long structure. The long ABCC family members,
ABCC1, 2, 3, 6 and 10 contain a specific N-terminal TMD0 domain followed by an L0 linker segment
connecting to the transmembrane and NDB-1 and -2 regions. Genes coding for long ABCC proteins are
closely related to each other and are present in all eukaryotic kingdoms. They are likely to have evolved
from a distant ancestor by a series of gene duplication events [37]. The evolution of ABC transporters
is still ongoing. Indeed, the human ABCC6 underwent several recent partial gene duplications leading
to two pseudogenes and a third shorter fragment [38]. These pseudogenes appeared by similar
mechanisms in different primates but independently in humans and chimpanzee [37].

The transcriptional regulation of ABCC6 in human and mice has been investigated in detail.
Both activator and silencer elements have been identified in the promoter [39]. The core promoter
was mapped to the −145/+72 bp (numbering relative to the translational start site), which confers a
ubiquitous low expression in cell assay systems [39]. Two other activator sequences were identified
in the upstream promoter region: an evolutionarily highly conserved region between −209/−145 bp
and a stronger primate-specific region between −234 and −209 bp. Both of these elements confer
tissue-specific activity to the gene [40,41]. Furthermore, a strong primate-specific activator sequence was
identified in the first intron of the gene. This intronic sequence interacts with and its activity depends
on regulatory sequences of the promoter [42]. Several transcription factors playing an important
role in the regulation of ABCC6 expression were identified. The most important among them is
hepatocyte nuclear factor 4α (HNF4α), which binds to the evolutionarily highly conserved element of
the promoter [40–42]. HNF4α plays a particularly important role in the maintenance of homeostasis
of hepatocytes by regulating the expression of more than 1000 genes. This nuclear receptor seems to
be a major determinant of tissue-specificity for ABCC6 as this gene is highly expressed in tissues and
cells in which HNF4α is present. In another set of experiments the sensitivity of ABCC6 expression to
environmental stimuli has been demonstrated and the molecular mechanisms of the alteration of gene
expression level was also elucidated in some cases. The expression level of the gene is down regulated by
growth factors (hepatocyte growth factor, epidermal growth factor and potentially transforming growth
factor-β, although the latter is controversial) [40,43] and oxidative stress. Several studies have shown
the inhibitory effect of oxidative stress on ABCC6 expression [12,40], which led to the hypothesis that,
this could contribute to development of PXE-like manifestations in beta-thalassemia patients [44,45].
It has been shown that these effects, in part converge on the ERK1/2 pathway, which upon activation
phosphorylates HNF4α leading to the reduced binding of the factor to its response element in the
promoter [46]. This may then cause the repression of ABCC6 expression. Similarly, other environmental
stimuli activating protein kinase cascades (PKA, PKC and AMPK) lead to the reduced activity of
HNF4α and the decreased expression of ABCC6. ABCC6 was reported to be capable to transport
leukotriene C4 (LTC4) and N-ethylmaleimide S-glutathione (NEM-GS) in vitro [47].
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Table 1. Summary of PXE-associated ABCC6 mutations.

Sequence Variations
at Protein Level Transport Activity Wild-Type-Like

Localization
Mutations Responding

to 4-PBA References

p.R1114P Yes No Yes [48,49]
p.S1121W Yes No Yes [48,49]
p.R1138Q Yes No No [48,50]
p.V1298F No Yes Nd [47,50]
p.T1301I Yes No No [48]
p.G1302R No Nd Nd [47]
p.R1314W Yes No Yes [47–49]
p.G1321S No No Nd [47,48,50]
p.R1339C Nd Not stable No [48,50]
p.Q1347H Yes No Yes [48,49]
p.R1459C Yes Yes Nd [48]

Summary of experimental evidences on the activity, localization and rescue of PXE-associated ABCC6 mutations.
In vitro and in vivo characterization of the given variants as well as rescue experiments of membrane trafficking
deficient variants with the chemical chaperon molecule 4-phenylbutirate (4-PBA) is described in details within the
listed articles. Nd: not determined. More information is available in Table S1.
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Figure 1. Topology model illustrating the distribution of PXE-associated missense mutations in the
ABCC6 protein. Legend: nucleotidE binding domains and the transmembrane helices are shown
in grey. Missense mutations are represented in red. The transmembrane domains (TMD0, TMD1,
and TMD2) and the linker regions (L0, L1) of the protein are indicated.

6. Pathophysiology of ABCC6

The expression pattern of ABCC6 gene has been extensively studied. ABCC6 is primarily expressed
in the liver [51–55], with moderate levels in the proximal tubules of the kidneys [56,57] and has also
been detected in the intestines [42,53]. While the expression level is considered to be low or absent in
other tissues, few studies reported ubiquitous presence of ABCC6 [52,58]. The paradox that ABCC6 is
almost entirely missing from tissues directly affected by ectopic mineralization in humans, mice and
rats [33,59,60] has led to the hypothesis that PXE could be due to a circulating factor [61]. Accordingly,
a systemic factor transported by ABCC6 into the circulation under physiological conditions, would
play a key role in preventing ectopic calcification. This hypothesis was supported by parabiotic
experiments using crosses of wild type and Abcc6−/− mice with Rag−/− immune-tolerant animals.



Int. J. Mol. Sci. 2017, 18, 1941 6 of 16

Indeed, this study found that the calcifying phenotype of Abcc6−/− mice was inhibited when sharing
blood circulation with wild type animals, demonstrating the presence of an inhibitory molecule [62].

The observation of low levels of carboxylated anticalcifying factors in the blood of PXE and the
report of PXE phenocopy due to a defect in vitamin K dependent γ-glutamyl carboxylase (GGCX) in
humans [63], suggested a possible role for vitamin K in PXE. GGCX is required for the activation of
matrix gla protein (MGP) by γ-glutamyl carboxylation with vitamin K2 as a co-factor [64]. The initial
and intriguing hypothesis that ABCC6 could release vitamin K into the systemic circulation was rapidly
discounted when it was shown that the supplementation of vitamin K2 failed to ameliorate the PXE
phenotype in Abcc6−/− mice [65,66]. In 2014, Jansen et al. opened a new chapter in the pathophysiology
of PXE [62]. In two pivotal studies [67,68], these authors demonstrated that expression of ABCC6 in
HEK cells was linked to a higher release of ATP in the culture media. Interestingly, a link between
ABC transporters and extracellular levels of ATP is not new. Release of ATP has been also reported
with cystic fibrosis trans membrane conductance regulator (CFTR, alias ABCC7) and P-glycoprotein
(ABCB1) [69,70] suggesting at first that ABCC6 could extrude triphosphated compounds. In their
cellular models, Jansen et al. failed to show a direct ABCC6-mediated ATP transport in vitro [68].
The fact that ABCC6 is involved in a pathway of extracellular nucleotide metabolism appears of
paramount importance because it establishes a link between PXE and generalized arterial calcification
of infancy (GACI) [71] or calcification of joints and arteries (ACDC) [72]. Indeed, the clinical
manifestations linked to this pathway are substantial ectopic (cardiovascular) calcifications. The related
diseases are caused by mutations in ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1)
and in ecto-5’-nucleotidase (NT5E, alias CD73), which encode proteins involved in extracellular ATP
and PPi metabolism (Table 2). This finding prompted the hypothesis that PXE patients could be
deficient in PPi, which is a potent anti-calcifying molecule resulting from the hydrolysis of extracellular
ATP [73]. Indeed, a 2.5 fold reduction of PPi levels in humans was observed in PXE patients
and in Abcc6−/− mice [67], whereas Enpp1−/− mice have very low PPi levels [74]. Further, the
cross-transplantation experiments between Enpp1−/− and wild type mice showed that aortas of
Enpp1−/− mice no longer showed calcification after transplantation into wild-type mice while allografts
of wild-type mice calcified in Enpp1−/− mice [74]. It is now a matter of fact, that Abcc6 deficiency
in both local and distant cells/tissues is necessary to achieve the early onset and penetrant ectopic
calcification observed in humans and mice [21]. Recently, Ziegler et al. showed that Abcc6 conditional
knockout in vascular endothelium, liver or the kidneys was not sufficient to promote calcification of
the capsule of the vibrissae in mice [75]. In contrast, deletion of Abcc6 in the liver led to mineralization
after a period of one year. Most of the systemic PPi (60%) is believed to be produced by the liver in an
ABCC6-dependent manner [33,67]. The fact that PPi levels only decrease after targeted disruption of
Abcc6 in the liver reinforces this hypothesis [75].
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Table 2. Overview of genetic calcifying diseases.

Human Disease Protein OMIM Localization of Symptomatic Calcifications Treatment

Pseudoxanthoma elasticum (PXE) ATP-binding cassette transporter, subfamily C,
member 6 (ABCC6) 264800 Skin, arteries None

Craniometaphyseal dysplasia, autosomal dominant
(CMDD) or Chondrocalcinosis 2 (CCAL2)

Inorganic pyrophosphate transport
regulator (ANKH) 118600 or 123000 Cartilage (joints) None

Generalized arterial calcification in infancy (GACI) Ectonucleotide pyrophosphatase/
phosphodiesterase 1 (ENPP1) 208000 Arteries Bisphoshonate

Arterial calcification due to deficiency of CD73 (ACDC) Ecto 5’ nucleotidase (NT5E) alias CD73 21288095 Arteries and distal joints None
Keutel syndrome Matrix Gla Protein (MGP) 245150 Cartilage (trachea, bronchiae, rib) None

Juvenil Paget Disease/Hyperostosis corticalis
deformans juvenilis Osteoprotegerin (OPG) 239000 Bone Bisphoshonate

Tumoral calcinosis, hyperphosphatemic
Klotho or fibroblast growth factor 23 (FGF23) or

polypeptide N-acetylgalactosaminyl-transferase 3
(GALNT3)

211900 Arteries None

Hutchinson–Gilford progeria syndrome (HGPS) Laminin A (LMNA) 176670 Arteries, aortic valves None

Fibrodysplasia ossificans progressiva (FOP) Activin A receptor type 1 (ACVR1) 135100 Skeletal muscle, fascia, tendons and ligaments
Glucocorticoids,

non-steroidal
anti-inflammatory drugs

Coeliac disease with epilepsy and
cerebral calcifications (CEC) Unknown 226810 Brain (occipital area) None

Idiopathic basal ganglia calcification (IBGC)
Sodium-dependent Pi co-transporter 2 (PiT-2) or

platelet derived growth factor (PDGF) or (platelet
derived growth factor receptor B) PDGFRB

158378 or 190040 or 173410 Brain (basal ganglia, thalamus, cerebellum) None



Int. J. Mol. Sci. 2017, 18, 1941 8 of 16

7. ABCC6 in the Context of Biomineralization

Inorganic pyrophosphate (PPi) is slightly absorbed by the intestinal epithelium [76]. Its normal
fasting plasma level in humans is 2–4 µmol/L and it mainly depends on a balance between its cellular
production and its hydrolysis [73]. PPi originates from the transport regulator protein encoded by
ANKH [77] and from ATP degradation by ENPP1, which converts ATP into AMP and PPi. Physiological
plasma levels of ATP are 0.02 to 0.2 µmol/L [78,79]. ATP, PPi and Pi are interdependent. PPi can be
hydrolysed into Pi by Tissue Non-specific Alkaline Phosphatase (TNAP). Of note, adenosine resulting
from the lysis of AMP by CD73 represses the expression of the gene encoding TNAP and is able to
increase PPi levels [75]. Therefore, PPi levels depend on a balance between its production through
ENPP1 and its degradation by the adenosine-regulated activity of TNAP. As a result, crossing Abcc6−/−

mice with Enpp1−/− mice did not increase calcifications of the capsule of the vibrissae as observed
in Enpp1−/− mice. In contrast, calcifications resulting from Abcc6 inactivation were augmented by
crossing Abcc6−/− mice with Nt5e−/− mice [75] and Abcc6−/− mice have reduced Nt5e expression in
their arteries [15]. It should be remembered that other molecular mechanisms are able to mediate ATP
release independently of ABCC6: vesicular exocytosis at nerve terminals, connexin hemichannel and
pannexin channel activity [80]. These mechanisms are important because low PPi plasma levels of
Abcc6−/− mice and PXE patients [67] indicates that 40% of PPi comes from an ABCC6-independent ATP
release. Despite overwhelming evidence linking PPi deficiency to the PXE phenotype, some concerns
remain. As a matter of fact, the overexpression of the human ENPP1 gene in Abcc6−/− mice led to
incomplete reduction in mineralization despite increased PPi levels, suggesting that ABCC6 drives
other cellular and/or molecular mechanisms resulting in the calcification phenotype in PXE [81].

8. A Role for ABCC6 into the Pathophysiology of Vascular Calcifications in Acquired
Metabolic Diseases?

Calcifications of the arterial media (also termed mediacalcosis) are common features of CKD and
osteoporosis. In contrast to PXE [16], mediacalcosis is linked to disturbed bone mineralization or bone
turnover leading to increased risk of fracture and to the “bone-arterial calcification paradox” [17].
Remarkably, patients suffering from CKD have an increased rate of fracture [82,83] and patients
affected by osteoporosis display more arterial calcifications [84] or develop them over time in parallel
to loss of their mineral bone mass [85]. More than 10% of the general population suffers from
CKD [86] and cardiovascular diseases represent the first cause of mortality in CKD [87,88] mostly
associated to arterial calcifications. Arterial calcifications in CKD are not limited to mediacalcosis
and atherosclerotic lesions are also present. A widely used marker of AC is the Agatston coronary
artery calcification (CAC) score, measured with electron-beam computer tomography [89], which does
not provide information on the spatial distribution of calcifications in the arterial wall (i.e., intimal
versus medial layer). However, CAC score is a strong independent risk factor of cardiovascular
mortality [90]. This score is remarkably high in CKD patients undergoing regular dialysis, even in
children and in adults under the age of 30 [91,92]. The role of ABCC6 in CKD has not been addressed
thoroughly yet. As a matter of fact, PPi/Pi ratio is low because Pi levels are high [93] and PPi levels
are low [94,95] at least in advanced CKD stages. The observation of a lower hepatic expression of
Abcc6 in uremic rats [96] suggests that decreased PPi level observed in CKD could be caused by a
decreased ATP-derived PPi production from the liver. TNAP react to uremic compounds because
exposure of rat aortic ring to uremic plasma increases arterial TNAP activity and because TNAP
expression increases in the arterial wall of the aorta of uremic rats following 5/6 nephrectomy [97].
This could lower local PPi level and favor AC [97]. Plasma TNAP activity is usually high in CKD
following increased bone remodeling, which mainly results from secondary hyperparathyroidism.
Remarkably, high TNAP activity is related to cardiovascular (CV) mortality in CKD after adjustment
for other usual risk factors [98]. TNAP-driven increased PPi hydrolysis could augment AC and offer
a rational explanation for this latter observation. Another frequent disease affecting 20% to 30 % of
the general population in Europe [99], which is associated with high level of AC is non-alcoholic
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fatty liver disease (NAFLD). Patients affected by NAFLD are at high risk for CAC independently
from diabetes, gender and age [100,101]. NALFD patients primarily die from CV diseases [102–104].
Liver fibrosis seems of particular relevance regarding CAC and CV mortality. Indeed, CAC score is
significantly higher in NAFLD patients with an intermediate to high fibrosis index than in those with a
low fibrosis index [105]. Furthermore, liver fibrosis is independently associated with CAC score in
NAFLD patients [106,107]. It has been reported that advanced fibrosis is also a significant predictor
of mortality from CV disease in NAFLD patients [108]. To our knowledge, expression of ABCC6 or
the PPi/Pi ratio have not been examined in patients with liver fibrosis. However, it has been shown
using liver 32P-NTP magnetic resonance imaging (MRI) that hepatic mitochondrial ATP homeostasis
was impaired in patients with NAFLD [109,110]. Therefore, one might speculate that decreased ATP
production from the liver could lower ABCC6-mediated extracellular ATP release and in turn reduce
systemic PPi levels, which may provide an explanation for increased AC in NAFLD patients.

9. Therapeutic Perspectives

To date an etiologic treatment of the ABCC6 deficiency is still lacking. Therapeutics should aim
at preventing hydroxyapatite deposits by increasing PPi plasma levels and/or at drawing calcium
out of the calcifying lesions by lowering Pi levels. Phosphate binders are commonly used in CKD
to lower Pi levels. They have been proposed for the treatment of PXE following a successful pilot
study with aluminum hydroxide in humans [111]. However, a randomized controlled trial performed
with sevelamer hydrochloride showed no improvement [112]. This unexpected result was attributed
to the high magnesium (Mg) content in the placebo controls. Dietary supplementation with Mg in
Abcc6−/− mice was shown to contribute to reduce calcifications but the Mg concentrations used were
more elevated than acceptable for human use [113]. Pharmacologic blockade of TNAP could be a
valuable tool for limiting AC as this enzyme promotes the hydrolysis of PPi. However, the risk of bone
demineralization, which is exemplified by the patients suffering from hypophosphatasia, may be a
limitation [98]. PPi administration has been considered for the treatment of AC. Daily intraperitoneal
injection almost completely inhibited calcification in Abcc6−/− mice [114] and reduced the calcium
content of the arterial wall of uremic rats without affecting bone mineralization [115]. Although
originally thought to be completely hydrolyzed within the guts, oral gavage of mice with PPi was
shown to significantly reduce calcification both in Abcc6−/− and Enpp1−/− mice [76]. Restoration
of Abcc6 function with chemical chaperone 4-phenylbutyrate treatment in case of localization
deficient disease caused by Abcc6 mutants was also shown to be effective by rescuing injury-induced
dystrophic cardiac calcifications [48,49]. Some bisphosphonate, non-hydrolysable analogs of PPi,
prevent vascular calcifications induced by excess Vitamin D in rats [116] and reduce ectopic calcification
in Abcc6−/− mice [117]. Soluble forms of ENPP1 where proposed as treatment to increase circulating
PPi. Such treatment displayed efficacy to prevent calcification in Enpp1−/− mice [118] and could
theoretically be used in the context of ABCC6 deficiency. Finally, experimental data reported that
vitamin K intake could improve soft tissue’s ectopic calcifications such as those induced by the use of
anti-vitamin K drugs [119,120]. However, the addition of vitamin K2 to the diet of Abcc6−/− mice did
not significantly improved calcifications [65,66].

10. Conclusions

In conclusion, current results suggest that ABCC6-dependent plasmatic PPi levels are the
major determinant of soft tissue mineralization in PXE, but also hint at a PPi independent
unknown mechanism, by which ABCC6 prevents ectopic mineralization under physiologic conditions.
ABCC6 involvement in the metabolism of the extracellular nucleotides, which play a central role for
cellular energy, autocrine/paracrine and possibly remote signalizations, points to a possible role of
purinergic signaling in the development of arterial calcifications in PXE patients. The understanding
of the bio-mineralization process based on rare monogenic calcifying diseases sheds light on arterial
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calcifications and high cardiovascular mortality of CKD and NAFLD, which are far more frequent
diseases, and could pave the way for therapeutic solutions.
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Acknowledgments: Olivier Le Saux: NIH grants HL108249 and P20GM113134; Audrey Laurain, Georges Lefthériotis
and Guillaume Favre: grants from the university hospital of Nice; Tamas Aranyi is a beneficiary of a grant from
Angers University.

Author Contributions: Guillaume Favre and Audrey Laurain wrote, collected and edited the various contributions
from the co-authors whereas Georges Lefthériotis, Olivier Le Saux, Gilles Kauffenstein, Ludovic Martin and
Christophe Duranton critically examined and provided additional overall editing of the final manuscript. In details,
Audrey Laurain and Gilles Kauffenstein realized the “graphical abstract”. Olivier Le Saux and Georges Lefthériotis
contributed to “brief history of the discovery of ABCC6 or pseudoxanthoma elasticum: the story of a “misnamed”
disease”, “vascular lesions of PXE” and “lessons from transgenic mice”. Tamas Aranyi, Flora Szeri and Krisztina
Fulop contributed to “molecular aspects of ABCC6”, “pathophysiology of ABCC6”, “Figure 1” and “Table 1”.
Guillaume Favre and Audrey Laurain contributed to “ABCC6 in the context of biomineralization”, “insight from
ABCC6 into vascular calcifications of metabolic diseases”, “therapeutic perspectives” and “Table 2”.

Conflicts of Interest: The author declares no conflicts of interest.

References

1. Gheduzzi, D.; Sammarco, R.; Quaglino, D.; Bercovitch, L.; Terry, S.; Taylor, W.; Ronchetti, I.P. Extracutaneous
ultrastructural alterations in pseudoxanthoma elasticum. Ultrastruct. Pathol. 2003, 27, 375–384. [CrossRef]
[PubMed]

2. Miki, K.; Yuri, T.; Takeda, N.; Takehana, K.; Iwasaka, T.; Tsubura, A. An autopsy case of pseudoxanthoma
elasticum: Histochemical characteristics. Med. Mol. Morphol. 2007, 40, 172–177. [CrossRef] [PubMed]

3. Balzer, F. Recherches sur les caractères anatomiques du xanthelasma. Arch. Physiol. 1884, 4, 65–80.
4. Chauffard, M.A. Xanthélasma disséminé et symétrique et sans insuffisance hépatique. Bull. Soc. Med. Paris

1889, 6, 412–419.
5. Rigal, D. Observation pour servir à l’histoire de la chéloide diffuse xanthélasmique. Ann. Dermatol. Syphilol.

1881, 2, 491–501.
6. Darier, J. Pseudo-xanthome élastique. III ème congrès Intern. de Dermat de Londres 1896, 23, 289–295.
7. Werther. Uber pseudoxanthoma elasticum. Arch. Dermatol. Syph. 1904, 69, 23.
8. Lebwohl, M.; Neldner, K.; Pope, F.M.; De Paepe, A.; Christiano, A.M.; Boyd, C.D.; Uitto, J.; McKusick, V.A.

Classification of pseudoxanthoma elasticum: Report of a consensus conference. J. Am. Acad. Dermatol. 1994,
30, 103–107. [CrossRef]

9. Leftheriotis, G.; Omarjee, L.; Le Saux, O.; Henrion, D.; Abraham, P.; Prunier, F.; Willoteaux, S.; Martin, L.
The vascular phenotype in Pseudoxanthoma elasticum and related disorders: Contribution of a genetic
disease to the understanding of vascular calcification. Front. Genet. 2013, 4, 4. [CrossRef] [PubMed]

10. Kranenburg, G.; de Jong, P.A.; Mali, W.P.; Attrach, M.; Visseren, F.L.; Spiering, W. Prevalence and severity of
arterial calcifications in pseudoxanthoma elasticum (PXE) compared to hospital controls. Novel insights into
the vascular phenotype of PXE. Atherosclerosis 2017, 256, 7–14. [CrossRef] [PubMed]

11. Leftheriotis, G.; Abraham, P.; Le Corre, Y.; Le Saux, O.; Henrion, D.; Ducluzeau, P.H.; Prunier, F.;
Martin, L. Relationship between ankle brachial index and arterial remodeling in pseudoxanthoma elasticum.
J. Vasc. Surg. 2011, 54, 1390–1394. [CrossRef] [PubMed]

12. Le Saux, O.; Bunda, S.; VanWart, C.M.; Douet, V.; Got, L.; Martin, L.; Hinek, A. Serum factors from
pseudoxanthoma elasticum patients alter elastic fiber formation in vitro. J. Investig. Dermatol. 2006, 126,
1497–1505. [CrossRef] [PubMed]

13. Boutouyrie, P.; Germain, D.P.; Tropeano, A.I.; Laloux, B.; Carenzi, F.; Zidi, M.; Jeunemaitre, X.; Laurent, S.
Compressibility of the carotid artery in patients with pseudoxanthoma elasticum. Hypertension 2001, 38,
1181–1184. [CrossRef] [PubMed]

14. Van den Berg, J.S.; Hennekam, R.C.; Cruysberg, J.R.; Steijlen, P.M.; Swart, J.; Tijmes, N.; Limburg, M.
Prevalence of symptomatic intracranial aneurysm and ischaemic stroke in pseudoxanthoma elasticum.
Cerebrovasc. Dis. 2000, 10, 315–319. [CrossRef] [PubMed]

15. Kauffenstein, G.; Pizard, A.; Le Corre, Y.; Vessieres, E.; Grimaud, L.; Toutain, B.; Labat, C.; Mauras, Y.;
Gorgels, T.G.; Bergen, A.A.; et al. Disseminated arterial calcification and enhanced myogenic response are

www.mdpi.com/1422-0067/18/9/1941/s1
http://dx.doi.org/10.1080/01913120390248584
http://www.ncbi.nlm.nih.gov/pubmed/14660276
http://dx.doi.org/10.1007/s00795-007-0368-5
http://www.ncbi.nlm.nih.gov/pubmed/17874051
http://dx.doi.org/10.1016/S0190-9622(08)81894-4
http://dx.doi.org/10.3389/fgene.2013.00004
http://www.ncbi.nlm.nih.gov/pubmed/23408347
http://dx.doi.org/10.1016/j.atherosclerosis.2016.11.012
http://www.ncbi.nlm.nih.gov/pubmed/27940376
http://dx.doi.org/10.1016/j.jvs.2011.04.041
http://www.ncbi.nlm.nih.gov/pubmed/21723076
http://dx.doi.org/10.1038/sj.jid.5700201
http://www.ncbi.nlm.nih.gov/pubmed/16543900
http://dx.doi.org/10.1161/hy1101.096108
http://www.ncbi.nlm.nih.gov/pubmed/11711519
http://dx.doi.org/10.1159/000016076
http://www.ncbi.nlm.nih.gov/pubmed/10878438


Int. J. Mol. Sci. 2017, 18, 1941 11 of 16

associated with abcc6 deficiency in a mouse model of pseudoxanthoma elasticum. Arterioscler. Thromb.
Vasc. Biol. 2014, 34, 1045–1056. [CrossRef] [PubMed]

16. Martin, L.; Hoppe, E.; Kauffenstein, G.; Omarjee, L.; Navasiolava, N.; Henni, S.; Willoteaux, S.; Leftheriotis, G.
Early arterial calcification does not correlate with bone loss in pseudoxanthoma elasticum. Bone 2017, 103,
88–92. [CrossRef] [PubMed]

17. Persy, V.; D’Haese, P. Vascular calcification and bone disease: The calcification paradox. Trends Mol. Med.
2009, 15, 405–416. [CrossRef] [PubMed]

18. Plomp, A.S.; Bergen, A.A.; Florijn, R.J.; Terry, S.F.; Toonstra, J.; van Dijk, M.R.; de Jong, P.T. Pseudoxanthoma
elasticum: Wide phenotypic variation in homozygotes and no signs in heterozygotes for the c.3775delT
mutation in ABCC6. Genet. Med. 2009, 11, 852–858. [CrossRef] [PubMed]

19. Finger, R.P.; Charbel Issa, P.; Ladewig, M.S.; Gotting, C.; Szliska, C.; Scholl, H.P.; Holz, F.G. Pseudoxanthoma
elasticum: Genetics, clinical manifestations and therapeutic approaches. Surv. Ophthalmol. 2009, 54, 272–285.
[CrossRef] [PubMed]

20. Prunier, F.; Terrien, G.; Le Corre, Y.; Apana, A.L.; Biere, L.; Kauffenstein, G.; Furber, A.; Bergen, A.A.;
Gorgels, T.G.; Le Saux, O.; et al. Pseudoxanthoma elasticum: Cardiac findings in patients and Abcc6-deficient
mouse model. PLoS ONE 2013, 8, e68700. [CrossRef] [PubMed]

21. Klement, J.F.; Matsuzaki, Y.; Jiang, Q.J.; Terlizzi, J.; Choi, H.Y.; Fujimoto, N.; Li, K.; Pulkkinen, L.; Birk, D.E.;
Sundberg, J.P.; et al. Targeted ablation of the abcc6 gene results in ectopic mineralization of connective
tissues. Mol. Cell. Biol. 2005, 25, 8299–8310. [CrossRef] [PubMed]

22. Gorgels, T.G.; Hu, X.; Scheffer, G.L.; van der Wal, A.C.; Toonstra, J.; de Jong, P.T.; van Kuppevelt, T.H.;
Levelt, C.N.; de Wolf, A.; Loves, W.J.; et al. Disruption of Abcc6 in the mouse: novel insight in the
pathogenesis of pseudoxanthoma elasticum. Hum. Mol. Genet. 2005, 14, 1763–1773. [CrossRef] [PubMed]

23. Le Corre, Y.; Le Saux, O.; Froeliger, F.; Libouban, H.; Kauffenstein, G.; Willoteaux, S.; Leftheriotis, G.; Martin, L.
Quantification of the calcification phenotype of Abcc6-deficient mice with microcomputed tomography.
Am. J. Pathol. 2012, 180, 2208–2213. [CrossRef] [PubMed]

24. Kupetsky, E.A.; Rincon, F.; Uitto, J. Rate of change of carotid intima-media thickness with magnesium
administration in Abcc6(-)/(-) mice. Clin. Transl. Sci. 2013, 6, 485–486. [CrossRef] [PubMed]

25. Aherrahrou, Z.; Doehring, L.C.; Ehlers, E.M.; Liptau, H.; Depping, R.; Linsel-Nitschke, P.; Kaczmarek, P.M.;
Erdmann, J.; Schunkert, H. An alternative splice variant in Abcc6, the gene causing dystrophic calcification,
leads to protein deficiency in C3H/He mice. J. Biol. Chem. 2008, 283, 7608–7615. [CrossRef] [PubMed]

26. Doehring, L.C.; Kaczmarek, P.M.; Ehlers, E.; Mayer, B.; Erdmann, J.; Schunkert, H.; Aherrahrou, Z. Arterial
calcification in mice after freeze-thaw injury. Ann. Anat. 2006, 188, 235–242. [CrossRef] [PubMed]

27. Eaton, G.J.; Custer, R.P.; Johnson, F.N.; Stabenow, K.T. Dystrophic cardiac calcinosis in mice: Genetic,
hormonal, and dietary influences. Am. J. Pathol. 1978, 90, 173–186. [PubMed]

28. Meng, H.; Vera, I.; Che, N.; Wang, X.; Wang, S.S.; Ingram-Drake, L.; Schadt, E.E.; Drake, T.A.; Lusis, A.J.
Identification of Abcc6 as the major causal gene for dystrophic cardiac calcification in mice through
integrative genomics. Proc. Natl. Acad. Sci. USA 2007, 104, 4530–4535. [CrossRef] [PubMed]

29. Everitt, J.I.; Olson, L.M.; Mangum, J.B.; Visek, W.J. High mortality with severe dystrophic cardiac calcinosis
in C3H/OUJ mice fed high fat purified diets. Vet. Pathol. 1988, 25, 113–118. [CrossRef] [PubMed]

30. Aherrahrou, Z.; Axtner, S.B.; Kaczmarek, P.M.; Jurat, A.; Korff, S.; Doehring, L.C.; Weichenhan, D.;
Katus, H.A.; Ivandic, B.T. A locus on chromosome 7 determines dramatic up-regulation of osteopontin in
dystrophic cardiac calcification in mice. Am. J. Pathol. 2004, 164, 1379–1387. [CrossRef]

31. Ivandic, B.T.; Utz, H.F.; Kaczmarek, P.M.; Aherrahrou, Z.; Axtner, S.B.; Klepsch, C.; Lusis, A.J.; Katus, H.A.
New Dyscalc loci for myocardial cell necrosis and calcification (dystrophic cardiac calcinosis) in mice.
Physiol. Genom. 2001, 6, 137–144.

32. Korff, S.; Schoensiegel, F.; Riechert, N.; Weichenhan, D.; Katus, H.A.; Ivandic, B.T. Fine mapping of Dyscalc1,
the major genetic determinant of dystrophic cardiac calcification in mice. Physiol. Genom. 2006, 25, 387–392.
[CrossRef] [PubMed]

33. Li, Q.; Kingman, J.; van de Wetering, K.; Tannouri, S.; Sundberg, J.P.; Uitto, J. Abcc6 Knockout Rat Model
Highlights the Role of Liver in PPi Homeostasis in Pseudoxanthoma Elasticum. J. Investig. Dermatol. 2017,
137, 1025–1032. [CrossRef] [PubMed]

http://dx.doi.org/10.1161/ATVBAHA.113.302943
http://www.ncbi.nlm.nih.gov/pubmed/24675664
http://dx.doi.org/10.1016/j.bone.2017.06.017
http://www.ncbi.nlm.nih.gov/pubmed/28658601
http://dx.doi.org/10.1016/j.molmed.2009.07.001
http://www.ncbi.nlm.nih.gov/pubmed/19733120
http://dx.doi.org/10.1097/GIM.0b013e3181c00a96
http://www.ncbi.nlm.nih.gov/pubmed/19904211
http://dx.doi.org/10.1016/j.survophthal.2008.12.006
http://www.ncbi.nlm.nih.gov/pubmed/19298904
http://dx.doi.org/10.1371/journal.pone.0068700
http://www.ncbi.nlm.nih.gov/pubmed/23935882
http://dx.doi.org/10.1128/MCB.25.18.8299-8310.2005
http://www.ncbi.nlm.nih.gov/pubmed/16135817
http://dx.doi.org/10.1093/hmg/ddi183
http://www.ncbi.nlm.nih.gov/pubmed/15888484
http://dx.doi.org/10.1016/j.ajpath.2012.02.007
http://www.ncbi.nlm.nih.gov/pubmed/22469843
http://dx.doi.org/10.1111/cts.12057
http://www.ncbi.nlm.nih.gov/pubmed/24330694
http://dx.doi.org/10.1074/jbc.M708290200
http://www.ncbi.nlm.nih.gov/pubmed/18201967
http://dx.doi.org/10.1016/j.aanat.2006.01.013
http://www.ncbi.nlm.nih.gov/pubmed/16711162
http://www.ncbi.nlm.nih.gov/pubmed/145807
http://dx.doi.org/10.1073/pnas.0607620104
http://www.ncbi.nlm.nih.gov/pubmed/17360558
http://dx.doi.org/10.1177/030098588802500202
http://www.ncbi.nlm.nih.gov/pubmed/3363788
http://dx.doi.org/10.1016/S0002-9440(10)63224-5
http://dx.doi.org/10.1152/physiolgenomics.00010.2006
http://www.ncbi.nlm.nih.gov/pubmed/16705021
http://dx.doi.org/10.1016/j.jid.2016.11.042
http://www.ncbi.nlm.nih.gov/pubmed/28111129


Int. J. Mol. Sci. 2017, 18, 1941 12 of 16

34. Li, Q.; Sadowski, S.; Frank, M.; Chai, C.; Varadi, A.; Ho, S.Y.; Lou, H.; Dean, M.; Thisse, C.; Thisse, B.; et al.
The abcc6a gene expression is required for normal zebrafish development. J. Investig. Dermatol. 2010, 130,
2561–2568. [CrossRef] [PubMed]

35. Le Saux, O.; Urban, Z.; Tschuch, C.; Csiszar, K.; Bacchelli, B.; Quaglino, D.; Pasquali-Ronchetti, I.; Pope, F.M.;
Richards, A.; Terry, S.; et al. Mutations in a gene encoding an ABC transporter cause pseudoxanthoma
elasticum. Nat. Genet. 2000, 25, 223–227. [PubMed]

36. Uitto, J.; Li, Q.; Jiang, Q. Pseudoxanthoma elasticum: Molecular genetics and putative pathomechanisms.
J. Investig. Dermatol. 2010, 130, 661–670. [CrossRef] [PubMed]

37. Symmons, O.; Varadi, A.; Aranyi, T. How segmental duplications shape our genome: Recent evolution of
ABCC6 and PKD1 Mendelian disease genes. Mol. Biol. Evol. 2008, 25, 2601–2613. [CrossRef] [PubMed]

38. Pulkkinen, L.; Nakano, A.; Ringpfeil, F.; Uitto, J. Identification of ABCC6 pseudogenes on human
chromosome 16p: Implications for mutation detection in pseudoxanthoma elasticum. Hum. Genet. 2001, 109,
356–365. [CrossRef] [PubMed]

39. Aranyi, T.; Ratajewski, M.; Bardoczy, V.; Pulaski, L.; Bors, A.; Tordai, A.; Varadi, A. Identification of a DNA
methylation-dependent activator sequence in the pseudoxanthoma elasticum gene, ABCC6. J. Biol. Chem.
2005, 280, 18643–18650. [CrossRef] [PubMed]

40. De Boussac, H.; Ratajewski, M.; Sachrajda, I.; Koblos, G.; Tordai, A.; Pulaski, L.; Buday, L.; Varadi, A.;
Aranyi, T. The ERK1/2-hepatocyte nuclear factor 4alpha axis regulates human ABCC6 gene expression in
hepatocytes. J. Biol. Chem. 2010, 285, 22800–22808. [CrossRef] [PubMed]

41. Douet, V.; VanWart, C.M.; Heller, M.B.; Reinhard, S.; Le Saux, O. HNF4alpha and NF-E2 are key
transcriptional regulators of the murine Abcc6 gene expression. Biochim. Biophys. Acta 2006, 1759, 426–436.
[CrossRef] [PubMed]

42. Ratajewski, M.; de Boussac, H.; Sachrajda, I.; Bacquet, C.; Kovacs, T.; Varadi, A.; Pulaski, L.; Aranyi, T. ABCC6
Expression Is Regulated by CCAAT/Enhancer-Binding Protein Activating a Primate-Specific Sequence
Located in the First Intron of the Gene. J. Investig. Dermatol. 2012, 131, 2709–2717. [CrossRef] [PubMed]

43. Jiang, Q.; Matsuzaki, Y.; Li, K.; Uitto, J. Transcriptional regulation and characterization of the promoter
region of the human ABCC6 gene. J. Investig. Dermatol. 2006, 126, 325–335. [CrossRef] [PubMed]

44. Martin, L.; Douet, V.; VanWart, C.M.; Heller, M.B.; Le Saux, O. A mouse model of beta-thalassemia shows a
liver-specific down-regulation of Abcc6 expression. Am. J. Pathol. 2011, 178, 774–783. [CrossRef] [PubMed]

45. Fabbri, E.; Forni, G.L.; Guerrini, G.; Borgna-Pignatti, C. Pseudoxanthoma-elasticum-like syndrome and
thalassemia: An update. Dermatol. Online J. 2009, 15, 7. [PubMed]

46. Veto, B.; Bojcsuk, D.; Bacquet, C.; Kiss, J.; Sipeki, S.; Martin, L.; Buday, L.; Balint, B.L.; Aranyi, T.
The transcriptional activity of hepatocyte nuclear factor 4 alpha is inhibited via phosphorylation by ERK1/2.
PLoS ONE 2017, 12, e0172020. [CrossRef] [PubMed]

47. Ilias, A.; Urban, Z.; Seidl, T.L.; Le Saux, O.; Sinko, E.; Boyd, C.D.; Sarkadi, B.; Varadi, A. Loss of
ATP-dependent transport activity in pseudoxanthoma elasticum-associated mutants of human ABCC6
(MRP6). J. Biol. Chem. 2002, 277, 16860–16867. [CrossRef] [PubMed]

48. Pomozi, V.; Brampton, C.; Fulop, K.; Chen, L.H.; Apana, A.; Li, Q.; Uitto, J.; Le Saux, O.; Varadi, A. Analysis
of pseudoxanthoma elasticum-causing missense mutants of ABCC6 in vivo; pharmacological correction of
the mislocalized proteins. J. Investig. Dermatol. 2014, 134, 946–953. [CrossRef] [PubMed]

49. Pomozi, V.; Brampton, C.; Szeri, F.; Dedinszki, D.; Kozak, E.; van de Wetering, K.; Hopkins, H.; Martin, L.;
Varadi, A.; Le Saux, O. Functional Rescue of ABCC6 Deficiency by 4-Phenylbutyrate Therapy Reduces
Dystrophic Calcification in Abcc6−/− Mice. J. Investig. Dermatol. 2017, 137, 595–602. [CrossRef] [PubMed]

50. Le Saux, O.; Fulop, K.; Yamaguchi, Y.; Ilias, A.; Szabo, Z.; Brampton, C.N.; Pomozi, V.; Huszar, K.;
Aranyi, T.; Varadi, A. Expression and in vivo rescue of human ABCC6 disease-causing mutants in mouse
liver. PLoS ONE 2011, 6, e24738. [CrossRef] [PubMed]

51. Madon, J.; Hagenbuch, B.; Landmann, L.; Meier, P.J.; Stieger, B. Transport function and hepatocellular
localization of mrp6 in rat liver. Mol. Pharmacol. 2000, 57, 634–641. [PubMed]

52. Beck, K.; Hayashi, K.; Dang, K.; Hayashi, M.; Boyd, C.D. Analysis of ABCC6 (MRP6) in normal human
tissues. Histochem. Cell Biol. 2005, 123, 517–528. [CrossRef] [PubMed]

53. Kool, M.; van der Linden, M.; de Haas, M.; Baas, F.; Borst, P. Expression of human MRP6, a homologue of the
multidrug resistance protein gene MRP1, in tissues and cancer cells. Cancer Res. 1999, 59, 175–182. [PubMed]

http://dx.doi.org/10.1038/jid.2010.174
http://www.ncbi.nlm.nih.gov/pubmed/20596085
http://www.ncbi.nlm.nih.gov/pubmed/10835642
http://dx.doi.org/10.1038/jid.2009.411
http://www.ncbi.nlm.nih.gov/pubmed/20032990
http://dx.doi.org/10.1093/molbev/msn202
http://www.ncbi.nlm.nih.gov/pubmed/18791038
http://dx.doi.org/10.1007/s004390100582
http://www.ncbi.nlm.nih.gov/pubmed/11702217
http://dx.doi.org/10.1074/jbc.M501139200
http://www.ncbi.nlm.nih.gov/pubmed/15760889
http://dx.doi.org/10.1074/jbc.M110.105593
http://www.ncbi.nlm.nih.gov/pubmed/20463007
http://dx.doi.org/10.1016/j.bbaexp.2006.08.002
http://www.ncbi.nlm.nih.gov/pubmed/16997394
http://dx.doi.org/10.1038/jid.2012.218
http://www.ncbi.nlm.nih.gov/pubmed/22763786
http://dx.doi.org/10.1038/sj.jid.5700065
http://www.ncbi.nlm.nih.gov/pubmed/16374464
http://dx.doi.org/10.1016/j.ajpath.2010.10.004
http://www.ncbi.nlm.nih.gov/pubmed/21281810
http://www.ncbi.nlm.nih.gov/pubmed/19903435
http://dx.doi.org/10.1371/journal.pone.0172020
http://www.ncbi.nlm.nih.gov/pubmed/28196117
http://dx.doi.org/10.1074/jbc.M110918200
http://www.ncbi.nlm.nih.gov/pubmed/11880368
http://dx.doi.org/10.1038/jid.2013.482
http://www.ncbi.nlm.nih.gov/pubmed/24352041
http://dx.doi.org/10.1016/j.jid.2016.10.035
http://www.ncbi.nlm.nih.gov/pubmed/27826008
http://dx.doi.org/10.1371/journal.pone.0024738
http://www.ncbi.nlm.nih.gov/pubmed/21935449
http://www.ncbi.nlm.nih.gov/pubmed/10692506
http://dx.doi.org/10.1007/s00418-004-0744-3
http://www.ncbi.nlm.nih.gov/pubmed/15889270
http://www.ncbi.nlm.nih.gov/pubmed/9892204


Int. J. Mol. Sci. 2017, 18, 1941 13 of 16

54. Maher, J.M.; Cherrington, N.J.; Slitt, A.L.; Klaassen, C.D. Tissue distribution and induction of the rat
multidrug resistance-associated proteins 5 and 6. Life Sci. 2006, 78, 2219–2225. [CrossRef] [PubMed]

55. Maher, J.M.; Slitt, A.L.; Cherrington, N.J.; Cheng, X.; Klaassen, C.D. Tissue distribution and hepatic and renal
ontogeny of the multidrug resistance-associated protein (Mrp) family in mice. Drug Metab. Dispos. 2005, 33,
947–955. [CrossRef] [PubMed]

56. Matsuzaki, Y.; Nakano, A.; Jiang, Q.J.; Pulkkinen, L.; Uitto, J. Tissue-specific expression of the ABCC6 gene.
J. Investig. Dermatol. 2005, 125, 900–905. [CrossRef] [PubMed]

57. Pomozi, V.; Le Saux, O.; Brampton, C.; Apana, A.; Ilias, A.; Szeri, F.; Martin, L.; Monostory, K.; Paku, S.;
Sarkadi, B.; et al. ABCC6 is a basolateral plasma membrane protein. Circ. Res. 2013, 112, e148–e151.
[CrossRef] [PubMed]

58. Beck, K.; Hayashi, K.; Nishiguchi, B.; Le Saux, O.; Hayashi, M.; Boyd, C.D. The distribution of Abcc6 in
normal mouse tissues suggests multiple functions for this ABC transporter. J. Histochem. Cytochem. 2003, 51,
887–902. [CrossRef] [PubMed]

59. Belinsky, M.G.; Kruh, G.D. MOAT-E (ARA) is a full-length MRP/cMOAT subfamily transporter expressed in
kidney and liver. Bri. J. Cancer 1999, 80, 1342–1349. [CrossRef] [PubMed]

60. Scheffer, G.L.; Hu, X.; Pijnenborg, A.C.; Wijnholds, J.; Bergen, A.A.; Scheper, R.J. MRP6 (ABCC6) detection in
normal human tissues and tumors. Lab. Investig. 2002, 82, 515–518. [CrossRef] [PubMed]

61. Jiang, Q.; Endo, M.; Dibra, F.; Wang, K.; Uitto, J. Pseudoxanthoma elasticum is a metabolic disease.
J. Investig. Dermatol. 2009, 129, 348–354. [CrossRef] [PubMed]

62. Jiang, Q.; Oldenburg, R.; Otsuru, S.; Grand-Pierre, A.E.; Horwitz, E.M.; Uitto, J. Parabiotic heterogenetic
pairing of Abcc6−/−/Rag1−/− mice and their wild-type counterparts halts ectopic mineralization in a murine
model of pseudoxanthoma elasticum. Am. J. Pathol. 2010, 176, 1855–1862. [CrossRef] [PubMed]

63. Li, Q.; Grange, D.K.; Armstrong, N.L.; Whelan, A.J.; Hurley, M.Y.; Rishavy, M.A.; Hallgren, K.W.;
Berkner, K.L.; Schurgers, L.J.; Jiang, Q.; et al. Mutations in the GGCX and ABCC6 genes in a family
with pseudoxanthoma elasticum-like phenotypes. J. Investig. Dermatol. 2009, 129, 553–563. [CrossRef]
[PubMed]

64. Vanakker, O.M.; Martin, L.; Gheduzzi, D.; Leroy, B.P.; Loeys, B.L.; Guerci, V.I.; Matthys, D.; Terry, S.F.;
Coucke, P.J.; Pasquali-Ronchetti, I.; et al. Pseudoxanthoma elasticum-like phenotype with cutis laxa and
multiple coagulation factor deficiency represents a separate genetic entity. J. Investig. Dermatol. 2007, 127,
581–587. [CrossRef] [PubMed]

65. Jiang, Q.; Li, Q.; Grand-Pierre, A.E.; Schurgers, L.J.; Uitto, J. Administration of vitamin K does not counteract
the ectopic mineralization of connective tissues in Abcc6−/− mice, a model for pseudoxanthoma elasticum.
Cell Cycle 2011, 10, 701–707. [CrossRef] [PubMed]

66. Brampton, C.; Yamaguchi, Y.; Vanakker, O.; Van Laer, L.; Chen, L.H.; Thakore, M.; De Paepe, A.; Pomozi, V.;
Szabo, P.T.; Martin, L.; et al. Vitamin K does not prevent soft tissue mineralization in a mouse model of
pseudoxanthoma elasticum. Cell Cycle 2011, 10, 1810–1820. [CrossRef] [PubMed]

67. Jansen, R.S.; Duijst, S.; Mahakena, S.; Sommer, D.; Szeri, F.; Varadi, A.; Plomp, A.; Bergen, A.A.; Oude Elferink, R.P.;
Borst, P.; et al. ABCC6-mediated ATP secretion by the liver is the main source of the mineralization inhibitor
inorganic pyrophosphate in the systemic circulation-brief report. Arterioscler. Thromb. Vasc. Biol. 2014, 34,
1985–1989. [CrossRef] [PubMed]

68. Jansen, R.S.; Kucukosmanoglu, A.; de Haas, M.; Sapthu, S.; Otero, J.A.; Hegman, I.E.; Bergen, A.A.;
Gorgels, T.G.; Borst, P.; van de Wetering, K. ABCC6 prevents ectopic mineralization seen in pseudoxanthoma
elasticum by inducing cellular nucleotide release. Proc. Natl. Acad. Sci. USA 2013, 110, 20206–120211.
[CrossRef] [PubMed]

69. Abraham, E.H.; Prat, A.G.; Gerweck, L.; Seneveratne, T.; Arceci, R.J.; Kramer, R.; Guidotti, G.; Cantiello, H.F.
The multidrug resistance (mdr1) gene product functions as an ATP channel. Proc. Natl. Acad. Sci. USA 1993,
90, 312–316. [CrossRef] [PubMed]

70. AI-Awqati, Q. Regulation of ion channels by ABC transporters that secrete ATP. Science 1995, 269, 805–806.
[CrossRef]

71. Rutsch, F.; Ruf, N.; Vaingankar, S.; Toliat, M.R.; Suk, A.; Hohne, W.; Schauer, G.; Lehmann, M.; Roscioli, T.;
Schnabel, D.; et al. Mutations in ENPP1 are associated with “idiopathic” infantile arterial calcification.
Nat. Genet. 2003, 34, 379–381. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.lfs.2005.09.016
http://www.ncbi.nlm.nih.gov/pubmed/16260000
http://dx.doi.org/10.1124/dmd.105.003780
http://www.ncbi.nlm.nih.gov/pubmed/15802388
http://dx.doi.org/10.1111/j.0022-202X.2005.23897.x
http://www.ncbi.nlm.nih.gov/pubmed/16297187
http://dx.doi.org/10.1161/CIRCRESAHA.111.300194
http://www.ncbi.nlm.nih.gov/pubmed/23625951
http://dx.doi.org/10.1177/002215540305100704
http://www.ncbi.nlm.nih.gov/pubmed/12810839
http://dx.doi.org/10.1038/sj.bjc.6690527
http://www.ncbi.nlm.nih.gov/pubmed/10424734
http://dx.doi.org/10.1038/labinvest.3780444
http://www.ncbi.nlm.nih.gov/pubmed/11950908
http://dx.doi.org/10.1038/jid.2008.212
http://www.ncbi.nlm.nih.gov/pubmed/18685618
http://dx.doi.org/10.2353/ajpath.2010.090983
http://www.ncbi.nlm.nih.gov/pubmed/20185580
http://dx.doi.org/10.1038/jid.2008.271
http://www.ncbi.nlm.nih.gov/pubmed/18800149
http://dx.doi.org/10.1038/sj.jid.5700610
http://www.ncbi.nlm.nih.gov/pubmed/17110937
http://dx.doi.org/10.4161/cc.10.4.14862
http://www.ncbi.nlm.nih.gov/pubmed/21304270
http://dx.doi.org/10.4161/cc.10.11.15681
http://www.ncbi.nlm.nih.gov/pubmed/21597330
http://dx.doi.org/10.1161/ATVBAHA.114.304017
http://www.ncbi.nlm.nih.gov/pubmed/24969777
http://dx.doi.org/10.1073/pnas.1319582110
http://www.ncbi.nlm.nih.gov/pubmed/24277820
http://dx.doi.org/10.1073/pnas.90.1.312
http://www.ncbi.nlm.nih.gov/pubmed/7678345
http://dx.doi.org/10.1126/science.7543697
http://dx.doi.org/10.1038/ng1221
http://www.ncbi.nlm.nih.gov/pubmed/12881724


Int. J. Mol. Sci. 2017, 18, 1941 14 of 16

72. St Hilaire, C.; Ziegler, S.G.; Markello, T.C.; Brusco, A.; Groden, C.; Gill, F.; Carlson-Donohoe, H.;
Lederman, R.J.; Chen, M.Y.; Yang, D.; et al. NT5E mutations and arterial calcifications. N. Engl. J. Med. 2011,
364, 432–442. [CrossRef] [PubMed]

73. Fleisch, H.; Russell, R.G.; Straumann, F. Effect of pyrophosphate on hydroxyapatite and its implications in
calcium homeostasis. Nature 1966, 212, 901–903. [CrossRef] [PubMed]

74. Lomashvili, K.A.; Narisawa, S.; Millan, J.L.; O’Neill, W.C. Vascular calcification is dependent on plasma
levels of pyrophosphate. Kidney Int. 2014, 85, 1351–1356. [CrossRef] [PubMed]

75. Ziegler, S.G.; Ferreira, C.R.; MacFarlane, E.G.; Riddle, R.C.; Tomlinson, R.E.; Chew, E.Y.; Martin, L.; Ma, C.T.;
Sergienko, E.; Pinkerton, A.B.; et al. Ectopic calcification in pseudoxanthoma elasticum responds to inhibition
of tissue-nonspecific alkaline phosphatase. Sci. Transl. Med. 2017, 9. [CrossRef] [PubMed]

76. Dedinszki, D.; Szeri, F.; Kozak, E.; Pomozi, V.; Tokesi, N.; Mezei, T.R.; Merczel, K.; Letavernier, E.;
Tang, E.; Le Saux, O.; et al. Oral administration of pyrophosphate inhibits connective tissue calcification.
EMBO Mol. Med. 2017. [CrossRef] [PubMed]

77. Ho, A.M.; Johnson, M.D.; Kingsley, D.M. Role of the Mouse ank Gene in Control of Tissue Calcification and
Arthritis. Science 2000, 289. [CrossRef]

78. Gorman, M.W.; Feigl, E.O.; Buffington, C.W. Human plasma ATP concentration. Clin. Chem. 2007, 53, 318–325.
[CrossRef] [PubMed]

79. Mortensen, S.P.; Thaning, P.; Nyberg, M.; Saltin, B.; Hellsten, Y. Local release of ATP into the arterial inflow
and venous drainage of human skeletal muscle: Insight from ATP determination with the intravascular
microdialysis technique. J. Physiol. 2011, 589, 1847–1857. [CrossRef] [PubMed]

80. Lohman, A.W.; Billaud, M.; Isakson, B.E. Mechanisms of ATP release and signalling in the blood vessel wall.
Cardiovasc. Res. 2012, 95, 269–280. [CrossRef] [PubMed]

81. Zhao, J.; Kingman, J.; Sundberg, J.P.; Uitto, J.; Li, Q. Plasma PPi Deficiency is the Major, But Not the Exclusive,
Cause of Ectopic Mineralization in an Abcc6−/− Mouse Model of PXE. J. Investig. Dermatol. 2017, in press.
[CrossRef] [PubMed]

82. Alem, A.M.; Sherrard, D.J.; Gillen, D.L.; Weiss, N.S.; Beresford, S.A.; Heckbert, S.R.; Wong, C.; Stehman-Breen, C.
Increased risk of hip fracture among patients with end-stage renal disease. Kidney Int. 2000, 58, 396–399.
[CrossRef] [PubMed]

83. Stehman-Breen, C.O.; Sherrard, D.J.; Alem, A.M.; Gillen, D.L.; Heckbert, S.R.; Wong, C.S.; Ball, A.; Weiss, N.S.
Risk factors for hip fracture among patients with end-stage renal disease. Kidney Int. 2000, 58, 2200–2205.
[CrossRef] [PubMed]

84. Schulz, E.; Arfai, K.; Liu, X.; Sayre, J.; Gilsanz, V. Aortic calcification and the risk of osteoporosis and fractures.
J. Clin. Endocrinol. Metab. 2004, 89, 4246–4253. [CrossRef] [PubMed]

85. Kiel, D.P.; Kauppila, L.I.; Cupples, L.A.; Hannan, M.T.; O’Donnell, C.J.; Wilson, P.W. Bone loss and
the progression of abdominal aortic calcification over a 25 year period: The Framingham Heart Study.
Calcif. Tissue Int. 2001, 68, 271–276. [CrossRef] [PubMed]

86. Vanholder, R.; Annemans, L.; Brown, E.; Gansevoort, R.; Gout-Zwart, J.J.; Lameire, N.; Morton, R.L.;
Oberbauer, R.; Postma, M.J.; Tonelli, M.; et al. Reducing the costs of chronic kidney disease while delivering
quality health care: A call to action. Nat. Rev. Nephrol. 2017, 13, 393–409. [CrossRef] [PubMed]

87. Go, A.S.; Chertow, G.M.; Fan, D.; McCulloch, C.E.; Hsu, C.Y. Chronic kidney disease and the risks of death,
cardiovascular events, and hospitalization. N. Engl. J. Med. 2004, 351, 1296–1305. [CrossRef] [PubMed]

88. Stenvinkel, P. Chronic kidney disease: A public health priority and harbinger of premature cardiovascular
disease. J. Intern. Med. 2010, 268, 456–467. [CrossRef] [PubMed]

89. Agatston, A.S.; Janowitz, W.R.; Hildner, F.J.; Zusmer, N.R.; Viamonte, M., Jr.; Detrano, R. Quantification
of coronary artery calcium using ultrafast computed tomography. J. Am. Coll. Cardiol. 1990, 15, 827–832.
[CrossRef]

90. Budoff, M.J.; Shaw, L.J.; Liu, S.T.; Weinstein, S.R.; Mosler, T.P.; Tseng, P.H.; Flores, F.R.; Callister, T.Q.; Raggi, P.;
Berman, D.S. Long-term prognosis associated with coronary calcification: Observations from a registry of
25,253 patients. J. Am. Coll. Cardiol. 2007, 49, 1860–1870. [CrossRef] [PubMed]

91. Braun, J.; Oldendorf, M.; Moshage, W.; Heidler, R.; Zeitler, E.; Luft, F.C. Electron beam computed tomography
in the evaluation of cardiac calcification in chronic dialysis patients. Am. J. Kidney Dis. 1996, 27, 394–401.
[CrossRef]

http://dx.doi.org/10.1056/NEJMoa0912923
http://www.ncbi.nlm.nih.gov/pubmed/21288095
http://dx.doi.org/10.1038/212901a0
http://www.ncbi.nlm.nih.gov/pubmed/4306793
http://dx.doi.org/10.1038/ki.2013.521
http://www.ncbi.nlm.nih.gov/pubmed/24717293
http://dx.doi.org/10.1126/scitranslmed.aal1669
http://www.ncbi.nlm.nih.gov/pubmed/28592560
http://dx.doi.org/10.15252/emmm.201707532
http://www.ncbi.nlm.nih.gov/pubmed/28701330
http://dx.doi.org/10.1126/science.289.5477.265
http://dx.doi.org/10.1373/clinchem.2006.076364
http://www.ncbi.nlm.nih.gov/pubmed/17185366
http://dx.doi.org/10.1113/jphysiol.2010.203034
http://www.ncbi.nlm.nih.gov/pubmed/21300753
http://dx.doi.org/10.1093/cvr/cvs187
http://www.ncbi.nlm.nih.gov/pubmed/22678409
http://dx.doi.org/10.1016/j.jid.2017.06.006
http://www.ncbi.nlm.nih.gov/pubmed/28652107
http://dx.doi.org/10.1046/j.1523-1755.2000.00178.x
http://www.ncbi.nlm.nih.gov/pubmed/10886587
http://dx.doi.org/10.1111/j.1523-1755.2000.00394.x
http://www.ncbi.nlm.nih.gov/pubmed/11044242
http://dx.doi.org/10.1210/jc.2003-030964
http://www.ncbi.nlm.nih.gov/pubmed/15356016
http://dx.doi.org/10.1007/BF02390833
http://www.ncbi.nlm.nih.gov/pubmed/11683533
http://dx.doi.org/10.1038/nrneph.2017.63
http://www.ncbi.nlm.nih.gov/pubmed/28555652
http://dx.doi.org/10.1056/NEJMoa041031
http://www.ncbi.nlm.nih.gov/pubmed/15385656
http://dx.doi.org/10.1111/j.1365-2796.2010.02269.x
http://www.ncbi.nlm.nih.gov/pubmed/20809922
http://dx.doi.org/10.1016/0735-1097(90)90282-T
http://dx.doi.org/10.1016/j.jacc.2006.10.079
http://www.ncbi.nlm.nih.gov/pubmed/17481445
http://dx.doi.org/10.1016/S0272-6386(96)90363-7


Int. J. Mol. Sci. 2017, 18, 1941 15 of 16

92. Mitsnefes, M.M. Cardiovascular disease in children with chronic kidney disease. J. Am. Soc. Nephrol. 2012,
23, 578–585. [CrossRef] [PubMed]

93. Moranne, O.; Froissart, M.; Rossert, J.; Gauci, C.; Boffa, J.J.; Haymann, J.P.; M’Rad, M.B.; Jacquot, C.;
Houillier, P.; Stengel, B.; et al. Timing of onset of CKD-related metabolic complications. J. Am. Soc. Nephrol.
2009, 20, 164–171. [CrossRef] [PubMed]

94. Lomashvili, K.A.; Khawandi, W.; O’Neill, W.C. Reduced plasma pyrophosphate levels in hemodialysis
patients. J. Am. Soc. Nephrol. 2005, 16, 2495–2500. [CrossRef] [PubMed]

95. O’Neill, W.C.; Sigrist, M.K.; McIntyre, C.W. Plasma pyrophosphate and vascular calcification in chronic
kidney disease. Nephrol. Dial. Transplant. 2010, 25, 187–191. [CrossRef] [PubMed]

96. Lau, W.L.; Liu, S.; Vaziri, N.D. Chronic kidney disease results in deficiency of ABCC6, the novel inhibitor of
vascular calcification. Am. J. Nephrol. 2014, 40, 51–55. [CrossRef] [PubMed]

97. Lomashvili, K.A.; Garg, P.; Narisawa, S.; Millan, J.L.; O’Neill, W.C. Upregulation of alkaline phosphatase
and pyrophosphate hydrolysis: Potential mechanism for uremic vascular calcification. Kidney Int. 2008, 73,
1024–1030. [CrossRef] [PubMed]

98. Haarhaus, M.; Brandenburg, V.; Kalantar-Zadeh, K.; Stenvinkel, P.; Magnusson, P. Alkaline phosphatase: A
novel treatment target for cardiovascular disease in CKD. Nat. Rev. Nephrol. 2017, 13, 429–442. [CrossRef]
[PubMed]

99. Pais, R.; Barritt, A.S., 4th; Calmus, Y.; Scatton, O.; Runge, T.; Lebray, P.; Poynard, T.; Ratziu, V.; Conti, F.
NAFLD and liver transplantation: Current burden and expected challenges. J. Hepatol. 2016, 65, 1245–1257.
[CrossRef] [PubMed]

100. Chen, C.H.; Nien, C.K.; Yang, C.C.; Yeh, Y.H. Association between nonalcoholic fatty liver disease and
coronary artery calcification. Dig. Dis. Sci. 2010, 55, 1752–1760. [CrossRef] [PubMed]

101. Assy, N.; Djibre, A.; Farah, R.; Grosovski, M.; Marmor, A. Presence of coronary plaques in patients with
nonalcoholic fatty liver disease. Radiology 2010, 254, 393–400. [CrossRef] [PubMed]

102. Targher, G.; Arcaro, G. Non-alcoholic fatty liver disease and increased risk of cardiovascular disease.
Atherosclerosis 2007, 191, 235–240. [CrossRef] [PubMed]

103. Lazo, M.; Hernaez, R.; Bonekamp, S.; Kamel, I.R.; Brancati, F.L.; Guallar, E.; Clark, J.M. Non-alcoholic fatty
liver disease and mortality among US adults: Prospective cohort study. BMJ 2011, 343, d6891. [CrossRef]
[PubMed]

104. Stepanova, M.; Younossi, Z.M. Independent association between nonalcoholic fatty liver disease and
cardiovascular disease in the US population. Clin. Gastroenterol. Hepatol. 2012, 10, 646–650. [CrossRef]
[PubMed]

105. Ishiba, H.; Sumida, Y.; Kataoka, S.; Kuroda, M.; Akabame, S.; Tomiyasu, K.; Tanaka, M.; Arai, M.; Taketani, H.;
Seko, Y.; et al. Association of coronary artery calcification with liver fibrosis in Japanese patients with
non-alcoholic fatty liver disease. Hepatol. Res. 2016, 46, 1107–1117. [CrossRef] [PubMed]

106. Dogan, S.; Celikbilek, M.; Yilmaz, Y.K.; Sarikaya, S.; Zararsiz, G.; Serin, H.I.; Borekci, E.; Akyol, L.; Pirti, I.;
Davarci, S.E. Association between liver fibrosis and coronary heart disease risk in patients with nonalcoholic
fatty liver disease. Eur. J. Gastroenterol. Hepatol. 2015, 27, 298–304. [CrossRef] [PubMed]

107. You, S.C.; Kim, K.J.; Kim, S.U.; Kim, B.K.; Park, J.Y.; Kim, D.Y.; Ahn, S.H.; Han, K.H. Hepatic
fibrosis assessed using transient elastography independently associated with coronary artery calcification.
J. Gastroenterol. Hepatol. 2015, 30, 1536–1542. [CrossRef] [PubMed]

108. Kim, D.; Kim, W.R.; Kim, H.J.; Therneau, T.M. Association between noninvasive fibrosis markers and
mortality among adults with nonalcoholic fatty liver disease in the United States. Hepatology 2013, 57,
1357–1365. [CrossRef] [PubMed]

109. Cortez-Pinto, H.; Chatham, J.; Chacko, V.P.; Arnold, C.; Rashid, A.; Diehl, A.M. Alterations in liver ATP
homeostasis in human nonalcoholic steatohepatitis: A pilot study. JAMA 1999, 282, 1659–1664. [CrossRef]
[PubMed]

110. Koliaki, C.; Roden, M. Hepatic energy metabolism in human diabetes mellitus, obesity and non-alcoholic
fatty liver disease. Mol. Cell Endocrinol. 2013, 379, 35–42. [CrossRef] [PubMed]

111. Sherer, D.W.; Singer, G.; Uribarri, J.; Phelps, R.G.; Sapadin, A.N.; Freund, K.B.; Yanuzzi, L.; Fuchs, W.;
Lebwohl, M. Oral phosphate binders in the treatment of pseudoxanthoma elasticum. J. Am. Acad. Dermatol.
2005, 53, 610–615. [CrossRef] [PubMed]

http://dx.doi.org/10.1681/ASN.2011111115
http://www.ncbi.nlm.nih.gov/pubmed/22383696
http://dx.doi.org/10.1681/ASN.2008020159
http://www.ncbi.nlm.nih.gov/pubmed/19005010
http://dx.doi.org/10.1681/ASN.2004080694
http://www.ncbi.nlm.nih.gov/pubmed/15958726
http://dx.doi.org/10.1093/ndt/gfp362
http://www.ncbi.nlm.nih.gov/pubmed/19633093
http://dx.doi.org/10.1159/000365014
http://www.ncbi.nlm.nih.gov/pubmed/24994603
http://dx.doi.org/10.1038/ki.2008.26
http://www.ncbi.nlm.nih.gov/pubmed/18288101
http://dx.doi.org/10.1038/nrneph.2017.60
http://www.ncbi.nlm.nih.gov/pubmed/28502983
http://dx.doi.org/10.1016/j.jhep.2016.07.033
http://www.ncbi.nlm.nih.gov/pubmed/27486010
http://dx.doi.org/10.1007/s10620-009-0935-9
http://www.ncbi.nlm.nih.gov/pubmed/19688595
http://dx.doi.org/10.1148/radiol.09090769
http://www.ncbi.nlm.nih.gov/pubmed/20093511
http://dx.doi.org/10.1016/j.atherosclerosis.2006.08.021
http://www.ncbi.nlm.nih.gov/pubmed/16970951
http://dx.doi.org/10.1136/bmj.d6891
http://www.ncbi.nlm.nih.gov/pubmed/22102439
http://dx.doi.org/10.1016/j.cgh.2011.12.039
http://www.ncbi.nlm.nih.gov/pubmed/22245962
http://dx.doi.org/10.1111/hepr.12665
http://www.ncbi.nlm.nih.gov/pubmed/26853695
http://dx.doi.org/10.1097/MEG.0000000000000286
http://www.ncbi.nlm.nih.gov/pubmed/25629574
http://dx.doi.org/10.1111/jgh.12992
http://www.ncbi.nlm.nih.gov/pubmed/25973647
http://dx.doi.org/10.1002/hep.26156
http://www.ncbi.nlm.nih.gov/pubmed/23175136
http://dx.doi.org/10.1001/jama.282.17.1659
http://www.ncbi.nlm.nih.gov/pubmed/10553793
http://dx.doi.org/10.1016/j.mce.2013.06.002
http://www.ncbi.nlm.nih.gov/pubmed/23770462
http://dx.doi.org/10.1016/j.jaad.2004.11.066
http://www.ncbi.nlm.nih.gov/pubmed/16198780


Int. J. Mol. Sci. 2017, 18, 1941 16 of 16

112. Yoo, J.Y.; Blum, R.R.; Singer, G.K.; Stern, D.K.; Emanuel, P.O.; Fuchs, W.; Phelps, R.G.; Terry, S.F.;
Lebwohl, M.G. A randomized controlled trial of oral phosphate binders in the treatment of pseudoxanthoma
elasticum. J. Am. Acad. Dermatol. 2011, 65, 341–348. [CrossRef] [PubMed]

113. LaRusso, J.; Li, Q.; Jiang, Q.; Uitto, J. Elevated dietary magnesium prevents connective tissue mineralization
in a mouse model of pseudoxanthoma elasticum (Abcc6−/−). J. Investig. Dermatol. 2009, 129, 1388–1394.
[CrossRef] [PubMed]

114. Pomozi, V.; Brampton, C.; van de Wetering, K.; Zoll, J.; Calio, B.; Pham, K.; Owens, J.B.; Marh, J.;
Moisyadi, S.; Varadi, A.; et al. Pyrophosphate Supplementation Prevents Chronic and Acute Calcification in
ABCC6-Deficient Mice. Am. J. Pathol. 2017, 187, 1258–1272. [CrossRef] [PubMed]

115. O’Neill, W.C.; Lomashvili, K.A.; Malluche, H.H.; Faugere, M.C.; Riser, B.L. Treatment with pyrophosphate
inhibits uremic vascular calcification. Kidney Int. 2011, 79, 512–517. [CrossRef] [PubMed]

116. Francis, M.D.; Russell, R.G.; Fleisch, H. Diphosphonates inhibit formation of calcium phosphate crystals
in vitro and pathological calcification in vivo. Science 1969, 165, 1264–1266. [CrossRef] [PubMed]

117. Li, Q.; Sundberg, J.P.; Levine, M.A.; Terry, S.F.; Uitto, J. The effects of bisphosphonates on ectopic soft tissue
mineralization caused by mutations in the ABCC6 gene. Cell Cycle 2015, 14, 1082–1089. [CrossRef] [PubMed]

118. Albright, R.A.; Stabach, P.; Cao, W.; Kavanagh, D.; Mullen, I.; Braddock, A.A.; Covo, M.S.; Tehan, M.;
Yang, G.; Cheng, Z.; et al. ENPP1-Fc prevents mortality and vascular calcifications in rodent model of
generalized arterial calcification of infancy. Nat. Commun. 2015, 6, 10006. [CrossRef] [PubMed]

119. Vermeer, C.; Braam, L. Role of K vitamins in the regulation of tissue calcification. J. Bone Miner. Metab. 2001,
19, 201–206. [CrossRef] [PubMed]

120. Fodor, D.; Albu, A.; Poanta, L.; Porojan, M. Vitamin K and vascular calcifications. Acta Physiol. Hung. 2010,
97, 256–266. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jaad.2010.05.023
http://www.ncbi.nlm.nih.gov/pubmed/21496949
http://dx.doi.org/10.1038/jid.2008.391
http://www.ncbi.nlm.nih.gov/pubmed/19122649
http://dx.doi.org/10.1016/j.ajpath.2017.02.009
http://www.ncbi.nlm.nih.gov/pubmed/28416300
http://dx.doi.org/10.1038/ki.2010.461
http://www.ncbi.nlm.nih.gov/pubmed/21124302
http://dx.doi.org/10.1126/science.165.3899.1264
http://www.ncbi.nlm.nih.gov/pubmed/4308521
http://dx.doi.org/10.1080/15384101.2015.1007809
http://www.ncbi.nlm.nih.gov/pubmed/25607347
http://dx.doi.org/10.1038/ncomms10006
http://www.ncbi.nlm.nih.gov/pubmed/26624227
http://dx.doi.org/10.1007/s007740170021
http://www.ncbi.nlm.nih.gov/pubmed/11448011
http://dx.doi.org/10.1556/APhysiol.97.2010.3.2
http://www.ncbi.nlm.nih.gov/pubmed/20843764
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Pseudoxanthoma Elasticum: The Story of a “misnamed” Disease 
	Vascular Lesions of PXE 
	Lessons Learned from Knockout Mice 
	Molecular Aspects of ABCC6 
	Pathophysiology of ABCC6 
	ABCC6 in the Context of Biomineralization 
	A Role for ABCC6 into the Pathophysiology of Vascular Calcifications in Acquired Metabolic Diseases? 
	Therapeutic Perspectives 
	Conclusions 

