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Abstract

The ABCC6 gene encodes an organic anion transporter protein, ABCC6/MRP6. Mutations in the
gene cause a rare, recessive genetic disease, pseudoxanthoma elasticum, while the loss of one
ABCCE6 allele is a genetic risk factor in coronary artery disease. We review here the information
available on gene structure, evolution as well as the present knowledge on its transcriptional
regulation. We give a detailed description of the characteristics of the protein, and analyze the
relationship between the distributions of missense disease—causing mutations in the predicted
three-dimensional structure of the transporter, which suggests functional importance of the
domain-domain interactions. Though neither the physiological function of the protein nor its role
in the pathobiology of the diseases are known, a current hypothesis that ABCC6 may be involved
in the efflux of one form of Vitamin K from the liver is discussed. Finally, we analyze potential
strategies how the gene can be targeted on the transcriptional level to increase protein expression
in order to compensate for reduced activity. In addition, pharmacologic correction of trafficking-
defect mutants or suppression of stop codon mutations as potential future therapeutic interventions
are also reviewed.
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Pseudoxanthoma elasticum

Pseudoxanthoma elasticum (PXE, OMIM 264800) is a recessive genetic disorder with a
prevalence of 1: 25.000 — 100.000, affecting the elastic tissues of the body, including the
skin, the arteries and the elastic Bruch’s membrane in the eye. Patients most commonly
present with characteristic papules in the skin during late childhood or adolescence and
subsequently develop angioid streaks of the retina. Angioid streaks are associated with
subretinal neovascularisation, which can lead to hemorrhage and partial or complete loss of
central vision. The diagnosis of pseudoxanthoma elasticum is suspected in individuals with
characteristic skin and ocular findings and is confirmed by histological findings on biopsy of
lesional skin in which fragmented calcified elastic fibers are visualized by use of special
histologic stains (e.g. von Kossa staining).

The disease was first described in 1881 by D. Rigal [1] and Félix Balzer, but the term
Pseudoxanthoma elasticum (PXE) was first used in 1896 by Jean-Ferdinand Darier [2]. In
1889 Robert W. Doyne was the first to describe angioid streaks, than Ester Gronblad and
James Strandberg revealed the connection between PXE and angioid streaks in 1929 [3].
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Cutaneous and mucosal manifestations

The first sign of PXE is usually yellowish papules on the neck and other flexor surfaces.
These skin lesions vary in size from 1-5 mm and may be grouped or coalesce to form larger
plaques (Figure 1/A). In most of the cases the skin loses its elasticity and becomes wrinkled
and redundant. In addition to the neck, plaques may also appear on other areas, such as
axillae, inguinal region, antecubital and polpliteal fossae, and periumbilical area during the
progression of the disease. In some cases mucosal lesions, identical to the skin lesions, can
be detected on the inside of the lower lip, vagina, and all along the digestive tract mucosal
membrane [4].

The classic histological findings in PXE are ultrastructural elastic tissue abnormalities in the
middle and lower dermis. In PXE patients elastin becomes fragmented and degenerated (See
Figure 1/C). Deposition of calcium in the abnormal elastin matrix can be visualized by von
Kossa or other histological stains for calcium [5]. Similar clinical findings may also be
present is some other diseases for example in beta-thalassemia [6], focal dermal elastosis
[7], cutis laxa [8], calciphylaxis [9] or Paget’s disease [10]. However the ultra-structural
histopathology is a hallmark of PXE. Even the skin findings in a highly related disease
(PXE-like disorder with multiple coagulation factor deficiency) are in detail slightly
different from the skin lesions found in PXE patients [11].

Eyes (streamlined according to Rev2 suggestions)

Symptoms eventually appear in the eyes in all cases of PXE (Figure 1/B). The affected areas
are the Bruch’s membrane and the retinal-pigmented epithelium (RPE).

In PXE, calcification of dystrophic elastic fibers can be observed in the elastic layer of
Bruch’s membrane, similar to what is seen in the skin. Pigment irregularities, called peau
d’orange, may appear in the RPE. Calcification and thickening of the Bruch’s membrane, as
well as loss of RPE pigment granules lead to the development of angioid streaks (AS) [12].

AS are dehiscences in Bruch’s membrane, forming grayish to reddish irregular lines
resembling vessels, emanating from the optic disk. Due to the calcium deposition, Bruch’s
membrane becomes fragile, which is thought to be the major factor resulting in the
dehiscences within the membrane. Later in the course of the disease fibrovascular tissue
may grow through the damaged membrane, leading to choroidal neovascularization (CNV),
subretinal fibrosis, atrophy of the overlying RPE and retinal hemorrhages [13].

Hemorrhages from the fragile new vessels can lead to partial or complete vision loss in PXE
patients, starting usually around the third or fourth decade of life. Central vision loss has the
greatest impact on the quality of life in PXE patients, but thus far no preventive measures
are available. Laser therapy can be used to stop the proliferation or the bleeding of
submacular neovessels, but it may cause visual loss or central scotomas due to scarring, and
a high rate of recurrence has been observed [14,15]. A promising therapy to treat ocular
symptoms of PXE may be the application of antiangiogenic drugs. There have been several
publications documenting efficacy of intravitreal treatment with vascular endothelial growth
factor (VEGF) monoclonal antibodies in case of age-related macular degeneration resulting
in CNVs [[16,17]. Similar treatment was already applied for a small group of PXE patients,
showing very promising results [18].

Cardiovascular system

Calcification may affect the cardiovascular system, mostly the small and middle-sized
arteries.

Curr Drug Targets. Author manuscript; available in PMC 2012 May 1.
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Cardiovascular symptoms include diminished peripheral pulses, angina pectoris,
hypertension, mitral-valve prolapse and restrictive cardiomyopathy [19-23]. One of the
most common cardiovascular symptoms is intermittent claudication. Bleeding, especially
gastrointestinal hemorrhages may also occur probably due to calcification of the elastic
fibers in the small arteries located under the mucosa [24]. Myocardial infarction or other
symptoms leading to sudden death are rare, but probably the most serious complication
associated with PXE is the early onset of atherosclerosis [4].

ABCCG6 as a potential genetic risk factor in Coronary Artery Disease (CAD)

A strong correlation between a sequence variant of the ABCC6 gene (¢.3421C>T leading to
the p.R1141X non-sense mutation) and CAD has been demonstrated in a Dutch cohort [25].
However, a surprisingly high frequency of the mutant allele was observed in the control
population raising doubts about the validity of this unique study on the association of
ABCC6 mutation carrier status and CAD. An independent population genetic study on a
large Hungarian cohort confirmed the findings of the previous report [26]. A significant
association of carrier status and CAD was observed (5/361 carriers p=0.016 OR=10.5
95%CI 1.22-90.30). These findings mean that one non-functioning allele of ABCC6
increases the risk of CAD significantly.

The ABCC6 gene

In 2000 it was discovered by positional cloning that mutations in ABCC6 gene are
responsible for the development of PXE [27-29]. Since the discovery of the connection
between ABCC6 mutations and PXE a large number of disease-causing mutations has been
identified; the most frequent ones are p.R1141X (20 — 30%) and ¢.EX23_29del (5 - 15).
The high heterogeneity of PXE alleles in the population is comparable to that of other
autosomal diseases. A locus-specific database has been established recently with the
collection of the disease-causing mutations and other genetic variants and with link to other
genetic databases [www.ncbi.nlm.nih.gov/lovd/home.php?select_db=ABCC6]. ABCC6 is
located at 16p13.11 and codes for the ATP-binding cassette transporter protein, ABCC6/
MRP6. The functional gene of 75 kb size consists of 31 exons. Two pseudogenes that are
expressed at low levels and are positioned centromeric (ABCC6-y1) and telomeric (ABCC6-
w2) of ABCC6 have also been mapped [30]. Both ABCC6-1 and ABCC6-y2 share a high
degree of sequence similarity (~99%) with the functional gene, but are truncated in the
fourth and ninth intron, respectively. The ABCC6 locus is located in a genomic region that
was subject to segmental duplications, a series of events thought to play a crucial role in the
recent evolution of ABCC6 gene cluster [31]. Due to this evolutionary scenario
chromosomal rearrangements, gene conversion and emergence of new genes have been
observed.

There are several reports indicating that the ABCC®6 locus is genetically unstable. A rare
fragile site (FRA16A) has been found in close centromeric proximity to ABCC6 [32], while
the breakpoint of rearranged Chromosome 16 in the acute non-lymphocytic leukemia cell
line M4Eo was localized ~0.5 Mb telomeric of ABCC6 [33,34]. ABCCL, the gene located
closest to ABCC6 (8 kb apart) is frequently deleted in the drug-selected M4Eo cell line, and
the concomitant amplification of ABCC1 and ABCCS6 is observed in the SKOV3 ovarian
carcinoma cell lines after multidrug selection [35].

Transcriptional regulation

The initial characterization of the transcriptional regulation of the human ABCC6 gene
identified two evolutionarily conserved regions in the 5’ sequence 10kb upstream from the
translation start site [36]. Both regions harbor a CpG island (CGl), potential target of DNA

Curr Drug Targets. Author manuscript; available in PMC 2012 May 1.
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methylation. Analysis of DNA methylation may give clues to the location of important
regulatory regions of gene expression, as methylation is stable like an imprint. Methylated
regions indicate silenced and unmethylated regions design transcriptionally active sequences
[37]. Bisulfite genomic sequencing was carried out to analyze both the distal and the
proximal CGlI in different cell lines expressing and non-expressing ABCC6 [36]. Cell-type
specific DNA methylation in the proximal CpG island was detected, which inversely
correlated with the expression of the gene and suggested that this region plays an important
role in the tissue-specific regulation of ABCC6.

Based on these data luciferase reporter gene assays were performed with sequential deletion
promoter constructs. One silencer (between —713 and —332 bp) and one DNA methylation
sensitive activator sequence (between —332 and —145 bp) were identified. These data
indicated that this region confers tissue-specificity to the ABCC6 expression pattern. Further
promoter mapping experiments confirmed these findings by identifying one tissue-specific
regulator element (between —209 and —145 bp) and one further stronger activator sequence
located between —234 and —209 bp [38].

The potential regulatory role of some transcription factors and cytokines has been suggested.
The binding of the PLAG family of transcription factors and RXR has been convincingly
demonstrated: they are able to transactivate the endogenous ABCC6 gene, the binding site
was determined by luciferase assay and the binding to the ABCC6 promoter in the natural
chromatin environment was demonstrated by chromatin immune precipitation. However,
their functional role is still unclear [38,39]. The binding of NF-xB, SP1 and TGF-p has been
also suggested but their functional role and their binding to the endogenous ABCC6
promoter have not been tested [40].

Signal transduction pathways leading to the modulation of ABCC6 expression have also
been deciphered. Initially the activation by TGF-B and inhibition by TNF-o and IFN-y were
reported in luciferase reporter gene assays [40]. However, these effects have not yet been
confirmed on the endogenous gene and the implicated signal transduction pathway was not
identified. More recently, it was found that activation of the MAP kinase ERK1/2 cascade
leads to the significant inhibition of the expression of ABCC6 in HepG2 and Caco-2 cell
lines [41]. The detailed analysis of the molecular mechanism of this inhibition of ABCC6
expression revealed that this is a direct inhibition of transcription initiation and the response
element was mapped between —166 and —154 bp relative to the transcription initiation site.
This binding site is a degenerate but functional HNF4 (hepatocyte nuclear factor 4) binding
site as suggested by siRNA and chromatin immune precipitation [42,43]. Luciferase assays
with wild type (wt) and mutated constructs and co-expression of HNF4 with the wt construct
in cells where endogenous HNF4 is not expressed also confirmed these data [41].
Interestingly this effect of HNF4 was completely prevented by the activation of ERK1/2.

These experiments also revealed the major coordinator role of HNF4 in the regulation of
ABCCB6. Mutated constructs with abolished HNF4 binding site have also prevented further
activation of the luciferase activity by the other transcription factors [41]. This strongly
suggests that HNF4 is responsible for the tissue-specific regulation of ABCC6. It is worth to
note that ABCC6 and HNF4 tissue-specific expression completely overlap [44,45].

Modifying genes and PXE phenocopies

The PXE phenotype is highly variable even within a single family where patients have the
same disease-causing mutations [4]. No clear genotype/phenotype correlation has been
observed to date [46]. Finally, other diseases can mimic the PXE phenotype. The PXE-like
syndrome is due to mutations in the gamma-glutamyl carboxylase (GGCX) gene [11], while
certain genetic hemoglobinopathies (e.g. thalassemia) lead to slowly developing phenotypes

Curr Drug Targets. Author manuscript; available in PMC 2012 May 1.
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similar to PXE [47]. Although the molecular mechanisms of the developing phenotype are
not yet understood, in beta thalassemia mice a liver-specific down-regulation of Abcc6 gene
expression was observed [48]. Christian Gotting and his co-workers identified a number of
genes modifying the disease course in a German cohort. They demonstrated that the ABCC6
c.-219A>C promoter polymorphism is significantly less frequent in patients than in the
control population [49]. They also showed that certain promoter polymorphism of the SPP1
(secreted phosphoprotein 1, previously called: osteopontin) gene were more frequent in PXE
patients than in controls [50]. Furthermore, earlier disease onset is associated with
polymorphisms of catalase, superoxide dismutase and glutathione peroxidase genes [51].
They also found that polymorphisms of the VEGF (vascular endothelial growth factor gene)
are prognostic markers for ocular symptoms [52]. Similarly, it was observed that the c.
2402C>G p.T801R polymorphism of the xylol-transferase Il genes is associated with
increased PXE severity [53].

The ABCC6/MRP6 protein

The human proteome contains 48 ABC proteins; on the basis of sequence similarity they are
grouped into seven subfamilies from A to G. The ABCC-subfamily includes twelve
members; most of them are active transporter while ABCC7 (CFTR) acts as a chloride
channel and probably regulates the action of other ion channels (for more details, see the
relevant chapter of the present issue: CFTR [ABCC7] target in Cystic Fibrosis). Two other
members of the subfamily, ABCC8 and 9 are K*-channel regulators operating as
intracellular ATP/ADP sensors thus reporting about the metabolic state of the cells (for more
details, see the relevant chapter of the present issue: ABCC8/9 target in type 2 diabetes).

The ABCC-proteins share the general features of the ABC-kingdom: they harbor two
nucleotide-binding (ABC)-domains and two transmembrane domains (TMDs), each with six
membrane-spanning helices (the so called “core structure”). It is a unique feature of some
ABCC-type proteins (“long MRPs” like ABCC1, 2, 3, 6, 8, 9 and 10) that two additional
domains are attached to the core structure N-terminally: a transmembrane domain with five
membrane spanning helices and an intracellular loop. Accordingly, the domain architecture
of the long MRPs, including ABCC6/MRP6 is TMDO-L0-TMD1-ABC1-L1-TMD2-ABC2
(LO and L1 are intracellular loop) (Figure 2 panel A). ABCC6 consists of 1503 amino acids
and it is known that the protein functions as an organic anion transporter [54,55]. Indeed, in
vitro studies demonstrated the transport of glutathione-conjugates like glutathione S-
conjugated leukotriene C4 (LTC4), N-ethylmaleimide S-glutathione (NEM-GS) and S-(2,4-
dinitrophenyl) glutathione, while the rat orthologue transports an anionic cyclopentapeptide
[56]. It has also been shown by in vitro assays that some missense mutations described as
causative mutations in pseudoxanthoma elasticum result in the loss of ATP-dependent
transport of test substrates [54]. Compared with its sub-family members (ABCC1-5)
ABCCE is a poorly characterized transporter. The protein shows significantly lower
transport rate (turnover number) in in vitro assays than the other human ABCC-type
transporters, which makes its detailed biochemical/functional characterization difficult.

It has been suggested that overexpression of ABCC6 is able to confer low levels of
resistance to several commonly used natural product anticancer agents like etoposide,
doxorubicin, daunorubicin and actinomycin D [55]. However, clinically relevant ABCC6-
mediated drug resistance has never been found.

Homology models

No high-resolution three dimensional structure of ABCC6 is available. However, a three
dimensional homology model of ABCCS6 is already built and published [57], made possible
by the recent publication of high resolution crystalline structures of ABC proteins [58-60].

Curr Drug Targets. Author manuscript; available in PMC 2012 May 1.
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One of the structures representing the nucleotide-saturated, outward facing conformation
show that the two nucleotide-binding (ABC) domains are in close proximity to each other in
the characteristic head-to-tail orientation reflecting to the previously described “nucleotide
sandwich dimmer” [61]. The other shows a nucleotide-free, substrate-saturated
conformation. Newly recognized structural elements are the long “rigid” extensions of the
transmembrane helices, called intracellular loops (ICL). Each half of the ABC proteins has
two ICLs interacting with the ABC-domains. The coupling helices contact with their “own”
as well as with the “opposite” ABC-domains, hence a special type of domain swapping can
be recognized in the structure (see insert on Figure 2).

We have constructed two homology models of human ABCC6 protein: one of the models is
based on the Sav1866 bacterial ABC transporter structure [57] representing a nucleotide-
saturated conformational state, while the other one uses the recently published mouse Abcbl
structure as template and represents the nucleotide-free (apo) conformation [Varadi et al,
unpublished]. The two models are illustrated on Figure 2, Panel B and C. By performing a
statistical analysis we have found a significant clustering of the missense PXE-mutations at
the domain-domain interfaces: at the transmission interface that involves four intracellular
loops (ICLs) and the two ABC domains as well as at the ABC - ABC interacting surfaces. In
the nucleotide-saturated model the mutations affecting these regions are 2.75 and 3.53 fold
more frequent than the average mutational rate along the protein sequence, respectively [57].
At the predicted ICL-ABC interfaces in the nucleotide-free model the mutational rate is
4.25-fold more frequent than the average mutational rate along the protein sequence (the
ABC domains are distant in this conformation) [Véradi et al, unpublished]. The observed
significant clustering means that the domain contacts are much less permissive to amino acid
replacements than the rest of the protein. These results provide a “bridge” between genetic
data and protein structure and can be viewed as novel proof of the importance of the studied
domain-domain interactions in the ABCC®6 transporter.

Animal models

Abcce6 knock out mouse models were generated and the critical role of Abcc6 in ectopic
mineralization/calcification has been confirmed in the Abccé ~ ~ mice which recapitulates
the genetic, histopathologic and ultrastructural features of PXE [62,63]. These findings
suggest that the function of this transporter is conserved in the mouse. Calcification in the
vibrissae capsules is the first symptom of the calcification phenotype detected at the 8 to 10
weeks of age and serves as an early biological marker of the disease [62]. A slight alteration
of plasma lipid composition of the Abccé 7~ mice has also been reported [63]. The KO
mouse models have been utilized for physiological and for pharmacological studies that are
discussed elsewhere in this paper.

Dystrophic Cardiac Calcification (DCC) in the mouse is an autosomal recessive trait in
certain laboratory strains and the Abcc6 gene locus has been recently found as a main
mediator of DCC at the Dyscalcl locus [64,65]. A splicing error in processing of Abcc6
MRNA has been identified as the causative genetic event (“splice-mutation”) of DCC. This
mouse shows a more pronounced arterial calcification phenotype than the one observed in
the laboratory-generated Abcc6 7~ mice strains (presumably due to the different genetic
background) and seems to be as good model of PXE as the latter.

The zebrafish (Danio rerio) has nearly the same ABC gene repertoire as the human and has
accessible and well-characterized embryo. Two morpholinos were designed targeting two
different regions of the Abcc6a gene (the Abcc6b gene was found to be inactive), and it was
observed that they decrease Abcc6a expression by 54 and 81%. Both morpholinos induced a
similar phenotype, cardiac edema and curled tail. Microinjecting zebrafish larvae with full-
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length mouse Abccé mRNA completely rescued the knockdown phenotype [66]. These
recent results serve as basis of a novel knockdown animal model system. However, the
results provided by this model may not be translated directly to human physiology, as the
zebrafish gene appears to be essential for the development of the animal.

The “Vitamin K hypothesis” of PXE

ABCCES is predominantly expressed in the liver in the basolateral compartment of the
plasma membrane of the hepatocyte (and to a lesser extent in the kidney), while the
symptoms are systemic affecting various organs. This apparent discrepancy led to the
hypothesis that PXE is a metabolic disease suggesting that ABCCS is involved in secretion
of a metabolite from the liver into the circulation [67]. Recent experiments demonstrated
that grafting of wt mouse muzzle skin onto the back of KO mice triggered mineralization,
whereas grafting KO mouse muzzle skin onto wt mice was accompanied with no
mineralization [68]. These transplantation experiments argue that PXE is indeed a metabolic
disorder. Furthermore, in a parabiotic experiment the surgical pairing of Abcc6(—/—) mice
with wild-type prevented the mineralization of the connective tissue in the knockout mice
[69].

There have been a few case reports of a disease that phenotypically resembled
pseudoxanthoma elasticum with respect to the mineralization of soft tissues causing
cardiovascular, dermal and ocular symptoms. However, these patients suffer from a vitamin
K-dependent coagulation factor deficiency which is not seen in PXE [70-72]. The disorder
is extremely rare and for decades its molecular basis remained unknown. Also, no mutations
in the ABCC6 gene could be detected in these individuals, suggesting that mutation of
another gene could also cause PXE-like soft tissue calcification. The identity of this
enigmatic gene was unraveled recently [11], and the clinical condition was classified as a
novel disorder: PXE-like disease (pseudoxanthoma elasticum-like disorder with multiple
coagulation factor deficiency, OMIM 610842). Six patients were found to possess
compound heterozygous mutations in the gamma-glutamy| carboxylase (GGCX) gene.

The GGCX gene encodes the gamma-glutamyl carboxylase enzyme (GGCX), an ER
(endoplasmic reticulum)-resident protein, responsible for post-synthetic carboxylation of
Gla-domain containing proteins to which they confer Ca-binding properties [73]. During the
carboxylation reaction, vitamin K (VitK) is oxidized to an epoxide form, which is then re-
reduced by another enzyme, Vitamin K oxido-reductase (VKORC1), thereby completing the
VitK-cycle [74]. Proteins with Gla residues bind calcium (and certain other divalent cations)
and this property is required for their physiological function. The best-known members of
this group of proteins are the vitamin K-dependent coagulation factors produced in and
secreted from the liver. The reduced activity of the GGCX enzyme explains the coagulation
deficiency in PXE-like patients. Another gamma glutamy| carboxylated protein is MGP
(matrix gla protein) which is a potent inhibitor of connective tissue mineralization and its
function is essentially dependent on the correct carboxylation of the protein [75-77].
Insufficient carboxylation of MGP might thus be responsible for the soft tissue calcification
in PXE-like patients. MGP can be detected in mineralized tissues of individuals with classic
PXE as well as in Abccé mutant mice [78-80]. Using antibodies specifically recognizing the
non-carboxylated and the carboxylated forms of MGP, it has been shown that sites of
ectopic calcification only contained the undercarboxylated form of MGP [79,80]. These data
led to the hypothesis that ABCC6 could directly or indirectly influence the availability of
vitamin K, or the capacity of the vitamin K cycle at peripheral tissues. The highly similar
phenotypic features of the two diseases evoked hypotheses about their overlapping patho-
physiology. In PXE-like disease — due to the mutations of the GGCX enzyme - the Gla-
gammacarboxylation is reduced in the liver, thus resulting in blood coagulation abnormality,
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and also in the extrahepatic soft tissues where the control of calcification is impaired. In
classical PXE gamma carboxylation is normal in the liver as there is no mutation in GGCX.
According to the current hypothesis, in extrahepatic tissues gamma carboxylation is lower
than normal as Vitamin K available for the carboxylation cycle may be limited in those
tissues.

This notion is supported by the very recent finding that the level of circulating vitamin K1 is
lower in PXE patients as compared to healthy controls [81]. It is notable that the variability
between patients is high and the range of measured vitamin K1 levels in the control group
overlaps with that of the PXE patient group. Collectively, these data raises the possibility
that one form of Vitamin K is transported from the liver into the circulation, and this
transport is mediated by ABCC6 (and is missing in PXE due to ABCC6 mutations) [82].

On the other hand, the fact that PXE is a slowly progressive disease suggests that the
metabolite transported by ABCC6 may only be reduced but not completely absent in the
circulation of patients. Besides being a co-factor of gamma carboxylation, VitK may have
other physiological functions, including transcriptional regulation and protection of certain
neuronal cells from oxidative injury [83]. These findings need to be taken into consideration
when studying the connections between vitamin K status, ABCC6 and PXE. Whether there
is a connection between protection against oxidative stress by VitK and the chronic
oxidative stress in measured in the serum and cells of PXE patients [51,84,85] is unknown
and needs further investigation.

Currently, the exact metabolic pathway of Vitamin K is not known in detail. Dietary
Vitamin K (phylloguinone, VitK1) is mostly utilized in the liver to serve as a cofactor in
blood clotting factor synthesis. Part of Vitamin K1 is converted by side-chain removal to
Vitamin K3 (also known as menadione) probably in the enterocytes [86]. K3 can be taken
up by the extrahepatic tissues and the complex aliphatic side chain is substituted to the
naphtoquinone core thus generating MK4 (a menaquinone, also called Vitamin K2), which
is available for the Vitamin K cycle of the extrahepatic tissues [87]. It is known that both
Vitamin K1 and MK4 are metabolized to a common catabolite after beta-oxidation of the
side-chains and subsequent glucoronidation and the conjugate is secreted into the urine [88].
K3 can be conjugated with glutathione. The known metabolic events and vitamin K
compounds are shown in Figure 3.

In principle, any of the Vitamin K metabolites or molecular forms (see Figure 3.) could be
the transported substrate(s) of ABCCS, that, according to the “Vitamin K hypothesis”,
control(s) indirectly - via gamma-carboxylation of Ca-binding proteins like MGP - the
formation of calcium-deposits in the arterial wall and in other soft tissues. However, the key
role of Vitamin K in the disease phenotypes associated with ABCC6 has not been proven.
Indeed, very recent independent studies challenged the “Vitamin K theory”. In one of the
papers [Jiang et al, in press] it was demonstrated that oral administration of massive amount
of vitamin K2 did not alter the ectopic mineralization in Abcc6é ™~ mice. Similarly,
intravenous administration of Vitamin K3-glutathion conjugate (K3-GSH) did not alter the
degree of mineralization. Furthermore, the same authors also found that vitamin K2, K3 and
K3-GSH has no effect in an in vitro calcification system, i.e. they did not trigger any
mineralization inhibition.

In the other study [Brampton et al, submitted] Abcc6 7~ mice were placed on a diet of either
5 or 100 mg/kg of vitamin K1 or K2 at prenatal, 3 weeks or 3 months of age. These authors
also found no significant change in the levels of pathologic calcification irrespective which
type of administration was used. However, measuring the plasma levels of different Vitamin
K forms resulted in a very interesting observation: upon the same administration the level of
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Vitamin K1 in the plasma of wt mice was significantly higher than in the plasma of the
Abcc6 7~ animals. The same was true when Vitamin K2 was administrated orally. These
results suggest that Abccé might be involved in vitamin K transport, absorption or
metabolism in the body to some degree, which is in agreement with the observations
discussed in the previous paragraphs [81].

Unequivocally, both studies provided evidence that dietary supplementation in vitamin K is
not a viable approach to preventing PXE-related calcification thus suggesting that the
availability of vitamin K is not a limiting factor in the pathology of PXE.

Local expression of ABCC6 has also been shown in several tissues and cell types, e.g.
keratinocytes, fibroblasts, smooth muscle cells and macrophages [89-91], some of those are
affected in PXE. The local effect of missing ABCC6 activity may also contribute to the
progression of the disease.

a drug target

Two disease conditions are associated with mutations in the ABCC6 gene: pseudoxanthoma
elasticum is a recessive trait due to mutations in both ABCC6 alleles, while the loss of one
functional ABCCS6 allele is a genetic risk factor in coronary artery disease, CAD. As the
phenotype in both cases is due to complete or partial loss of ABCC®6 activity, augmentation-
type gene therapy — in principle — could be an effective treatment of the disease conditions.
However, even if all the safety concerns of gene therapy were solved, there are questions to
be answered: is it sufficient to restore ABCC6 activity only in the liver, or it is also needed
to do in other organs with lower level of expression (e.g. kidney)?

Some of the PXE-causing ABCC6 mutations may result in only partial loss of function of the
protein. Induction of expression of such a low activity mutant — in theory — could potentially
be therapeutic in these cases. The induction of ABCC6 expression could be achieved at
distinct levels: increased transcription, increased RNA stability or increased protein stability.
However, we have almost no information to date about the regulation of ABCC6 RNA and
protein stability. Therefore, currently the only way to develop a hypothesis-driven therapy
based on increased ABCCG6 expression is to intervene at the transcriptional regulation of the
gene. As discussed previously the transcriptional regulation of ABCC6 was investigated by
different groups and the potential role of several transcription factors has been suggested
[38-40]. However, only the role of ERK1/2-HNF4 pathway has been analyzed in a potential
physiological context. As previously mentioned, HNF4 is a bona fide activator of the gene,
while the activation of the ERK1/2 pathway inhibits HNF4 and thereby the expression of
ABCCS6 [41].

ERKZ1/2 regulate several physiological processes, such as cell growth and proliferation,
differentiation, survival and apoptosis [92]. The pathway is activated by a number of stimuli,
like growth factors and environmental stresses (e.g. oxidative stress) or through various G
protein coupled receptors [93]. The pathway has a low basal activity and upon activation it
is rapidly deactivated by different phosphatases the most important among them being PP2A
(protein phosphatase 2A). PP2A itself is under the control of protein kinase A and other
signaling cascades [94].

An option to increase the expression level of the ABCC6 gene would be the inhibition of
ERKZ1/2 activation in hepatocytes. Due to the myriad of ERK1/2 activating factors, the low
basal activity and the fast turnover of the signals, inhibitory stimuli of ERK1/2 are not easy
to find. However, some of the anticancer therapies are targeting the ERK1/2 pathway and
promising results have been obtained both in vivo and in vitro in inhibiting cancer
progression [95,96], It is highly probable that new generations of these molecules will
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become available. These molecules might have beneficial effect in some patients because
only a slight inhibitory effect would be necessary in the case of PXE symptoms, the toxic
effect of the molecules on other tissues would be diminished. Furthermore, in some cases
patients are suffering from chronic oxidative stress and develop secondary PXE (e.g. in beta
thalassemia) [47,48]. These patients treated with ERK1/2 inhibitors and/or an anti-oxidative
stress therapy might also receive therapeutic benefit. Similarly, the ABCC6 mutation carriers
also suffer from mild oxidative stress [51,97], a condition potentially inhibiting the
expression of the gene from the remaining allele. These patients could presumably benefit
from the same therapy to prevent the development of CAD.

ERKZ1/2 has a wide variety of targets. One of them is HNF4, which is inactivated either
directly or indirectly by the kinase [98,99]. HNF4 transcription factor is a major regulator of
the expression of ABCC6 and also a master regulator of metabolism in hepatocytes. By
influencing the global metabolic state of the liver one can induce the expression and/or the
activity of HNF4. Accordingly, it has been demonstrated that in fasting states in the mouse
or during high hepatic glucose levels functional HNF4 level is increased [100]. Similarly, it
has been shown, that HNF4 is up-regulated by glucocorticoid hormones [101]. All these
conditions might contribute to a higher ABCC6 expression level and diminishing or
eliminating the PXE symptoms in some PXE and probably the beta thalassemic patients.

Missense disease-causing mutations can reduce the transport activity and/or the overall
stability of the transporter, or may result in a slightly altered conformation that is not
compatible with the normal trafficking of the protein to the plasma membrane. Indeed,
defective protein trafficking caused by mutations underlies many human diseases and
examples include several membrane-embedded ABC-proteins (like ABCC7/CFTR, ABCC2,
ABCC8/SUR1 or ABCB11/BSEP). Efforts to identify pharmacologic compounds to correct
the misfolding and/or misprocessing of mutant membrane proteins have already resulted in a
few remarkable findings, and are considered as the molecular basis of allele-specific therapy
of the given disease (see e.g. [102]). This observation raises the possibility that
pharmacological compounds (acting either as “chemical chaperones” or interfering with the
quality control of the protein sorting/processing mechanism) may correct the defect causing
the disease in a group of patients. Substrates and modulators of ABCB1 have been
demonstrated to act as chemical chaperones thus helping the appearance of fully mature
protein at the cell surface in the case of processing ABCB1 mutants [103]. The first effort of
promising correcting of folding of the delta5O8CFTR mutant was achieved by curcumin,
which might act as a chemical chaperone [104]. High-throughput screening systems can be
designed to test large chemical libraries for other “corrector” compounds. We have
constructed a Hemagglutinin (HA) epitop-tagged version of human ABCCS6: the antibody-
reactive tag has been inserted into the extracellular N-terminal segment of the protein [llias
and Varadi, unpublished]. The protein preserved transport activity and showed cell surface
expression similar to the wild type, and the HA tag recognized on the surface of intact,
ABCC6-overexpressing cells provided a signal for correct trafficking. However, such an
approach has inherent limitations in the case of ABCC6. In PXE — in contrast to cystic
fibrosis, where deltaF508CFTR mutation is present in the majority of the patients — there is
no such a high frequency mutation. It is expected, that different traffick-defect mutants are
arrested at different points of the trafficking pathway and may need different “intervention”.

The most frequent mutation in PXE is the R1141X nonsense mutation. It has been shown
that aminoglycoside antibiotics like gentamicin can suppress premature stop codon arrest of
translation by inducing the ribosome to read through (or “suppress”) the nonsense mutation
via insertion of an amino acid. It was demonstrated in a muscular dystrophy mouse model
that aminoglycosides could suppress stop codons not only in vitro but also in vivo [105].
However, the efficacy of the “read through” may be quite low. Enhanced production of
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active protein from genes with nonsense mutations can be achieved by combining treatment
by inducing the promoter of the gene and the application of “read through” agents [106]. A
promissing new non-aminoglycoside agent of suppressing premature termination codons is
PTC124 (Ataluren), which is in clinical trial in cystic fibrosis, in Hemaphilia A and B and in
Duchenne muscular dystrophy [107]. These strategies can now be tested in experiments with
the aim of correcting the frequent ABCC6 R1141X stop codon mutation.

On Figure 4 we have summarized the potential targets of the therapeutical interventions
discussed above.
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Figure 1.

Manifestation of pseudoxanthoma elasticum. A: skin symptoms; B: angioid streaks in the
eye; C: von Kossa staining of calcium deposits and fragmented elastic fibers in the skin
biopsy of a PXE patient. The pictures are from the PXE International, with permission.
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Figure 2.

Membrane topology and three dimensional homology models of ABCC6. Missense
mutations are indicated in red. A: the membrane homology model and domain arrangements
of ABCCS. B: three dimensional homology model of ABCC6 representing the outward
facing conformation; C: three dimensional homology model of ABCC®6 representing the
nucleotide-free conformation, Insert: schematic representation of the domain swapping of
ABC proteins.
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Figure 3.

The major Vitamin K forms and metabolites. I: VitK1; Il. MK4 (VitK2); 111: VitK3
(menadione); IV: VitK3-glutathione conjugate; V: VitK aglycone; VI: aglycone
glucoronide. Beta-oxidation is represented by reaction a; glucoronidation by b; glutathione
conjugation by c, conversion of VitK1 to VitK3 by d, while resynthesis of the sidechain
generating MK4 by e.
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Figure 4.

Targets of potential therapeutical interventions. Solid vertical arrows represent the target of
intervention; TGA(ptc) means TGA premature termination codon (e.g. R1141X in several
PXE patients); TGA(ntc) means TGA at the natural termination codon position (1504 in
ABCC6 mRNA).
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