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Abstract: Pseudoxanthoma elasticum (PXE) is a complex autosomal recessive disease caused by
mutations of ABCC6 transporter and characterized by ectopic mineralization of soft connective
tissues. Compared to the other ABC transporters, very few studies are available to explain the
structural components and working of a full ABCC6 transporter, which may provide some idea
about its physiological role in humans. Some studies suggest that mutations of ABCC6 in the liver
lead to a decrease in some circulating factor and indicate that PXE is a metabolic disease. It has
been reported that ABCC6 mediates the efflux of ATP, which is hydrolyzed in PPi and AMP; in
the extracellular milieu, PPi gives potent anti-mineralization effect, whereas AMP is hydrolyzed
to Pi and adenosine which affects some cellular properties by modulating the purinergic pathway.
Structural and functional studies have demonstrated that silencing or inhibition of ABCC6 with
probenecid changed the expression of several genes and proteins such as NT5E and TNAP, as well
as Lamin, and CDK1, which are involved in cell motility and cell cycle. Furthermore, a change in
cytoskeleton rearrangement and decreased motility of HepG2 cells makes ABCC6 a potential target
for anti-cancer therapy. Collectively, these findings suggested that ABCC6 transporter performs
functions that modify both the external and internal compartments of the cells.
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1. Introduction

Pseudoxanthoma elasticum (PXE) is an autosomal recessive disease, which was de-
scribed in 1881 by a French dermatologist. In 2000, it was first recognized that mutation
in ABCC6 is responsible for PXE [1]. It is affecting approximately 1:50,000 people world-
wide, with the prominent characteristic feature of ectopic mineralization of soft tissues
like skin, eyes, and arteries (Figure 1), for which no effective curative treatment is avail-
able [2,3]. Moreover, PXE shows similar phenotypic characteristics with other common
health problems like kidney diseases (chronic kidney disease (CKD) and nephrocalcinosis)
and cardiovascular diseases (coronary heart disease, cardiomyopathy, and dyslipidemia),
which makes PXE a complex disorder [4,5].

Different hypotheses were proposed for the factors pathologically involved with
PXE. The “Metabolic Hypothesis” stated that decrease or loss of ABCC6 functionality
especially in the liver may lead to a decrease in some circulating factors in the blood
stream, which should be responsible for preventing ectopic mineralization of soft tissues.
The “PXE Cell Hypothesis” stated that absence of ABCC6 in PXE tissues leads to an
alteration in cell proliferation due to changes in the biosynthetic pathway and alters cells
to extracellular matrix interactions. The most recent “ATP Release Hypothesis” stated that
ABCC6 mediates the efflux of ATP in extracellular milieu, where it is hydrolyzed into AMP
and pyrophosphate and prevents the mineralization of soft tissues [1].
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Previous studies of serum analysis either from the ABCC6 knock-down mouse model
or from PXE patients showed an inability to prevent calcium and phosphate deposition and
suggested that PXE is a metabolic disease with very slow onset [1,6,7]. It should be noted
that the tissues, which mostly express ABCC6, are the liver and, to some lesser extent, the
kidney and differ from those in which ectopic mineralization is mostly evident, namely soft
tissues of skin, eyes, and the cardiovascular system. The origin of this apparent paradox
has not been explained yet (Figure 1) [8].

On the basis of our previous studies of the ABCC6 transporter in hepatic cells, the
present review is focused on lightening changes in cellular function associated with ABCC6
transporter activity.
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Figure 1. Pictorial presentation of ABCC6 expression and affected tissues in Pseudoxanthoma
elasticum (PXE). The protein is expressed mainly in liver and kidney cells but the main areas
involved in ectopic calcification are the elastic tissues of heart, blood vessels, skin, and eyes.

2. Structural Properties of ABCC6 Transporter

The ATP-binding cassette (ABC) transporters are a well-known family and ubiqui-
tously found in all living organisms. About 50 different types of ABC transporters have
been recognized in humans, divided into seven subfamilies (ABCA to ABCG) based on
their structure and genetic sequences. Among them we can find both half transporters,
with only one transmembrane domain (TMD) and nucleotide-binding domain (NBD), and
full transporters, with two TMDs and NBDs [9,10]. ABCC6 belongs to the ATP-binding
cassette (ABC) transporter subfamily C and has been found to be highly expressed in
basolateral plasma membrane of hepatocytes and, to some lesser extent, in the proximal
tubules of the kidney [11].

The ABCC6 gene has 31 exons and encodes a protein of 1503 amino acid residues,
MRP6. It is made-up of two nucleotide-binding domains (NBD1 and NBD2) and two
transmembrane domains (TMD1 and TMD?2) with an additional auxiliary NH2-terminal
transmembrane domain known as TMDO, which is connected with the canonical compo-
nents through the cytoplasmic L0 loop [12,13]. The NBDs of ABC transporters consist
of different conserved motifs which bind and hydrolyze ATP. Like in other transporters,
ABCC6 NBDs domains have Walker A motif (P loop), Walker B motif (Mg2+ binding
site), histidine loop (Switch region), signature motif (C loop), Q loop (between Walker A
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and C-loop), and D loop (involved in the intermolecular interactions at the NBD dimmer
interface). In the general process of dimerization, the Walker A /B motifs of one NBD are
aligned with the C-loop of the other in a yin-yang fashion, forming a sandwich with two
molecules of ATP in the middle, which are hydrolyzed in the catalytic cycle. Dimerization
induces conformational changes in the TMDs, which are reversed by hydrolysis of ATP,
leading to efflux of molecules [1,14,15]. In this situation, the ATP should be sandwiched
between two sequence/structural motifs that are both rigorously conserved and form a
stable homodimer [16]; this is not always possible with the human transporters, because
one of the two NBDs is degenerate and the sequence of motifs which are responsible for
hydrolysis of ATP is not identical or canonical [14].

In this context to elucidate the role of NBDs, different experiments were conducted on
NBD1 of ABCC1/MRP1, which not only has a high level of homology with ABCC6/MRP6
but also shows a superposition of substrates [17]. Studies revealed that the NBDs of MRP1
are not functionally identical, as both the NBDs bind ATP but only NBD2 is involved
in hydrolysis. Moreover, the ATP binding affinity of NBD1 of MRP1 is not completely
dependent on NBD2 but the binding of ATP to NBD2 is highly dependent on NBD1 [18,19].
In respect of this, we have gone through by a series of experiments to identify the functional
roles of NBDs, TMDO, and LO loop of ABCC6 (Figure 2).

MDR-like Core

"‘5‘2‘] T™DO
J]jL{:D(}H

154
Failed to Translocate inio Basolateral

Membrane N A TMDO
I: ATMDOLD ““
NH: 195/ %
295 C’ v
NH:
e

Incorrected Folding From Endoplasmic Reticulmm .
e e _3-'(!‘_] IMDOLD
JUL{'.E‘I}H

305

Figure 2. Topology of ABCC6 transporter [20].

In order to evaluate the functioning of NBDs, we have first characterized the NBD1 of
ABCC6/MRP6. In this experiment, by using the E748-A785 fragment of MRP6-NBD1, we
have compared the helical structure and ATP binding properties of wild type and the R765Q
mutated sequence, which is present in PXE patients. The study with circular dichroism
analysis revealed that, in both the wild type and mutated (R765Q) NBD1, E748-A785
peptides adopted «-helical conformations, and the helical content was almost the same
for both the peptides in aqueous solutions of trifluoroethanol (TFE). No differences in the
length of helices have been found between the peptides in NMR spectroscopy. Moreover,
Fluorescence Spectroscopy showed no significant difference in ATP binding capacity of
both the peptides. These findings suggest that occurrence of PXE symptoms in R765Q
mutated patients might be due to different kind of interactions [21].

In subsequent investigations, we have undergone two different experiments with
NBD1 and NBD2, because mutational studies of PXE patients showed that domain-domain
interaction is important for proper working of ABCC6 transporter and there is a functional



Int. J. Mol. Sci. 2021, 22, 2858

40f12

difference between both NBDs of MRP6 [22]. In the first study, we constructed the full-
length NBD1 (residues from Asp-627 to Leu-851) and short-length NBD1 (residues from
Arg-648 to Thr-805) without some key residues; then differences in helical structure, ATP
binding, and hydrolysis of both polypeptides were analyzed. Interestingly, both the
polypeptides assumed predominantly a-helical conformation. However, only long-length
NBD1 showed f3-strand conformation, while short-length NBD1 showed higher helix
content, which suggested that the sequences D627-H647 and T806-L851, which are only
present in the long-length polypeptide, assume a 3-strand conformation, similarly to the
corresponding regions of MRP1. Although fluorescence quenching experiments revealed
that both the polypeptides have the affinity to bind nucleotides (ATP and ADP), the long-
length NBD1 showed a higher affinity to bind ATP than the short-length NBD. In addition,
no hydrolytic activity was found in short-length NBD1 compared to long-length NBD1
during spectrophotometric analysis of ATPase activity. These findings suggest that short-
length NBD1 lacks of some essential residues, which are responsible for ATP hydrolysis.
Whereas, long-length NBD1 form homodimer in the presence of ATP, which is the property
of half-transporters and physiologically, it is not possible with the full-transporter where
NBD1 interacts with NBD2 [12].

In order to explore how the ABCC6 transporter works in-vivo, we have constructed
long-length (Thr-1252 to Val-1503) and short-length NBD2 (Val-1295 to Arg-1468), and
we created homology models for homodimer of NBD1 and NBD2, and heterodimer of
(NBD1-NBD2) [23]. Circular dichroism spectra of long-length NBD2 revealed that it is more
structured and contains o-helical conformation. The nucleotide (ATP and ADP) binding
affinity of NBD1 and NBD2 were found to be the same during fluorescence quenching
analysis. The ATPase activity of both homo and heterodimer were different, as the amount
of inorganic phosphate (Pi) produced by NBD2 was lesser then NBD1. Moreover, addition
of NBD2 reduced the NBD1 hydrolytic activity. These findings suggest that NBD2 is well
structured (it contains a-helix and (3-strands) and binds the nucleotides efficiently, but the
ATPase activity of NBD2 is lower compared to the NBD1; this reflects that NBD2 is not able
to form a functionally active homodimer, as supported by in-silico structural analysis. In
addition, decreased ATPase activity of combined NBD1-NBD2 compared to NBD1 alone
suggests that NBD1 and NBD2 work together to form a stable heterodimer and function
in a regulated manner, whereas NBD1 alone works in an uncontrolled manner. This can
be justified by the in-vivo functioning of the transporter [24], where ATP is hydrolyzed
after the binding of substrate on TMDs and leads to conformational changes in membrane
domains that activate the NBDs.

3. Roles of Additional TMDO0 and L0 Domains

The functional role of TMDO in other proteins like MRP1, MRP2, SURI is well defined,
which may be involved in stabilization and retention of the transporter in the plasma
membrane or in regulation of channel activities. By topological modeling of TMDO of
MRP6, we demonstrated that it contains five transmembrane domains with the N- and
C-termini on the external and cytoplasmic side, respectively. These TMs are inserted into
the membrane individually on the basis of hydrophobicity and without affecting each
other. In addition, we have also found that disease-causing mutations did not affect the
membrane insertion of these TMs [25]. In a further study, we have done the structural and
functional characterization of L0 loop of ABCC6. We have found that L0 loop of ABCC6 is
well structured (Figure 3) as it contains aromatic residues, and three x-helical regions; it
resembles the homologous L0 loops of other MRPs and is responsible for plasma membrane
localization of TMDO [13]. However, to understand the exact role of TMDO and L0 loop
(N-terminal Region) of ABCC6, we have constructed two variants of N-terminal lacking
TMDO0 (ATMDO0) and a variant lacking both TMDO and LO (ATMDOLO0). Interestingly, we
have found that ATMDOLO not only failed to exhibit transport activity, but it was also not
able to localize at the basolateral side of the plasma membrane, which reflects that LO loop
is important for both activities. Thus, these findings suggest that L0 not only contains
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a basolateral sorting signal but that LO also contributes to folding ABCC6 into a cellular
sorting-competent state, which is necessary to pass the endoplasmic reticulum (ER) quality
control system and continue through the secretory pathway. In addition, we also found
that LO loop of ABCC6 interacts with the ion channels like other members of ABCC family
and might be involved in the modulation of Ca?* channels of plasma membrane [20].

w218
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Figure 3. Homology model of L0 loop. The loop includes the region between residues E205 and
A262. The PDB structure 5U]J9 corresponding to MRP1 was used as template.

4. The Decrease or Loss of ABCC6 Functionality Changes Extracellular Environment

In early pathological investigations of PXE, Ilids et al. in 2002 proposed that ABCC6 is
a transporter of organic anions and actively transports glutathione conjugates, including
leukotriene C4 and N-ethylmaleimide S-glutathione (NEM-GS), and their abolishment
due to missense mutation in ABCC6 gene is responsible for PXE [26,27]. In the same line
of thinking, Borst and co-workers in 2008 proposed that ABCC6 transporter mediates
the efflux of vitamin-K as a glutathione or glucuronide conjugate and is involved to
prevent calcification of soft tissues [28]. However, in the further investigations, it was
found that ABCC6 is not a transporter of vitamin-K, as its administration in PXE mouse
model (ABCC6—/—) was not able to prevent the mineralization [29,30]. As discussed
above, Jansen et al. in 2013 proposed that ABCC6 transporter mediates the efflux of ATP
and indirectly produces PPi to prevent ectopic mineralization [2]. However, we have
demonstrated that PXE is a complex metabolic disease with the reprogramming of crucial
genetic factors in the absence of ABCC6 transporter activity [31-33].

In order to better understand the pathomechanism of PXE (Figure 4), we stably
knocked down the ABCC6 gene in HepG2 cells by using shRNA, and its associated tran-
scriptional/genetic changes were studied. We first examined the production of reactive
oxygen species (ROS), which are supposed to increase according to the previous PXE
fibroblast studies [34]. On the contrary, in the ABCC6 knockdown HepG2 cells, the ratio of
GSH/GSSG has been found to be increased whereas a significant decrease in ROS level
was observed, which means that knockdown cells resembled the reductive stress, which is
also required by proliferating cells.

However, we found significant delay in G1 to S transition and slower cell growth in
ABCC6 knockdown HepG2 cells (Figure 5). In addition, expression of cyclin-dependent
kinase inhibitor (CDKI) p21, which negatively regulates the activity of CDK and is required
for the cell entry into the different cycle phases, was found increased in knockdown cells.
Moreover, the expression of lamin A/C, which is required to maintain the strength of the
nucleus and is pathologically involved in aging process, was decreased in those cells [33].
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Figure 4. Proposed pathomechanism of PXE. ABCC6 transporter mediates the efflux of ATP, which
is metabolized by some ecto-nucleotidases (such as ENPP1) in AMP, which in turn is converted in
adenosine and Pi by CD73. In the extracellular milieu, nucleotides regulate the activity of TNAP
through the purinergic pathway and prevent the ectopic mineralization [32]. ABCC6, ATP-binding
cassette, sub-family C, member 6; ENPP1, ecto-nucleotide pyrophosphatase/phosphodiesterase type
I; CD73, cluster of differentiation 73; TNAP, tissue non-specific alkaline phosphatase; Pi, inorganic
phosphate; PPi, inorganic pyrophosphate [35].
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Figure 5. Pictorial presentation of senescent-like phenotype in ABCC6 knockdown HepG2 cell.
(A)—For the cell cycle analysis, the cells were synchronized at the G1 phase by serum deprivation
for 24 h, restimulated with serum for 24 h, and analyzed using flow cytometry after BrDU and PI
staining. The percentage of control (scr-shRNA) and ABCC6 knockdown cells (ABCC6-shRNA) in
G0/G1 was recorded. (B)—Representative images (40 x magnification) of senescence-associated
[-galactosidase staining in control and ABCC6 knockdown cells. (C)—Quantitative analysis of
positive 3-galactosidase-stained cells. Data were generated from three independent experiments
performed in triplicate and are shown as means + SD. Statistical analysis was performed using
unpaired Student’s ¢ test: ** p < 0.01 and *** p < 0.001 [33].
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Interestingly, knockdown HepG2 cells were shown to have a decreased expression
of the ecto-5'-nucleotidase (NT5E or CD73), which regulates the conversion of AMP to
adenosine and Pi (inorganic phosphate). Additionally, nonspecific alkaline phosphatase
(TNAP), whose activity normally maintains Pi/iPP ratio accelerating the mineralization,
was found to be increased in knockdown HepG2 cells. These results suggest that the
absence of transporter activity in the hepatic cells decreases the NT5E expression and
increases the pro-mineralizing TNAP activity, which is also clinically found in patients with
arterial calcifications due to deficiency in CD73 (ACDC) [31]. It is clear from the knockdown
study that the absence of transporter activity leads to alteration in gene expression, which
is required to provide PPi to prevent mineralization. However, in a further study, we
also found that ABCC6 plays a crucial role to activate the purinergic pathway, which is
important to maintain proper cellular function. In this study, pharmacological inhibition
of ABCC6 by probenecid down-regulated the expression of CD73. On the contrary, the
expression of CD73 was found increased after the application of adenosine and ATP, which
strengthens the idea that ABCC6 not only mediates the efflux of ATP but also regulates the
purinergic system [35].

5. Intracellular Consequences Associated with ABCC6 Transporter Activity in
HepG2 Cells

It is widely evident that changes in nuclear lamin expression are associated with cellu-
lar senescence and age-related diseases [36]. However, cells undergoing aging also adapt a
phenomenon to proliferate inappropriately, migrate, and colonize, which are the hallmarks
of cancer cells [37]. In both cases, changes in lamin expression traduce in morphological
changes in nuclei, which are known as “nuclear atypia”. Contrarily, induction of cellular
senescence is recognized as an important tumor-suppressive mechanism [38].

In previous studies with ABCC6 knockdown HepG2 cells, we have found decreased
cell growth and lamin A/C expression [33]. Interestingly, in the recent study, pharma-
cological inhibition of ABCC6 by probenecid or its knockdown in HepG2 cells not only
decreased the amount of extracellular ATP content but also decreased the expression of
CD73 and lamin A/C proteins. Lamins are the most important structural component
of the cytoskeleton and are required to maintain cells in a proper shape. In this context,
we examined whether down-regulation of lamin expression affected the actin filaments,
required for cytoskeleton rearrangement and cellular movement. In this study, a typical
organization of actin filament in filopodia, which is a hallmark of moving cells, was absent
in both probenecid-treated and ABCC6 knockdown HepG2 cells (Figure 6). However,
administration of adenosine or ATP restored the normal architecture of filopodia and
migration rate (Figure 7). This finding indicates that ABCC6 can be a potential therapeutic
target for anti-metastatic treatment and, with coordination of the purinergic system, also
regulates the intracellular functions [32].
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20 um Abccé6 ~ +Ade Abccé * +ATP

Figure 6. Representative confocal image of (A)—scrambled HepG2 cells; (B)—Abcc6-shRNA . HepG2
cells; (C)—Abcc6-shRNA HepG2 cells treated with 500 uM ATP; (D)—Abcc6-shRNA HepG2 cells
treated with 100 uM adenosine. F-actin was stained with Texas Red-phalloidin. In the insets
superposition of cytoskeleton (red) and EGFP (green) to monitor the infection efficiency. The scale
bar in the inserts is 40 um [32].
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Figure 7. Effect of probenecid and ABCC6 silencing on the migration rate of HepG2 cells. Cells were
treated with 250 uM probenecid for 48 h (gray plain bars, Probenecid+). DMSO-treated cells were
used as the control (gray plain bars, Probenecid-). A total of 500 uM ATP was added to either the
control cells (gray plain bars, Probenecid-, ATP+) or to probenecid-treated cells (gray plain bars,
Probenecid+, ATP+). HepG2 cells were transduced with scrambled shRNA (grey-texturized bars,
scr-shRNA) or with specific ABCC6-shRNA (black bars, ABCC6-shRNA). A sample of 500 uM ATP
was added to either control cells (grey-texturized bars, scr-shRNA, ATP+) or to ABCC6 silenced
cells (black bars, ABCC6-shRNA, ATP+). Data are expressed as mean =+ standard error (SE) of three
replicates from three independent experiments and were analyzed by one-way ANOVA followed by
Dunnett’s post hoc: *** p < 0.001 probenecid-treated cells vs. control cells in the absence of ATP and
ABCC6-shRNA vs. scr-shRNA in the absence of ATP; ### p < 0.001 probenecid + ATP-treated cells vs.
probenecid-treated cells and ABCC6-shRNA cells + ATP vs. ABCC6-shRNA cells without ATP. NS,
not significant [32].
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6. Involvement of ABCC6/MRP6 in Drug Resistance

It is well known that ABC transporters play an important role to maintain cellular
physiology by transporting different substrates. On the other hand, despite the patholog-
ical involvement in certain crucial diseases, these transporters are also involved in drug
resistance [39]. Similarly, ABCC family consisted of 13 members, which are involved in the
transportation of different substrates. Nine of them are also implicated in the resistance to a
variety of chemotherapeutic agents. Martin G. et al., in a study on Chinese hamster ovarian
cancer cells (CHO), demonstrated that ABCC6 is not only able to mediate the efflux of
glutathione conjugate but is also involved in resistance to some natural anti-cancer drugs,
like doxorubicin, etoposide, actinomycin D, daunorubicin, and cisplatin [27]. Tyrosine
Kinase Inhibitors (TKIs), like nilotinib and dasatinib, are effective treatments available
for Chronic Myeloid Leukaemia (CML) and found to interact with ABCB1 and ABCG2.
However, a recent study suggested that nilotinib and dasatinib might be substrates for
ABCC6, whose over-expression is responsible for resistance of both TKIs [40].

To investigate the possible involvement of different transporters in drug resistance,
we investigated the mRNA expression of ABCC6 and other ABC transporters mainly
involved in drug resistance, such as ABCB1, ABCC1, and ABCG2, in the bone marrow
samples obtained from acute myeloid leukemia (AML) patients. The samples obtained after
diagnosis revealed no difference in the expression level of ABCC6 and ABCB1 between
healthy control and AML patients. The expression of ABCC1 from AML patients was
higher compared to the healthy individual. Moreover, the expression of ABCG2 was
always found down-regulated in AML patients compared to controls. We also observed
the age- and gender-associated changes in the expression level of the genes. Interestingly,
ABCB1, ABCC1, and ABCC6 were less expressed in older patients compared to younger
ones, whereas ABCC6 and ABCC1 were highly expressed in female patients. Additionally,
only ABCG2 expression was found higher after chemotherapy, while no variation was
found in ABCC1, ABCB1, and ABCC6. However, the expression of ABCC6 and ABCB1 was
found to be up-regulated after the treatment with Trichostatin A (an inhibitor of histone
deacetylase) and 5-Aza-2'deoxycytidine (an inhibitor of DNA methyltransferase) in AML
cell line HL-60. These data reveal that changes in expression of ABCG2 before and after
the treatment can be related to disease or as a therapeutic marker. On the other hand, the
expression of ABCC6 and ABCB is transcriptionally or epigenetically controlled [41].

In addition, a study conducted by Jeon H-Metal [42] suggested that an inhibitor of
differentiation 4 (ID4) increases the SOX2-mediated expression of ABCC6 and ABCC3
in glioma stem cells (GSC), which have the potential to initiate a brain tumor, show
resistance to chemotherapy, and are responsible for higher recurrence rates of Glioblastoma
multiforme (GBM) [43].

Drug resistance is the biggest problem for cancer therapy, for which many molecules
have been synthesized and tested, but MDR in cancer therapy still persists. In order to
identify the promising molecules to inhibit MRP6 and mitigate marginal drug resistance,
we tested 8-(4-chlorophenyl)-5-methyl-8-[(2Z)-pent-2-en-1-yloxy]-8H-[1,2,4] oxadiazolo
[3,4-c][1,4] thiazin-3, also known as 2C and structurally similar to diltiazem. Surprisingly,
the efflux of doxorubicin was reduced in 2C-treated cells. Moreover, cell esterase activity
and H3 histone acetylation were reduced in 2C-treated cells, which suggests that 2C is
not only able to mitigate drug resistance but also able to inhibit nucleophilic substitution
reactions [44].

These findings confirm that ABCC6 is not only involved in the progression of the
genetic disease PXE but is also involved in resistance to many anti-cancer agents [45,46].

7. Conclusions

Different hypotheses were given to elucidate the physiological substrates for the
ABCCS6 transporter and its pathological involvement in PXE. However, mechanistic details
for ABCC6 mutations leading to ectopic mineralization were yet to be resolved [6,47,48].
In our studies, we not only investigated the structural components of ABCC6 transporter
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but also lighten the mechanisms, which might be involved in ectopic mineralization. In
our experiments, knockdown of ABCC6 or its inhibition by probenecid decreased the
extracellular ATP concentration and altered the expression of NT5E and TNAP. By these
findings, we can propose that the lack of ABCC6 transport activity could lead to a pro-
mineralizing state through alteration of extracellular purine metabolites, which ultimately
affect TNAP enzymatic activity.

Moreover, in both knockdown and probenecid-treated HepG2 cells, the expression
of lamin was found decreased, which suggests that reduced ABCC6 transport activity
also leads to cell senescence in PXE and can be beneficial to prevent cancer progression.
Interestingly, in both the knockdown and probenecid-treated HepG2 cells, we found a
decrease in migration rate, which is restored after ATP administration.

Collectively, these findings suggest that the ABCC6 transporter is not only required
to maintain some important circulatory factors like PPi, but is also required to maintain
proper functioning of other factors, which are involved in the conversion of extracellular
nucleotides, and to feed purine pool to maintain homeostasis between Pi and PPi ratio.
Moreover, our studies strengthen the idea that the ABCC6 transporter is not only involved
in PXE pathophysiology, but can also be considered a target for anti-cancer therapy.

Author Contributions: Conceptualization, EB. and A.O.; data curation, A.O.; writing—original
draft preparation, V.A. and PK,; writing—review and editing, PK. and M.A.C.M.; supervision, EB.;
funding acquisition, F.B. and A.O. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by INBIOMED PROJECT (MIUR, ARS01_01081).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.
11.

12.

13.

14.

Moitra, K.; Garcia, S.; Jaldin, M.; Etoundi, C.; Cooper, D.; Roland, A.; Dixon, P; Reyes, S.; Turan, S.; Terry, S.; et al. ABCC6 and
pseudoxanthoma elasticum: The face of a rare disease from genetics to advocacy. Int. . Mol. Sci. 2017, 18, 1488. [CrossRef]
[PubMed]

Jansen, R.S.; Kiigtikosmanoglu, A.; De Haas, M.; Sapthu, S.; Otero, J.A.; Hegman, LE.M.; Bergen, A.A.B.; Gorgels, TG.M.E;
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, 20206-20211. [CrossRef]

Luo, H.; Li, Q.; Cao, Y.; Uitto, J. Therapeutics Development for Pseudoxanthoma Elasticum and Related Ectopic Mineralization
Disorders: Update 2020. J. Clin. Med. 2021, 10, 114. [CrossRef] [PubMed]

De Vilder, E.Y.; Hosen, M.].; Vanakker, O.M. The ABCC6 transporter as a paradigm for networking from an orphan disease to
complex disorders. Biomed. Res. Int. 2015, 2015, 1-18. [CrossRef]

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

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

Li, Q.; Jiang, Q.; Pfendner, E.; Varadi, A.; Uitto, J. Pseudoxanthoma elasticum: Clinical phenotypes, molecular genetics and
putative pathomechanisms. Exp. Dermatol. 2009, 18, 1-11. [CrossRef]

Klement, J.F,; Matsuzaki, Y.; Jiang, Q.-].; 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]

Xiong, J.; Feng, ].; Yuan, D.; Zhou, J.; Miao, W. Tracing the structural evolution of eukaryotic ATP binding cassette transporter
superfamily. Sci. Rep. 2015, 5, 16724. [CrossRef] [PubMed]

Liu, X.; Pan, G. Drug Transporters in Drug Disposition, Effects and Toxicity; Springer: Berlin/Heidelberg, Germany, 2019. [CrossRef]
Favre, G.; Laurain, A.; Aranyi, T.; Szeri, F.; Fulop, K.; Le Saux, O.; Duranton, C.; Kauffenstein, G.; Martin, L.; Lefthériotis, G. The
ABCCS6 transporter: A new player in biomineralization. Int. ]. Mol. Sci. 2017, 18, 1941. [CrossRef]

Ostuni, A.; Miglionico, R.; Castiglione Morelli, M.A.; Bisaccia, F. Study of the nucleotide-binding domain 1 of the human
transporter protein MRP6. Protein Pept. Lett. 2010, 17, 1553-1558. [CrossRef]

Ostuni, A.; Castiglione Morelli, M.A.; Cuviello, F.; Bavoso, A.; Bisaccia, F. Structural characterization of the L0 cytoplasmic loop
of human multidrug resistance protein 6 (MRP6). Biochim. Biophys. Acta Biomembr. 2019, 1861, 380-386. [CrossRef]

Thomas, C.; Tampé, R. Multifaceted structures and mechanisms of ABC transport systems in health and disease. Curr. Opin.
Struct. Biol. 2018, 51, 116-128. [CrossRef] [PubMed]


http://doi.org/10.3390/ijms18071488
http://www.ncbi.nlm.nih.gov/pubmed/28696355
http://doi.org/10.1073/pnas.1319582110
http://doi.org/10.3390/jcm10010114
http://www.ncbi.nlm.nih.gov/pubmed/33396306
http://doi.org/10.1155/2015/648569
http://doi.org/10.1159/000365014
http://doi.org/10.1038/jid.2008.212
http://doi.org/10.1111/j.1600-0625.2008.00795.x
http://doi.org/10.1128/MCB.25.18.8299-8310.2005
http://doi.org/10.1038/srep16724
http://www.ncbi.nlm.nih.gov/pubmed/26577702
http://doi.org/10.1007/978-981-13-7647-4
http://doi.org/10.3390/ijms18091941
http://doi.org/10.2174/0929866511009011553
http://doi.org/10.1016/j.bbamem.2018.11.002
http://doi.org/10.1016/j.sbi.2018.03.016
http://www.ncbi.nlm.nih.gov/pubmed/29635113

Int. J. Mol. Sci. 2021, 22, 2858 11 of 12

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Ran, Y;; Thibodeau, P.H. Stabilization of nucleotide binding domain dimers rescues ABCC6 mutants associated with pseudoxan-
thoma elasticum. J. Biol. Chem. 2017, 292, 1559-1572. [CrossRef] [PubMed]

Smith, P.C.; Karpowich, N.; Millen, L.; Moody, J.E.; Rosen, J.; Thomas, PJ.; Hunt, ].E. ATP binding to the motor domain from an
ABC transporter drives formation of a nucleotide sandwich dimer. Mol. Cell 2002, 10, 139-149. [CrossRef]

Ran, Y.; Zheng, A.; Thibodeau, P.H. Structural analysis reveals pathomechanisms associated with pseudoxanthoma elasticum—
causing mutations in the ABCC6 transporter. J. Biol. Chem. 2018, 293, 15855-15866. [CrossRef]

Dhasmana, D.; Singh, A.; Shukla, R.; Tripathi, T.; Garg, N. Targeting nucleotide binding domain of multidrug resistance-associated
protein-1 (MRP1) for the reversal of multi drug resistance in cancer. Sci. Rep. 2018, 8, 1-11. [CrossRef] [PubMed]

Johnson, Z.L.; Chen, J. Structural basis of substrate recognition by the multidrug resistance protein MRP1. Cell 2017, 168,
1075-1085. [CrossRef] [PubMed]

Miglionico, R.; Gerbino, A.; Ostuni, A.; Armentano, M.E; Monné, M.; Carmosino, M.; Bisaccia, F. New insights into the roles of
the N-terminal region of the ABCC6 transporter. J. Bioenerg. Biomembr. 2016, 48, 259-267. [CrossRef] [PubMed]

Ostuni, A.; Miglionico, R.; Bisaccia, F.; Castiglione Morelli, M.A. Biochemical characterization and NMR study of the region
E748-A785 of the human protein MRP6/ABCC6. Protein Pept. Lett. 2010, 17, 861-866. [CrossRef] [PubMed]

Le Saux, O.; Beck, K.; Sachsinger, C.; Silvestri, C.; Treiber, C.; Goring, H-H.H.; Johnson, E.W.; De Paepe, A.; Pope, EM.; Pasquali-
Ronchetti, I.; et al. A spectrum of ABCC6 mutations is responsible for pseudoxanthoma elasticum. Am. J. Hum. Genet. 2001, 69,
749-764. [CrossRef] [PubMed]

Ostuni, A.; Miglionico, R.; Monné, M.; Castiglione Morelli, M.A.; Bisaccia, F. The nucleotide-binding domain 2 of the human
transporter protein MRP6. J. Bioenerg. Biomembr. 2011, 43, 465. [CrossRef]

Goda, K.; Donmez-Cakil, Y.; Tarapcsak, S.; Szaloki, G.; Szoll6si, D.; Parveen, Z.; Tiirk, D.; Szakacs, G.; Chiba, P.; Stockner, T.
Human ABCB1 with an ABCB11-like degenerate nucleotide binding site maintains transport activity by avoiding nucleotide
occlusion. PLoS Genet. 2020, 16, €1009016. [CrossRef]

Cuviello, E,; Tellgren-Roth, A.; Lara, P; Selin, ER.; Monné, M.; Bisaccia, F; Nilsson, L; Ostuni, A. Membrane insertion and topology
of the amino-terminal domain TMDO of multidrug-resistance associated protein 6 (MRP6). FEBS Lett. 2015, 589, 3921-3928.
[CrossRef]

Ilias, A.; Urban, Z.; Seidl, T.L.; Le Saux, O.; Sinké, E.; Boyd, C.D.; Sarkadi, B.; Varadi, A. Loss of ATP-dependent transport activity
in pseudoxanthoma elasticum-associated mutants of human ABCC6 (MRP6). . Biol. Chem. 2002, 277, 16860-16867. [CrossRef]
Belinsky, M.G.; Chen, Z.-S.; Shchaveleva, I.; Zeng, H.; Kruh, G.D. Characterization of the drug resistance and transport properties
of multidrug resistance protein 6 (MRP6, ABCC6). Cancer Res. 2002, 62, 6172-6177.

Borst, P.; van de Wetering, K.; Schlingemann, R. Does the absence of ABCC6 (multidrug resistance protein 6) in patients with
Pseudoxanthoma elasticum prevent the liver from providing sufficient vitamin K to the periphery? Cell Cycle 2008, 7, 1575-1579.
[CrossRef] [PubMed]

Gorgels, T.G.M.E,; Waarsing, ].H.; Herfs, M.; Versteeg, D.; Schoensiegel, E; Sato, T.; Schlingemann, R.O.; Ivandic, B.; Vermeer, C.;
Schurgers, L.J.; et al. Vitamin K supplementation increases vitamin K tissue levels but fails to counteract ectopic calcification in a
mouse model for pseudoxanthoma elasticum. J. Mol. Med. 2011, 89, 1125. [CrossRef] [PubMed]

Fulop, K,; Jiang, Q.; Wetering, K.V.; Pomozi, V.; Szabo, P.T.; Aranyi, T.; Sarkadi, B.; Borst, P,; Uitto, J.; Varadi, A. ABCC6 does
not transport vitamin K3-glutathione conjugate from the liver: Relevance to pathomechanisms of pseudoxanthoma elasticum.
Biochem. Biophys. Res. Commun. 2011, 415, 468-471. [CrossRef]

Miglionico, R.; Armentano, M.E; Carmosino, M.; Salvia, A.M.; Cuviello, E; Bisaccia, F; Ostuni, A. Dysregulation of gene
expression in ABCC6 knockdown HepG2 cells. Cell. Mol. Biol. Lett. 2014, 19, 517-526. [CrossRef]

Ostuni, A.; Carmosino, M.; Miglionico, R.; Abruzzese, V.; Martinelli, F; Russo, D.; Laurenzana, I.; Petillo, A.; Bisaccia, F. Inhibition
of ABCC6 Transporter Modifies Cytoskeleton and Reduces Motility of HepG2 Cells via Purinergic Pathway. Cells 2020, 9, 1410.
[CrossRef]

Miglionico, R.; Ostuni, A.; Armentano, M.E; Milella, L.; Crescenzi, E.; Carmosino, M.; Bisaccia, F. ABCC6 knockdown in HepG,
cells induces a senescent-like cell phenotype. Cell. Mol. Biol. Lett. 2017, 22, 7. [CrossRef] [PubMed]

Pasquali-Ronchetti, I.; Garcia-Fernandez, M.I; Boraldi, F.; Quaglino, D.; Gheduzzi, D.; Paolinelli, C.D.V.; Tiozzo, R.; Bergamini, S.;
Ceccarelli, D.; Muscatello, U. Oxidative stress in fibroblasts from patients with pseudoxanthoma elasticum: Possible role in the
pathogenesis of clinical manifestations. J. Pathol. ]. Pathol. Soc. Great Br. Irel. 2006, 208, 54—61. [CrossRef]

Martinelli, E; Cuviello, F; Pace, M.C.; Armentano, M.E,; Miglionico, R.; Ostuni, A ; Bisaccia, F. Extracellular ATP regulates CD73
and ABCC6 expression in HepG2 Cells. Front. Mol. Biosci. 2018, 5, 75. [CrossRef]

Kristiani, L.; Kim, M.; Kim, Y. Role of the Nuclear Lamina in Age-Associated Nuclear Reorganization and Inflammation. Cells
2020, 9, 718. [CrossRef]

Honoki, K.; Fujii, H.; Tsukamoto, S.; Kishi, S.; Tsujiuchi, T.; Tanaka, Y. Crossroads of hallmarks in aging and cancer: Anti-aging
and anti-cancer target pathways can be shared. Tre Can Res 2016, 11, 39-59.

Irianto, J.; Pfeifer, C.R.; Ivanovska, I.L.; Swift, J.; Discher, D.E. Nuclear lamins in cancer. Cell. Mol. Bioeng. 2016, 9, 258-267.
[CrossRef]

Dean, M.; Allikmets, R. Complete characterization of the human ABC gene family. |. Bioenerg. Biomembr. 2001, 33, 475-479.
[CrossRef]


http://doi.org/10.1074/jbc.M116.759811
http://www.ncbi.nlm.nih.gov/pubmed/27994049
http://doi.org/10.1016/S1097-2765(02)00576-2
http://doi.org/10.1074/jbc.RA118.004806
http://doi.org/10.1038/s41598-018-30420-x
http://www.ncbi.nlm.nih.gov/pubmed/30097643
http://doi.org/10.1016/j.cell.2017.01.041
http://www.ncbi.nlm.nih.gov/pubmed/28238471
http://doi.org/10.1007/s10863-016-9654-z
http://www.ncbi.nlm.nih.gov/pubmed/26942607
http://doi.org/10.2174/092986610791306751
http://www.ncbi.nlm.nih.gov/pubmed/20226001
http://doi.org/10.1086/323704
http://www.ncbi.nlm.nih.gov/pubmed/11536079
http://doi.org/10.1007/s10863-011-9372-5
http://doi.org/10.1371/journal.pgen.1009016
http://doi.org/10.1016/j.febslet.2015.10.030
http://doi.org/10.1074/jbc.M110918200
http://doi.org/10.4161/cc.7.11.6005
http://www.ncbi.nlm.nih.gov/pubmed/18469514
http://doi.org/10.1007/s00109-011-0782-y
http://www.ncbi.nlm.nih.gov/pubmed/21725681
http://doi.org/10.1016/j.bbrc.2011.10.095
http://doi.org/10.2478/s11658-014-0208-2
http://doi.org/10.3390/cells9061410
http://doi.org/10.1186/s11658-017-0036-2
http://www.ncbi.nlm.nih.gov/pubmed/28536638
http://doi.org/10.1002/path.1867
http://doi.org/10.3389/fmolb.2018.00075
http://doi.org/10.3390/cells9030718
http://doi.org/10.1007/s12195-016-0437-8
http://doi.org/10.1023/A:1012823120935

Int. J. Mol. Sci. 2021, 22, 2858 12 of 12

40.

41.

42.

43.

44.

45.

46.

47.

48.

Eadie, L.N.; Dang, P.; Goyne, ].M.; Hughes, T.P.; White, D.L. ABCC6 plays a significant role in the transport of nilotinib and
dasatinib, and contributes to TKI resistance in vitro, in both cell lines and primary patient mononuclear cells. PLoS ONE 2018, 13,
€0192180. [CrossRef]

Salvia, A.M.; Cuviello, E; Coluzzi, S.; Nuccorini, R.; Attolico, I.; Pascale, S.P,; Bisaccia, F.; Pizzuti, M.; Ostuni, A. Expression of
some ATP-binding cassette transporters in acute myeloid leukemia. Hematol. Rep. 2017, 9, 7406. [CrossRef]

Jeon, H.-M.; Sohn, Y.-W.; Oh, S.-Y.; Kim, S.-H.; Beck, S.; Kim, S.; Kim, H. ID4 imparts chemoresistance and cancer stemness to
glioma cells by derepressing miR-9*-mediated suppression of SOX2. Cancer Res. 2011, 71, 3410-3421. [CrossRef] [PubMed]
Patel, D.; Morton, D.].; Carey, J.; Havrda, M.C.; Chaudhary, J. Inhibitor of differentiation 4 (ID4): From development to cancer.
Biochim. Biophys. Acta Rev. Cancer 2015, 1855, 92-103. [CrossRef] [PubMed]

Cuviello, F; Bisaccia, F; Spinelli, D.; Armentano, M.E; Bufo, S.A.; Cosimelli, B.; Ostuni, A. The P-glycoprotein inhibitor diltiazem-
like 8-(4-chlorophenyl)-5-methyl-8-[(2Z)-pent-2-en-1-yloxy]-8H-[1,2,4] oxadiazolo [3,4-c][1,4] thiazin-3-one inhibits esterase
activity and H3 histone acetylation. Eur. J. Med. Chem. 2019, 164, 1-7. [CrossRef]

Varadi, A.; Szabd, Z.; Pomozi, V.; de Boussac, H.; Fulop, K.; Aranyi, T. ABCC6 as a target in pseudoxanthoma elasticum. Curr.
Drug Targets 2011, 12, 671-682. [CrossRef] [PubMed]

Armentano, M.E; Ostuni, A.; Infantino, V.; Iacobazzi, V.; Castiglione Morelli, M. A ; Bisaccia, F. Identification of a new splice
variant of the human ABCC6 transporter. Res. Lett. Biochem. 2008, 2008, 1-4. [CrossRef]

Le Saux, O.; Martin, L.; Aherrahrou, Z.; Leftheriotis, G.; Varadi, A.; Brampton, C.N. The molecular and physiological roles of
ABCC6: More than meets the eye. Front. Genet. 2012, 3, 289. [CrossRef] [PubMed]

Aranyi, T.; Bacquet, C.; De Boussac, H.; Ratajewski, M.; Pomozi, V.; Fiilop, K.; Brampton, C.N.; Pulaski, L.; Le Saux, O.; Varadi, A.
Transcriptional regulation of the ABCC6 gene and the background of impaired function of missense disease-causing mutations.
Front. Genet. 2013, 4, 27. [CrossRef]


http://doi.org/10.1371/journal.pone.0192180
http://doi.org/10.4081/hr.2017.7406
http://doi.org/10.1158/0008-5472.CAN-10-3340
http://www.ncbi.nlm.nih.gov/pubmed/21531766
http://doi.org/10.1016/j.bbcan.2014.12.002
http://www.ncbi.nlm.nih.gov/pubmed/25512197
http://doi.org/10.1016/j.ejmech.2018.12.037
http://doi.org/10.2174/138945011795378612
http://www.ncbi.nlm.nih.gov/pubmed/21039331
http://doi.org/10.1155/2008/912478
http://doi.org/10.3389/fgene.2012.00289
http://www.ncbi.nlm.nih.gov/pubmed/23248644
http://doi.org/10.3389/fgene.2013.00027

	Introduction 
	Structural Properties of ABCC6 Transporter 
	Roles of Additional TMD0 and L0 Domains 
	The Decrease or Loss of ABCC6 Functionality Changes Extracellular Environment 
	Intracellular Consequences Associated with ABCC6 Transporter Activity in HepG2 Cells 
	Involvement of ABCC6/MRP6 in Drug Resistance 
	Conclusions 
	References

