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Soft tissue calcification occurs in several common acquired pathologies, such as diabetes and hyper-
cholesterolemia, or can result from genetic disorders. ABCC6, a transmembrane transporter primarily
expressed in liver and kidneys, initiates a molecular pathway inhibiting ectopic calcification. ABCC6
facilitates the cellular efflux of ATP, which is rapidly converted into pyrophosphate (PPi), a major
calcification inhibitor. Heritable mutations in ABCC6 underlie the incurable calcification disorder
pseudoxanthoma elasticum and some cases of generalized arterial calcification of infancy. Herein, we
determined that the administration of PPi and the bisphosphonate etidronate to Abcc6 ™/~ mice fully
inhibited the acute dystrophic cardiac calcification phenotype, whereas alendronate had no significant
effect. We also found that daily injection of PPi to Abcc6 ™/~ mice over several months prevented the
development of pseudoxanthoma elasticum—like spontaneous calcification, but failed to reverse
already established lesions. Furthermore, we found that the expression of low amounts of the human
ABCC6 in liver of transgenic Abcc6~/~ mice, resulting in only a 27% increase in plasma PPi levels, led to
a major reduction in acute and chronic calcification phenotypes. This proof-of-concept study shows that
the development of both acute and chronic calcification associated with ABCC6 deficiency can be
prevented by compensating PPi deficits, even partially. Our work indicates that PPi substitution rep-
resents a promising strategy to treat ABCC6-dependent calcification disorders. (Am J Pathol 2017, 187:
1258—1272; http://dx.doi.org/10.1016/j.ajpath.2017.02.009)

Pathological (ectopic) mineralization of soft tissues occurs
during aging and in several common acquired conditions,
such as diabetes, hypercholesterolemia, renal failure, and
certain genetic disorders. Metabolic, mechanical, and in-
flammatory injuries contribute to ectopic calcification
through distinct molecular mechanisms of initiation and
inhibition." Several mechanisms have evolved to prevent
ectopic calcification. One of these involves ABCC6, a
transmembrane protein primarily found in the plasma
membrane of hepatocytes and renal proximal tubule
epithelial cells.” ABCC6 is an ATP-dependent organic
anion transporter.” Since the first evidence that ABCC6
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PPi Stops Calcification in Abcc6 ™'~ Mice

function relates to calcification inhibition,/“i’5 the identifica-
tion of an endogenous substrate(s) has been infructuous
despite many attempts.” However, the main consequence of
ABCC6 molecular function has now been established as a
mediator of nucleotide efflux, of which ATP appears most
relevant to ectopic calcification.”” Indeed, cells expressing
human ABCC6 excrete large amounts of nucleotide tri-
phosphates. The extracellular domains of ectonucleotide
pyrophosphatase phosphodiesterase 1 (ENPP1) and ecto-5'-
nucleotidase (alias CD73) quickly convert the excreted ATP
to pyrophosphate (PPi) and adenosine. ABCC6 dysfunction
leads to lower cellular efflux of ATP and the subsequent
production of extracellular PPi. ABCC6 is responsible for
approximately 60% of the PPi in plasma.” PPi is a potent
inhibitor of hydroxyapatite crystallization” and is the main
inhibitor of vascular and other tissue calcification in the
body.lO Therefore, ABCC6 deficiency underlies several
related calcification disorders. Pseudoxanthoma elasticum
(PXE; Online Mendelian Inheritance in Man 264800;
prevalence, approximately 1:25,000) is characterized by
late-onset and progressive (chronic) calcifications in the
skin, vascular, and ocular tissues.”>'" Generalized arterial
calcification of infancy (GACI; Online Mendelian Inheri-
tance in Man 208000; prevalence, unknown) is typically
associated with ENPP] mutations and results in early pa-
tient mortality. However, some GACI patients only carry
ABCC6 mutations.'” The calcification phenotype associated
with B-thalassemia (Online Mendelian Inheritance in Man
187550; prevalence, 1:10,000 around the Mediterranean
basin) probably results from a progressive reduction of
ABCC6 expression.''* ABCC6 dysfunction in mice also
causes an acute inducible phenotype referred to as dystro-
phic cardiac calcification (DCC).'S"I6 These diseases are
incurable.

Bisphosphonates, nonhydrolyzable analogs of PPi, were
tested as a treatment for GACI and against the chronic
calcification phenotype of Abcc6 '~ mice. Early treatments
improved GACI outcome,'” but provided mixed results in
mice.'® Inorganic pyrophosphate was suggested in the early
1960s as a possible treatment for ectopic calcification, and it
is now considered with renewed interest despite its short
half-life in plasma.'®** Therefore, to address the hypoth-
esis that normalizing the levels of PPi could counteract the
pathology of PXE and DCC, we investigated whether PPi
and bisphosphonate supplementation could prevent and/or
reverse acute and chronic calcification in Abcc6-deficient
mouse models.

Materials and Methods

Animals

C57BL/6J mice, designated herein as wild type, were derived
from mice purchased from Jackson Laboratories (Bar Harbor,
ME). Purchased mice were allowed at least 2 weeks of
acclimation before being included in experiments.
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Abcc6™ 4" mice were generated on 129/0Ola background”
and backcrossed into a C57BL/6J >10 times. These mice are
herein designated Abcc6 . Both male and female, age-
matched Abcc6™~ and wild-type mice were used, as sex
had no significant impact on results. All animals were housed
in approved animal facilities at the University of Hawaii
School of Medicine. Mice were kept under routine laboratory
conditions with 12-hour light-dark cycle with ad libitum
access to water and chow. The University of Hawaii Insti-
tutional Animal Care and Use Committees approved these
studies. Experiments were conducted according to the NIH
Guide for the Care and Use of Laboratory Animals.”®

Liver-Specific Expression of ABCC6 cDNA in Mice

Inducing the transient expression of a specific cDNA by
hydrodynamic tail vein injection (HTVI) has been described
previously.”’*’ Briefly, a cDNA encoding human ABCC6
was subcloned into the pLIVE vector carrying the mouse
albumin promoter and a fetoprotein enhancer that ensured a
liver-specific expression (Mirus Bio, Madison, WI). The
plasmid construct was delivered to 3-month-old Abcc6™~
mice by HTVI. The rapid injections (performed <5 seconds
apart) were performed with a 27-gauge needle with a
volume of 1.5 to 2 mL of DNA in a solution of TransIT EE,
according to the manufacturer’s instruction (Mirus Bio).
Mice were injected with 40 to 60 pg of plasmid. Nine mice
were injected with ABCC6 cDNA. Mice were euthanized
by standard carbon dioxide procedures 24 hours after HTVI
and immediately subjected to liver perfusion.

Myocardial Cryoinjury

At 72 hours after tail vein injection, cardiac injury was
instilled through transdiaphragm cryoinjury, as previously
described by one of us.’**' Briefly, 10-second freeze-thaw
injuries using a liquid nitrogen—cooled probe are applied to
the heart through the diaphragm from a 10- to 12-mm
incision on the abdomen. This approach limits the area of
cardiac injury to a single cardiac location and offers a
relative uniform size of the necrotic tissue and a high
survival rate (>90%). Sham-operated Abcc6™'~  mice
underwent the same surgical procedure using room tem-
perature probe. Mice were sacrificed by carbon dioxide
asphyxiation 7 days after injury to ensure that the cardiac
calcification phenotype was fully developed. Hearts were
quickly removed, rinsed in phosphate-buffered saline,
minced, and placed into 0.15 N HCI for 48 hours; then,
calcium content of the supernatant was determined by a
colorimetric assay (Calcium LiquiColor Test, Stanbio
Laboratory, Boerne, TX).

Histochemistry and Calcification Measurements

Calcium deposition was directly visualized after Alizarin
Red S staining on paraffin-embedded sections on the left
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muzzle skin of each mouse, as previously described.’” The
level of mineralization in whiskers or hearts (minus the
atria) was quantified following several methods. We first
used the Calcium LiquiColor colorimetric assay (StanBio,
Boerne, TX)33 that measures directly the amount of excess
calcium, which is normalized to the weight of the excised
tissues, as previously described,'® and expressed in pg/dL
per milligram of tissue. We also used two separate
morphometric analyses of Alizarin Red S staining on his-
tology sections. The ImageJ software version 1.45k (NIH,
Bethesda, MD; http://imagej.nih.gov/ij) was used to
measure the calcified area of each vibrissa (10 to 15 per
section), which was then normalized to the area of the
capsule, and averaged to provide an estimate of the extent
of calcification of all vibrissae in a section. At least three
sections per mouse were used. This analysis was
confirmed using a second method of visual scoring of
Alizarin Red S staining on histology sections with
operators (J.Z., B.C., K.P.) blinded to the genotype and
treatment.

PPi and Bisphosphonate Administration

PPi, etidronate (Etd), and alendronate (Aln) were purchased
from Sigma-Aldrich (St. Louis, MO) as tetrasodium deca-
hydrate, disodium hydrate, and monosodium trihydrate
salts, respectively. All dosages referenced thereafter are
based on these sodium hydrated forms in which the PPi,
Etd, and Aln fractions represent 39%, 74%, and 76% of the
molecular weight, respectively. Based on a previous study
where rats were administered 80 to 160 umol/kg per day of
PPi,”” we chose to use a wider range of 2.24 to 224 pmol/kg
per day (equivalent to 1 to 100 mg/kg per day) of PPi in a
volume of 100 pL of saline (0.9% NaCl) solution on mice
via i.p. injection. Injections were initiated 24 hours before
induction of DCC via cryoinjury and daily thereafter until
euthanasia. Control animals received injections of saline.
For the experimental groups of mice testing the effect of PPi
on chronic calcification, the animals were weighed every
week, and the volume injected was adjusted accordingly.
For control experiments, groups of mice were treated in
parallel with saline injections. Etd and Aln were delivered
via i.p. injection in 100 pL volume starting with a single
injection of 8 pmol/kg per day (Etd) or 0.062 pmol/kg per
day (Aln) 6 hours before DCC induction (equivalent to 2.0
and 0.02 mg/kg per day, respectively). Mice received two
additional doses of Etd or Aln on days 2 and 3. Cardiac
tissues were harvested at day 7 after injury, as described
previously.” The Etd dosage chosen was 10% of the typical
oral amount given for Paget disease of bone (80 pmol/kg
per day or 20 mg/kg per day) and similar to a previous
study”” considering a bioavailability of 1% to 3%. Human
dosages of Aln vary depending on the application and it has
an oral bioavailability of approximately 0.5%. Therefore,
we chose to administer 0.062 pmol/kg per day (0.02 mg/kg
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per day) of Aln, based on the dosage used in a previous
report. '

Liver Perfusion

Liver perfusions were performed on anesthetized mice via
the cannulation of the hepatic portal vein and inferior vena
cava. Livers were initially flushed with a perfusion buffer
(1x Krebs, 1x HEPES, 24 mmol/L NaHCO3, 1.3 mmol/L
CaCl,, 0.1% bovine serum albumin) to remove blood and
the same buffer batch was used on all mice. The perfusion
flow was set at 1.0 mL/minute for up to 15 minutes, and four
equal aliquots were collected. The perfusates were stored at
—80°C before analysis.

Pyrophosphate, Alkaline Phosphatase, and ATP
Measurements

The concentration of PPi in plasma or liver perfusate was
calculated, as described previously,” by one of us
(K.v.d.W.). Plasma was collected from 3-month-old mice
unless stated otherwise. When investigating the effect of
human ABCC6 expression on PPi secretion in liver, per-
fusions were performed 24 hours after hydrodynamic tail
vein injections. PPi concentration in liver perfusion buffer
was measured in all four aliquots individually, and the data
were averaged. There was no major fluctuation in PPi
concentration in the different aliquots over this 15-minute
period of time. The PPi concentration of the perfusion
buffer before perfusion was also measured, and it was found
to be negligible (0.5 to 1 pmol/L compared to 200 to 600
pmol/L after perfusion). Alkaline phosphatase activity was
measured in plasma samples of wild-type and Abcc6™'~
mice using a colorimetric assay kit (Biovision, Milnitas,
CA). The kit uses p-nitrophenyl phosphate as substrate,
which is converted into colored p-nitrophenyl measured by
optic density at 405 nm. Units of alkaline phosphatase
activity correspond to pmol of p-nitrophenyl/mL per min-
ute. ATP was measured in perfusion samples, as previously
described,” and in plasma using the BacTiter-Glo Microbial
Cell Viability Assay from Promega (Madison, WI).

Transgenic Mice

PiggyBac Delivery Plasmid Development

A cDNA encoding the normal human ABCC6”’ and a PXE/
GACI-causing mutant ABCC6 cDNA'?~° were cloned into
piggyBac delivery plasmids used for transgenic animal
production. Expression of the piggyBac transposase from
these plasmids allowed the efficient integration of trans-
genes into the genome of newborn mice.””** In an effort to
achieve liver-specific expression of the ABCC6 cDNA, we
used the ZY53 promoter previously described.’”*" This
promoter and coding sequences for the wild-type and
R1314W mutant of ABCC6 were first cloned into pPENTR1a
shuttle plasmids to prepare for Gateway recombineering
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(Invitrogen, Carlsbad, CA). These two shuttle plasmids
were each recombined into the pmhyGENIE-3 piggyBac
delivery plasmid. The resulting plasmids, pmhyGENIE-3-
ABCC6 and pmhyGENIE-3-ABCC6-R1314W, encoded
the respective ABCC6 transgene, TurboGFP, and a self-
inactivating”’® hyperactive piggyBac transposase’’ driven
by the CAG (cytomegalovirus immediate early enhancer,
chicken B-actin promoter, and B-globin intron) promoter.

Transposase-Enhanced Pronuclear Microinjection and
Cytoplasmic Microinjections with pmGENIE Plasmids
Plasmid vectors, pmhyGENIE-3-ABCC6 and pmhyGENIE-
3-ABCC6-R1314W, were injected directly into the pronu-
clei of one-cell embryos of Abcc6”~ (Abcc6™ /A9
zygotes using a 2-um internal diameter, modified, blunt-
ended microinjection pipette using a Piezo actuator. The
process is designated transposase-enhanced pronuclear
microinjection. The injected volume was calculated with the
following equation: 7.r2 length.

An injection of 65 pm equals 2.04 x 1077 pL. At a
concentration of 10 ng/uL. of plasmid solution, the total
amount of DNA injected is 2.04 fg or approximately 130
copies of plasmid.

The presence of the transgenes was verified by PCR using
primers specific to the construct and sequencing. The
transgene copy number in each mouse was determined using
two TagMan Copy Number Assays (hs00025196_cn,
hs0003881_cn) for redundancy and the mouse reference
gene Tfrc. The copy number assays were performed on an
Applied Biosystems (Foster City, CA) StepOnePlus Real-
Time PCR machine and the included CopyCaller Software
version 2.0 (Applied Biosystems).

Embryo Culture and Embryo Transfer

Oocytes with two well-developed pronuclei and a distinct
second polar body 5 to 6 hours after transposase-enhanced
pronuclear microinjection were recorded as having survived
microinjection and were cultured in CZB medium (Milli-
pore, Billerica, MA) until two-cell stage (20 to 24 hours
after microinjection). They were then transferred into the
oviducts of surrogate CD-1 females, which were mated with
vasectomized males of the same strain on the day before
embryo transfer. Pregnant females were allowed to deliver
and raise their pups.

RT-PCR

We used real-time PCR to determine the level of mRNA
expression for the human ABCC6. Total RNA was extracted
from approximately 20 mg of tissue sample using the
RNeasy kit (Qiagen Inc., Valencia, VA). The RNA was
converted into first-strand cDNA using a first-strand syn-
thesis kit with random hexamers (Thermofisher Scientific,
Waltham, MA). The level of expression of the human
ABCC6 and the mouse ENPP] and GAPDH was detected
by quantitative RT-PCR with a StepOnePlus Real-Time
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System (Applied Biosystems, Foster City, CA) using
commercially available TagMan probes.

Immunodetection

Liver-specific expression of ABCC6 variants in mice and
immunohistochemical staining were performed as described
in a previous study.”’ Briefly, after mouse euthanasia, multiple
liver lobes were quickly harvested, placed in OCT compound,
and stored at —80°C. Immunofluorescence staining was per-
formed on frozen sections (6 um thick). The rat monoclonal
anti-ABCC6 MB6II-31 antibody (sc-59618; Santa Cruz
Biotechnology, Dallas, TX) was used to specifically detect the
human ABCC6. The rabbit polyclonal anti-cadherin antibody
was purchased from Abcam (Cambridge, MA). The secondary
antibodies were Alexafluor 488 and 568 (Life Technologies,
Carlsbad, CA). Immunofluorescence images were acquired
using an Axioscope 2 fluorescent microscope (Zeiss, Thorn-
wood, NY). Individual images were collected and processed
with Photoshop CS6 (Adobe, San Jose, CA).

Statistical Analysis

Data were compared by the r-test. Values are expressed as
means = SEM. P < 0.05 was considered statistically sig-
nificant. Animal numbers used for individual sets of data
varied and are shown in the figures.

Results

ABCC6 Regulates the Majority of PPi Release from the
Liver

The recent findings of Jansen et al”* revealed that ABCC6
mediates the cellular release of ATP, which is quickly
converted into PPi. In their study, the authors suggested that
ABCC6 function in liver is an important contributor to
plasma PPi. Therefore, we directly measured the levels of
ATP and PPi released by the liver of wild-type, Abcc6 '™,
and Abcc6™'~ mice transiently expressing the human
ABCCS6. Using this in vivo liver perfusion, ATP was lower
than detection level in all samples (data not shown), as
expected because ectonucleotidases (ENPP1) would convert
it rapidly.® We also measured a two-thirds reduction in PPi
average concentration in liver perfusates of Abcc6'~ mice
compared to wild-type controls (627 £+ 96 nmol/L versus
221 £ 55 nmol/L; P = 0.0003) (Figure 1A). Strikingly,
introducing human ABCC6 in the liver of Abcc6™'~ mice
via HTVI 24 hours before liver perfusion increased the PPi
concentration in liver perfusate to near normal levels (77%
of wild-type levels; 482 4+ 85 nmol/L versus 627 £ 96
nmol/L; P = 0.26), despite the modest levels of expression
achieved with hydrodynamic tail vein injections.'®?’ For
control purposes, we also measured ATP levels in the
plasma of wild-type and Abcc6 '~ mice and found no
significant differences in steady-state levels [1.58 £ 0.36
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Figure 1  Pyrophosphate (PPi) and bisphosphonates. A: The generation of ABCC6-dependent hepatic PPi was estimated in liver perfusate. The con-
centration of PPi in the perfusate buffer was compared between wild-type (WT; -+/+) and Abcc6~/~ mice (—/—), and to Abcc6™/~ mice transiently
expressing the human ABCC6 in liver. The relative level of expression of ENPPI in the liver (B) and kidneys (C) of Abcc6 ™~ mice and wild-type mice was
determined by real-time PCR using specific TagMan probes. The data were normalized to the mouse GAPDH. D: PPi plasma concentration steadily decreases
after a single i.p. injection of PPi at 112 pumol/kg (50 mg/kg) in Abcc6~/~ mice with an approximate half-life of 42 minutes. Average plasma PPi levels of
wild-type and Abcc6/~ mice are indicated. E: Plasma PPi concentration was significantly reduced in Abcc6~/~ mice at 3-, 6-, and 12-month-old mice.
At each time point, PPi levels were significantly lower in Abcc6 ™/~ mice, though age does not influence PPi levels in either wild-type (4/+) or Abcc6™/~
mice (—/—). F: Alkaline phosphatase activity (ALK) expressed as units (umol of p-nitrophenyl/L per minute) was measured in plasma samples from the same
3-, 6-, and 12-month-old wild-type (+/+) and Abcc6™/~ mice (—/—) as shown in E. The number of mice per group is shown. Data are expressed as means + SEM.
n = 3 per data point (D). *P < 0.05, **P < 0.01, and ***P < 0.001.

nmol/L (n 16) versus 2.30 £ 0.36 nmol/L (n 18); chronic calcification phenotypes of Abcc6 '~ mice, we first

P = 0.17, respectively]. Because Jansen et al’* suggested
that ABCC6 is upstream of ENPP1 and provides its sub-
strate (ATP), we investigated its gene expression levels in
both liver and kidneys. Our results showed a significant
decrease of Enppl expression in both organs of Abcc6 '~
mice as compared to wild type (Figure 1, B and C).

PPi Administration

Because one of the primary objectives of this study was to
evaluate the effects of PPi supplementation on the acute and
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performed a pharmacokinetic study of PPi in the circulation
after i.p. delivery. Indeed, ABCC6 knockdown causes an
increase of TNAP in an in vitro model,42 and there was a
possibility that this could also happen in vivo and affect PPi
clearance in mice. We found that a 112 pmol/kg (50 mg/kg)
injection produced after 5 minutes a plasma concentration
of approximately 14 pmol/L, which corresponds to a
bioavailability of approximately 0.5%. This concentration
decreased to Abcc6™'~ mice levels (approximately 2.1
pmol/L) in approximately 4 hours. From these data, we
estimated a half-life of plasma PPi of 42 minutes
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(Figure 1D) in Abcc6™'~ mice, which is similar to that found
in previous studies with wild-type rats and other Abcc6™'~
mice.”*” Moreover, we tested whether plasma PPi concen-
tration fluctuated in wild-type and Abcc6~'~ mice with age,
which could potentially influence long-term PPi supple-
mentation. We found no major variation in both wild-type
and Abcc6 '~ mice, over a l-year period (Figure 1E).
Surprisingly, alkaline phosphatase activity in the plasma of
3-month-old Abcc6™'~ mice was much lower than their
wild-type counterpart (0.32 &£ 0.03 U/L versus 1.217 £+ 0.22
U/L; P = 0.0016), although there was no significant dif-
ference between older age groups (Figure IF).

Effects of PPi on the Acute Calcification Phenotype
(DCC)

It was previously established that a physical or ischemic
injury to the myocardium of Abcc6 ™~ mice triggers the
rapid development—within 3 days—of DCC.?” This acute
calcification phenotype is largely controlled by the level of
hepatic ABCC6 expression.”) Therefore, we tested whether
PPi supplementation can influence the development of
DCC. We performed a dose response study in Abcc6 '~
mice using a PPi concentration range from 2.24 to 224
pmol/kg (1 to 100 mg/kg) via single daily i.p. injections of
100 puL for 7 days after cardiac cryoinjury. This myocardial
injury was instilled on 6-week-old mice through the
well-established transdiaphragm freeze-thaw method. PPi
injections completely inhibited DCC (Figure 2A), as deter-
mined by the measure of excess cardiac calcium. The
minimal effective dose was between 2.24 and 13.44 pmol/
kg (1 and 6 mg/kg). Interestingly, we found that a single i.p.
injection of PPi of 28 pmol/kg (12.5 mg/kg) within 30
minutes after the initial cardiac injury was sufficient to
inhibit the development of DCC (Figure 2A).
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Figure 2  The effect of pyrophosphate (PPi) and
bisphosphonates on the acute dystrophic cardiac
calcification (DCC) phenotype of Abcc6™/~ mice.
A: Various amounts of PPi were i.p. injected in
Abcc6~/~ mice daily for 7 days after inducing DCC. A
single injection (inj.) of 28 umol/kg (12.5 mg/kg)
of PPiimmediately after cryoinjury was sufficient to
inhibit DCC. The level of calcification was measured
as total ventricular calcium. B: Two bisphospho-
nates, alendronate (Aln) and etidronate (Etd), were
tested against DCC in Abcc6~/~ mice. Etidronate
(8 umol/kg per day or 2.0 mg/kg per day) signifi-
cantly inhibits cardiac calcification, whereas
alendronate (0.062 umol/kg per day or 0.02 mg/kg
per day) has no significant effect as compared to

saline injections. The number of mice per group is
N shown. Data are expressed as means + SEM (A and

S B). **P < 0.01, ***P < 0.001 versus saline.

Saline Etd Aln

Effects of Bisphosphonates on the Acute Calcification
Phenotype (DCC)

Bisphosphonates are inorganic pyrophosphate analogs with
anti-osteoclastic and/or anti-mineralization properties that
stem from their ability to bind calcium and enzymes that use
PPi.*’ There are two main categories of bisphosphonates,
non-nitrogen containing, such as etidronate, and nitrogen
containing, such as alendronate. The effects of these two
types of bisphosphonates have never been tested against the
acute DCC phenotype. Ten-week-old Abce6™~ mice were
used for this experiment. Mice were subjected to freeze-
thaw cardiac injury just 1 day after bisphosphonate admin-
istration. No animal died prematurely in the course of these
experiments. The i.p. injections of bisphosphonate did not
cause obvious distress from possible toxicity. After har-
vesting hearts 7 days after injury, we found that etidronate
treatment nearly abolished cardiac calcification (0.28 + 0.03
png/dL per mg versus 0.03 + 0.0203 pg/dL per mg;
P = 0.001) in Abcc6™'~ mice, whereas the administration
of alendronate did not provide any significant attenuation of
DCC as compared to control mice (0.28 £ 0.0303 pg/dL per
mg versus 0.25 £ 0.0303 pg/dL per mg; P = 0.51)
(Figure 2B).

The Effect of PPi Supplementation on Chronic
Calcification

Although the DCC phenotype in mice is ABCC6 depen-
dent®'” and a useful marker of its physiological function,'®
the chronic calcification of muzzle skin, in which the
capsule of the vibrissae is affected,”” is the accepted analog
of the human chronic PXE phenotype.”’ In this series of
experiments, we aimed to discover whether the provision of
daily supplementation of PPi could compensate the negative
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effects of the Abcc6 knockout on both the development and
progression of vibrissae mineralization. The first signs of
mineralization in Abcc6 '~ mice are detectable in the
capsule of the vibrissae at approximately 6 weeks of age.*
In a previous study, we quantified the development of
vibrissae mineralization over the life span of Abcc6 '~
mice.”” This work notably established that vibrissae calci-
fication increased rapidly within the first 6 months of age
and slows thereafter, reaching a plateau in 12-month-old
mice. Therefore, to test if PPi treatments could prevent the
development of calcification, one-month-old mice (pre-
onset) were subjected to daily PPi supplementation (224
pmol/kg or 100 mg/kg) for a period of 4 months up to the
age of 5 months. Similarly, 6-month-old mice (postonset)
received daily PPi injections for 5 months to determine
whether the progression of established calcification could be
blocked and/or reversed. For control purposes, age-matched
Abcc6™'~ mice were administered a solution of saline for
the same period of time.

To minimize harm to animals from repeated injection, we
varied the site of injection to avoid repeated punctures in the
same areas. We noticed that mice injected with PPi tended to
display a discoloration of the fur at or near the site of
injections. However, we noted no other overt adverse effects
in behavior or gross anatomy, including obvious osseous
abnormality after dissection in either control or experimental
animals during and after treatment. Therefore, no mice were
excluded from any treatment group. Unlike another study,””
we did not observe obvious signs of peritoneal inflammation.
However, we observed some crystal deposits on the
diaphragm of approximately one-third of the PPi-treated
mice, which could be calcium pyrophosphate dehydrate
(data not shown). In each group, calcification was assessed
by direct measurement of excess calcium from the right side
whisker of a mouse, and Alizarin Red S staining on the left
side whisker. We found that daily PPi injection to preonset
(1-month-old) Abcc6™~ mice for 4 months resulted in
whisker calcification comparable to that found in 6-month-
old wild-type animals (P = 0.31), whereas calcium levels in
Abce6™'™ mice receiving saline injections had doubled in the
same period of time (P = 0.0006) (Figure 3). For the
postonset group of mice (6 months old) that received an
identical treatment for 5 months, calcification levels were
half of that found in the saline controls (P = 0.0009), and
these were also significantly lower than in untreated
6-month-old mice (Figure 3). The histological Alizarin Red S
stain of the vibrissae revealed only minimal traces in the
capsules of the preonset group that received PPi injections
(Figure 4A). The morphometric analysis of the calcified areas
was consistent with the direct measurements of the calcium
content of the whiskers (Figure 4B). The animals in the
postonset group treated with PPi had visibly less mineralized
vibrissae capsules than the saline controls at the same age or
6-month-old untreated mice (Figure 4, A and C). Renal
calcification, which develops slower and is minimal in
comparison to vibrissae in Abcc6 '~ mice in the first year of
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Figure 3  The effect of pyrophosphate (PPi) on the chronic (pseudox-

anthoma elasticum—Llike) calcification phenotype of Abcc6~/~ mice.
Abcc6™/~ mice were injected daily for 16 to 20 weeks with either saline
(white bars) or a PPi solution at 224 pumol/kg per day (eg, 100 mg/kg per
day) (black bars). Injections started either at weaning before the onset of
ectopic calcification in vibrissae and continued daily for 16 weeks or were
initiated at 6 months of age (after onset) when whiskers calcification is
well developed, and continued for 20 weeks. For comparison purposes,
vibrissae calcification of untreated Abcc6~/~ mice is shown (gray bars). The
number of mice per group is shown. Data are expressed as means + SEM.
***p < 0.001. WT, wild-type.

life, was also quantified in preonset and postonset groups.
There was no significant variation between treated and
control mice in the preonset group and a minor yet significant
difference (—40%) was found in the postonset group of mice
(Supplemental Figure S1).

The Effect of a Human ABCC6 Transgene on the
Phenotype of Abcc6~ Mice

In previous studies,“"47 we have shown that the transient

expression of a human ABCC6 cDNA specifically in
Abce6™~ mouse liver had a significant inhibitory effect on
the acute, short-term DCC phenotype. To test whether
permanent ABCC6 expression in Abcc6 ™~ mouse liver
affected the long-term chronic calcification phenotype in
Abce6™ mice, we generated transgenic lines of Abcc6™~
mice, expressing the normal human ABCC6 protein and a
PXE/GACI-causing ABCC6 mutant (R1314W) for control
purposes. As Jansen et al’ suggested that ABCC6 function
in liver is an important contributor to plasma PPi, we sought
to express the human ABCC6 primarily in hepatocytes by
using a previously characterized liver-specific promoter.”*"
The transposase-enhanced pronuclear injection resulted in
25% success rate. Of these animals, 52% carried two copies
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Histological evaluation of vibrissae calcification of Abcc6~/~ mice after pyrophosphate (PPi) supplementation. The effect of daily PPi or saline

injections on the calcification of vibrissae (chronic pseudoxanthoma elasticum—Llike phenotype) of Abcc6™/~ mice was evaluated by Alizarin S Red staining
(red to dark red color). A: Representative images of whiskers with approximately 15 vibrissae are shown for the preonset and postonset treatment groups with
saline controls. A higher magnification image of a selected vibrissa (arrows) is shown. Arrowheads point to discrete calcification. B: The relative area occupied
by calcification, as visualized by Alizarin red staining, was also quantified by morphometric analysis using the ImageJ software and show significant reduction
between the saline and PPi treatments. C: For comparison purposes, representative images of whiskers from untreated Abcc6~/~ mice are included. A higher
magnification image of a selected vibrissa (arrows) is shown. The number of mice per group is shown. Data are expressed as means & SEM. ***P < 0.001,
****p < 0.0001 versus saline. Scale bars = 500 um (A and C). Original magnification, x200 (higher magnification images).

of the transgenes, 27% carried three or more copies (up to
six), and 17% harbored only one copy. Transgenic pups
were initially selected using fluorescence from a green
fluorescent protein reporter gene (transcribed in reverse
orientation) ubiquitously expressed under the control of a
cytomegalovirus promoter. Of the green fluorescent
protein—positive mice, 6% did not carry the human ABCC6
cDNA and were excluded from this study.

Unexpectedly, the expression of both transgenes (wild-
type and mutant ABCC6) was relatively low and hetero-
geneous. The liver expression was modest as compared to
the human ABCC6 transiently expressed via HTVI
(Figure 5A); however, the human protein was clearly
detectable in the plasma membrane of hepatocytes
(Figure 5B). The ABCC6 mRNA was also detected at low
levels in various tissues, such as the aorta, intestine, heart,
lungs, spleen, and eyes (data not shown). The reason for this
heterogeneous expression and the partial silencing of the
transgenes is unclear, but the number of transgene copy did
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not seem to correlate with PPi levels or the calcification
phenotype.

Despite the relatively low expression of the wild-type
ABCC6 transgene, we measured a significant increase in
plasma PPi (27%, P = 0.0085) as compared to Abcc6b
knockout controls. Plasma PPi levels did not change signif-
icantly in mice carrying the R1314W mutant transgene
(Figure 6A). Interestingly, age had no significant influence on
PPi concentration in the circulation of the transgenic animals
(data not shown). Consequently, we first verified whether this
increase in circulating PPi associated with the wild-type
ABCC6 transgene had an effect on DCC phenotype. We
found that the development of DCC was dramatically
reduced when compared to Abcc6™’~ controls (—=92%,
P = 0.0005), and that the cardiac calcium levels were on par
with these of Abcc6™~ sham-operated animals (Figure 6B).
Of note, the relatively low level (Figure 5A) but continuous
expression of the wild-type ABCC6 transgene provided a
better protection against DCC than higher level of transient
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Human ABCC6

M6l1-31

The human ABCC6 transgene is expressed at low but detectable levels in liver. A: The level of expression of normal human ABCC6 in the liver of

Abcc6™~ transgenic mice (Tg ABCC6) was determined by real-time PCR using TagMan probes specific to the human AB(C6 and the mouse GAPDH and compared
to the transient expression of the same human ABCC6 obtained by hydrodynamic tail vein injections (HTVIs; ABCC6). B: Frozen sections of livers from Abcc6 ™~
transgenic mice carrying the human ABCC6 cDNA were used to perform immunofluorescence colabeling of the human ABCC6 (green, using the M6II-31
monoclonal antibody) and the plasma membrane marker cadherin (red). DAPI was used as counter staining (blue). Scale bar = 100 um (B).

expression in Abcc6 '~ mice (0.025 + 0.002 versus
0.065 £+ 0.016; P = 0.017). As an additional control, we
verified that the transient expression of an unrelated gene
(LacZ) did not inhibit cardiac calcification.

Furthermore, we examined over a period of 18 months
the effect of the ABCC6 transgenes on the chronic pheno-
type. We found that the calcium levels in the vibrissae were
undistinguishable from wild-type levels during the first 12
months and started increasing at 18 months (Figure 6C).
Surprisingly, the R1314W mutant transgene also had a
significant inhibitory effect on the calcification of vibrissae
(especially at 3 months), with mineralization progressively
increasing to levels similar to Abcc6™~ control mice only at
18 months. We also evaluated the transgene effects on renal
calcification, which develops later and is less pronounced
than in vibrissae. We found a complete regression of renal
calcification with wild-type ABCC6 transgene, but there was
no significant effect from the R1314W mutant transgene
with a progression that mirrors that of the Abcc6 ™'~ control
mice (Figure 6D). These results were confirmed by histo-
logical staining with Alizarin Red, showing a considerable
delay in the onset and progression of calcification in
vibrissae. There was no detectable calcification in mice with
the wild-type transgene at 3 months, and hardly any
mineralization at 6 and 12 months as the whiskers were
sectioned through entirely. Only minor hydroxyapatite de-
posits were found at 18 months (Figure 7A). Histological
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evaluation of whiskers from R1314W transgenic mice
revealed some evidence of nascent calcification at 3 months
and more noticeable mineralization at 6 months. Calcifica-
tion was more pronounced at 12 months and fully developed
at 18 months of age (Figure 7B).

Discussion

In this study, we have demonstrated that supplementation
with PPi and the nonhydrolyzable analog etidronate effec-
tively prevents the development of acute and chronic calci-
fication in a mouse model for PXE. PPi is the main systemic
inhibitor of ectopic calcification, and its normal plasma
concentration is in the micromolar range both in rodent
models and humans.”"** The role of the liver in PPi release
has been suggested before,” and the recent report of Jansen
et al” has provided substantial evidence in this regard. Our
data from Abcc6™'~ mice transiently expressing human
ABCC6 protein in liver (Figure 1) and the effect of Abcc6
deficiency on ENPP] expression have now confirmed their
results and expanded on this conclusion that ABCC6 is acting
upstream of the ENPP1— ecto-5'-nucleotidase (NT5E)
pathway (Figure 8). Indeed, ABCC6 has a direct and signif-
icant contribution to circulating PPi levels, and the down-
regulation of ENPPI suggests a negative feedback mecha-
nism that contributes to and/or aggravates PPi deficits.
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Figure 6  Effects of the human wild-type (WT) ABCC6 and R1314W variant transgenes on the phenotype of Abcc6~/~ mice. A: The plasma pyrophosphate
(PPi) concentration in transgenic mice carrying the wild-type ABCC6 (Tg ABCC6) is significantly higher (27%) over the nontransgenic Abcc6 /™ control mice,
whereas there is no statistically significant difference with R1314W transgenics (Tg R1314W). B: The effects of the wild-type ABCC6 transgene on dystrophic
cardiac calcification (DCC) was tested in 3- to 5-month-old mice (Tg ABCC6). The level of calcification was measured as total ventricular calcium. For control
purposes, the results are compared to calcification in wild-type, Abcc6 ™/~ mice and knockout animals transiently expressing the human ABCC6 or the LacZ
cDNA [hydrodynamic tail vein injection (HTVI)] after cryoinjury. Sham-operated Abcc6™/~ mice were also used as controls. The DCC phenotype is significantly
reduced in the Tg animals. The effects of the human wild-type ABCC6 and R1314W variant transgenes on chronic calcification in vibrissae (C) and kidneys (D)
was determined over a period of 18 months. Calcification levels are shown for wild-type mice, Abcc6~/~ mice, Abcc6~/~ mice with the human ABCC6 transgene,
or the R1314W variant transgene. Note that the y axis scale for the kidney calcification data are approximately 8% of the vibrissae. The number of mice in each
group is shown. Data are expressed as means =+ SEM (A—D). *P < 0.05, **P < 0.01, and ***P < 0.001; 1P < 0.01, TP < 0.001, and ''"'P < 0.0001 versus
Abcc6~/~ mice at corresponding time points.
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Histological evaluation of vibrissae calcification in Abcc6 ™/~ transgenic mice. The positive effects of both transgenes (normal ABCC6 and R1314W

variant) on the calcification of vibrissae (chronic pseudoxanthoma elasticum—like phenotype) was evaluated by Alizarin Red S staining (red to dark red color).
A: Representative images of whiskers from 3- to 18-month-old Abcc6/~ transgenic (Tg) mice carrying the normal human ABCC6 gene are shown.
B: Representative images are from whiskers of Abcc6~/~ mice with the ABCC6 R1314W transgene are shown. A higher magnification image of a selected
vibrissa (arrows) is shown below each larger panel (A and B). Arrows within the higher magnification images point to discrete calcification spots (A and B).
Scale bars = 500 um (A and B). Original magnification, x200 (higher magnification images).

Reduced plasma PPi levels have been associated with
the mineralization phenotype of several heritable or
acquired conditions, including PXE.”'***#%30>1 ppj gup-
plementation using various modes of delivery in several
animal models has proved to be an effective treatment to-
ward the attenuation of pathological -calcification of
different etiology.””**”? Herein, we found that a single
daily i.p. dose of PPi was also effective at preventing the
development of both forms of ectopic mineralization linked
to ABCC6 deficiency, the acute dystrophic cardiac calcifi-
cation, and chronic PXE-like manifestations associated with
vibrissae calcification. This approach produced a large but
temporary excess of PPi (sixfold above normal levels) in the
plasma, which was resolved after several hours through a
typical first-order kinetic. Interestingly, alkaline phosphatase
levels in plasma were significantly reduced in young
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Abce6™’~ mice but not in older animals. Even though the
reason for this difference is unclear, it did not have much
impact on PPi concentration in plasma at any age. PPi tissue
levels are the result of a balance of in sifu production and
hydrolysis as well as peritoneal absorption and diffusion
from the blood. Therefore, the inhibitory effect we observed
on acute and chronic calcification is presumably because of
PPi extravasation increasing local concentrations. Indeed,
myocardium, vibrissae,” and renal tissues are highly vas-
cularized. Because PPi decays rapidly in plasma, it is likely
that tissue concentrations also decrease accordingly. Previ-
ous studies indicated that dystrophic cardiac calcification
develops in a few days.'®’” Our experiment with a single
bolus of PPi injected quickly after cardiac lesion indicates
that the mineralization process leading to the DCC pheno-
type is initiated within minutes after injury. Unlike DCC,
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Figure 8 A possible model for ABCC6-dependent pyrophosphate generation and inhibition of ectopic calcification. ABCC6 facilitates the release of ATP
from the liver (and other tissues), which is converted into the calcification inhibitor pyrophosphate (PPi) and adenosine monophosphate (AMP) by ecto-
nucleotide pyrophosphatase-phosphodiesterase 1 (ENPP1). Ecto-5'-nucleotidase (NT5E; alias CD73) converts AMP into adenosine, which is an inhibitor of
tissue-nonspecific alkaline phosphatase (TNAP) synthesis. In peripheral tissues, such as bone, PPi is released by progressive ankylosis protein (ANK) and
hydrolyzed into inorganic phosphate (Pi) by TNAP. ABCC6 deficiency causes pseudoxanthoma elasticum (PXE) and some cases of generalized arterial calci-
fication of infancy (GACI). Mutations in ENPP1 primarily lead to GACI and also some cases of PXE. Nonfunctional ecto-5'-nucleotidase (NT5E) results in arterial

calcification because of deficiency of CD73 (ACDC).

the chronic PXE-like calcification of Abcc6'~ mice
develops slowly over several months.’” Intriguingly, this
spontaneous calcification can be effectively prevented by a
single daily dose of PPi. One could argue that because of the
short half-life of PPi, tissue concentrations in mice
decreased rapidly below normal levels for most of the
24-hour period between injections, during which hydroxy-
apatite crystals could, in principle, continue to grow.
However, we found that intermittent correction of PPi
deficiency inhibits ectopic calcification as efficiently as a
continuous infusion.”” This suggests that PPi effects on
calcification might involve other processes than physical
interaction with hydroxyapatite crystals. We speculate that
PPi could also promote a cellular environment prohibiting
mineralization. In support of this hypothesis, a previous
report suggested such a role for PPi’’ and a recently
completed study from one of us (Z.A.) indicates that PPi
inhibits the osteogenic differentiation of macrophage-
derived multinucleated cells (C.B., O.L.S., C.B., R. Aher-
rahrou, R. Kriesen, S. Stolting, T. Kessler, H. Schunkert,
J.EE., Z.A., unpublished data).

The results obtained with transgenic animals substantiate
further the influence that ABCC6 function has on circulating
PPi and are consistent with the data from the exogenous
administration of PPi. These data support the notion that a
modest increase in plasma PPi has a dramatic impact on

The American Journal of Pathology m ajp.amjpathol.org

ectopic calcification. Remarkably, these experiments also
revealed that the ABCC6 R1314W mutant had non-
negligible residual physiological function toward calcifica-
tion inhibition. Although the plasma PPi concentration in
the R1314W transgenic mice was raised by a small margin
as compared to Abcc6 '~ mice, it was not statistically sig-
nificant with the number of animals we used. We have
previously shown that this mutant displays normal transport
activity in vitro but that a majority of the protein is retained
intracellularly in vivo.””*® 1t is therefore possible that a
minor fraction of this mutant still reaches the plasma
membrane and thus contributes to some PPi production.
Considering the inherent difficulties of measuring PPi in
biological fluids,*®>* it is conceivable that this small but
possibly meaningful variation in circulating PPi fell within
the margin of error of our method.

In this study, we have also explored whether bisphospho-
nates could inhibit DCC using Abcc6 ™~ mice. Etidronate and
alendronate treatments were previously tested on the chronic
calcification of Abcc6’~ mice and only etidronate showed
inhibitory effects, albeit with large dosage.'®*>" In this
study, we found that etidronate treatment was effective at
preventing DCC. Etidronate was also efficient for GACI
treatment; however, bisphosphonates have pleiotropic effects
on cellular functions and other undesirable long-term adverse
effects.’’ Because the DCC phenotype has only been
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described in mice thus far,6 these stable analogs of PPi
represent an unlikely life-long treatment option for PXE.

Despite the availability of palliative treatment,’® there is
currently no cure for PXE. However, we and others have
made significant progress in understanding the biology of
ABCC6 and its physiological role, and several studies of
possible therapeutic solution are now emerging. For
example, the potential of the PTC-124 drug for rescuing the
most common ABCC6 p.R1141X variant’’ has recently
been tested, but the actual translational value of this
approach is still unclear. The preliminary results of a 2-year
clinical trial testing magnesium oxide supplementation to
reverse calcification in PXE patients were not encouraging
(PXE Conference, September 15 to 17, 2016, in Philadel-
phia, PA). We have also shown in a humanized mouse
model of PXE that the chemical chaperone 4-phenylbutyrate
rescues the defective cellular localization of missense
ABCC6 mutants”’*® and their calcification inhibition po-
tential."’ The present study showed that increasing circu-
lating PPi intermittently and/or by small amounts via
supplementation was effective against ectopic mineraliza-
tion and could be a useful approach to treat all PXE patients
irrespective of their genotype or disease state. This could
also have broader application for GACI patients and B-
thalassemia patients with PXE-like manifestations as PPi is
a common food additive and has no major toxicity with an
LDs, in rodents of >5.83 mmol/kg (2600 mg/kg).”® How-
ever, several questions related to dosage, method, frequency
of delivery, and possible long-term effects on bone physi-
ology will need to be addressed before any clinically rele-
vant application could be tested. And more important, as we
found that PPi treatment does not reverse established
calcification, the efficacy of such treatment will depend on
the time at which it is initiated, and the earlier seems the
better.

Collectively, our findings showed the central role that
ABCC6 plays in PXE by modulating ENPP1 expression and
plasma PPi. This places ABCC6 as an upstream regulator of
the ENPP1—NTSE pathway that inhibits mineralization
(Figure 8). The clinical manifestations associated with this
pathway are in fact a spectrum of related diseases that
include PXE and GACI but also arterial calcification due to
CD73 (NT5E) deficiency (ACDC),”” all characterized by
substantial calcification in cardiovascular and other tissues.
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