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Abstract

Ectopic mineralization of renal tissues in nephrocalcinosis is a complex, multifactorial process.
The purpose of this study was to examine the role of genetic modulation and the role of diet in
nephrocalcinosis using two established mouse models of ectopic mineralization, Abcc6tm1Jfk and
Enpp12s mice, which serve as models for pseudoxanthoma elasticum and generalized arterial
calcification of infancy, two heritable disorders, respectively. These mutant mice, when on
standard rodent diet, develop nephrocalcinosis only at very late age. In contrast, when placed on
an “acceleration diet” composed of increased phosphate and reduced magnesium content they
showed extensive mineralization of the kidneys affecting primarily medullary tubules as well as
arcuate and renal arteries, as examined by histopathology and quantitated by chemical assay for
calcium. Mineralization could also be detected noninvasively by micro computed tomography.
While the heterozygous mice did not develop nephrocalcinosis, compound heterozygous mice
carrying both mutant alleles, Abcc6 M+ Enpp1+/asi. developed ectopic mineralization similar
to that noted in homozygous mice for either gene, indicating that deletion of one Abccb allele
along with Enpp1l haploinsufficiency resulted in renal mineralization. Thus, synergistic genetic
defects in the complex mineralization/anti-mineralization network can profoundly modulate the
degree of ectopic mineralization in nephrocalcinosis.
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Ectopic mineralization, i.e., precipitation of calcium phosphate complexes on connective
tissues in aberrant locations, is a complex process encountered in a number of clinical
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situations with considerable morbidity and mortality. Two general mechanisms of ectopic
mineralization have been recognized: (a) metastatic calcification which results from elevated
levels of serum phosphate and/or calcium, and (b) dystrophic calcification which occurs in
tissues inflicted by an insult or injury under normal calcium and phosphate homeostasis (1).
Both these forms of calcification have been clinically encountered in diseases affecting
different organs, including the kidney. Nephrocalcinosis clinically refers to the presence of
radiologically demonstrable calcium deposits in renal parenchyma, and it is pathologically
different from crystal deposition in the lumen of the urinary collecting systems in
nephrolithiasis (2, 3). Nephrocalcinosis can be divided into two distinct categories, (a)
intratubular nephrocalcinosis, and (b) interstitial nephrocalcinosis, which appear to result
from different pathological mechanisms. In addition to calcium phosphate deposition in
kidneys, nephrocalcinosis can be caused by deposition of calcium oxalate in heritable
diseases, such as autosomal recessive primary hyperoxaluria type | (4). Furthermore,
conditions such as inflammatory bowel disease, complicated by short bowel syndrome, can
result in significant secondary hyperoxaluria and again manifest with nephrocalcinosis and
subsequent renal failure (5).

The prototype of heritable ectopic mineralization disorders in humans is pseudoxanthoma
elasticum (PXE), an autosomal recessive Mendelian disorder characterized by ectopic
mineralization in a number of tissues, with clinical manifestations primarily in the skin, the
eyes and the cardiovascular system (6, 7). In addition to the tissues with diagnostic clinical
manifestation, calcium deposition has been documented in a number of organs, including the
kidneys (8, 9). This disorder is caused by mutations in the ABCC6 gene which is expressed
primarily in the liver and to a lesser extent in the proximal tubules of the kidneys (10).
ABCCE is postulated to serve as an efflux transporter in the baso-lateral surface of the
hepatocyte plasma membranes, but its physiologic substrates are currently unknown (6, 7).
The involvement of the vascular system in patients with PXE manifests with nephrogenic
hypertension, intermittent claudication, and, occasionally, early myocardial infarcts and
stroke. Another more severe form of ectopic mineralization is generalized arterial
calcification of infancy (GACI), often diagnosed by prenatal ultrasound demonstration of
calcification of a number of arterial blood vessels (11, 12). The affected individuals in most
cases die from cardiovascular and renal complications prior to 6 months of age. GACI, also
an autosomal recessive disease, is caused by mutations in the ENPP1 gene, which encodes
ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1), an enzyme required for
conversion of ATP to AMP and inorganic pyrophosphate (PP;) (13). Since PP; is required
for prevention of ectopic mineralization under physiological conditions, in the absence of
ENPP1 the ratio of Pj/PP; increases allowing local precipitation of calcium phosphate to
ensue. Recently, a subset of patients with GACI has also been shown to harbor mutations in
the ABCC6 gene, attesting to the genotypic overlap with PXE (14, 15).

A number of animal models have been developed to recapitulate the features of these
ectopic mineralization disorders (1). Specifically, targeted ablation of the Abcc6 gene in
mice results in late-onset, yet progressive ectopic mineralization in the skin, the eyes and the
cardiovascular system similar to that noted in patients with PXE (16, 17). Similarly,
Enpp1~/~ knockout mice as well as allelic mutant mice, such as asj and ttw, demonstrate
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features resembling those seen in patients with GACI (18-20). We have recently
characterized the Enpp129 allelic mutation as a mouse model recapitulating features of
GACI, including early-onset, severe calcification of arterial blood vessels resulting in early
demise of the animals (20). While the initial characterization of these mice has primarily
focused on ectopic mineralization in the skin and the arterial blood vessels, in this study we
have examined the features of nephrocalcinosis in Abcc6m&/Abcc6 Mk (hereafter
referred to as Abcc6~/~) and Enpp12Sl/Enpp18Si (hereafter referred to as asj) mice, with
emphasis on genetic and dietary modulation of the mineralization process.

MATERIALS AND METHODS

Mice and Diet

The Abcc6™Ik/Abcc6MIIk mouse (referred to in this study as Abcc6 ™~ mouse), a model
for PXE, was developed by targeted ablation of the Abcc6 gene (17). Abcc6 ™~ mice were
made congenic by backcrossing heterozygous (Abcc6*/~) mice on C57BL/6J background
for 10 generations. The Enpp12si/ Enpp12 (referred to in this study as asj) mouse, a model
for GACI, was obtained from The Jackson Laboratory (Bar Harbor, ME). Wild-type,
Enpp1*/2sl and asj mice were generated from heterozygous matings on C57BL/6J
background (20). Mice were maintained either on standard laboratory diet (Laboratory
Autoclavable Rodent Diet 5010; PMI Nutritional International, Brentwood, MO) or fed an
“acceleration diet” (Harlan Teklad, Rodent diet TD.00442, Madison, WI1), which is enriched
in phosphorus and has reduced magnesium content. The “acceleration diet” was previously
shown to expedite the mineralization processes in Abcc6~/~ mice, in comparison to the same
mice kept on standard rodent diet (21, 22). For the content of the two diets, see: Regular
Diet; http://www.labdiet.com/cs/groups/lolweb/@labdiet/documents/web_content/mdrf/
mdi4/~edisp/ducm04_028443.pdf, and Accelerated Diet; http://www.harlan.com/
online_literature/teklad _lab_animal_diets. It should be noted that neither type of diet has
measurable levels of oxalate (Tina Herfel, Harlan Laboratories, personal communication).

In the first set of experiments, Abcc6~/~ and asj mice were placed on either standard
laboratory diet or acceleration diet, with 6 mice per group at 4 weeks of age. After 2 months
on this diet, Enpp1*/* and asj mice were imaged by CT scan for evidence of tissue
mineralization (20, 23). The mice were euthanized and necropsied at 3 months of age for
histopathological and biochemical analysis.

In the second set of experiments, compound Abcc6; Enppl transgenic mice were generated
by intercrossing Abcc6 ™/~ mice with asj mice. The resultant Abcc6*/+;Enpp1*/*, Abcc6*/~;
Enppl*/*, Abcc6*/*;Enpp1+/asi and Abcc6t/~;Enpp1*/2si mice were placed on acceleration
diet, with 8-12 mice per group at 4 weeks of age. At 7 months of age, all mice were
euthanized and necropsied for further analysis.

Mice were maintained under standard conditions at the Animal Facility of Thomas Jefferson
University. All protocols were approved by the Institutional Animal Care and Use
Committee of Thomas Jefferson University. Proper handling and care were practiced
according to the animal welfare policies of the Public Health Service.
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Histopathological Analysis

Left kidneys and other organs from euthanized mice were fixed in 10% phosphate-buffered
formalin and embedded in paraffin. The tissues were sectioned (6 um thick), placed onto
glass slides and stained with Hematoxylin-Eosin (HE) or Alizarin Red (AR) stain using
standard procedures. Slides were examined for mineralization under a Nikon (Tokyo, Japan)
Te2000 microscope and an AutoQuant imaging system (AutoQuant Imaging, Watervliet,
NY). The slides were also examined under polarized light with ECLIPSE LVV100POL
Polarizing microscope (Nikon Instruments).

EDAX Analysis and Topographic Mapping of Mineral Deposits

Sections of kidney containing mineral deposits were analyzed by energy dispersive X-ray
(EDAX) analysis and topographic mapping (24). Paraffin sections were mounted onto
carbon carriers, imaged and analyzed for elemental composition with a FEI 600 Quanta FEG
scanning electron microscope (FEI Company, The Netherlands) fitted with an PRISM®0
detector (Princeton Gamma-Tech, Inc., Rocky Hill, NJ, USA). X-ray topographic (RADAR)
maps of calcium and phosphorus were acquired using Spirit software version 1.07.05
(Princeton Gamma-Tech, Inc.). EDAX spectra and topographic maps were collected for 120
seconds and 673 seconds (80 frames), respectively.

Chemical Quantification of Calcium Deposition

To quantify the mineral deposition in Kidneys, right kidneys were harvested and decalcified
with 1.0 mol/L HCI for 48 hours at room temperature. The solubilized calcium contents in
these samples, as well as in serum of the same mice, were determined colorimetrically by
the o-cresolphthalein complexone method (Calcium (CPC) Liquicolor; Stanbio Laboratory,
Boerne, TX). Calcium values in kidneys were normalized to the tissue weight. Phosphate
content in serum was determined with a Malachite Green phosphate assay kit (BioAssay
Systems, Hayward, CA).

Inorganic Pyrophosphate Assay

PP; was measured by an enzymatic assay using uridine-diphosphoglucose (UDPG)
pyrophosphorylase as described previously (25, 26), with modifications. Heparinized plasma
samples (20 ul; 1:4 dilution) were heated at 65°C for 10 min, followed by three different
assays performed on each sample: (1) no addition of PP; standard, (2) pre-incubation with
0.35 U pyrophosphatase at 37°C for 1 hour, and (3) addition of 3 UM PP;. Samples were
then added to 100 pl of reaction buffer that contained 5.2 mM Mg acetate, 57 mM Tris
acetate (pH 7.8), 4 uM NADP, 7.5 uM UDPG, 18.6 uM glucose-1, 6-diphosphate, 0.14 U
UDPG pyrophosphorylase, 2.5 U phosphoglucomutase, 0.4 U glucose-6-phosphate
dehydrogenase, and 0.02 uCi [3H]JUDPG. After a 30 min incubation at 37°C, 200 pl of 4%
activated charcoal was added to each sample with occasional stirring to bind residual
UDPG. After centrifugation, the radioactivity in 100 ul of the supernatant was counted.

Serum Urea and Creatinine Assays

Serum levels of urea and creatinine were measured using quantitative kits, QuantiChrom™
Urea Assay Kit and QuantiChrom™ Creatinine Assay Kit (BioAssay Systems), respectively.
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Immunofluorescence

Paraffin-embedded tissue sections (6 um thick) were deparaffinized in xylene and
rehydrated in descending concentrations of ethanol. Tissues were subject to antigen
unmasking by boiling in citrate-based unmasking solution (Vector Laboratories,
Burlingame, CA) for 15 minutes and then permeabilized with 0.1% Triton X-100 in PBS.
Slides were washed in 0.1% Tween-20 in PBS (PBST), and sections were blocked with 3%
bovine serum albumin in PBST for 1 hour at room temperature. After blocking, sections
were incubated with primary antibody against fetuin-A (1:100; R&D Systems, Minneapolis,
MN) or osteopontin (1:20; R&D Systems) overnight at 4°C. Negative controls were
incubated with 3% bovine serum albumin in PBST in place of the primary antibody. Slides
were washed again in PBST and incubated with Alexa Fluor 488 donkey anti-goat 19G
secondary antibody (1:800; Life Technologies-Invitrogen, Carlsbad, CA) for 1 hour.
Fluorescence microscopy was immediately performed using a Nikon Te2000 microscope.

Small-Animal CT

After 8 weeks on acceleration diet, wild type and asj mice were examined for tissue
mineralization by CT scan. Briefly, mice were anesthetized with a xylazine-ketamine-
acetopromazine cocktail (160 UL per 25 g body weight of 10 mg/kg xylazine, 200 mg/kg
ketamine, and 2 mg/kg acetopromazine), and then scanned in a MicroCAT Il system
(ImTek, Oak Ridge, TN). To analyze mineralization in kidneys, a three-dimensional surface
rendering was performed for each mouse using Amira version 3.1 software (Visualization
Sciences Group, Burlington, MA). Ectopic calcification was also noted by scanning isolated
kidneys ex vivo.

Statistical Analysis

The comparisons between different groups of mice were completed using the two-sided
Kruskal-Wallis nonparametric test, comparable to one-way analysis of variance, but without
the parametric assumptions. All statistical computations were completed using SPSS version
15.0 software (SPSS Inc., Chicago, IL).

RESULTS

Nephrocalcinosis in Mouse Models of Ectopic Mineralization

We have previously characterized Abcc6~/~ and asj mice, which demonstrate extensive
connective tissue mineralization particularly in vascular connective tissues, as animal
models for PXE and GACI, respectively (17, 20). While the previous studies centered on
vascular and cutaneous mineralization, we now focused on ectopic mineralization in the
kidneys by histopathology, direct chemical assay for calcium content, energy dispersive X-
ray analysis and computed tomography (CT) imaging.

First, histopathologic examination of Abcc6 ™~ and asj mice at the age of 3 months, when
kept on standard control rodent diet, did not reveal any mineralization in the kidneys (Fig.
1a). However, if these mice were placed on an “acceleration diet” enriched in phosphate and
reduced in magnesium (21, 22), acceleration of the mineralization process was observed.
Extensive tubular and vascular mineralization was noted when kidney tissues were
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examined by routine hematoxylin and eosin (HE) and calcium-specific Alizarin Red (AR)
stains (Fig. 1b). Direct quantitative chemical assay of calcium revealed ~30-fold increase in
Abcc6~/~ mice and over 6-fold increase in asj mice, when placed on acceleration diet as
compared to the mice on control diet (Fig. 1c). The mineralization affected primarily the
medullary tubules as well as arcuate and renal arteries. As reported previously, wild type
mice in the corresponding genetic background do not demonstrate a significant degree of
mineralization in the kidneys even when placed on the acceleration diet (20, 22).

The renal mineralization of asj mice on acceleration diet could also be demonstrated non-
invasively by micro CT-imaging, findings which correlated with the histopathological
examinations (Fig. 2), and similar observations were also made on Abcc6~/~ mice under
identical experimental conditions (not shown). It should be noted that mineral deposition in
kidneys of double heterozygous mice was accompanied by statistically significant increase
in the kidney weight. Specifically, the weight of kidneys in Abcc6*/~; Enpp1+/asi was
194.8+6.5 mg (mean + SE) compared to 167.9+5.4 and 173.9+6.8 mg in Abcc6*/~ and
Enppl1*/8si, respectively (p<0.05, Student’s t-test; n=8-13).

The Mineral Deposits Consist of Hydroxyapatite

Energy dispersive X-ray (EDAX) analysis was used to identify the exact content of the
mineral deposits (24), which by Alizarin Red stain and direct chemical assay were shown to
contain calcium in afflicted kidneys of the asj mice. These analyses revealed that calcium
and phosphorus were the principal ions in ~2:1 ratio (Fig. 3). Topographic distribution of
these two ions, as examined by RADAR mapping, revealed co-localization, suggesting that
the mineral deposits consist of hydroxyapatite. Immunofluorescence of the mineral deposits
both in asj and Abcc6 ™/~ mice revealed the presence of two mineralization associated
proteins, fetuin-A (AHSG) and osteopontin (OPN), suggesting active ongoing ectopic
mineralization (Fig. 4). As indicated above, nephrocalcinosis can also be caused by calcium
oxalate deposition (4, 5). For this reason, the mineral deposits were also examined under
polarizing light. No polarizing material suggestive of the presence of calcium oxalate in the
deposits was noted.

Genetic Modulation of the Mineralization Process

To examine the role of genetic contribution to the mineralization process, Abcc6*/~ and
Enpp1*/asi heterozygous mice were placed on acceleration diet, and the degree of
mineralization in the kidneys was examined in parallel to wild-type (Abcc6™/*; Enppl*/*)
and double heterozygous (Abcc6*/~; Enpp1*/8si) mice. When examined at 7 months of age,
i.e.6 months after being placed on the acceleration diet, few distinct foci of ectopic
mineralization were noted in wild-type or in single heterozygote mice (Fig. 5a). However,
the double heterozygous mice revealed extensive mineralization in the kidneys, again
associated with tubules, similar to homozygous Abcc6 ™/~ and asj mice (Fig. 5a). The degree
of mineralization was also documented by direct chemical assay of calcium, which revealed
significantly elevated amounts of calcium in double heterozygous mice in comparison to the
other groups (Fig. 5b). It should be noted that each group consisted of both male and female
mice, but separate analysis within each group did not reveal statistically significant sex
differences. These results indicate that inactivation of one allele of Abcc6 when combined
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with haploinsufficiency of Enppl can result in extensive mineralization of the kidney,
indicating synergistic, digenic modulation of the ectopic mineralization of the kidneys in
mice.

Blood Parameters in Mice with Nephrocalcinosis

The mice placed on acceleration diet at 4 weeks of age were sacrificed at the age of 7
months, and the serum and heparinized plasma were collected for analysis of calcium,
phosphate and pyrophosphate by chemical assays. No difference in serum calcium,
inorganic phosphate or pyrophosphate concentrations was noted (Table 1). Serum urea and
creatinine levels were unchanged, suggesting normal renal function in these mice despite
considerable nephrocalcinosis (Table 1).

DISCUSSION

Nephrocalcinosis, characterized by aberrant deposition of calcium in the kidney parenchyma
and tubules, is a complex disorder associated with a number of systemic and renal metabolic
diseases, including acute phosphate nephropathy, primary hyperparathyroidism, and distal
renal tubular acidosis (2, 3). The aberrant calcium deposition may be asymptomatic but can
eventually lead to progressive renal failure and end-stage renal disease. Nephrocalcinosis
could be considered to be a passive phenomenon resulting from deposition of a
supersaturated phosphate product associated with tissue remodeling and ultimately leading
to the loss of functioning renal parenchyma. It has been demonstrated that acute phosphate
nephropathy can be actively modulated by inflammatory repair mechanisms, suggesting a
role for regulatory T cells (27). However, the mechanistic details in many of the
pathological situations resulting in ectopic calcium deposition in kidney remain to be
explored.

A number of animal models have been developed to examine the pathophysiology leading to
calcium phosphate crystal deposition in the renal tissues, and many of these models
emphasize the role of inorganic phosphate and pyrophosphate in the disease process (2, 3).
Specifically, elevated serum P; levels can result in tissue mineralization not only in the
kidneys but also in a number of other tissues, including the skin, and these changes primarily
reflect the increased relative ratio of P;/PP;, the latter being a potent inhibitor of
mineralization (28). Changes in the local pH as well as exposure to specific proteases may
also modulate the crystal deposition (2, 3).

Interstitial nephrocalcinosis has been suggested to be a result of two different mechanisms:
(a) translocation of intratubular crystals, and/or (b) de novo interstitial crystal formation. It
has been proposed that the first possibility involves translocation of crystals via transcytosis,
i.e., internalization of small intraluminal crystals within apical vesicles, followed by
transcellular translocation to the baso-lateral site and release of crystals into the interstitial
extracellular milieu (2). Although apical endocytosis of small crystals has been described,
there is little evidence to support the basolateral release of crystals into interstitium (29, 30).
An alternative hypothesis postulates de novo crystal formation in the interstitium directly as
a result of P; super saturation. This appears to be primarily a physicochemical event without
participation of cells as noted in active osteogenic processes. The interstitial de novo
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mineralization can result in development of so-called Randall’s plaque, and the initially
formed particles are deposited on basement membranes of the thin loops of Henle (31).
These particles then grow extending into the medullary interstitium and further towards the
papillary surface. The mineral syncytium can lie beneath the uroepithelium and may become
exposed to the urinary environment after the loss of uroepithelial integrity.

The interstitial renal mineralization can be modulated by a number of genetic factors.
Uromodulin (Tamm-Horsfall protein, THP) is a kidney-specific protein synthesized in cells
of the ascending limbs of the loop of Henle. This protein coats the luminal side of the
epithelium, it is abundant in human urine, and it can be present in the nephrolith matrix,
which has high affinity with calcium phosphate crystals (32, 33). Targeted ablation of the
mouse uromodulin gene in the THP knockout mice resulted in formation of microcrystals
consisting exclusively of calcium phosphate (34, 35). Induction of hypercalciuria by the
administration of vitamin D3 resulted in extensive crystal deposition in the kidneys of these
knockout mice. These results indicated, therefore, that uromodulin is a physiologic inhibitor
of mineral deposition in the kidneys, and its absence promotes crystallization and stone
formation. Another transgenic mouse model, sodium phosphate co-transporter (Npt2a) null
mouse Slc34al1t™IHEn exhibits increased urinary excretion of P; leading to increased serum
vitamin D levels and development of hypercalcemia and hypercalciuria (36). From birth,
these targeted mutant mice demonstrate progressive development of renal deposits
consisting of calcium phosphate. By the age of 6 months, most of these crystal deposits are
located in the renal interstitium. Thus, genetic manipulation of critical proteins expression in
the Kidney can result in nephrocalcinosis.

In this study, we have examined nephrocalcinosis in two animal models of ectopic
mineralization, Abcc6~/~ and asj mice, both characterized by multisystem deposition of
mineral crystals (17, 20). These mouse models have been extensively studied with respect to
vascular mineralization (1), but little is known about the mineralization of the kidneys. Our
results demonstrated extensive ectopic mineralization in both genetic mouse models when
the animals were placed on an acceleration diet, which we have previously shown to
accelerate the mineralization process (21, 22). This diet contains 0.85% phosphate, i.e.2-fold
higher than in the standard mouse diet, and 0.04% magnesium, which is 20% of that in
control diet (22). In fact, we and others have recently demonstrated that the magnesium
content of the diet can profoundly modulate the extent of mineralization in the Abcc6~/~
mice, and increasing the magnesium concentration by 5-fold over the control diet
completely abolishes the mineralization process (37-39). These observations support the
previous suggestions that dietary factors, particularly P; and Mg2*, can play a role in ectopic
connective tissue mineralization. In addition, the acceleration diet contains 100 1U/g of
vitamin D3, while the corresponding content in the control diet is 4.4 1U/g (22).

Characterization of the mineralization process in these mice, when placed on the
acceleration diet, revealed extensive mineralization in the kidney interstitium, primarily
affecting the medullary tubules as well as arcuate and renal arteries. Thus, the Abcc6 and
Enppl genes clearly play a role in modulating nephrocalcinosis, since wild-type mice in the
corresponding genetic background do not demonstrate a significant degree of mineralization
even when placed on the same diet. The mineral deposits in the kidneys of the Abcc6 ™~ and
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asj mice were shown to consist of calcium and phosphate, and these two principal ions co-
localized in the mineral deposits, suggesting the presence of hydroxyapatite crystals (Fig. 3).
The importance of this observation is emphasized by the fact that mineral crystals in
different mouse models have been shown to consist either of calcium phosphate or calcium
oxalate (2, 3). Thus, the mineralization of renal interstitium in these mice appears to be
similar to that previously demonstrated in other tissues, particularly in the dermal sheath of
vibrissae and vascular connective tissues (1, 20, 24). The relevance of these mouse findings
to human disease is emphasized by the observations that the mineral deposits in human
kidneys in nephrocalcinosis have been shown to consist of either calcium phosphate or
calcium oxalate (2, 3). In patients with PXE, kidney mineralization has been documented by
ultrasound and autopsy (8, 9). In GACI, particularly in patients caused by ENPP1
deficiency, but also in those with mutations in the ABCC6 gene, vascular mineralization in
kidney has also been documented (14, 15).

The two targeted mutant mouse models, Abcc6 ™/~ and asj, both develop extensive ectopic
mineralization in a number of organs, but the rate of mineralization and the organs becoming
predominantly affected vary. The Abcc6~/~ mice develop relatively late-onset
mineralization affecting the skin, the Bruch’s membrane of the retina and arterial blood
vessels, while asj mice demonstrate relatively early-onset mineralization primarily affecting
the cardiovascular system (17, 20). These observations are consistent with the phenotypic
manifestations in the corresponding human diseases, PXE and GACI, caused by mutations
in the ABCC6 and ENPPL1 genes, respectively (6, 7, 10-12).

PXE and GACI are autosomal recessive disorders, and the heterozygous carriers
demonstrate little, if any, evidence of mineralization. Similarly, the mutations in the
Abcc6~/~ and asj mice are autosomal recessive in that the heterozygous carriers of the
mutation do not demonstrate dermal or vascular mineralization (17, 20). Along with these
observations, the heterozygous Abcc6*/~ and Enpp1*/asi mice did not demonstrate
significant mineralization in the kidneys when placed on the acceleration diet (Fig. 5).
However, compound heterozygous mice Abcc6*/~; Enpp1+/asi demonstrated extensive
mineralization to essentially the same extent as the corresponding homozygous mutant mice.
Thus, deletion of one Abccé6 allele on the background of Enppl haploinsufficiency is
adequate to cause ectopic mineralization, suggesting the presence of digenic, synergistic
consequences of mutations in the genes involved in the control of mineral deposition. In this
context, it is of interest to note that a human family with a heterozygous ABCC6 mutation in
one allele and a heterozygous GGCX mutation in the other allele has been shown to
demonstrate ectopic mineralization in the skin with cutaneous manifestations consistent with
PXE (40). Thus, synergistic gene defects in the complex mineralization/anti-mineralization
networks, compounded by factors such as diet, can profoundly modulate the degree of
ectopic tissue mineralization in processes like nephrocalcinosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ectopic mineralization of kidneys in Abce6™ and asj mice placed on acceleration diet
The mice were placed on special diet enriched in phosphate and low in magnesium (for

details, see Materials and Methods) at 4 weeks of age and sacrificed at the age of 3 months.
For histopathological examination, kidney sections were stained with Hematoxylin and
Eosin (HE) and with Alizarin Red (AR) stains. (a) Mice kept on control laboratory diet did
not demonstrate ectopic mineralization in the kidneys. (b) The mice on acceleration diet
demonstrated extensive mineralization affecting the medullary tubules as well as arcuate and
renal arteries (arrows) (scale bar, 100 pm). (c) Chemical assay of the calcium content of
renal tissues demonstrated ~30-fold and ~6-fold increases, respectively, in mineralization in
Abcc6~/~ and asj mice kept on the acceleration diet vs. control diet (*p<0.001; n = 5-6 per

group).
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Figure 2. Micro CT imaging and histopathology reveals extensive kidney mineralization in asj
mice

a) Imaging of the intact mouse (left panel) or isolated kidney ex vivo (right panel) reveals
ectopic mineralization (arrows). (b) Histopathological staining of transected kidney reveals
ectopic mineralization primarily in the medulla, as revealed by Alizarin red stain (scale bar,

10 mm).
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Figure 3. Energy dispersive X-ray analysis of the mineral deposits in the kidney of Abces ™~ and
asj mice

The results revealed the presence of calcium and phosphorus as the principal ions in ~2:1
ratio. Topographic RADAR mapping of calcium (Ca) and phosphorus (P) revealed co-

localization in merged images (scale bar, 1 mm).
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Fetuin-A

OPN

Figure 4. Immunofluorescence of the mineral deposits with antibodies for fetuin-A (upper
panels) and for osteopontin (OPN) (lower panels

These two mineralization-associated proteins were found juxtaposed to the mineral deposits
(scale bar, 100 pm).
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Figure 5. Genetic modulation of nephrocalcinosis )
a) Wild-type Abcc6*/+; Enpp1*/* mice, as well as heterozygous Abcc6*/~ and Enpp1*/asi

mice on the same background were placed on acceleration diet at 4 weeks of age and kidney
mineralization was examined by Alizarin Red stain at 7 months of age. Few foci of ectopic
mineralization were noted. However, compound heterozygous mice, Abcc6*/~; Enppl+/asi
demonstrated extensive ectopic mineralization, similar to that noted in the respective
homozygous mutant mice (see Fig. 1b). (b) Enhanced mineral deposition in the latter mice
was also demonstrated by chemical assay of calcium in the renal tissues (*p<0.001 as
compared to wild-type and heterozygous mice; n = 8-12 per group; scale bar, 100 um).
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