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Abstract 

Objective - Calcifications can disrupt organ function in the cardiovascular system and the 
kidney, and are particularly common in patients with chronic kidney disease (CKD). Fetuin-A 
deficient mice maintained against the genetic background DBA/2 exhibit particularly severe 
soft tissue calcifications, while fetuin-A deficient C57BL/6 mice remain healthy. We employed 
molecular genetic analysis to identify risk factors of calcification in fetuin-A deficient mice. We 
sought to identify pharmaceutical therapeutic target that could be influenced by dietary of 
parenteral supplementation. 

Approach and Results - We studied the progeny of an intercross of fetuin-A deficient DBA/2 
and C57BL/6 mice to identify candidate risk genes involved in calcification. We determined 
that a hypomorphic mutation of the Abcc6 gene, a liver ATP transporter supplying systemic 
pyrophosphate, and failure to regulate the TRPM6 magnesium transporter in kidney were 
associated with severity of calcification. Calcification prone fetuin-A deficient mice were 
alternatively treated with dietary phosphate restriction, magnesium supplementation, or by 
parenteral administration of fetuin-A or pyrophosphate. All treatments markedly reduced soft 
tissue calcification, demonstrated by computed tomography, histology and tissue calcium 
measurement.  

Conclusions - We show that pathological ectopic calcification in fetuin-A deficient DBA/2 
mice is caused by a compound deficiency of three major extracellular and systemic inhibitors 
of calcification, namely fetuin-A, pyrophosphate, and magnesium. All three of these are 
individually known to contribute to stabilize protein-mineral complexes and thus inhibit 
mineral precipitation from extracellular fluid. We show for the first time a compound triple 
deficiency that can be treated by simple dietary or parenteral supplementation. This is of 
special importance in patients with advanced CKD, who commonly exhibit reduced serum 
fetuin-A, pyrophosphate and magnesium levels. 
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Introduction 

Pathological calcifications, the gradual deposition of calcium phosphate salts [2] in tissue not 
physiologically meant to mineralize are frequent and are mostly considered benign. However, 
in particular in the context of chronic kidney disease (CKD), vascular calcifications have 
increasingly been recognized as a major contributor to cardiovascular morbidity and mortality 
independent of traditional risk factors [3].  

Cell autonomous signaling and the recruitment of mesenchymal cells promote the 
progression of late stage calcifications to ossifications [4] mimicking bone formation in soft 
tissues [5].  In most cases, however, calcifications start in the extracellular matrix by 
nucleation of calcium phosphate crystals in the absence of mineralization regulators [6], 
before any osteogenic reprograming of resident or invading mesenchymal cells occurs [7, 8]. 

Phosphate retention in CKD is as a major driver of vascular calcification, endothelial 
damage, and the cardiovascular morbidity and mortality associated with CKD [6]. A disturbed 
phosphate homeostasis is closely associated with calcifications and accelerated ageing [9]. 
Consequently, dietary and blood phosphate reduction are prime targets of renal replacement 
therapy. 

Another risk factor for the development of extraosseous calcifications especially in CKD 
patients is a reduced level of the serum protein fetuin-A [10]. Lack of fetuin-A allows 
spontaneous mineral nucleation and growth, and hydroxyapatite crystals are deposited 
causing cardiovascular calcifications [11] and possibly also calciphylaxis [12].  

Additionally, ectopic calcification is prevented by low molecular compounds like 
pyrophosphate [13], and magnesium [14], which inhibit formation of hydroxyapatite through 
inhibition of crystal nucleation. Both have been reported to be reduced in sera of patients 
with advanced CKD [15, 16]. 

Several years ago we generated mice with a severe spontaneous soft tissue calcification 
phenotype [17] that worsens progressively throughout life. The mice are deficient in the liver-
derived plasma protein fetuin-A, and are maintained against the genetic background DBA/2, 
which even in the presence of fetuin-A is prone to dystrophic cardiac calcifications [18, 19]. 
Fetuin-A deficiency in DBA/2 mice greatly worsens the calcification propensity, and is 
associated with decreased breeding performance and increased mortality. In addition, severe 
renal calcinosis causes CKD and secondary hyperparathyroidism [17]. Ultimately in these 
mice, myocardial calcification is associated with fibrosis, diastolic dysfunction and increased 
mortality [20, 21]. In contrast fetuin-A deficient mice maintained against the genetic 
background C57BL/6 do not calcify spontaneously. However, in a model of CKD induced via 
nephrectomy and high dietary phosphate diet, these mice developed cardiovascular 
calcifications [22] mimicking the situation in CKD patients. 

Here we studied the calcification in progeny of an intercross of fetuin-A deficient DBA/2 and 
C57BL/6 mice to identify molecular determinants of their differential calcification that might 
serve as therapeutic targets.  
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Results 

Severe ectopic calcification in fetuin-A deficient mice 

We performed computed tomography (CT) in wildtype and fetuin-A deficient DBA/2 and 
C57BL/6 mice. The respective phenotypes were confirmed by Western blot analysis (suppl. 
Figure 1). Figures 1a-d show typical CTs of mice at age 3 months. Figures 1a,b illustrate that 
DBA/2 wt mice had rare, if any lesions in their interscapular brown adipose tissue, and 
C57BL/6 wt mice had no calcified lesions. In contrast, DBA/2 fetuin-A deficient mice had 
numerous and widespread calcifications of their brown adipose tissue, the skin rubbing 
against the humerus, the heart and the kidneys (Fig. 1c). Unlike the strongly calcifying DBA/2 
mice, age-matched C57BL/6 mice had few if any calcified lesions in their interscapular brown 
adipose tissue confirming their relative calcification resistance (Fig. 1d).  

Recently, we showed that ectopic calcification in DBA/2 fetuin-A deficient mice starts in the 
microvasculature and is associated with premature ageing and cardiac failure, and that 
cellular osteogenesis was not involved [21].Thus, we concentrated on major extracellular 
regulators of calcification. Figure 1f,g show that serum calcium (Ca) and phosphate (Pi), 
major ionic drivers of calcification, were similar in DBA/2 and C57BL/6 wt and fetuin-A 
deficient mice. In contrast, serum magnesium (Mg), a potent inhibitor of calcification, was 
generally lower in DBA/2 mice confirming previous publications [17, 23] (Fig. 1h). C57BL/6 
fetuin-A deficient mice, which do not spontaneously calcify, had increased serum magnesium 
levels compared to their wildtype littermates. In contrast fetuin-A deficient DBA/2 mice, which 
severely calcify, did not display elevated serum magnesium levels compared with wildtype 
littermates.  Thus, an adaptive induction of serum Mg appears compromised in DBA/2 mice. 
Plasma levels of inorganic pyrophosphate (PPi), another systemic calcification inhibitor, were 
slightly elevated in C57BL/6 mice compared to DBA/2 mice independent of fetuin-A genotype 
(Fig. 1i). Serum FGF23 levels were significantly elevated in DBA/2 mice compared to 
C57BL/6 mice regardless of their fetuin-A genotype suggesting that the mice suffered from 
mineral dysbalance despite apparently normal serum phosphate (Fig. 1j). Taken together our 
results suggest that DBA/2 fetuin-A knockout mice have combined deficiencies of three 
potent circulating inhibitors of calcification, namely fetuin-A, Mg and PPi.  

Parenteral supplementation of fetuin-A reduced ectopic calcification development 

We next asked if supplementation of the circulating inhibitors would affect the strong 
calcification phenotype of fetuin-A deficient DBA/2 mice. First, we injected intraperitoneally 
(i.p.) 0.24 g/kg bodyweight purified bovine fetuin-A five times weekly for a total of three 
weeks and then analysed soft tissues by histology, tissue chemistry, and X-ray analysis. 
Figures 2a-i show that saline injected fetuin-A deficient DBA/2 mice had severe dystrophic 
calcification in brown adipose tissue with lesions ranging from about 20 µm to several 
hundred µm in diameter (Fig. 2a), few small roundish calcified lesions in kidney and lung 
(Fig. 2b,c) and extensive fibrosing calcified lesions in the heart (Fig. 2d). Fetuin-A injection 
i.p. greatly reduced the number and size of calcified lesions (Fig. 2e-h, Suppl. Fig. S2) as 
well as the tissue calcium (Fig. 2i).  

Magnesium supplementation inhibits spontaneous soft tissue calcification 

CT volume analysis of calcified lesions showed that dietary Mg supplementation strongly 
attenuated soft tissue calcification. DBA/2 mice on normal chow (0.2% Mg) developed 99 ± 
36 mm3 calcifications within the first 11 weeks postnatally (Fig. 3a,b,e), while mice fed 1% 
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Mg chow from postnatal week 3 onward developed 14 ± 36 mm3 calcifications (Fig. 3c,d,e). 
Chemical tissue calcium analysis and von Kossa histology confirmed that feeding 1 % Mg 
instead of 0.2 % Mg decreased calcifications in all organs (Fig. 3f-n). Analysis of major renal 
and gastrointestinal magnesium transporters showed that Trpm7 expression was similar in 
kidney and gut tissue of all mice irrespective of genotype. In contrast, renal Trpm6 
expression was elevated in fetuin-A-deficient C57BL/6, but not in DBA/2 mice (Fig. 3o-r), 
suggesting that Trpm6 gene induction mediates the elevated serum magnesium in fetuin-A 
deficient in C57BL/6, but not in DBA/2 mice (Fig. 1f).  

Dietary phosphate levels have a direct impact on calcification severity  

Elevated serum FGF23 levels in DBA/2 mice compared to C57BL/6 suggested dysregulated 
phosphate handling despite apparently normal serum phosphate, a situation reminiscent of 
many CKD patients. We therefore studied the influence of dietary phosphate (high 
phosphate, 0.8% vs. low phosphate, 0.2%) on the calcification phenotype. CT analysis 
showed that mice on normal chow (0.4% Pi) developed 99 ± 36 mm3 calcifications within 11 
weeks postnatal (Fig. 4a,b,g), while mice fed 0.2% Pi chow from week 3 postnatal onward 
developed 7 ± 12 mm3 calcifications (Fig. 4e,f,g). Feeding 0.8% Pi increased the volume of 
calcified lesions to 318 ± 130 mm3 (Fig. 4c,d,g). Tissue calcium analysis and von Kossa 
histology confirmed these findings in kidney, lung and heart, but not in brown adipose tissue. 
Feeding 0.8% Pi increased both the size of the lesions and the tissue calcium content in all 
organs analysed (Fig. 4h-t). 

Parenteral pyrophosphate inhibits the formation of ectopic calcification  

Next we asked if supplementation of pyrophosphate would affect the calcification phenotype 
of DBA/2 mice. Starting at postnatal week 3, we injected daily for eight weeks, i.p. boluses of 
0.10 g/kg bodyweight sodium pyrophosphate. CT showed that fetuin-A deficient DBA/2 mice 
injected with saline developed 91 ± 17 mm3 interscapular calcifications within the first 11 
weeks postnatal (Fig. 5a,c), while age matched mice injected with pyrophosphate developed 
9 ± 3 mm3 calcifications (Fig. 5b,c). Chemical tissue calcium analysis and von Kossa 
histology confirmed that pyrophosphate injection decreased calcifications in all organs 
analysed (Fig. 4d-l). Notably, pyrophosphate-injected fetuin-A deficient DBA/2 mice had rare 
calcified lesions in brown adipose tissue, a tissue most prone to calcification. The 
calcification phenotype of pyrophosphate treated mice was similar to untreated C57BL/6 
mice (Fig. 1d), suggesting that pyrophosphate deficiency in DBA/2 mice is a major 
determinant of dystrophic calcification. 

Fetuin-A and Abcc6 deficiency are the main calcification risk factors in D2, Ahsg-/- 

mice 

Next we studied the expression of Abcc6, an ATP cassette transporter protein involved in 
extracellular pyrophosphate metabolism [24, 25]. The single nucleotide polymorphism (SNP) 
rs32756904 signifying a 5-bp deletion in the Abcc6 transcript [26], was readily detected by 
differential PCR and DNA gel electrophoresis in DBA/2 mice independent of the fetuin-A 
genotype (Fig. 6a). Supplementary figure S3 shows the G>A mutation flanking the splice 
donor site of exon 14 of the murine Abcc6 gene of DBA/2 mice resulting in reduced mRNA 
expression levels in liver and kidney, the two major Abcc6 expression sites (Fig. 6c,d). 
Immunoblotting confirmed reduced Abcc6 protein expression in livers of DBA/2 mice 
compared to C57BL/6 mice, and furthermore, failure to induce Abcc6 expression in fetuin-A 
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deficient mouse strains. The SNP illustrated in Supplementary Figure S3 was detected in all 
DBA/2 mice, but never in C57BL/6 mice, suggesting that the hypomorphic G>A mutation 
added to the overall calcification risk in DBA/2 mice. 

To confirm a major role of Abcc6 and thus of pyrophosphate metabolism in the strong 
calcification phenotype of fetuin-A deficient DBA/2 mice, we analysed by linkage analysis the 
contribution of this hypomorphic Abcc6 mutation to the overall calcification risk. To this end 
we crossed fetuin-A deficient DBA/2 male with C57BL/6 female mice. The heterozygous F1 
offspring were randomly intercrossed to create an F2 generation (Fig. 7a). We analyzed 
calcification in 177 F2 offspring (86 males, 91 females) by CT and stratified the mice with 
respect to calcification: I, no detectable calcified lesions, 65 animals; II, single calcified lesion 
in brown adipose tissue, 42 animals; III, two clearly separated lesions in brown adipose 
tissue, 42 animals; IV, calcified lesions in brown adipose tissue, myocardium and adrenal fat 
pad, 24 animals; V, calcified lesions throughout the body, 4 animals (Fig. 7b). Heterozygous 
F1 progeny had at most one calcified lesion in brown adipose tissue, indicating that half the 
gene dosage of calcification regulatory genes from resistant C57BL/6 genetic background 
was sufficient to prevent widespread calcification even in the absence of fetuin-A. Figure 7b 
illustrates that F2 mice carrying homozygous the mutant A allele of Abcc6 had severe 
calcifications (III, IV, V; with one exception in category II).  Mice with the homozygous 
wildtype G allele had no detectable calcified lesions. Mice carrying both the mutant and the 
wildtype allele had variable calcification including categories I, II, III, IV. This result suggested 
a necessary, but not an exclusive determination by the SNP rs32756904 of the strong 
calcification phenotype of fetuin-A deficient mice. Presently we cannot offer a similar 
frequency plot regarding Trpm6 genetics, but the clear segregation of the mice with little or 
no calcification (I, II) and the mice with severe calcification (III, IV, V) with no overlap 
suggested that few if any additional genes beyond Fetua / Ahsg, Abcc6, and Trpm6 
determined the calcification propensity. 
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Discussion 

To prevent crystallization and deposition of calcium mineral in tissues not meant to 
mineralize, mineralization regulators evolved. Fetuin-A is a potent systemic inhibitor of 
ectopic calcification mediating the solubilization and clearance of circulating protein-mineral 
complexes, which might otherwise cause calcification [27, 28]. In this present study 
parenteral supplementation of fetuin-A inhibited the formation of ectopic calcifications in our 
mouse model. In humans, complete fetuin-A deficiency was not reported until recently 
despite the fact that human fetuin-A/a2HS glycoprotein was a commonly used paternity 
marker [29]. Partial fetuin-A deficiency was, however, reported in many studies of CKD, and 
correlated with increased serum calcification propensity [30-32]. Recently, genetic fetuin-A 
deficiency was found associated with infantile cortical hyperostosis (Caffey disease) [33], a 
pathology compatible with the post-weaning epiphysiolysis causing distal femur dysplasia 
and foreshortened hindlimbs in fetuin-A-deficient mice maintained against the genetic 
background C57BL/6 [34]. Unlike the fetuin-A deficient mice maintained against the 
background DBA/A studied here, these mice had no overt calcification outside the skeleton, 
suggesting that growth plate cartilage, a tissue physiologically meant to calcify during bone 
development, readily calcifies, when fetuin-A is lacking, while other tissues require additional 
calcification risk factors. Indeed, this is the main finding of this current work. 

We showed that DBA/2 mice had hypomagnesemia regardless of their fetuin-A genotype due 
to altered expression of magnesium transporter Trpm6. The protective action of Mg in 
calcification is known [35], as is its basic regulation [36]. The adaptive regulation of Mg in 
calcification however, is only partially understood. We hypothesized that DBA/2 mice are 
more prone to calcification than are C57BL/6 mice, because of renal Mg wasting [37] and 
thus loss of systemic Mg, a potent crystal nucleation inhibitor [38]. A recent study showed 
however, that kidney-specific TRPM6 knockout mice had no phenotype in contrast to 
intestine-specific knockout [39]. These results recapitulated clinical studies with patients with 
TRPM6 null mutations clearly showing that a defect in intestinal Mg2+ uptake causes 
hypomagnesemia. In any case, hypomagnesemia compounds the deficiency of serum fetuin-
A, a crystal growth inhibitor. Magnesium supplementation prevented calcification in a mouse 
model of pseudoxanthoma elasticum (PXE), Abcc6-/- mice [14], and reduced 
nephrocalcinosis [40] as well as vascular and soft tissue calcifications in a CKD rat model 
[41]. Serum Mg is considered a poor marker of Mg deficiency and is not routinely monitored 
in CKD patients [35]. However, in CKD patients Mg containing phosphate binders, 
supplementation with Mg-oxide or increased Mg in dialysate reduced serum calcification 
propensity [42] and/or the progression of cardiovascular calcifications [43]. These findings 
are in line with our observation that magnesium supplementation prevented ectopic 
calcification in DBA/2 mice. Hypomagnesemia in humans is common in about 15% of the 
general population. Inherited hypomagnesemia is rare [44] but malnutrition and acquired 
metabolic disease seem to account for most cases. Drugs such as proton pump inhibitors 
also reduce serum magnesium [45, 46]. When hypomagnesemia combines with calcification 
risk factors including CKD, it might accelerate the development of ectopic calcification. 
Nevertheless in CKD patients, Mg supplementation must be tightly monitored to avoid 
hypermagnesemia, despite reports of it being safe [42].  

DBA/2 mice regardless of their fetuin-A genotype had hypomagnesemia associated with 
elevated serum FGF23. Likewise, rats on magnesium-deficient diet had elevated serum 
FGF23 [47] and CKD cats had inverse association of serum Mg and FGF23 independent of 
serum phosphate [48]. Collectively these results suggest that serum FGF23 may be 
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associated with hypomagnesemia in addition to the well-established association with 
hyperphosphatemia and morbidity. CKD-associated hyperphosphatemia is a result of 
impaired renal excretion and is directly associated with cardiovascular calcification [49, 50]. 
Additionally, elevated phosphate levels might promote coronary atheroma burden in non-
uremic patients [51]. Thus, dietary phosphate restriction is paramount in dialysis patient care 
[52]. Although several studies report on the effectiveness of phosphate binders on 
calcification inhibition in different animal studies [53-55], the effect of dietary phosphate 
restriction on calcification has been studied in surprisingly little detail [56, 57]. The evaluation 
of dietary phosphate restriction in CKD patients remains challenging as dietary phosphate 
restriction generally implies protein restriction and thus potential malnutrition.  

Dystrophic calcification in genetically predisposed mouse strains such as C3H/He, DBA/2, 
BALB/c and 129S1 is a complex genetic trait still not fully understood. Genetic mapping 
identified a single major locus, designated Dyscalc1, located on proximal chromosome 7 (chr 
7), and three additional modifier loci associated with dystrophic cardiac calcinosis (DCC) 
following myocardial injury [58]. Integrative genomics identified the gene mapping to the 
Dyscalc1 locus as Abcc6, the ATP-binding cassette C6 [26]. Abcc6 is a membrane 
transporter with hitherto unknown substrate specificity. Forced expression of Abcc6 was 
associated with increased cellular release of ATP, which rapidly breaks down into AMP and 
the potent calcification inhibitor pyrophosphate PPi [24, 25, 59]. PPi is a calcium phosphate 
crystal nucleation and growth inhibitor that interferes with crystal lattice formation. Circulating 
PPi is mostly liver-derived and relatively long-lived [25]. In hemodialysis patients, low PPi 
levels [60] are associated with increased calcification risk [61]. We found reduced plasma 
PPi levels in D2 mice compared to B6 mice, which may result from reduced Abcc6 
expression in D2 mice. Recent studies showed that plasma PPi deficiency is the major, if not 
the exclusive cause of dystrophic calcification in Abcc6-/- mice [62]. A non-coding splice 
variant of Abcc6 was deemed responsible for the PPi deficiency in calcification prone 
C3H/He mice. A single nucleotide polymorphism rs32756904 encodes an additional splice 
donor site and thus the hypomorphic splice variant of Abcc6. We detected rs32756904 in all 
of our DBA/2 mice, underscoring the importance of genetic background in the expression of 
dystrophic calcification [63, 64]. 

Hypomorphic mutations in the Abcc6 gene are deemed responsible for both dystrophic 
calcification in mice and for PXE in humans [26]. Children suffering from generalized arterial 
calcification of infancy (GACI), caused by a mutation of the gene Enpp1, which is responsible 
for the conversion of ATP into AMP and PPi, could also benefit from PPi supplementation 
therapy. In addition to PXE and GACI, Hutchinson-Gilford progeria syndrome (HGPS), was 
linked to reduced PPi levels associated with the development of extracellular matrix 
calcification [13]. Although mouse models for HGPS, GACI and PXE show promising results 
when treated with PPi, human studies remain to be conducted [65].  

In conclusion, we describe that a compound deficiency of fetuin-A, magnesium and 
pyrophosphate in DBA/2 fetuin-A knockout mice leads to arguably one of the most severe 
soft tissue calcification phenotypes known. We showed that dietary magnesium, low dietary 
phosphate, parenteral fetuin-A and pyrophosphate supplementation all prevented the 
formation of calcified lesions in fetuin-A deficient DBA/2 mice suggesting that similar 
therapeutic approaches might also reduce early stage CKD-associated cardiovascular 
calcifications and in calciphylaxis. Notably, these calcifications occurred without any signs of 
osteogenic conversion of calcifying cells, stressing the importance of extracellular mineral 
balance to prevent unwanted mineralization [21].  
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Materials and Methods 

Animals  

All animal experiments were conducted in agreement with German animal protection law and 
were approved by the state animal welfare committee. Wildtype (wt) and fetuin-A deficient 
(Ahsg-/-) mice on DBA/2N (D2) and C57BL/6N (B6) genetic background (ILAR entries D2-
Ahsgtm1wja and B6-Ahsgtm1wja according to ILAR nomenclature) were maintained in a 
temperature-controlled room on a 12-hour light/dark cycle. Chow (ssniff® R/MH, V1535-0, 
Soest, Germany) and water were given ad libitum. Mice were kept at the animal facility of 
RWTH Aachen University Clinics.  

For gene segregation and linkage analysis, one D2, Ahsg-/- male was mated with one B6, 
Ahsg-/- female. F1 offspring was intercrossed, and 177 F2 offspring were obtained. 

Supplementation therapy 

DBA/2 mice deficient for fetuin-A were enclosed in the experiment at three weeks of age. 
The study included five treatment groups (n≥6 per group) receiving either 0.24 g/kg 
bodyweight bovine fetuin-A (Sigma) or 0.10 g/kg bodyweight PPi (Sigma) via daily 
intraperitoneal injections for 3 or 8 weeks, respectively or 1.0% magnesium, 0.2% Pi or 0.8% 
Pi via dietary supplementation for 8 weeks. Control animals received 0.9% NaCl via 
intraperitoneal injection and normal chow. 

Mice were sacrificed with an overdose of isoflurane, exsanguinated, perfused with ice-cold 
PBS and organs were harvested. A piece of each of the following tissues (kidney, heart, 
lung, brown adipose tissue of the neck) was frozen in liquid nitrogen for calcium 
measurement, another piece was embedded in Tissue-Tek O.C.T. compound and snap 
frozen for histology. 

High-Resolution Computed Tomography 

Mice were anaesthetized with isoflurane and placed in a high-resolution computed 
tomograph (Tomoscope DUO, CT-Imaging, Erlangen, Germany). The settings of the CT 
scan were: 65 kV / 0.5 mA, and 720 projections were acquired over 90 seconds. Analysis of 
the CT scans was performed with the Imalytics Preclinical Software [66]. Full-body 
acquisitions were obtained to examine in three dimensions the overall state of mineralization 
in the mice. 

Tissues 

At the indicated ages mice were sacrificed with an overdose of isoflurane and 
exsanguinated. Animals were perfused with 20 ml ice-cold PBS to rinse blood from the 
circulation unless stated otherwise. 

Calcium content in the tissue (kidney, lung, heart, brown adipose tissue) was determined 
using a colorimetric o-cresolphthalein based assay (Randox Laboratories, Crumlin, UK). 
Tissue samples were incubated overnight in 0.6 M HCl followed by homogenization with a 
Qiagen mixer mill. Homogenates were centrifuged for 10 minutes at 14000 rpm and 
supernatant was neutralized with ammonium chloride buffer. The subsequent assay was 
performed according to the manufacturer’s protocol. 
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Clinical chemistry (Ca, Mg, Pi, PPi) and FGF23 serum levels 

Blood was clotted and centrifuged at 2000xg for 10 min. Serum was harvested and snap-
frozen in liquid nitrogen. Standard serum chemistry (Ca, Mg, Pi) was commissioned by the 
Institute of Laboratory Animal Science at the University Hospital Aachen. Plasma PPi was 
measured in microfiltered plasma as described [25]. Serum FGF-23 was measured with 
ELISA (Mouse Fibroblast growth factor 23 ELISA Kit, Cusabio, CSB-EL008629MO) 
according to manufacturers instructions, with samples diluted 1:2 in sample diluent. 

DNA-Analysis for SNP rs32756904 in the gene Abcc6 

Genomic DNA was isolated from tail tip following established protocols. Using primers 
flanking the G > A mutation side (forward, TGGCCCACTCTTGTATCTCC /reverse, 
TTGGGTACCAAGTGACACGA) a 192 kDa PCR fragment was amplified and separated on a 
1,5 % agarose gel. Amplicons were stained by ethidium bromide, excercised with an scalpel 
under UV light and afterwards purified by QIAquick® Gel Extraction Kit (Qiagen). Sequencing 
of the PCR products was carried out by eurofins genomics . 

cDNA synthesis and quantitative real time PCR 

Total RNA from the respective organ was isolated with GeneJet RNA Purification Kit 
(Thermo Fisher Scientific). Isolated RNA was treated with DNase I (Roche Diagnostics) to 
eliminate genomic DNA. Afterwards total RNA was reverse transcribed (Maxima First Strand 
cDNA Synthesis Kit, Thermo Fisher Scientific) into cDNA, which served as template both for 
sequencing (Eurofins Genomics) and for quantitative real-time PCR of three target genes 
(Abcc6, TRMP6, TRPM7). Supplementary Table S1 (online) shows the corresponding primer 
sequences. Primers were previously tested for efficiency. Fold changes were determined 
using the ΔΔCT method and glyceraldehyde 3-phosphate dehydrogenase Gapdh as the 
reference gene. Maxima SYBR Green/ROX qPCR Master Mix (Thermo Scientific) was used 
for qPCR and 20 ng of cDNA were added per reaction. Reaction specificity was determined 
by the dissociation curve. 

By using primers (forward, CGAGTGTCCTTTGACCGGCT /reverse, 
TGGGCTCTCCTGGGACCAA) flanking the 5-bp deletion in Abcc6 cDNA of fetuin-A deficient 
mice on DBA/2N a 144-bp or 139-bp PCR fragment was amplified representing wildtype and 
mutant alleles, respectively. For the separation of the 5-bp shortened mutant fragment from 
the wildtype amplicon, high-resolution electrophoresis was performed using a 10% 
polyacrylamide gel with an acryl-amide/bisacryl- amide-relation of 19:1. Sequencing of PCR 
products was carried out by eurofins genomics. 

Immunoblotting 

For Abcc6 Western blot analysis liver samples frozen in liquid nitrogen were powdered with a 
mortar. Using Lysis Buffer (10 mL/ g organ ;150 mM NaCl, 20 mM Tris base pH 7.5, 1% 
Triton X-100, 1 mM EDTA, 1xRoche inhibitor cocktail (Roche Diagnostics GmbH)) the 
proteins were extracted for 30 minutes at 4°C by shaking. Cell fragments were separated by 
centrifugation (4°C and 20000xg for 15 min). The protein concentration of the supernatant 
was determined using a BCA protein assay reagent kit (Pierce). Protein samples (100 
µg/lane) were separated using a gradient gel (NuPAGE® Novex 4-12% Bis-Tris Gel 1.0 mm, 
Thermo Fisher Scientific) and transferred onto nitrocellulose membrane (Amersham Protran, 
Sigma Aldrich) by wet electroblotting (Mini Trans-Blot® Cell, Biorad) at 120 V for 2,5 h. The 
membrane was blocked with 3% nonfat dried milk powder in PBS-T (PBS supplemented with 
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0.05% Tween-20, Applichem) for 45 min at room temperature. Primary antibody (MRP6 
(M6II-68) monoclonal rat anti-mouse Abcc6 [36] was diluted 1:1000 in 1% blocking solution 
and applied over night at 4°C. Secondary antibody (horseradish peroxidase coupled rabbit 
anti-rat IgG, Dako) was diluted 1:2500 in 1% blocking solution and incubated for 1 h at room 
temperature. Following antibody incubations membranes were washed three times with PBS-
T for 5 min. Bound antibody was detected by chemiluminescence in substrate solution (0.1M 
TRIS/HCl, pH 8.5, 1.25mM 3-aminopthalhydrazide, 0.45mM p-coumaric acid, 0.015% 
hydrogen peroxide) using a fluorescence imager (Fuji LAS Mini 4000). Abcc6 protein levels 
were relatively quantified using Image J software (Rasband, http://imagej.nih.gov/ij/). 

For serum fetuin-A analysis murine serum was separated by sodium dodecyl sulphate 
polyacrylamide gel elecrophoresis using mini gels (10% acrylamide, 5 × 8 × 0.1 cm3, BioRad, 
Hercules, USA). Protein transfer onto nitrocellulose membrane was by semi-dry 
electroblotting (Owl HEP-1, Thermo Scientific, Waltham, MA, USA) at 6 V for 60 min. The 
membrane was blocked with 5% nonfat dried milk powder in PBS-T for 30 min at 37°C. 
Primary antibody (AS386 polyclonal rabbit anti-mouse fetuin-A) was diluted 1:2500 in 
blocking solution and applied for 1 h at 37°C. Secondary antibody (horseradish peroxidase 
coupled swine anti-rabbit IgG, Dako) was diluted 1:5000 in blocking solution and incubated 
for 1 h at 37°C. Following antibody incubations membranes were washed three times with 
PBS-T for 5 min and bound antibody was detected by chemiluminescence as described 
above. 

Histology 

6 µm thick sections were cut and fixed with zinc fixative (BD Biosciences, Heidelberg, 
Germany). Subsequently, H/E staining or von Kossa staining was performed. The sections 
were analyzed using a Leica DMRX microscope (Leica Microsystems GmbH, Wetzlar, 
Germany) and DISKUS software (Carl H. Hilgers, Technisches Büro, Königswinter, 
Germany). 

Statistics 

All statistical analyses were carried out using GraphPad Prism version 5.0c and are given as 
mean values ± standard deviations. T-test was used for comparison of single treatments 
versus control group. One-way ANOVA with Tukey’s multiple comparison test was used to 
test for differences in non-sized matched experimental groups.  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 1, 2019. ; https://doi.org/10.1101/577239doi: bioRxiv preprint 

https://doi.org/10.1101/577239


12 

Acknowledgements 

This work was supported by grants awarded to WJD by the IZKF Aachen of the Medical 
Faculty of RWTH Aachen and by the German Research Foundation (DFG SFB/TRR219-
Project C-03).  We thank Koen van de Wetering (Jefferson Univ, Philadelphia, USA) for help 
with the pyrophosphate assay. 

Author Contributions Statement 

ABa - performed experiments, analyzed data, drafted and revised the manuscript  

CS - performed experiments, analyzed data, drafted and revised the manuscript 

ABü - performed experiments, analyzed data, drafted and revised the manuscript 

MH - designed study, revised the manuscript 

FG - designed study, revised the manuscript 

TG- provided material, revised the manuscript 

WJD - designed study, analyzed data, drafted and revised the manuscript 

Conflict of interest statement 

Authors declare no conflict of interest.  

  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 1, 2019. ; https://doi.org/10.1101/577239doi: bioRxiv preprint 

https://doi.org/10.1101/577239


13 

References 

1. Babler A, Schmitz C, Buescher A, Herrmann M, Gremse F, Gorgels TG, et al. Soft 
tissue calcification in mice is governed by fetuin-A, pyrophosphate and magnesium. 
bioRxiv. 2019:577239. doi: 10.1101/577239. 

2. Gourgas O, Marulanda J, Zhang P, Murshed M, Cerruti M. Multidisciplinary Approach 
to Understand Medial Arterial Calcification. Arter Thromb Vasc Biol. 2018;38(2):363-72. 
doi: 10.1161/ATVBAHA.117.309808. PubMed PMID: 29217507. 

3. Schlieper G, Schurgers L, Brandenburg V, Reutelingsperger C, Floege J. Vascular 
calcification in chronic kidney disease: an update. Nephrol Dial Transplant. 
2016;31(1):31-9. doi: 10.1093/ndt/gfv111. PubMed PMID: 25916871. 

4. Kramann R, Goettsch C, Wongboonsin J, Iwata H, Schneider RK, Kuppe C, et al. 
Adventitial MSC-like Cells Are Progenitors of Vascular Smooth Muscle Cells and Drive 
Vascular Calcification in Chronic Kidney Disease. Cell stem cell. 2016;19(5):628-42. 
doi: 10.1016/j.stem.2016.08.001. PubMed PMID: 27618218; PubMed Central PMCID: 
PMCPMC5097006. 

5. Fuery MA, Liang L, Kaplan FS, Mohler ER. Vascular ossification: Pathology, 
mechanisms, and clinical implications. Bone. 2018;109:28-34. doi: 
10.1016/j.bone.2017.07.006. PubMed PMID: 28688892. 

6. Yamada S, Giachelli CM. Vascular calcification in CKD-MBD: Roles for phosphate, 
FGF23, and Klotho. Bone. 2017;100:87-93. doi: 10.1016/j.bone.2016.11.012. PubMed 
PMID: 27847254; PubMed Central PMCID: PMCPMC5429216. 

7. O’Neill WC. Understanding the pathogenesis of vascular calcification: timing is 
everything. Kidney Int. 2017;92(6):1316-8. doi: 10.1016/j.kint.2017.07.020. PubMed 
PMID: 29153135. 

8. Hortells L, Sosa C, Guillén N, Lucea S, Millán Á, Sorribas V. Identifying early 
pathogenic events during vascular calcification in uremic rats. Kidney Int. 
2017;92(6):1384-94. doi: 10.1016/j.kint.2017.06.019. PubMed PMID: 28844316. 

9. Kuro-o M. Klotho, phosphate and FGF-23 in ageing and disturbed mineral metabolism. 
Nature Rev Nephrol. 2013;9(11):650-60. doi: 10.1038/nrneph.2013.111. PubMed 
PMID: 23774819. 

10. Ketteler M, Bongartz P, Westenfeld R, Wildberger JE, Mahnken AH, Böhm R, et al. 
Association of low fetuin-A (AHSG) concentrations in serum with cardiovascular 
mortality in patients on dialysis: a cross-sectional study. Lancet. 2003;361(9360):827-
33. doi: 10.1016/S0140-6736(03)12710-9. PubMed PMID: 12642050. 

11. Moe SM, Reslerova M, Ketteler M, O’Neill KD, Duan D, Koczman J, et al. Role of 
calcification inhibitors in the pathogenesis of vascular calcification in chronic kidney 
disease (CKD). Kidney Int. 2005;67(6):2295-304. doi: 10.1111/j.1523-
1755.2005.00333.x. PubMed PMID: 15882271. 

12. Brandenburg VM, Cozzolino M, Ketteler M. Calciphylaxis: a still unmet challenge. J 
Nephrol. 2011;24(2):142-8. PubMed PMID: 21337312. 

13. Villa-Bellosta R, O’Neill CW. Pyrophosphate deficiency in vascular calcification. Kidney 
Int. 2018;93(6):1293-7. doi: 10.1016/j.kint.2017.11.035. PubMed PMID: 29580636. 

14. Larusso J, Li Q, Jiang Q, Uitto J. Elevated dietary magnesium prevents connective 
tissue mineralization in a mouse model of pseudoxanthoma elasticum (Abcc6(-/-)). J 
Invest Dermatol. 2009;129(6):1388-94. doi: 10.1038/jid.2008.391. PubMed PMID: 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 1, 2019. ; https://doi.org/10.1101/577239doi: bioRxiv preprint 

https://doi.org/10.1101/577239


14 

19122649; PubMed Central PMCID: PMCPMC2879622. 

15. Lomashvili K, Cobbs S, Hennigar R, Hardcastle K, O’Neill WC. Phosphate-Induced 
Vascular Calcification: Role of Pyrophosphate and Osteopontin. J Amer Soc Nephrol. 
2004;15(6):1392-401. 

16. Barros X, Dirrichs T, Koos R, Reinartz S, Kaesler N, Kramann R, et al. Epicardial 
adipose tissue in long-term hemodialysis patients: its association with vascular 
calcification and long-term development. J Nephrol. 2015. doi: 10.1007/s40620-015-
0221-1. PubMed PMID: 26253562. 

17. Schäfer C, Heiss A, Schwarz A, Westenfeld R, Ketteler M, Floege J, et al. The serum 
protein alpha 2-Heremans-Schmid glycoprotein/fetuin-A is a systemically acting 
inhibitor of ectopic calcification. J Clin Invest. 2003;112(3):357-66. doi: 
10.1172/JCI17202. PubMed PMID: 12897203; PubMed Central PMCID: 
PMCPMC166290. 

18. Brunnert SR, Altman NH. Dystrophic cardiac calcinosis in mice: abnormal myocardial 
response to freeze-thaw injury. Lab Anim Sci. 1990;40(6):616-9. PubMed PMID: 
2172626. 

19. Eaton GJ, Custer RP, Johnson FN, Stabenow KT. Dystrophic cardiac calcinosis in 
mice: genetic, hormonal, and dietary influences. Amer J Pathol. 1978;90(1):173-86. 
PubMed PMID: 145807; PubMed Central PMCID: PMCPMC2018227. 

20. Merx MW, Schäfer C, Westenfeld R, Brandenburg V, Hidajat S, Weber C, et al. 
Myocardial stiffness, cardiac remodeling, and diastolic dysfunction in calcification-prone 
fetuin-A-deficient mice. J Amer Soc Nephrol. 2005;16(11):3357-64. doi: 
10.1681/ASN.2005040365. PubMed PMID: 16177000. 

21. Herrmann M, Babler A, Moshkova I, Gremse F, Kiessling F, Kusebauch U, et al. 
Luminal Calcification of the Microvasculature in Fetuin-A Deficient Mice Leads to 
Premature Aging and Death. bioRxiv. 2019:577098. doi: 10.1101/577098. 

22. Westenfeld R, Schäfer C, Smeets R, Brandenburg VM, Floege J, Ketteler M, et al. 
Fetuin-A (AHSG) prevents extraosseous calcification induced by uraemia and 
phosphate challenge in mice. Nephrol Dial Transplant. 2007;22(6):1537-46. doi: 
10.1093/ndt/gfm094. PubMed PMID: 17389622. 

23. van den Broek FA, Bakker R, den Bieman M, Fielmich-Bouwman AX, Lemmens AG, 
van Lith HA, et al. Genetic analysis of dystrophic cardiac calcification in DBA/2 mice. 
Biochem Biophys Res Comm. 1998;253(2):204-8. doi: 10.1006/bbrc.1998.9776. 
PubMed PMID: 9878516. 

24. Jansen RS, Küçükosmanoglu A, de Haas M, Sapthu S, Otero JA, Hegman IEM, et al. 
ABCC6 prevents ectopic mineralization seen in pseudoxanthoma elasticum by 
inducing cellular nucleotide release. Proc Natl Acad Sci USA. 2013;110(50):20206-11. 
doi: 10.1073/pnas.1319582110. PubMed PMID: 24277820; PubMed Central PMCID: 
PMCPMC3864344. 

25. Jansen RS, Duijst S, Mahakena S, Sommer D, Szeri F, Váradi A, et al. ABCC6-
mediated ATP secretion by the liver is the main source of the mineralization inhibitor 
inorganic pyrophosphate in the systemic circulation-brief report. Arter Thromb Vasc 
Biol. 2014;34(9):1985-9. doi: 10.1161/ATVBAHA.114.304017. PubMed PMID: 
24969777. 

26. Meng H, Vera I, Che N, Wang X, Wang SS, Ingram-Drake L, et al. Identification of 
Abcc6 as the major causal gene for dystrophic cardiac calcification in mice through 
integrative genomics. Proc Natl Acad Sci USA. 2007;104(11):4530-5. doi: 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 1, 2019. ; https://doi.org/10.1101/577239doi: bioRxiv preprint 

https://doi.org/10.1101/577239


15 

10.1073/pnas.0607620104. PubMed PMID: 17360558. 

27. Heiss A, DuChesne A, Denecke B, Grötzinger J, Yamamoto K, Renné T, et al. 
Structural basis of calcification inhibition by alpha 2-HS glycoprotein/fetuin-A. 
Formation of colloidal calciprotein particles. J Biol Chem. 2003;278(15):13333-41. doi: 
10.1074/jbc.M210868200. PubMed PMID: 12556469. 

28. Herrmann M, Schäfer C, Heiss A, Gräber S, Kinkeldey A, Büscher A, et al. Clearance 
of fetuin-A--containing calciprotein particles is mediated by scavenger receptor-A. Circ 
Res. 2012;111(5):575-84. doi: 10.1161/CIRCRESAHA.111.261479. PubMed PMID: 
22753077. 

29. Lopez-Abadia I, Ruiz de la Cuesta JM. A simplified method for phenotyping alpha-2-
HS-glycoprotein. J Forensic Sci. 1993;38(5):1183-6. PubMed PMID: 8228886. 

30. Ix JH, Chertow GM, Shlipak MG, Brandenburg VM, Ketteler M, Whooley MA. Fetuin-A 
and kidney function in persons with coronary artery disease--data from the Heart and 
Soul Study. Nephrol Dial Transplant. 2006;21(8):2144-51. doi: 10.1093/ndt/gfl204. 
PubMed PMID: 16644775. 

31. Porazko T, Kuźniar J, Kusztal M, Kuźniar TJ, Weyde W, Kuriata-Kordek M, et al. 
Increased aortic wall stiffness associated with low circulating fetuin A and high C-
reactive protein in predialysis patients. Nephron Clin Prac. 2009;113(2):c81-7. doi: 
10.1159/000228539. PubMed PMID: 19602903. 

32. Metry G, Stenvinkel P, Qureshi AR, Carrero JJ, Yilmaz MI, Barany P, et al. Low serum 
fetuin-A concentration predicts poor outcome only in the presence of inflammation in 
prevalent haemodialysis patients. Eur J Clin Invest. 2008;38(11):804-11. doi: 
10.1111/j.1365-2362.2008.02032.x. PubMed PMID: 19021697. 

33. Merdler-Rabinowicz R, Grinberg A, Jacobson JM, Somekh I, Klein C, Lev A, et al. 
Fetuin-A deficiency is associated with infantile cortical hyperostosis (Caffey disease). 
Pediatric research. 2019;50:347. doi: 10.1038/s41390-019-0499-0. PubMed PMID: 
31288248. 

34. Brylka LJ, Koeppert S, Babler A, Kratz B, Denecke B, Yorgan TA, et al. Post-weaning 
epiphysiolysis causes distal femur dysplasia and foreshortened hindlimbs in fetuin-A-
deficient mice. PLoS ONE. 2017;12(10):e0187030. doi: 10.1371/journal.pone.0187030. 
PubMed PMID: 29088242; PubMed Central PMCID: PMCPMC5663435. 

35. Jahnen-Dechent W, Ketteler M. Magnesium basics. Clin Kid J. 2012;5(Suppl 1):i3-i14. 
doi: 10.1093/ndtplus/sfr163. PubMed PMID: 26069819; PubMed Central PMCID: 
PMCPMC4455825. 

36. Gorgels TGMF, Hu X, Scheffer GL, van der Wal AC, Toonstra J, de Jong PTVM, et al. 
Disruption of Abcc6 in the mouse: novel insight in the pathogenesis of 
pseudoxanthoma elasticum. Hum Mol Gen. 2005;14(13):1763-73. doi: 
10.1093/hmg/ddi183. PubMed PMID: 15888484. 

37. Naderi ASA, Reilly RF. Hereditary etiologies of hypomagnesemia. Nature Clin Pract 
Nephrol. 2008;4(2):80-9. doi: 10.1038/ncpneph0680. PubMed PMID: 18227801. 

38. Boskey AL, Posner AS. Effect of magnesium on lipid-induced calcification: an in vitro 
model for bone mineralization. Calc Tiss Int. 1980;32(2):139-43. PubMed PMID: 
6773631. 

39. Chubanov V, Ferioli S, Wisnowsky A, Simmons DG, Leitzinger C, Einer C, et al. 
Epithelial magnesium transport by TRPM6 is essential for prenatal development and 
adult survival. eLife. 2016;5. doi: 10.7554/eLife.20914. PubMed PMID: 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 1, 2019. ; https://doi.org/10.1101/577239doi: bioRxiv preprint 

https://doi.org/10.1101/577239


16 

000394245600001. 

40. Luoma H, Nuuja T, Collan Y, Nummikoski P. The effect of magnesium and fluoride on 
nephrocalcinosis and aortic calcification in rats given high sucrose diets with added 
phospnates. Calc Tiss Res. 1976;20(3):291-302. PubMed PMID: 953785. 

41. Diaz-Tocados JM, Peralta-Ramirez A, Rodriguez-Ortiz ME, Raya AI, Lopez I, Pineda 
C, et al. Dietary magnesium supplementation prevents and reverses vascular and soft 
tissue calcifications in uremic rats. Kidney Int. 2017;92(5):1084-99. doi: 
10.1016/j.kint.2017.04.011. PubMed PMID: 28760336. 

42. Bressendorff I, Hansen D, Schou M, Pasch A, Brandi L. The Effect of Increasing 
Dialysate Magnesium on Serum Calcification Propensity in Subjects with End Stage 
Kidney Disease A Randomized, Controlled Clinical Trial. Clin J Amer Soc Nephrol. 
2018;13(9):1373-80. doi: 10.2215/CJN.13921217. PubMed PMID: 30131425; PubMed 
Central PMCID: PMCPMC6140556. 

43. Sakaguchi Y, Hamano T, Oka T, Yamaguchi S, Matsui I, Hashimoto N, et al. A 
Randomized Trial of Magnesium Oxide for Coronary Artery Calcification in Pre-Dialysis 
CKD.  Kidney Week Oct 12; San Diego2018. p. 1317. 

44. Knoers NVAM. Inherited forms of renal hypomagnesemia: an update. Pediatric 
Nephrol. 2009;24(4):697-705. doi: 10.1007/s00467-008-0968-x. PubMed PMID: 
18818955. 

45. Janett S, Bianchetti MG, Milani GP, Lava SAG. Hypomagnesemia Following Prolonged 
Use of Proton-pump Inhibitors. J Pediatr Gastroenterol Nutr. 2016;62(4):e39. doi: 
10.1097/MPG.0000000000001087. PubMed PMID: 27010402. 

46. Kieboom BCT, Kiefte-de Jong JC, Eijgelsheim M, Franco OH, Kuipers EJ, Hofman A, 
et al. Proton pump inhibitors and hypomagnesemia in the general population: a 
population-based cohort study. Amer J Kidney Disease. 2015;66(5):775-82. doi: 
10.1053/j.ajkd.2015.05.012. PubMed PMID: 26123862. 

47. Matsuzaki H, Katsumata S, Maeda Y, Kajita Y. Changes in circulating levels of 
fibroblast growth factor 23 induced by short-term dietary magnesium deficiency in rats. 
Magnesium Res. 2016;29(2):48-54. doi: 10.1684/mrh.2016.0401. PubMed PMID: 
27624533. 

48. van den Broek DHN, Chang Y-M, Elliott J, Jepson RE. Prognostic importance of 
plasma total magnesium in a cohort of cats with azotemic chronic kidney disease. J Vet 
Intern Med. 2018;32(4):1359-71. doi: 10.1111/jvim.15141. PubMed PMID: 29704284; 
PubMed Central PMCID: PMCPMC6060321. 

49. Cozzolino M, Biondi ML, Galassi A, Cusi D, Brancaccio D, Gallieni M. Vascular 
calcification and cardiovascular outcome in dialysis patients: the role of gene 
polymorphisms. Blood purification. 2010;29(4):347-51. doi: 10.1159/000302722. 
PubMed PMID: 20357434. 

50. Shroff R, Long DA, Shanahan C. Mechanistic insights into vascular calcification in 
CKD. J Amer Soc Nephrol. 2013;24(2):179-89. doi: 10.1681/ASN.2011121191. 
PubMed PMID: 23138485. 

51. Ellam TJ, Chico TJA. Phosphate: The new cholesterol? The role of the phosphate axis 
in non-uremic vascular disease. Atherosclerosis. 2012;220(2):310-8. doi: 
10.1016/j.atherosclerosis.2011.09.002. PubMed PMID: 21962238. 

52. Tonelli M, Pannu N, Manns B. Oral phosphate binders in patients with kidney failure. 
New Engl J Med. 2010;362(14):1312-24. doi: 10.1056/NEJMra0912522. PubMed 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 1, 2019. ; https://doi.org/10.1101/577239doi: bioRxiv preprint 

https://doi.org/10.1101/577239


17 

PMID: 20375408. 

53. De Schutter T, Neven E, Behets G, Peter M, Steppan S, Passlick-Deetjen J, et al. 
Effectiveness of a Mg-Based Phosphate Binder on the Development of Vascular 
Calcifications in Uremic Rats. Nephrol Dial Transplant. 2012;27:52-3. PubMed PMID: 
000311494700121. 

54. Phan O, Ivanovski O, Nikolov IG, Joki N, Maizel J, Louvet L, et al. Effect of oral calcium 
carbonate on aortic calcification in apolipoprotein E-deficient (apoE-/-) mice with 
chronic renal failure. Nephrol Dial Transplant. 2008;23(1):82-90. doi: 
10.1093/ndt/gfm699. PubMed PMID: 17977878. 

55. Li Q, Jiang Q, Pfendner E, Váradi A, Uitto J. Pseudoxanthoma elasticum: clinical 
phenotypes, molecular genetics and putative pathomechanisms. Exp Dermatol. 
2009;18(1):1-11. doi: 10.1111/j.1600-0625.2008.00795.x. PubMed PMID: 19054062. 

56. Finch JL, Lee DH, Liapis H, Ritter C, Zhang S, Suarez E, et al. Phosphate restriction 
significantly reduces mortality in uremic rats with established vascular calcification. 
Kidney Int. 2013;84(6):1145-53. Epub 2013/10/11. doi: 10.1038/ki.2013.213. PubMed 
PMID: 24107846. 

57. Van TV, Watari E, Taketani Y, Kitamura T, Shiota A, Tanaka T, et al. Dietary 
phosphate restriction ameliorates endothelial dysfunction in adenine-induced kidney 
disease rats. J Clin Biochem Nutr. 2012;51(1):27-32. Epub 2012/07/17. doi: 
10.3164/jcbn.11-96. PubMed PMID: 22798709; PubMed Central PMCID: 
PMC3391860. 

58. Ivandic BT, Utz HF, Kaczmarek PM, Aherrahrou Z, Axtner SB, Klepsch C, et al. New 
Dyscalc loci for myocardial cell necrosis and calcification (dystrophic cardiac calcinosis) 
in mice. Physiol Genomics. 2001;6(3):137-44. PubMed PMID: 11526197. 

59. Li Q, Kingman J, van de Wetering K, Tannouri S, Sundberg JP, Uitto J. Abcc6 
Knockout Rat Model Highlights the Role of Liver in PPi Homeostasis 
in Pseudoxanthoma Elasticum. J Invest Dermatol. 2017;137(5):1025-32. doi: 
10.1016/j.jid.2016.11.042. PubMed PMID: 28111129. 

60. Azpiazu D, Gonzalo S, González Parra E, Egido J, Villa-Bellosta R. Role of 
pyrophosphate in vascular calcification in chronic kidney disease. Nefrología. 
2018;38(3):250-7. doi: 10.1016/j.nefro.2017.07.005. PubMed PMID: 29137892. 

61. Lomashvili KA, Khawandi W, O'Neill WC. Reduced plasma pyrophosphate levels in 
hemodialysis patients. J Am Soc Nephrol. 2005;16(8):2495-500. doi: 
10.1681/ASN.2004080694. PubMed PMID: 15958726. 

62. Zhao J, Kingman J, Sundberg JP, Uitto J, Li Q. Plasma PPi Deficiency Is the Major, but 
Not the Exclusive, Cause of Ectopic Mineralization in an Abcc6-/- Mouse Model of 
PXE. J Invest Dermatol. 2017;137(11):2336-43. doi: 10.1016/j.jid.2017.06.006. 
PubMed PMID: 28652107. 

63. Le Saux O, Martin L, Aherrahrou Z, Leftheriotis G, Varadi A, Brampton CN. The 
molecular and physiological roles of ABCC6: more than meets the eye. Front Genet. 
2012;3:289. doi: 10.3389/fgene.2012.00289. PubMed PMID: 23248644; PubMed 
Central PMCID: PMC3520154. 

64. Li Q, Berndt A, Guo H, Sundberg JP, Uitto J. A novel animal model for 
pseudoxanthoma elasticum: the KK/HlJ mouse. Am J Pathol. 2012;181(4):1190-6. doi: 
10.1016/j.ajpath.2012.06.014. PubMed PMID: 22846719; PubMed Central PMCID: 
PMC3463623. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 1, 2019. ; https://doi.org/10.1101/577239doi: bioRxiv preprint 

https://doi.org/10.1101/577239


18 

65. Dedinszki D, Szeri F, Kozak E, Pomozi V, Tokesi N, Mezei TR, et al. Oral 
administration of pyrophosphate inhibits connective tissue calcification. EMBO Mol 
Med. 2017;9(11):1463-70. doi: 10.15252/emmm.201707532. PubMed PMID: 
28701330; PubMed Central PMCID: PMC5666306. 

66. Gremse F, Stärk M, Ehling J, Menzel JR, Lammers T, Kiessling F. Imalytics Preclinical: 
Interactive Analysis of Biomedical Volume Data. Theranostics. 2016;6(3):328-41. doi: 
10.7150/thno.13624. PubMed PMID: 26909109; PubMed Central PMCID: 
PMCPMC4737721. 

 

 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 1, 2019. ; https://doi.org/10.1101/577239doi: bioRxiv preprint 

https://doi.org/10.1101/577239


19 

 

Figure 1. Extensive soft tissue calcification and hypomagnesemia at age 3 months in 
fetuin-A deficient mice maintained against the genetic background DBA/2. a, b, 
Wildtype (wt) and c, d, fetuin-A-deficient (Ahsg-/-) mice maintained against the genetic 
background DBA/2 (D2) or C57BL/6 (B6) were analyzed by computed tomography, and 
calcified lesions were segmented (red color) and e, quantified. Arrows point to small calcified 
lesions in a, the interscapular brown fat tissue of D2,wt and d, B6,Ahsg-/- mice. c, Arrows 
depict from left to right, massive calcified lesions in the left kidney, the heart, the 
interscapular brown adipose tissue BAT, and the axillary skin. f-i, Serum chemistry of 
calcification related electrolytes demonstrated f, normal serum total calcium, g, normal serum 
phosphate Pi, h, hypomagnesemia in D2,wt mice compared to B6,wt mice, and failure to 
induce serum magnesium in D2, Ahsg-/- compared to B6, Ahsg-/-, resulting in functional 
hypomagnesemia, i, plasma pyrophosphate, PPi was highly variable, yet slightly elevated in 
B6 mice compared to D2 mice and j, plasma FGF23 was significantly elevated in D2 
compared to B6 mice, regardless of fetuin-A genotype. One-way ANOVA with Tukey’s 
multiple comparison test for statistical significance, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 2. Fetuin-A supplementation attenuates soft tissue calcification in D2, Ahsg-/- 
mice. a-d, Three-week-old mice were injected injected intraperitoneal (i.p.) five times a week 
for three weeks, with saline or e-h, with 0.24 g/kg bodyweight fetuin-A. Shown are HE 
stained cryosections of a,e brown adipose tissue (BAT), b,f, kidney, c,g, lung, and d,h heart. 
Scale bar indicates 200 µm. Saline treated mice had numerous calcified lesions in their BAT, 
occasional lesions in kidney and lung, and extended fibrosing calcified lesions in myocard. In 
contrast, fetuin-A treated mice did not develop detectable calcified lesions in the same 
organs. i, Tissue calcium content was measured following chemical extraction of kidney, lung 
and heart of the animals. Treatment with fetuin-A strongly/markedly reduced the amount of 
tissue calcium in all analyzed organs. Student’s t-test was used to test for statistical 
significance, *p<0.05.   
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Figure 3. Dietary magnesium supplementation attenuates soft tissue calcification in 
D2, Ahsg-/- mice. a-d, Three-week-old mice were fed for eight weeks normal chow 
containing 0.2 % magnesium, or a high magnesium diet containing 1 % magnesium. 
Computed tomography of upper torso shows sparse calcified lesions in mice at the start of 
the feeding experiment (a,c), massive calcification after eight weeks on normal magnesium 
chow (b), and strongly attenuated calcification after eight weeks on high magnesium chow 
(d). e, Calcified tissue volumes determined by CT and segmentation. F, Tissue calcium 
content was measured following chemical extraction of brown adipose tissue (BAT), kidney, 
lung and heart. g-n show von Kossa stained cryosections of g,k, BAT, h,l, kidney, I,m, lung, 
and j,n, heart. Scale bar indicates 200 µm. Mice on normal chow had large calcified lesions 
in their BAT, occasional lesions in kidney and lung, and fibrosing calcified lesions in 
myocard. In contrast, mice fed with high magnesium developed sparse calcified lesions in 
the same organs. o-r, Unlike mice with the calcification resistant genetic background B6, 
mice with the calcification-prone genetic background D2 failed to induce TRPM6 expression 
in the kidney, which resulted in the functional hypomagnesemia described in Fig. 1. Student 
t-test and one-way ANOVA with Tukey’s multiple comparison test for statistical significance, 
*p<0.05, **p<0.01, ***p<0.001.  
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Figure 4. Dietary phosphate controls soft tissue calcification in D2, Ahsg-/- mice. a-f, 
Three-week-old mice were fed for eight weeks with normal chow containing 0.4% 
phosphorous (Pi) or with a low or high phosphate diet containing 0.2% and 0.8% 
phosphorous, respectively. Computed tomography of upper torso shows sparse calcified 
lesions in mice at the start of the feeding experiment (a,c,e). After feeding 8 % Pi the animals 
developed markedly more calcified lesions than control animals (b,d), while animals on low 
phosphate diet (0.2%) show strongly attenuated calcification (f). g, Calcified tissue volumes 
determined by CT and segmentation. h, Tissue calcium content was measured following 
chemical extraction of brown adipose tissue (BAT), kidney, lung and heart. i-t show von 
Kossa stained cryosections of i,m,q, BAT, j,n,r, kidney, k,o,s, lung, and l,p,t, heart. Scale 
bar indicates 200 µm. i-l, Mice on 0.4 % Pi chow had large calcified lesions in their BAT, 
occasional lesions in kidney and lung, and fibrosing calcified lesions in myocard. m-p, Mice 
on high 0.8% Pi diet had increased calcified lesions and q-t, mice on low 0.2% Pi diet had 
reduced calcified lesions in all organs studied. One-way ANOVA with Tukey’s multiple 
comparison test for statistical significance, *p<0.05, **p<0.01, ***p<0.001.  
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Figure 5. Pyrophosphate supplementation attenuates soft tissue calcification D2, 
Ahsg-/- mice. a,d,e-h Three-week-old mice were injected daily for eight weeks with saline or 
b,d,i-l, with 0.10 g/kg bodyweight sodium pyrophosphate (PPi). Computed tomography of 
upper torso shows massive calcification after eight weeks of saline injection (a), and strongly 
attenuated calcification after eight weeks of PPi injection (b). c, Calcified tissue volumes 
determined by CT and segmentation. d, Tissue calcium content was measured following 
chemical extraction of brown adipose tissue (BAT), kidney, lung and heart. e-l show von 
Kossa stained cryosections of e,i, BAT, f,j, kidney, g,k, lung, and h,l, heart. Scale bar 
indicates 200 µm. a,e-h, Saline treated mice had numerous calcified lesions in their BAT, 
occasional lesions in kidney and lung, and fibrosing calcified lesions in myocard. b,i-l, In 
contrast, PPi treated mice had reduced calcified lesions only in interscapular BAT. Student t-
test for statistical significance, *p<0.05, **p<0.01, ***p<0.001.  
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Figure 6. A single nucleotide polymorphism in the gene Abcc6, encoding the ATP-
binding cassette subfamily C member 6, a regulator of serum PPi levels in DBA/2 mice 
is associated with hypomorphic Abcc6 expression in liver and kidney. a, SNP 
rs32756904 causing a 5-bp deletion in the Abcc6 transcript was detected by differential PCR 
and DNA gel electrophoresis. Amplicon size is given in base pairs [bp]. b, The polymorphism 
is associated with reduced expression of correctly spliced Abcc6 transcript, which was 
verified by immunoblotting of Abcc6 protein in the liver, c, d, and by qPCR of mRNA in liver 
and kidney, respectively. Overall the hypomorphic Abcc6 mutation results in reduced steady 
state extracellular pyrophosphate, a potent inhibitor of calcification. For a genomic analysis of 
the hypomorphic Abcc6 mutation see supplemental figure S3 online. One-way ANOVA with 
Tukey’s multiple comparison test for statistical significance, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 7. Linkage analysis of SNP rs32756904 with calcification phenotype in progeny 
of fetuin-A deficient DBA/2 and C57BL/6 mice. a, One male D2, Ahsg-/- mouse was 
naturally mated with one female B6, Ahsg-/- mouse (parental generation – P). b, Three 
breeding pairs of their hybrid progeny (F1) produced 177 F2-offspring (86 male, 91 female), 
which were genotyped by PCR and genomic sequencing for the hypomorphic Abcc6 single 
nucleotide polymorphism rs32756904. Calcification was individually scored by computed 
tomography and segmentation of non-skeletal mineralized tissue (red color). Calcification 
was scored in five categories ranging from no calcified lesions detected (I), one calcified 
lesion detected in the brown adipose tissue BAT (II), more than one calcified lesion detected 
in BAT, but not in other tissues (III), numerous calcified lesions detected in BAT, kidney and 
myocard (IV), and numerous massive calcified lesions in BAT, kidney, myocard and axillary 
skin (V). The clear segregation of scores with SNP rs32756904 suggests that a limited 
number of 1-2 additional genes besides fetuin-A deficiency and SNP rs32756904 determine 
the severity of the calcification phenotype of the mice.  
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Supplementary Figure S1. Serum immunoblot confirms complete lack of fetuin-A 
expression (Ahsg) in D2, Ahsg-/- and B6, Ahsg-/- mice. 
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Supplementary Figure S2. Fetuin-A supplementation attenuates soft tissue 
calcification in D2, Ahsg-/- mice. a-d, Three-week-old mice were injected i.p. five times a 
week for three weeks, with saline (a,c) or with 0.24 g/kg bodyweight fetuin-A (b,d). Lateral 
and dorsal radiographs show brown adipose tissue and renal fat calcification (arrows) in 
saline treated but not in fetuin-A treated mice. 
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Supplementary Figure S3. Genomic organization of SNP rs32756904 in the gene Abcc6 on 
chromosome 7 in D2 and B6 fetuin-A deficient. B6 mice have unambiguous splice donor and 
acceptor sites in their genomic DNA (gDNA) resulting in a single pre-mRNA and a single 
mRNA transcript. In contrast, D2 mice carry a G>A mutation in their gDNA, creating an 
additional splice donor site five base pairs upstream of the wildtype splice acceptor site. This 
creates an alternative five base pairs shortened splice variant of the mRNA transcript, which 
is not translated. Thus, the hypomorphic SNP rs32756904 results in reduced expression of 
functional Abcc6 protein and reduced extracellular pyrophosphate levels. 
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Supplementary Table S1. Primer sequences used for quantitative real-time PCR. 
Primers were designed using NCBI primer-BLAST or taken from Primer Bank. We ensured 
that all primers were spanning exon-exon junctions and primed the coding region of the 
gene. 

Primer Fragment size [bp] Sequence (5` → 3`) 

Abcc6_for 
104 

GCATCGTTCAGGCTCGAGTG 

Abcc6_rev CGAGGAGCGCCTGGAGTTAC 

TRPM6_for 
159 

TCTGCCACAATTTAGTCAGGTG 

TRPM6_rev TGGTGCCGAAGGTATCTGTAG 

TRPM7_for 
128 

AGGATGTCAGATTTGTCAGCAAC 

TRPM7_rev CCTGGTTAAAGTGTTCACCCAA 

GAPDH_for 
70 

AGATGGTGATGGGCTTCCC 

GAPDH_rev GGCAAATTCAACGGCACAGT 
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