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Abstract

Pseudoxanthoma elasticum (PXE), a prototype of heritable ectopic mineralization disorders, is 

caused by mutations in the ABCC6 gene encoding a putative efflux transporter ABCC6. It was 

recently demonstrated that the absence of ABCC6-mediated ATP release from the liver, and 

consequently reduced PPi levels, underlie the pathogenesis of PXE. Given that tissue-nonspecific 

alkaline phosphatase (TNAP), encoded by ALPL, is the enzyme responsible for degrading PPi, we 

hypothesized that reducing TNAP levels either by genetic or pharmacological means would lead to 

amelioration of the ectopic mineralization phenotype in the Abcc6−/− mouse model of PXE. Thus, 

we bred Abcc6−/− mice to heterozygous Alpl+/− mice that display approximately 50% plasma 

TNAP activity. The Abcc6−/−Alpl+/− double mutant mice showed 52% reduction of mineralization 

in the muzzle skin compared to the Abcc6−/− Alpl+/+ mice. Subsequently, oral administration of 

SBI-425, a small molecule inhibitor of TNAP, resulted in 61% reduction of plasma TNAP activity 

and 58% reduction of mineralization in the muzzle skin of Abcc6−/− mice. By contrast, SBI-425 

treatment of Enpp1 mutant mice, another model of ectopic mineralization associated with reduced 
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PPi, failed to reduce muzzle skin mineralization. These results suggest that inhibition of TNAP 

might provide a promising treatment strategy for PXE, a currently intractable disease.
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INTRODUCTION

Ectopic mineralization - inappropriate biomineralization in soft connective tissues - is a 

widespread pathological problem encountered frequently during physiological aging and 

found in several common disorders (obesity, diabetes, chronic kidney disease, etc.) causing 

significant morbidity and mortality (Giachelli, 1999). In addition, ectopic mineralization is 

seen in several rare genetic disorders with defined gene defects. Pseudoxanthoma elasticum 

(PXE), a multisystem disorder with a protean phenotypic spectrum, is one example of a 

heritable ectopic mineralization disorder. The clinical manifestations in PXE are primarily 

evident in the skin, eyes, and cardiovascular system (Neldner, 1988; Uitto et al., 2017). PXE 

is a late-onset and slowly progressive disease with systemic manifestations for which there is 

no effective treatment.

PXE is caused in most cases by biallelic loss-of-function mutations in the ABCC6 gene 

(Bergen et al., 2000; Le Saux et al., 2000; Ringpfeil et al., 2000). The ABCC6 gene encodes 

ABCC6, a putative transmembrane efflux transporter protein primarily expressed in the liver 

(Belinsky and Kruh, 1999; Scheffer et al., 2002). The metabolic features of PXE have been 

determined to be a consequence of defective ABCC6 transporter activity in hepatocytes 

(Jiang et al., 2009; Li et al., 2017). It was recently shown that under physiologic conditions 

ABCC6 mediates adenosine triphosphate (ATP) release from the liver to the extracellular 

space. Outside the liver, but still within the confines of the liver vasculature, pericellular ATP 

is rapidly hydrolyzed into adenosine monophosphate and inorganic pyrophosphate (PPi) by 

ENPP1, an ectonucleotidase (Jansen et al., 2014; Jansen et al., 2013). As a result, plasma 

levels of PPi are reduced to approximately 30-40% of normal in patients with PXE and in 

Abcc6−/− murine models (Jansen et al., 2014; Jansen et al., 2013; Li et al., 2017). ENPP1 
mutations are associated with type 1 generalized arterial calcification of infancy (GACI) 

while ABCC6 mutations are also associated with type 2 GACI, heritable ectopic 

mineralization disorders in which low or absent levels of PPi are associated with early onset 

of extensive vascular mineralization that causes significant mortality in infancy (Li et al., 

2014a; Nitschke et al., 2012; Rutsch et al., 2003). Collectively, ABCC6-mediated ATP 

release and subsequent conversion to plasma PPi by ENPP1 links the shared pathogenetic 

pathway from mutations in the ABCC6 and ENPP1 genes to plasma PPi deficiency and 

eventually ectopic mineralization in PXE and GACI (Uitto et al., 2017).

PPi has been recognized as a potent mineralization inhibitor for four decades (Orriss et al., 

2016; Meyer, 1984), and deficiency of PPi levels was recently established as the underlying 

cause for PXE as a result of ABCC6 mutations. These results suggest that therapeutics 

capable of counteracting ectopic mineralization by targeting PPi deficiency could be of use 
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for treating PXE. One approach towards increasing PPi levels involves inhibition of tissue-

nonspecific alkaline phosphatase (TNAP, encoded by the ALPL gene), a membrane-bound 

enzyme that degrades PPi. The early development of Abcc6−/− mice has provided a model 

system to explore potential treatment modalities for PXE (Klement et al., 2005). In this 

study, two experiments were performed to attempt to inhibit TNAP activity. As a proof of 

concept, a genetic model, Abcc6−/−Alpl+/− mice, was used to determine the effect of reduced 

TNAP activity on ectopic mineralization. Subsequently, Abcc6−/− mice were treated with 

SBI-425 (Pinkerton et al., 2018), a small molecule inhibitor of TNAP, to test whether 

SBI-425 provides sustained and titratable inhibition of TNAP activity and consequently 

might counteract ectopic mineralization. The results demonstrated that inhibition of TNAP 

activity attenuated ectopic mineralization in the Abcc6−/− mouse model. However, the 

therapeutic effect of TNAP inhibition was not caused by increased plasma PPi levels, 

suggesting there are other mechanisms by which TNAP inhibition attenuates ectopic 

mineralization. Interestingly, inhibition of TNAP activity by SBI-425 had no effect on 

ectopic mineralization in the Enpp1asj and Enpp1asj-2J mutant mouse models of GACI which 

also display extremely low levels of plasma PPi (Li et al., 2013; Li et al., 2014b).

RESULTS

Reduced TNAP activity attenuated connective tissue mineralization in Abcc6−/− mice

To explore the potential efficacy of inhibition of TNAP activity for counteracting ectopic 

mineralization in PXE, Abcc6−/− mice were crossed with Alpl+/− mice to generate 

Abcc6−/−Alpl+/− mice. If reduced TNAP activity in the Abcc6−/−Alpl+/− mice resulted in 

elevated plasma levels of PPi, a natural substrate of TNAP, it was expected to ameliorate the 

degree of ectopic mineralization in the Abcc6−/− mice. The Alpl−/− mice and patients with 

genetic deficiency of TNAP develop hypophosphatasia, caused by accumulation in the 

extracellular matrix of PPi, a potent mineralization inhibitor (Fedde et al., 1999; Whyte et 

al., 2012; Russell, 1965; Russell et al., 1971). Consequently, these mice die during the early 

postnatal period. As compared to wild type mice, the Alpl+/− mice have ~50% plasma TNAP 

activity but exhibit normal skeletal development. Thus, the Abcc6−/− mice were crossed with 

Alpl+/− mice and the corresponding Abcc6−/−Alpl+/+ and Abcc6−/−Alpl+/− mice were used 

to assess the effects of a controlled 50% reduction of TNAP activity on plasma PPi levels 

and ectopic mineralization. Wild type C57BL/6J mice served as baseline of normal plasma 

PPi levels and negative controls of ectopic tissue mineralization. All mice were kept on 

standard control diet and euthanized at 12 weeks of age for analysis.

Mineralization of the dermal sheath of vibrissae in the muzzle skin, an early and reliable 

biomarker in the overall mineralization process in the Abcc6−/− mice, was examined by two 

independent assays. One piece of muzzle skin was processed for semi-quantitative 

histopathologic examinations. A mineralization-specific stain, von Kossa, revealed robust 

mineralization in the dermal sheath of vibrissae in the Abcc6−/−Alpl+/+ mice. The 

Abcc6−/−Alpl+/− mice showed significantly reduced mineralization in the muzzle skin (Fig. 

1a). Another piece of muzzle skin was solubilized and the amount of calcium was 

quantitated using a chemical assay of calcium. The calcium assay showed a significant 
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reduction of 52% in the amount of calcium in the muzzle skin in the Abcc6−/−Alpl+/− mice 

(Fig. 1b).

Plasma PLP levels, but not PPi levels, were increased in Abcc6−/−Alpf+/− mice

To further examine the consequences of reduced TNAP activity on ectopic mineralization, 

PPi levels were determined in plasma of wild type C57BL/6J, Abcc6−/−Alpl+/+ and 

Abcc6−/−Alpl+/− mice. Consistent with previous results (Jansen et al., 2014), the 

Abcc6−/−Alpl+/− mice had approximately 30% plasma PPi levels of that in wild type mice 

(Fig. 1c). Reduced TNAP activity in Abcc6−/−Alpl+/− mice did not result in a significance 

increase in plasma PPi levels (Fig. 1c). The plasma levels of another natural substrate of 

TNAP, pyridoxal 5’-phosphate (PLP), were also determined. The results demonstrated a 

significant, 2.4-fold, increase of plasma PLP levels in the Abcc6−/−Alpl+/− mice as 

compared to Abcc6−/−Alpl+/+ mice (Fig. 1d). Therefore, plasma PLP but not PPi levels 

served as a reliable biomarker for inhibition of TNAP activity.

SBI-425, a prototypic small molecule inhibitor of TNAP, attenuated connective tissue 
mineralization in Abcc6−/− mice

Based on the demonstration in the genetic proof of concept study that reduced TNAP 

activity attenuated ectopic mineralization in Abcc6−/− mice, a treatment trial with SBI-425, a 

selective and orally bioavailable TNAP inhibitor, was initiated. SBI-425 does not inhibit 

placental, intestinal, or germ-cell alkaline phosphatase, while demonstrating significantly 

improved pharmacokinetic profiles as compared to the previously identified chemical 

inhibitors of TNAP (Pinkerton et al., 2018; Sheen et al., 2015). The ability of SBI-425 to 

target and inhibit TNAP was previously confirmed in mouse models that overexpress human 

TNAP in vascular smooth muscle cells and endothelial cells and demonstrated significantly 

reduced aortic calcification and cardiac hypertrophy, without deleterious effects on skeletal 

mineralization (Sheen et al., 2015; Romanelli et al., 2017). To investigate the effects of 

SBI-425 for PXE, the Abcc6−/− mice were fed a diet supplemented with SBI-425 at two 

doses, 7.5 and 75 mg/kg body weight/day, starting at 4 weeks of age followed by an 

additional 8 weeks. As a result of treatment, plasma TNAP activity was reduced by 61% in 

mice treated with 75 mg/kg/day SBI-425 with concomitant increase of plasma PLP levels 

(Fig. 2a).

Histologic examination revealed significant reduction in the muzzle skin calcification in the 

Abcc6−/− mice treated with 75 mg/kg/day SBI-425 (Fig. 3a). The same mice treated with 7.5 

mg/kg/day SBI-425 had similar levels of ectopic mineralization to the Abcc6−/− mice 

without treatment. The therapeutic effect of SBI-425 was substantiated by measuring the 

calcium content in muzzle skin biopsies using a chemical assay. The results confirmed a 

significant, 58%, reduction in the amount of calcium in the Abcc6−/− mice treated with 75 

mg/kg/day SBI-425, as compared to the untreated Abcc6−/− mice (Fig. 3b).

TNAP inhibition by SBI-425 has no effect on bone microarchitecture in Abcc6−/− mice

Because reduced TNAP activity, especially complete loss of TNAP activity, is associated 

with hypophosphatasia, a heritable disease characterized by defective bone mineralization 

(Millan and Whyte, 2016; Whyte, 2016), the femurs were dissected from wild type 
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C57BL/6J and Abcc6−/− mice for evaluation of their bone microarchitecture as a result of 

SBI-425 treatment. The femurs were examined by μCT analysis at the end of the treatment 

trial (Fig. 4). Marked differences in the bone density and trabecular microarchitecture were 

noted between the male and female mice, consistent with previous reports (Bouleftour et al., 

2014; Pennypacker et al., 2009; Li et al., 2015; Li et al., 2016). Consequently, sex-matched 

comparisons of the μCT results were performed between wild type, untreated Abcc6−/− mice 

and the same mice fed with 75 mg/kg/day SBI-425. No differences were found between wild 

type and Abcc6−/− mice. SBI-425 treatment in Abcc6−/− mice did not result in any 

appreciable changes to bone microarchitecture (Fig. 4). Quantification of the bone 

microarchitecture did not show significant differences between control and treated mice 

across all trabecular bone parameters (Table 2). These results attest to the safety of SBI-425 

for TNAP inhibition, at oral doses up to 75 mg/kg/day, without deleterious effects on bone 

morphometry.

SBI-425 has no effect on connective tissue mineralization in Enpp1 mutant mice

The Enpp1asj and Enpp1asj-2J mutant mice serve as models of GACI (Li et al., 2013; Li et 

al., 2014b). To test the potential efficacy of 75mg/kg/day dietary SBI-425 in counteracting 

ectopic mineralization these Enpp1 mutant mice were used. As compared to Abcc6−/− mice 

which have ~30% plasma PPi levels of wild type mice, the Enpp1asj-2J mice have essentially 

no plasma PPi due to a spontaneous large deletion and a small insertion in the Enpp1 gene 

resulting in complete loss of ENPP1 enzyme activity (Li et al., 2014b). By contrast, the 

Enpp1asj mice carry a missense p.V246D mutation with residual, ~15% of ENPP1 

enzymatic activity and lowered plasma PPi levels (Li et al., 2013).

The Enpp1asj and Enpp1asj-2J mice were fed with SBI-425 starting at 4 weeks of age and 

followed for an additional 8 weeks. In addition, some pregnant mothers were treated with 

SBI-425 during pregnancy and nursing and the Enpp1 homozygous pups continuing the 

same treatment until 12 weeks of postnatal life. All mice were analyzed at 12 weeks of age. 

Increased plasma TNAP activity was observed in the Enpp1asj and Enpp1asj-2J mice, 

suggesting a compensatory mechanism to increase bone formation in the absence of ENPP1 

(Mackenzie et al., 2012). As a result of SBI-425 treatment, plasma TNAP activities were 

significantly reduced accompanied by increased plasma PLP levels (Fig. 2b); however, 

analysis of calcium content and histology in muzzle skin from these mice showed that 

SBI-425 treatment failed to reduce the degree of ectopic mineralization (Fig. 3c,d).

DISCUSSION

PXE is the prototype of heritable disorders of ectopic mineralization, a group of autosomal 

recessive disorders, which also includes generalized arterial calcification of infancy (GACI) 

and arterial calcification due to CD73 deficiency (ACDC). These conditions have both 

overlapping and distinctive phenotypic features. GACI is characterized by severe, early-

onset mineralization of the cardiovascular system and the majority of children with GACI 

die from cardiovascular collapse during the first six months after birth (Rutsch et al., 2008). 

By contrast, ACDC is a late-onset mineralization disorder that primarily affects the arteries 

of the lower extremities and periarticular ligaments (St Hilaire et al., 2011). Mutations in the 
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ABCC6 gene cause the classic form of PXE and type 2 GACI, while ENPP1 mutations 

cause type 1 GACI. Significant recent progress has been made in understanding the 

pathomechanistic details of ectopic mineralization in these conditions, and this information 

has now provided a platform to develop treatments for PXE (Uitto et al., 2017). A 

particularly intriguing recent observation is that release of ATP from hepatocytes to the 

circulation is dependent on functional ABCC6, and in the absence of ABCC6 transporter 

activity, as in PXE, the extracellular pool of ATP is reduced and consequently less plasma 

PPi is generated by ENPP1 hydrolysis. Recent studies indicated that a unifying 

pathomechanistic feature in PXE, GACI and ACDC involves reduction in PPi levels 

allowing ectopic mineralization in the peripheral tissues to ensue (Uitto et al., 2017).

PPi levels are regulated by the opposing actions of ENPP1, which generates PPi, and TNAP, 

which degrades PPi. Since PPi is a powerful anti-mineralization factor, in this study we 

tested the hypothesis that inhibition of TNAP activity would increase plasma PPi levels and 

thereby counteract ectopic mineralization in a mouse model of PXE. A genetic model, 

Abcc6−/−Alpl+/− mice with ~50% reduction of plasma TNAP activity showed significant 

inhibition of mineralization. To titrate the level of TNAP activity required for inhibition of 

ectopic mineralization in Abcc6−/− mice, subsequent studies tested two different doses of a 

small molecule inhibitor of TNAP, SBI-425, which has been shown to reduce vascular 

mineralization while not adversely affecting bone mineralization in mouse models 

overexpressing human TNAP (Sheen et al., 2015). The Abcc6−/− mice treated with 75 

mg/kg/day SBI-425 demonstrated 61% reduced plasma TNAP activity and ectopic 

mineralization in the muzzle skin while the same mice treated with 7.5 mg/kg/day SBI-425 

did not. The therapeutic effect of SBI-425 did not cause deleterious consequences to the 

femoral bone in the treated mice. While significant reduction of ectopic mineralization was 

noted in Abcc6−/− mice either via genetics or pharmacological means for inhibition of 

TNAP, distinct mineralization was still present, indicating that reduction of TNAP activity 

up to 61% of the wild type level is not sufficient to completely arrest ectopic mineralization. 

The early postnatal lethality of the homozygous Alpl−/− mice prevented us to investigate 

whether a more drastic decrease of TNAP activity, <1% of wild type level, would have more 

pronounced therapeutic effects in Abcc6−/− mice (Fedde et al., 1999). In addition, though 

two different doses of SBI-425 was tested for titration, the efficacy for inhibition of TNAP 

activity did not achieve as high as 95% as we had anticipated for at the planning phase of 

this study. Further studies might require higher doses for more drastic reduction in TNAP 

activity and complete mineralization arrest. Please note that the investigational drug, the 

dose at 75 mg/kg/day and the Abcc6−/− mouse model for PXE in this study mirrors those in 

another study (Ziegler et al., 2017). Combined results of these independent and 

complementary studies suggested that inhibition of TNAP by SBI-425 could be turned into a 

viable approach for treatment of patients with PXE.

Whereas Abcc6−/− mice had decreased plasma PPi concentrations compared to wild type 

mice, reduced TNAP activity did not significantly increase plasma PPi concentrations as we 

initially anticipated, potentially highlighting the contribution of other mechanisms, 

independent of PPi, to the therapeutic effect of TNAP inhibition on attenuation of ectopic 

mineralization. . Furthermore, in earlier studies where plasma TNAP levels were genetically 

increased by 10 to 15-fold, plasma PPi levels were not decreased (Narisawa et al., 2013; 
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Sheen et al., 2015; Savinov et al., 2015). Therefore, plasma PPi levels are not a reliable 

marker for tracking phenotypic improvement. In this context, the levels of PLP, another 

physiological substrate for TNAP can be used reliably as a marker of therapeutic benefit 

(Whyte et al., 2012).

To investigate whether SBI-425 treatment has broader applications beyond PXE, the 

Enpp1asj and Enpp1asj-2J mice, models for GACI, were also treated with SBI-425. Previous 

studies suggested that three TNAP compounds, unrelated to SBI-425, inhibited TNAP 

activity and suppressed mineralization in cultured vascular smooth muscle cells derived 

from Enpp1−/− mice (Narisawa et al., 2007). Interestingly, SBI-425 administration at 75 

mg/kg/day in both Enpp1asj and Enpp1asj-2J mice postnatally or prenatally did not affect the 

degree of ectopic mineralization. The lack of therapeutic effect of SBI-425 in the context of 

ENPP1 mutations could be at least partially explained by distinct pathophysiology of 

ABCC6 and ENPP1 in preventing ectopic mineralization under physiologic conditions. 

ENPP1 is the principal enzyme for generation of PPi by ATP hydyolysis. Upstream of 

ENPP1, ABCC6-mediated ATP release from hepatocytes is the main source of circulating 

PPi (Jansen et al., 2014). The work by us and others suggest that reduced PPi levels is the 

major factor leading to ectopic mineralization in PXE, but there might be an alternative, as 

yet unknown mechanism, independent of PPi, by which ABCC6 prevents ectopic 

mineralization under physiologic conditions (Zhao et al., 2017; Pomozi et al., 2017). Recent 

observations suggest that ABCC6 is also involved in extracellular nucleotide metabolism, 

suggesting a central role for ABCC6 in purinergic signaling in the development of ectopic 

mineralization (Kauffenstein et al., 2018).

Taken together, ectopic mineralization in PXE can be attenuated by inhibition of TNAP 

activity genetically or pharmacologically. The lack of restoration of plasma PPi levels does 

not explain why inhibition of TNAP activity results in attenuation of ectopic mineralization 

in PXE. Nevertheless, the results derived from the preclinical mouse studies suggest that 

inhibition of TNAP activity could reduce or slow down progression of the devastating 

consequences in patients with PXE. The mechanisms by which TNAP inhibition resulted in 

attenuation of ectopic mineralization in PXE but not in GACI remains unexplained. In this 

context, TNAP inhibition could be considered for other ectopic mineralization conditions 

only after careful testing in appropriate model systems.

MATERIALS AND METHODS

Mice and breeding

The Abcc6tm1JfK mouse was developed by targeted ablation of the Abcc6 gene (this mouse 

is referred to as Abcc6−/−) (Klement et al., 2005). Abcc6−/− mice were made congenic by 

backcrossing heterozygous mice for 10 generations with wild type C57BL/6J mice (The 

Jackson Laboratory, Bar Harbor, ME). The Alpl+/− mice (Alpltm1Jlm) were obtained from 

Sanford-Burnham-Prebys Medical Discovery Institute (Fedde et al., 1999) and subsequently 

backcrossed with C57BL/6J mice for four generations. Compound Abcc6 and Alpl mice 

were generated by intercrossing Abcc6−/− mice with Alpl+/− mice. The C57BL/6J-Enpp1asj/

GrsrJ and BALB/cJ-Enpp1asj-2J/GrsrJ mice were obtained from The Jackson Laboratory. 

These Enpp1 mutant mice are referred in this publication as the Enpp1asj and Enpp1asj-2J 
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mouse, respectively (Li et al., 2013; Li et al., 2014b). The wild type, heterozygous, and 

homozygous mice were generated from heterozygous matings. The C57BL/6J mice serve as 

wild type controls for Abcc6−/− and Enpp1asj mice while BALB/cJ mice serve as wild type 

controls for Enpp1asj-2J mice. All mice were maintained a standard rodent diet (Lab Diet 

5010; PMI Nutrition, Brentwood, MO, USA). All protocols were approved by the 

Institutional Animal Care and Use Committee of Thomas Jefferson University.

Experimental design and treatments

In the proof of concept genetic study, the C57BL/6J, Abcc6−/−Alpl+/+, and Abcc6−/−Alpl+/− 

mice were fed a control diet throughout the experiments. At 12 weeks of age, these mice 

were euthanized for analysis. In the TNAP inhibitor SBI-425 treatment experiments, mice 

were divided into eleven groups (A to K) based on their Abcc6 or Enpp1 genotype and 

treatment regiments (Table 1). Four-week old wild type, Abcc6−/−, Enpp1asj, and Enpp1asj-2J 

mice were placed on either control diet or experimental diet supplemented with 0.003% or 

0.03% SBI-425 and maintained on the same treatment regimen for an additional 8 weeks. 

The doses correspond to 7.5 or 75 mg/kg body weight/day SBI-425, assuming that a 20 g 

mouse consumes 5 g food per day. Groups G and K are Enpp1asj and Enpp1asj-2J mice, 

respectively, fed a SBI-425 containing diet (75 mg/kg/day) to the pregnant mothers and 

continuing the same treatment in pups until pups became 12 weeks of age. All mice were 

euthanized at 12 weeks of age for analysis.

Histopathological analysis

Muzzle skin biopsies (left side) from euthanized mice were collected and processed for 

histology. Tissue sections were stained with von Kossa using standard procedures.

Chemical quantitation of calcium

To quantify the mineral deposition in mouse tissues, muzzle skin biopsies (right side) were 

harvested and decalcified with 1.0 mol/L HCl for 48 hours at room temperature. Solubilized 

calcium was then determined by colorimetric analysis using the o’-cresolphthalein 

complexone method (calcium (CPC) LiquiColor; Stanbio Laboratory, Boerne, TX). The 

values were normalized to tissue weight.

Plasma inorganic pyrophosphate assay

Whole blood was collected by cardiac puncture into test tubes containing 100 μL CTAD and 

stored at room temperature after addition of 10 μL 15% trisodium EDTA (Sigma-Aldrich, 

St. Louis, MO). After centrifugation, plasma was depleted of platelets by filtration through a 

Centrisart I 300-kDa mass cutoff filter (Sartorius, New York, NY, USA), and stored at 

−80°C until further processing. PPi in plasma was measured by an enzymatic reaction using 

ATP sulfurylase to convert PPi into ATP in the presence of excess adenosine 5’-

phosphosulfate (Sigma-Aldrich), a methodology adopted world-wide as described 

previously (Li et al., 2017; Jansen et al., 2014; Dedinszki et al., 2017; Pomozi et al., 2017; 

Bauer et al., 2018).
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Plasma TNAP activity and PLP assays

In the proof of concept genetic study, the platelet-free plasma was used for determination of 

PLP levels by a stable isotope dilution LC-ESI-MS/MS method (van Zelst and de Jonge, 

2012). In the TNAP inhibitor SBI-425 treatment experiments, heparin plasma was collected 

for determination of alkaline phosphatase activity using a colorimetric kit from Abcam 

(Cambridge, MA).

Microcomputed tomography

Microarchitecture of the distal trabecular bone and midshaft region of the right femur was 

analyzed. A 1.2 mm-thick region located proximal to the distal growth plate of femur was 

scanned at a 6 μm resolution using the micro-computed tomography (μCT) system (μCT35; 

Scanco Medical AG, Bassersdorf, Switzerland). The microstructural parameters were 

obtained through three-dimensional reconstruction and segmentation (using a Gaussian filter 

and a global threshold of 3685 Hounsfield units) using the manufacturer-provided software.

Statistical analysis

The data were analyzed using multivariable linear regression with the predictor of sex and 

treatment and their interactions for each group. Statistical significance was reached with p 
<0.05. All statistical computations were completed using R version 3.5.0 software.
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Abbreviations:

Asj ages with stiffened joints

GACI generalized arterial calcification of infancy

PLP pyridoxal 5’-phosphate

PPi inorganic pyrophosphate
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Figure 1. Genetic proof of concept study demonstrated that reduced TNAP activity in the Alpl+/− 

mice inhibited ectopic connective tissue mineralization in the Abcc6−/− mice.
(a) Muzzle skin biopsies were processed for histopathology followed by von Kossa stains. 

The Abcc6−/−Alpl+/− mice (lower panel) developed less ectopic mineralization of the dermal 

sheath of vibrissae in the muzzle skin compared to Abcc6−/−Alpl+/+ mice (upper panel); (b) 

The amount of calcium in the muzzle skin of Abcc6−/−Alpl+/− mice was significantly 

decreased as compared to Abcc6−/−Alpl+/+ mice; (c) Plasma PPi levels in the Abcc6−/−Alpl
+/+ mice were 30% of that in wild type mice; however, plasma PPi levels in the 

Abcc6−/−Alpl+/− mice were not statistically different from that in the Abcc6−/− Alpl+/− mice; 

(d) Plasma levels of PLP were significantly increased in the Abcc6−/−Alpl+/− mice. Values 

were expressed as mean ± SD; n = 12 - 15 mice per group. **p < 0.01, compared with 

Abcc6−/−Alpl+/+ mice. Scale bar, 0.4 mm.
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Figure 2. Treatment of mice with SBI-425 resulted in decreased TNAP activity and increased 
PLP levels in plasma.
Plasma TNAP activities and PLP levels in the Abcc6−/− mice (a) and Enpp1 mutant mice (b; 

left panel, Enpp1asj; right panel, Enpp1asj-2J mice). Treatment with 75 mg/kg/day SBI-425 

resulted in reduction of plasma TNAP activity with concomitant increase of PLP levels in 

the Abcc6−/− mice (Group D) as compared to the Abcc6−/− control mice (Group B); Note 

significant increase of plasma TNAP activity in the Enpp1asj and Enpp1asj-2J mice (Group E 

and I) as compared to their respective wild type controls (Group A and H). Treatment with 

75 mg/kg/day SBI-425 starting at 4 weeks of age (Group F and J) or in pregnant mothers 

(Group G and K) resulted in significant reduction of TNAP activities and increase of PLP 

levels in the progeny when examined at 12 weeks of age. Values were expressed as mean ± 

SD; n = 7 - 20 mice per group. **p < 0.01, compared with Abcc6−/− (Group B), Enpp1asj 

(Group E), or Enpp1asj-2J (Group I) mice on control diet.
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Figure 3. Treatment with SBI-425 attenuated ectopic connective tissue mineralization in 
Abcc6−/− mice but not in Enpp1asj and Enpp1asj-2j mice.
(a) Tissues were collected from Abcc6−/− mice at 12 weeks of age and analyzed by 

histopathology with von Kossa stains. The Abcc6−/− mice treated with 7.5 mg/kg/day 

SBI-425 (Group C) had similar levels of mineralization in the muzzle skin to that of 

Abcc6−/− control mice (Group B). In contrast, treatment with 75 mg/kg/day SBI-425 

revealed marked decrease of mineralization (Group D); (b) The chemical assay of calcium 

demonstrated significant reduction in the amount of calcium in the muzzle skin in the 

Abcc6−/− mice treated with 75 mg/kg/day SBI-425 (Group D); (c) The Enpp1asj mice (upper 

panel) and Enpp1asj-2J mice (lower panel) treated with 75 mg/kg/day SBI-425 postnatally 

(Group F and J) and in pregnant mothers (Group G and K) had similar levels of 

mineralization in the muzzle skin to their respective mutant mice on the control diet (Group 

E and I); (d) The chemical assay of calcium did not reveal differences in the amount of 

calcium in the muzzle skin in the treated mice. Values were expressed as mean ± SD; n = 7 - 

20 mice per group. **p < 0.01, compared with Abcc6−/− (Group B), Enpp1asj (Group E), or 

Enpp1asj-2J (Group I) mice on control diet. Scale bar, 0.4 mm.
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Figure 4. MicroCT analysis does not reveal changes in trabecular bone microarchitecture in the 
Abcc6−/− mice treated with 75 mg/kg/day SBI-425.
Note the distinct differences between male and female mice in each group. Changes were 

not found in Abcc6−/− mice (Group B) compared to wild type C57BL/6J mice (Group A). 

Treatment with 75 mg/kg/day SBI-425 in the Abcc6−/− mice (Group D) did not alter the 

femoral microarchitecture as compared to Abcc6−/− control mice (Group B). n = 3-5 per sex 

in each group. Their respective quantitative data were detailed in Table 2.
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Table 1.

Experimental groups of mice by genotype and treatment*

Group Genotype No. of mice examined (M+F) Treatment Treatment started > treatment ended (weeks)

Set 1 (Abcc6−/− mice)

A C57BL/6J 12 (6+6) Control diet 4 > 12

B Abcc6−/− 12 (6+6) Control diet 4 > 12

C Abcc6−/− 12 (6+6) SBI-425 7.5 mg/kg/day 4 > 12

D Abcc6−/− 15 (9+6) SBI-425 75 mg/kg day 4 > 12

Set 2 (Enpp1asj mice)

E Enpp1asj 11 (6+5) Control diet 4 > 12

F Enpp1asj 10 (4+6) SBI-425 75 mg/kg/day 4 > 12

G Enpp1asj 20 (8+12) SBI-425 75 mg/kg/day pregnancy > 12

Set 3 (Enpp1asj-2J mice)

H BALB/2J 12 (6+6) Control diet 4 > 12

I Enpp1asj-2J 8 (3+5) Control diet 4 > 12

J Enpp1asj-2J 7 (3+4) SBI-425 75 mg/kg/day 4 > 12

K Enpp1asj-2J 11 (4+7) SBI-425 75 mg/kg/day pregnancy > 12

*
Some mice with desired genotype were placed on either control diet or SBI-425 containing diets at 4 weeks of age and followed for another 8 

weeks (4 > 12 weeks). Some pregnant mothers were placed on SBI-425 containing diets during pregnancy and nursing and continuing for the first 
12 weeks of postnatal life of the offspring (pregnancy > 12 weeks). The mice were sacrificed at the age of 12 weeks for analysis. M, male; F, 
female.
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Table 2.

Trabecular bone phenotypes of the femurs by microCT analysis

Group
1) Sex BMD (mg/cm3) BV/TV (%) Tb.Th (μm) Tb.N (1/mm) Tb.Sp (μm) SMI Conn.D (TV/mm3)

A M 198.9 ± 70.5 14.6 ± 2.9 37.7 ± 20.2 4.4 ± 0.1 222.7 ± 6.0 2.1 ± 0.8 207.5 ± 106.1

A F 100.2 ± 13.4 5.8 ± 2.5** 30.6 ± 4.6 3.6 ± 0.2** 277.5 ± 16.0** 2.7 ± 0.5 124.2 ± 54.5

B M 246.1 ± 12.2 17.8 ± 1.3 44.8 ± 7.7 5.7 ± 0.5 168.4 ± 13.6 1.5 ± 0.1 378.3 ± 118.0

B F 125.0 ± 24.8** 7.4 ± 2.0** 33.2 ± 3.1* 4.0 ± 0.3** 247.4 ± 22.0** 2.2 ± 0.3** 185.1 ± 52.2*

D M 210.8 ± 62.2 14.4 ± 5.7 37.9 ± 6.4 5.5 ± 0.8 178.1 ± 23.5 1.6 ± 0.5 363.3 ± 132.5

D F 150.0 ± 23.6 9.0 ± 2.0 34.5 ± 1.3 4.5 ± 0.4 218.6 ± 21.4* 2.2 ± 0.2 241.4 ± 52.6

1)
For a description of different groups, see Table 1.

Abbreviations: M, male; F, female; BMD, bone mineral density; BV/TV, relative bone volume; Tb.Th, trabecular thickness; Tb.N, trabecular 
number; Tb.Sp, trabecular separation (marrow thickness); SMI, structure model index; Conn.D, connectivity density.

Values are expressed as mean ± SD. N = 3-5 males and females per group.

*
p< 0.05

**
p < 0.01, compared to the male mice in each group;

No statistical differences are noted in mice in Group B when compared to sex matched mice in Groups A and D.
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