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Deletion of the Pyrophosphate Generating Enzyme ENPP1 Rescues Craniofacial Abnormalities in the TNAP−/− Mouse Model of Hypophosphatasia and Reveals FGF23 as a Marker of Phenotype Severity
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Hypophosphatasia is a rare heritable metabolic disorder caused by deficient Tissue Non-specific Alkaline Phosphatase (TNAP) enzyme activity. A principal function of TNAP is to hydrolyze the tissue mineralization inhibitor pyrophosphate. ENPP1 (Ectonucleotide Pyrophosphatase/Phosphodiesterase 1) is a primary enzymatic generator of pyrophosphate and prior results showed that elimination of ENPP1 rescued bone hypomineralization of skull, vertebral and long bones to different extents in TNAP null mice. Current TNAP enzyme replacement therapy alleviates skeletal, motor and cognitive defects but does not eliminate craniosynostosis in pediatric hypophosphatasia patients. To further understand mechanisms underlying craniosynostosis development in hypophosphatasia, here we sought to determine if craniofacial abnormalities including craniosynostosis and skull shape defects would be alleviated in TNAP null mice by genetic ablation of ENPP1. Results show that homozygous deletion of ENPP1 significantly diminishes the incidence of craniosynostosis and that skull shape abnormalities are rescued by hemi- or homozygous deletion of ENPP1 in TNAP null mice. Skull and long bone hypomineralization were also alleviated in TNAP−/−/ENPP1−/− compared to TNAP−/−/ENPP1+/+ mice, though loss of ENPP1 in combination with TNAP had different effects than loss of only TNAP on long bone trabeculae. Investigation of a relatively large cohort of mice revealed that the skeletal phenotypes of TNAP null mice were markedly variable. Because FGF23 circulating levels are known to be increased in ENPP1 null mice and because FGF23 influences bone, we measured serum intact FGF23 levels in the TNAP null mice and found that a subset of TNAP−/−/ENPP1+/+ mice exhibited markedly high serum FGF23. Serum FGF23 levels also correlated to mouse body measurements, the incidence of craniosynostosis, skull shape abnormalities and skull bone density and volume fraction. Together, our results demonstrate that balanced expression of TNAP and ENPP1 enzymes are essential for microstructure and mineralization of both skull and long bones, and for preventing craniosynostosis. The results also show that FGF23 rises in the TNAP−/− model of murine lethal hypophosphatasia. Future studies are required to determine if the rise in FGF23 is a cause, consequence, or marker of disease phenotype severity.
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INTRODUCTION

Tissue Non-specific Alkaline Phosphatase (TNAP, Alpl) is a membrane-tethered dephosphorylating enzyme. In humans and mice, TNAP is expressed in bone, growth plate cartilage, teeth, brain, kidney and liver (1–3). While the function(s) of TNAP in liver, kidney and brain are still being established (4–7), numerous prior studies have established that TNAP is an essential promoter of tissue mineralization when co-expressed with type I collagen in mineralized tissues (8–11). The primary known function of TNAP in tissue mineralization is to promote calcium phosphate hydroxyapatite crystal growth in pre-mineralized cartilaginous matrix (osteoid) by decreasing levels of the mineralization inhibitor, inorganic pyrophosphate, and by dephosphorylating osteopontin (12–15).

Ectonucleotide Pyrophosphatase/Phosphodiesterase 1 (ENPP1, Enpp1) was first identified as an ectoenzyme that generates inorganic pyrophosphate via the hydrolysis of nucleotides and nucleotide sugars (16, 17). Data from both mouse and human studies supports the fact that ENPP1 is essential for control of both hard and soft tissue mineralization. As stated above, pyrophosphate itself inhibits tissue mineralization (18, 19). This is well evidenced by the fact that homozygous ENPP1 deficiency in humans leads to a severe form of vascular calcification (GACI; Generalized Arterial Calcification of Infancy) and that loss of function mutations in ENPP1 leads to spine stiffening (OPLL, Ossification of the Posterior Longitudinal Ligament), both of which are recapitulated in mouse models (20–23). Through as yet unknown mechanisms, ENPP1 deficiency also causes osteomalacia and osteoporosis in both humans and mice (24–28).

Deficient expression and/or activity of TNAP enzyme in humans causes a rare, heritable disorder called hypophosphatasia (HPP). Hypophosphatasia in humans has a broad range of severity that corresponds with timing of onset. Symptoms range from lethal and/or severe with perinatal or infantile onset (29), to modest and milder forms with childhood and adult onset (30, 31). Through a series of preclinical studies conducted on the Alpl−/− mouse model of infantile hypophosphatasia (TNAP−/− mice), a mineral-targeted recombinant form of TNAP was developed (32, 33). This recombinant enzyme was initially tested in patients with life threatening disease and was shown to improve respiratory function, skeletal mineralization and survival in patients with severe perinatal and infantile hypophosphatasia (34, 35). More recent results confirm safety and longer-term efficacy of this enzyme replacement therapy. In a 7 year follow up to the original trial, skeletal healing was sustained with additional improvements over time in treatment for respiratory function, weight, height, fine motor, gross motor and cognitive skills (36). While this drug is clearly life rescuing and life changing for severely affected hypophosphatasia patients, symptoms such as muscle weakness and craniosynostosis (the premature fusion of growing cranial bones) are not alleviated with treatment (37).

It is not known why or how craniosynostosis develops in hypophosphatasia, nor why this aspect of the disorder is not diminished upon recombinant enzyme treatment initiated even shortly after birth in humans. We previously showed that craniosynostosis in the form of coronal suture fusion and associated skull shape abnormalities develop in the TNAP−/− mouse model of infantile hypophosphatasia (38). Based upon prior studies showing rescue of skeletal mineralization upon genetic ablation of the inorganic pyrophosphate generating enzyme ENPP1 (13), here we sought to determine if the craniofacial skeletal abnormalities of TNAP−/− mice are alleviated upon genetic ablation of ENPP1. Because the phenotype of TNAP−/− was so variable and because FGF23 was previously shown to be high in ENPP1 null mice, here we also investigated circulating levels of intact FGF23 in the single and double mutant mice. Results demonstrate that normalization of pyrophosphate levels in TNAP−/− mice rescues craniofacial and long bone abnormalities, and that severity of the TNAP−/− phenotype correlates with high serum FGF23 levels in these mice.



MATERIALS AND METHODS


Animals

Wild type (TNAP+/+/ENPP1+/+), TNAP heterozygote (TNAP+/−/ENPP1+/+) and ENPP1 heterozygote (TNAP+/+/ENPP1+/−) mice were maintained on a mixed 129/SVJ and C57BL/6 genetic background. TNAP+/−/ENPP1+/+ and TNAP+/+/ENPP1+/− mice were bred to generate wild type, single and double mutant mice. All mice were provided free access to modified laboratory rodent diet containing 325 pyridoxine because TNAP is needed for vitamin B6 metabolism (39). Gross skeletal phenotyping was performed by staining with alizarin red and alcian blue. Genotyping was performed by PCR using DNA samples from tail digests, as previously described (40, 41). Because TNAP−/− mice die at ~3 weeks postnatal, to minimize loss of animals due to premature death, mice were euthanized for phenotyping at day 17. All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Michigan. Sample numbers for all analyses are provided in Supplementary Figure 1.



Skull Measurements

Because skull bones of TNAP null mice are present but severely under-mineralized, visualization of some skeletal landmarks on micro-computed tomographic images is not possible. Therefore, previously established skull measurements were taken using digital calipers on whole dissected skulls of day 17 mice (38, 42). To account for differences in skull size between the mouse genotypes, skull measurements were normalized by a total skull length measurement (distance from nasale to opisthion). For size normalized measurements, skull length was measured from nasale to paro, skull width was measured between right and left intersections of the squamosal body to the zygomatic process of the squamous portion of the temporal bone, skull height was measured from pari to the inferior portion of the spheno-occipital synchondrosis, inner canthal distance was measured between right and left intersections of the frontal process of maxilla with frontal and lacrimal bones, nasal bone was measured from nasale to nasion, frontal bone length was measured from nasion to bregma and parietal bone length was measured from bregma to pari. Skull landmarks can be visualized in Supplementary Figure 2. Linear distances were measured three times by one operator and an average per mouse was used for statistical comparison between genotypes. Linear measurements were performed without access to genotypes (blinded).



Micro Computed Tomography

Whole skulls from day 17 mice were scanned by micro computed tomography (micro-CT) using a Scanco μCT 100 micro-computed tomography system and associated software. Scan settings were 18 μm voxel, 70 kVp, 114 μA, 0.5 mm AL filter, and integration time of 500 ms. A threshold of 1,400 was used based upon calculation of the median auto-threshhold for all wild type skulls. Because juvenile mouse calvarial bones do not yet have well developed cortical and trabecular bone, whole bone analysis (no separation of cortical from trabecular bone) of a previously established frontal bone region of interest (1 mm in length, 1 mm in width, depth equivalent to thickness of bone and position starting at a 0.75 mm distance from sagittal and coronal sutures) was performed (38).

Tibial bones from day 17 mice were scanned at an 18 μm isotropic voxel resolution using the eXplore Locus SP micro-computed tomography imaging system (GE Healthcare Pre-Clinical Imaging, London, ON, Canada) and using Microview version 2.2 software and previously established algorithms (38, 43). Trabecular measurements were made in a region of interest defined as 10% of total bone length from the end of the proximal growth plate. Cortical measurements were made in a region of interest defined as 10% of total bone length from the mid-diaphysis.



Coronal Suture Fusion Assessment

Synostosis of the coronal suture was identified and assessed on whole dissected fixed skulls of day 17 mice that were alizarin red and alcian blue stained under a dissecting microscope by one experienced individual. Fusion of the suture was confirmed by viewing orthogonal sections across the entire length of the coronal suture, as previously described (38, 42). Craniosynostosis was scored as 0 (normal suture anatomy), 1 (diminished width of suture/greater overlap of frontal and parietal bones) or 2 (suture fusion). Significance between genotypes was established using the Fisher's exact test. Craniosynostosis assessments were performed without access to genotypes (blinded).



Primary Cell Isolation and Analysis

Primary osteoprogenitor cells were isolated from 15 day-old mouse cranial bones by serial collagenase digestion. Dissected bones were rinsed, digested with 2 mg/ml collagenase P and 2.5 mg/ml trypsin followed by cell isolation via centrifugation. This digestion process was performed three times and cells from only the 3rd digest were used for experimentation as cells of this digest were previously shown to be homogenous (44, 45). Cells were pooled from same genotype littermates for experimentation (n = 2–4 mice per genotype per cell collection). For proliferation assays, 2 × 104 cells/well were plated in 24 well plates then cultured for indicated number of days in standard media (custom formulated αMEM without ascorbate plus 10% fetal bovine serum and penicillin/streptomycin). Cells were counted in quadruplicate using a hemocytometer and an average cell count per well was used for comparison between groups. Cell metabolic activity was measured by MTT assay (reduction of (3- (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma) after 5 days of culture in standard media. Ecto-nucleotide pyrophosphatase/phosphodiesterase enzyme activity was measured by cell culture with the colorimetric substrate, p-nitrophenyl thymidine 5′ monophosphate as previously described (40). Alkaline phosphatase enzyme activity was measured by cell culture with the colorimetric substrate NBT/ BCIP (Sigma), as previously described (38). Inorganic pyrophosphate was measured in cells after 5 days of culture in differentiation media (aMEM containing 50 μg/ml ascorbate plus 10% fetal bovine serum and penicillin/streptomycin) followed by gentle rinse then 18 h of culture in phosphate free DMEM using a commercially available bioluminescent assay (Lonza). Inorganic phosphate was measured in cells after 5 days of culture in differentiation media (aMEM containing 50 μg/ml ascorbate plus 10% fetal bovine serum and penicillin/streptomycin) followed by gentle rinse then 18 h of culture in phosphate free DMEM using a commercially available colorimetric kit (Abcam).



Serum FGF23 Assay and Correlation With Phenotypes

FGF23 levels were measured using a commercially available ELISA (Immunotopics, Quidel) for intact FGF23, using EDTA treated plasma from day 5 or 17 old mice.

Correlation of serum intact FGF23 levels with craniosynostosis was performed by calculating the Spearman's correlation coefficient (r) and associated p-value. Correlation of body measurements, skull measurements and skull micro-CT parameters were performed by calculating Pearson correlation coefficient (r) with associated coefficient of determination (R2) and p-value.



Statistical Analyses

Primary outcomes were quantitative measurements of skull shape, incidence of craniosynostosis and bone micro-CT parameters. Secondary outcomes were primary cell assays of proliferation, cell metabolism, ENPP1 and TNAP enzyme activities, and media inorganic pyrophosphate and phosphate levels; in addition to FGF23 serum levels and correlation between FGF23 levels and primary outcome phenotype measurements. Descriptive statistics (mean, standard deviation) for each parameter were calculated for all measurements. Comparisons between groups were made using student's t-tests for normal data and the Mann-Whitney test for non-normal data. Statistical significance was established as p < 0.05. Sample numbers for experiments are provided in Supplementary Figure 1.




RESULTS


Body Phenotypes

Visualization of alizarin red/alcian blue stained skulls revealed an apparent decrease in overall skull size with a shape change of increased skull width plus hypomineralization that was variable in the TNAP null mice (Figure 1). Quantification of phenotypes revealed that all single and double mutant mice were significantly diminished in body weight when compared to wild type mice, with TNAP null mice (TNAP−/−/ENPP1+/+) weighing significantly less with shorter body and skull lengths than all other genotypes (Figures 2A–C). ENPP1 null mice (TNAP+/+/ENPP1−/−) were not significantly different in body length or skull size as compared to wild type mice. TNAP/ENPP1 double null mice (TNAP−/−/ENPP1−/−) were significantly diminished in skull size but not body length when compared to wild type mice. Body length and skull size were also significantly lower in TNAP null (TNAP−/−/ENPP1+/+) as compared to TNAP/ENPP1 double null (TNAP−/−/ENPP1−/−), and TNAP null/ENPP1 heterozygous mice (TNAP−/−/ENPP1+/−).


[image: Figure 1]
FIGURE 1. Skull phenotype is rescued by ablation of ENPP1 In TNAP deficient mice. Representative alizarin red and alcian blue stained skulls of each genotype are shown. Note the variable hypomineralization seen in TNAP null (TNAP−/−/ENPP1+/+) mice.
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FIGURE 2. TNAP and ENPP1 ablation effects on body and craniofacial measurements. Total body weight (A), body length (B), and skull length (C) for single mutant, double mutant and wild type postnatal day 17 mice are shown. Skull measurements normalized to skull length to account for differences in skull/mouse size for single mutant, double mutant and wild type postnatal day 17 mice are shown (D–J). TNAP−/−/ENPP1+/+ mice are significantly diminished in body weight, body length and skull size, and exhibit skull shape abnormalities when compared to TNAP+/+/ENPP1+/+ mice. TNAP−/−/ENPP1−/− mice show significantly greater body weight, body length, skull length with improvements in skull shape, when compared to TNAP−/−/ENPP1+/+ mice. *p < 0.05 vs. TNAP+/+/ENPP1+/+ mice, ***p < 0.005 vs. TNAP+/+/ENPP1+/+ mice, #p < 0.05 vs. TNAP−/−/ENPP1+/+ mice, ###p < 0.005 vs. TNAP−/−/ENPP1+/+ mice.




Skull Phenotypes

Because overall mouse and skull sizes were different between genotypes (Figures 2B,C), skull linear measurements were normalized by the initial skull length measurement to account for differences in skull size, so as to reveal changes in skull shape not influenced by size. ENPP1 null mice were not different than wild type mice for any skull shape measurement when normalized for skull size (Figures 2D–J). Skull width, skull height and inner canthal distance were all significantly greater in TNAP−/−/ENPP1+/+ mice as compared to wild type mice, with these TNAP null mice measurements also being significantly greater than those seen in TNAP−/−/ENPP1+/− and TNAP−/−/ENPP1−/− mice (Figures 2D,E,G). Nasal bone length was significantly smaller in TNAP−/−/ENPP1+/+ mice as compared to wild type mice, with TNAP null nasal bone length also being significantly smaller than that seen in TNAP−/−/ENPP1+/− and TNAP−/−/ENPP1−/− mice (Figure 2H). Skull length (nasale to paro), when normalized for skull size, was not different between any of the genotypes (Figure 2F). Frontal bone lengths were greater in TNAP null than wild type mice, and greater than that seen in TNAP−/−/ENPP1+/− but not TNAP−/−/ENPP1−/− mice (Figure 2I). Parietal bone lengths were greater in TNAP null than wild type mice, and similar to that seen in TNAP−/−/ENPP1+/− and TNAP−/−/ENPP1−/− mice (Figure 2J).



Cranial Bone micro-CT Parameters

Isosurface images and 2D sagittal slice images from micro-CT files reveal obvious bone hypomineralization of cranial and facial bones in the TNAP null mice, to the extent that parts of these bones do not appear on micro-CTscans of these mice (Figure 3). Fusion of the coronal suture is seen only in TNAP−/−/ENPP1+/+ mice (Figures 3G,H). Quantification of micro-CT parameters showed that the frontal cranial bones of TNAP−/−/ENPP1+/+ mice had significantly diminished bone mineral density (BMD) and bone volume fraction (BVF) but not bone mineral content when compared to wild type frontal bones, and when compared to the frontal bones of TNAP−/−/ENPP1−/− mice (Figures 4A–C). Frontal bones of TNAP+/+/ENPP1−/− mice showed no significant differences when compared to those of wild type mice. High variability in cranial BMC, BMD, and BVF is evident in cranial bones of the TNAP null mice, as compared to the other genotypes.


[image: Figure 3]
FIGURE 3. Micro CT Isosurface Images of TNAP and/or ENPP1 mutant mouse skulls. Isosurface and 2D sagittal slice images including magnified image of coronal suture from micro-CT files of TNAP+/+/ENPP1+/+ mice (A–D), TNAP−/−/ENPP1+/+ mice (E–H), TNAP−/−/ENPP1+/− mice (I–L), TNAP−/−/ENPP1−/− mice (M–P) and TNAP+/+/ENPP1−/− mice (Q–T) are shown. Blue arrow indicates site of coronal suture fusion seen on isosurface image of TNAP−/−/ENPP1+/+ mouse. Yellow arrows indicate site of coronal suture with/without coronal suture fusion in 2D slice images of the mice. Fusion of the coronal suture is only seen in TNAP−/−/ENPP1+/+ mice (G,H). Also note severe hypomineralization of cranial and facial bones in the severely affected TNAP null mouse. Double null mice appear more similar to wild type mice than the TNAP null mice.
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FIGURE 4. TNAP and ENPP1 ablation effects on cranial bone mineralization and coronal suture synostosis. Bone mineral content (BMC), bone mineral density (BMD) and bone volume fraction (BVF) of the frontal cranial bone is shown (A–C). TNAP−/−/ENPP1+/+ mice exhibit significantly diminished BMD and BVF when compared to TNAP+/+/ENPP1+/+ mice. TNAP−/−/ENPP1−/− mice show significantly greater BMD and BVF than TNAP−/−/ENPP1+/+ mice, and are similar to values seen in TNAP+/+/ENPP1+/+ mice. (D) Coronal suture status was scored as 0 (normal suture anatomy), 1 (diminished width of suture/greater overlap of frontal and parietal bones) or 2 (suture fusion). TNAP−/−/ENPP1+/+, TNAP−/−/ENPP1+/−, and TNAP−/−/ENPP1−/− mice all exhibit some incidence of coronal suture fusion while no coronal suture fusion is seen in TNAP+/+/ENPP1+/+ mice. TNAP−/−/ENPP1−/− mice exhibit a significantly diminished incidence of coronal suture fusion when compared to TNAP−/−/ENPP1+/+ mice. ***p < 0.005 vs. TNAP+/+/ENPP1+/+ mice, #p < 0.05 vs. TNAP−/−/ENPP1+/+ mice, ###p < 0.005 vs. TNAP−/−/ENPP1+/+ mice.




Craniosynostosis

Fusion of the coronal suture was evident in almost 40% of TNAP−/−/ENPP1+/+ mice, ~30% of TNAP−/−/ENPP1+/− mice, and <10% of TNAP−/−/ENPP1−/− mice at day 17 (Figure 4D). The incidence of craniosynostosis was significantly higher in TNAP−/−/ENPP1+/+ mice than in TNAP−/−/ENPP1−/− mice, but not when compared to TNAP−/−/ENPP1+/− mice.



Long Bone micro-CT Parameters

Visualization of alizarin red/alcian blue stained tibias with fibulas revealed hypomineralization to various extents in the TNAP null mice (Figure 5). Quantification of micro-CT parameters (Figure 6) showed that tibial trabecular thickness (Tb.Th.) and trabecular BMD (Tb.BMD) were significantly diminished in TNAP−/−/ENPP1+/+ compared to wild type mice, and was not rescued (increased) by ablation of ENPP1 in the TNAP null background. Trabecular number (Tb.N.) was increased in TNAP−/−/ENPP1+/+, and decreased in TNAP−/−/ENPP1+/− and in TNAP−/−/ENPP1−/− mice when compared to wild type mice. Trabecular spacing (Tb.S.) was increased in TNAP−/−/ENPP1+/− and in TNAP−/−/ENPP1−/− mice when compared to TNAP null or wild type mice. Trabecular bone volume fraction (Tb.BVF) was diminished only in TNAP−/−/ENPP1+/− and in TNAP−/−/ENPP1−/− mice. Cortical mean thickness, cortical area, cortical tissue mineral density (TMD), cortical bone mineral density (BMD) and cortical BVF were all significantly diminished in TNAP−/−/ENPP1+/+ and TNAP−/−/ENPP1+/− mice when compared to wild type mice and TNAP−/−/ENPP1−/− mice.


[image: Figure 5]
FIGURE 5. Long bone phenotype is rescued by ablation of ENPP in TNAP deficient mice. Tibias stained with alizarin red and alcian blue of 17-day mice are shown. Severe hypomineralization is variably seen in the TNAP null mice. Double null mice appear more similar to wild type mice than TNAP null mice.



[image: Figure 6]
FIGURE 6. TNAP and ENPP1 ablation effects on long bone. Trabecular thickness (Tb.Th.), number (Tb.N.), spacing (Tb.S.), bone mineral density (BMD) and bone volume fraction (BVF) are shown (A–E). Cortical mean thickness, area, tissue mineral density (TMD), BMD and BVF are shown (F–J). TNAP−/−/ENPP1+/+ mice are diminished in trabecular thickness and mineral density with increased trabecular number and no difference in bone volume fraction as compared to TNAP+/+/ENPP1+/+ mice. TNAP−/−/ENPP1−/− mice are diminished in trabecular thickness, number and bone volume fraction and have increased trabecular spacing compared to TNAP+/+/ENPP1+/+ mice. No differences are seen between TNAP+/+/ENPP1−/− mice and TNAP+/+/ENPP1+/+ mice. *p < 0.05 vs. TNAP+/+/ENPP1+/+ mice, ***p < 0.005 vs. TNAP+/+/ENPP1+/+ mice, #p < 0.05 vs. TNAP−/−/ENPP1+/+ mice, ###p < 0.005 vs. TNAP−/−/ENPP1+/+ mice.




Primary Cell Assays

Because we previously found diminished proliferation and increased cellular metabolic activity in primary cells of TNAP null mice (38, 41, 46), we next sought to determine if ablation of ENPP1 in these cells would rescue or worsen these abnormalities. Results show that cells isolated from both TNAP−/−/ENPP1+/+ and TNAP−/−/ENPP1−/− mice exhibit significantly less proliferation when compared to cells from wild type and TNAP+/+/ENPP1−/− mice (Figure 7A). Cell metabolic activity as measured by MTT assay was increased in TNAP−/−/ENPP1+/+ cells when compared to all other genotypes (Figure 7B). Cell metabolic activity was also higher in TNAP−/−/ENPP1−/− and TNAP+/+/ENPP1−/− when compared to wild type cells, albeit to a lower extent than that seen in the TNAP−/−/ENPP1+/+ cells.


[image: Figure 7]
FIGURE 7. Primary cranial cell proliferation, cell metabolic activity, phosphate and pyrophosphate production. Cell were plated then counted at indicated time points to quantify cell proliferation (A). Colorimetric MTT assay was performed on cultured cells to quantify cell metabolic activity (B). A colorimetric NTPPPH assay was performed on cultured cells to quantify ENPP1 enzyme activity (C). A colorimetric alkaline phosphatase assay was performed on cultured cells to quantify TNAP enzyme activity (D). Visualization of alkaline phosphatase stain (G). Colorimetric assays for inorganic pyrophosphate (PPi) (E) and phosphate (Pi) (F) were performed on media from cultured cells. Both TNAP−/−/ENPP1+/+ and TNAP−/−/ENPP1−/− cells show diminished proliferation compared to TNAP+/+/ENPP1+/+ and TNAP+/+/ENPP1−/− cells. Mitochondrial enzyme activity is increased in TNAP+/+/ENPP1−/− and TNAP−/−/ENPP1−/− cells, and even more so in TNAP−/−/ENPP1+/+ cells. ENPP1 enzyme activity is significantly diminished in all cell genotypes in which ENPP1 has been ablated. AP enzyme activity is significantly diminished in all cell genotypes in which TNAP has been ablated. Inorganic pyrophosphate levels are significantly increased in the media of cultured TNAP−/−/ENPP1+/+ cells. Inorganic phosphate levels are slightly diminished in the media of cells in which ENPP1 has been ablated. *p < 0.05 vs. TNAP+/+/ENPP1+/+ cells, #p < 0.05 vs. TNAP−/−/ENPP1+/+ cells.


Cells isolated from all TNAP null genotypes showed minimal TNAP enzyme activity (Figures 7D,G). Cells isolated from ENPP1 single null mice exhibited higher TNAP enzyme activity levels than wild type mice. Cells isolated from all ENPP1 null genotypes showed minimal ENPP1 enzyme activity (Figure 7C). Cells isolated from TNAP single null mice exhibited higher ENPP1 enzyme activity levels than wild type mice.

Measurements of inorganic pyrophosphate (PPi) in the media of cultured cells revealed very high PPi levels in the media of TNAP−/−/ENPP1+/+ cells, which was diminished in TNAP−/−/ENPP1−/− cells, but not to the extent of that seen in TNAP+/+/ENPP1−/− or wild type cells (Figure 7E). Measurements of inorganic phosphate (Pi) in the media of culture cells revealed mild significantly diminished Pi levels in the media of TNAP−/−/ENPP1−/− and TNAP+/+/ENPP1−/− cells (Figure 7F). No Pi differences were seen in the media of TNAP−/−/ENPP1+/+ cells.



Serum FGF23 Levels

Because mice and humans with ENPP1 deficiency exhibit high circulating FGF23 (26, 27) and because FGF23 can suppress TNAP expression (47, 48), we sought to determine if ablation of TNAP in the ENPP1 null background would alter circulating levels of FGF23. While we did find high intact serum FGF23 levels in TNAP+/+/ENPP1−/− compared to wild type mice, we found even higher levels in a subset of the TNAP−/−/ENPP1+/+ mice at day 17 postnatal (Figure 8A). We also tested serum FGF23 levels in younger mice, because day 17 TNAP null mice already have a severe hypophosphatasia phenotype. While more variable than that seen at day 17 due to the inability to perform food withdrawal, intact serum FGF23 levels were also significantly higher in TNAP−/−/ENPP1+/+ than in wild type mice at postnatal day 5 (Figure 8B).


[image: Figure 8]
FIGURE 8. Serum FGF23 levels in TNAP and ENPP1 deficient mice. Serum was isolated from postnatal day 17 (A) and postnatal day 5 (B) mice and assayed for intact FGF23 by ELISA. Food was withdrawn for 18 h prior to day 17 serum isolation. No food was withdrawn for day 5 serum isolation. Results show increased FGF23 in the serum of TNAP+/+/ENPP1−/− mice compared to TNAP+/+/ENPP1+/+ mice, but even greater levels are seen in the serum of TNAP−/−/ENPP1+/+ mice at day 17. At day 5, FGF23 levels are more variable in serum but TNAP−/−/ENPP1+/+ mice still show significantly greater FGF23 than serum from the serum of TNAP+/+/ENPP1+/+ mice. *p < 0.05 vs. TNAP+/+ ENPP1+/+ mice, ***p < 0.005 vs. TNAP+/+/ENPP1+/+ mice, ###p < 0.005 vs. TNAP−/−/ENPP1+/+ mice.




Correlation of Serum FGF23 Levels and Phenotypes

We next looked for potential correlations between serum FGF levels and phenotypes seen in the TNAP null mice. Correlation of high FGF23 serum levels with skull (Figure 9J) and long bone (Figure 9K) phenotypes appeared to be consistent. Statistical analyses (Figures 9A–I) revealed strong negative Pearson correlations with moderately strong correlations of determination between serum FGF23 levels and body weight (r = −0.82, R2 = 0.67), and between serum FGF23 and body length (r = −0.73, R2 = 0.53). Moderately negative correlations with moderate to low coefficients of determination were found between serum FGF23 levels and cranial bone BMC (r = −0.70, R2 = 0.50), BMD (r = 0.52, R2 = 0.27) and BVF (r = −0.52, R2 = 0.27). In contrast, craniosynostosis in the form of coronal suture fusion had a moderately positive Spearman correlation with serum FGF23 levels (r = 0.47). Notably, only those TNAP null mice with high FGF23 levels had coronal suture fusion (suture score of 2). In addition, strong positive Pearson correlations with strong correlations of determination were found for serum FGF23 levels and size normalized cranial height (r = 0.91, R2 = 0.82), cranial width (r = 0.87, R2 = 0.76) and inner canthal distance (r = 0.92, R2 = 0.84).


[image: Figure 9]
FIGURE 9. Correlation of FGF23 serum levels with body and skull phenotypes. Body weight (A), body length (B), skull shape measurements (D–F) and cranial bone micro-CT measurements (G–I) were compared to serum FGF23 levels in TNAP−/−ENPP1+/+ mice using Pearson correlation coefficient (r) with coefficients of determination that indicate validity of the Pearson correlation model (R2). Coronal suture status score (C) (as described for Figure 4) was compared to serum FGF23 levels in TNAP−/−/ENPP1+/+ mice using Spearman correlation coefficient (r). High serum FGF23 levels correlate significantly with decreased body weight, decreased body length, decreased cranial bone mineralization, increased coronal suture fusion, increased cranial height, increased cranial width and decreased inner canthal distance in TNAP−/−/ENPP1+/+ mice. Representative alcian blue/alizarin red stained skulls are shown (J). TNAP null skulls with normal circulating FGF23 levels look similar to TNAP+/+/ENPP1+/+ skulls though smaller in size. TNAP null skulls with high circulating FGF23 levels appear shorter in length, thicker in width and have obvious mineralization abnormalities. Representative alcian blue/alizarin red stained tibias are shown (K). Tibias from TNAP null mice with normal circulating FGF23 levels look similar to TNAP+/+/ENPP1+/+ tibias. Tibias from TNAP null mice with high circulating FGF23 levels are shorter, thicker, hypomineralized and show ectopic cartilage formation.





DISCUSSION

TNAP (Tissue Non-specific Alkaline Phosphatase) enzyme deficiency leads to the metabolic disorder hypophosphatasia in mice and humans with a primary phenotype of bone hypomineralization (9, 29–31). The phenotype of severe hypophosphatasia in mouse pups and human infants can also include craniosynostosis, the premature fusion of cranial bones leading to diminished skull growth, high intracranial pressure and an abnormal skull shape (29, 38, 49). Treatment of infants and children with severe hypophosphatasia using a recombinant, mineral-targeted form of TNAP has been highly successful for improving survival, and for rescuing bone mineralization plus motor and cognitive deficiencies. Unfortunately, the recombinant enzyme therapy has been less efficacious for preventing craniosynostosis (36). In this study we primarily sought to determine if ablation of the pyrophosphate generating enzyme, ENPP1, in TNAP null mice would rescue craniosynostosis and associated craniofacial skeletal abnormalities because deletion of ENPP1 in TNAP null mice was previously shown to rescue skeletal mineralization (13) and to further understand mechanisms that mediate the craniofacial abnormalities in hypophosphatasia.

We found that body weight and body length are increased by ablation of ENPP1 in TNAP null mice, but not to the levels seen in wild type mice. This data indicates that TNAP deficiency may have impacts on body size and weight that are both dependent and independent from the TNAP-ENPP1 enzyme axis. It is worth noting that the 7-year follow up study on TNAP enzyme replacement in severely affected patients revealed that, despite enzyme replacement, the hypophosphatasia patients remained well below normal for both height and weight (36). TNAP enzyme replacement targets to mineralized tissues. It remains unknown if a TNAP function in non-mineralized tissues is responsible for the diminished body size seen in TNAP deficient mice and patients but recent studies indicate that TNAP does play a role in cell and body metabolism including brown fat thermogenesis (4, 41, 50).

Cranial height and width skull shape abnormalities of TNAP null mice were normalized to a large degree and to similar extents upon either hemi- or homozygous deletion of ENPP1. In contrast, the incidence of craniosynostosis was significantly diminished only upon homozygous deletion of ENPP1 in TNAP null mice. Cranial bone mineral density and volume fraction were also only normalized only upon homozygous and not hemizygous deletion of ENPP1 in TNAP null mice. This data is consistent to the previously published data showing rescue of skull mineralization upon genetic ablation of ENPP1 in TNAP null mice, although quantification using multiple mice was not performed at that time (13). Together our data indicates that partial normalization of the TNAP-ENPP1 enzyme balance allowing for some expression of ENPP1 (and ENPP1 generated pyrophosphate) is adequate for normalizing craniofacial skeletal shape defects, and that the abnormalities in skull shape are not dependent upon either coronal suture fusion or cranial bone mineralization. Finally, frontal and parietal bone lengths that were increased in the TNAP null mice were also increased in TNAP−/−/ENPP1−/− mice, indicating that ENPP1 and/or ENPP1 generated PPi does not mediate the increased cranial bone lengths seen in these mice. Craniosynostosis has been proposed to occur downstream of changes in frontal and/or parietal bone growth (51). Because deletion of ENPP1 does rescue coronal suture fusion but does not alter lengths of frontal and parietal bones in TNAP null mice, this indicates that increased growth of cranial bones does not likely mediate coronal suture fusion seen in the TNAP−/− mice.

We also quantified trabecular and cortical bone abnormalities in long bones of the single and double mutant mice. ENPP1 null mice were previously reported to exhibit diminished femur trabecular bone volume, thickness and number by 6 weeks of age and cortical bone density, thickness and area by 22 weeks of age (27). We did not see changes in tibial trabecular or cortical bone in ENPP1 null mice which can be explained by the fact that we assessed the mice at day 17. While the differences could correspond to difference between femurs and tibias, it seems more likely that the bone abnormalities in ENPP1 null mice occur and exacerbate over time.

As stated above, genetic homozygous deletion of ENPP1 in TNAP null mice was initially reported to rescue skull, vertebral and digit hypomineralization of the TNAP−/− mice (13). Subsequently, it was reported that TNAP−/−/ENPP1−/− mice exhibited a stronger increase in mineralization of calvaria and vertebra than in digits and tibias by alizarin red staining, and micro-CT of tibias showed no difference between TNAP−/−/ENPP1+/+ and TNAP−/−/ENPP1−/− (52). Here, upon sampling of a large number of mice, we show that deletion of ENPP1 in TNAP null mice does impact tibial bones of the mice, although it is not a clear “rescue”. TNAP−/−/ENPP1+/+ mice exhibit diminished trabecular thickness and mineral density with increased trabecular number and no difference in bone volume fraction compared to wild type mice. In contrast TNAP−/−/ENPP1−/− mice showed decreased trabecular thickness, number and bone volume fraction plus increased trabecular spacing compared to wild type mice. Overall, deletion of ENPP1 in TNAP null mice alters but does not normalize the tibial trabecular bone abnormalities in these mice. In contrast to the tibial trabecular bone data, all measured cortical bone parameters were diminished in TNAP−/− as compared to wild type mice and all of these abnormalities were normalized upon complete deletion of ENPP1.

Primary cell studies were performed to confirm that lack of TNAP and/or ENPP1 activity led to expected differences in inorganic phosphate and pyrophosphate production by the cells, and to see if previously established cellular defects in proliferation and cell metabolism of TNAP null cells were rescued upon ENPP1 ablation. Both TNAP and ENPP1 activity were significantly diminished in corresponding TNAP and/or ENPP1 null cells, confirming loss of enzyme activity upon gene deletion. As anticipated, pyrophosphate media levels were high in TNAP−/−/ENPP1+/+ cells and low in TNAP+/+/ENPP1−/− cells when compared to that of wild type cells. Phosphate levels in media were diminished to a small but significant degree in all cells that lacked ENPP1 when other genotypes, indicating that ENPP1 is essential for generation of both phosphate and pyrophosphate when in the presence of TNAP or other pyrophosphatases. Phosphate levels in media were not diminished in TNAP null compared to wild type cells, though this may have been due to variation in the data. Consistent with our previously published results (38, 41, 46), we also found that cellular proliferation was decreased and cell metabolism was increased in TNAP−/−/ENPP1+/+ cells. Cell proliferation was not increased in TNAP−/−/ENPP1−/− compared to TNAP−/−/ENPP1+/+ cells. This data indicates that TNAP promotes cell proliferation via a mechanism that is independent of ENPP1 and associated pyrophosphate. Deletion of ENPP1 only partially rescued the high cell metabolism seen in TNAP−/−/ENPP1+/+ cells, indicating that TNAP deficiency increases cell metabolic activity in part via ENPP1 or that TNAP and ENPP1 have independent influences on cell metabolic activity.

Overall, study of these mice revealed considerable individual variation in phenotype expression in the TNAP null mice. As stated above, Because FGF23 levels are high in ENPP1 null mice (27), because FGF23 was previously shown to suppress TNAP expression (47, 48), and because FGF23 regulates skeletal mineralization (53–55), we measured circulating levels of intact FGF23 in the mice. As anticipated based upon previously published data (27), serum FGF23 levels were significantly higher in TNAP+/+/ENPP1−/− than in wild type mice. Serum FGF23 levels were highly variable in the TNAP−/−/ENPP1+/+ mice, with a subset of the mice at day 17 showing markedly high serum FGF23. Hemi- or homozygous deletion of ENPP1 lowered serum FGF23 levels in TNAP null mice (data not shown), indicating that high inorganic pyrophosphate levels may mediate the rise in FGF23. Because TNAP−/− mice exhibit a phenotype of severe hypophosphatasia by day 17, these levels could have been caused in some manner by the phenotype itself. Therefore, we next assayed FGF23 levels in day 5 mouse serum. While results of all mouse genotypes were more variable, likely due to the inability to withdraw food prior to assay in these young mice, we again found significantly increased circulating levels of intact FGF23. In addition, we found strong to moderately strong negative correlation between serum FGF23 levels and body size, and between serum FGF23 levels and cranial bone micro-CT parameters. We also found strong positive correlation between serum FGF23 levels and craniosynostosis plus skull shape abnormalities. In other words, high levels of FGF23 correlated with poor skull bone, decreased body size, incidence of craniosynostosis and skull shape defects. While high FGF23 levels are not evident in non-lethal pediatric hypophosphatasia patients (56) and in fact low levels of the phosphatonin FGF7 were reported in this population, the TNAP−/− mouse model of infantile hypophosphatasia exhibits a very severe and lethal hypophosphatasia phenotype. While entirely unanticipated, our data does demonstrate variably high serum intact FGF23 levels in this murine model of severe infantile hypophosphatasia and that high serum FGF23 correlates with severity of the phenotype. Questions remain in regards to if the FGF23 is a cause, consequence or simply a marker of phenotype severity in the TNAP−/− mice, and if FGF23 may also be relevant to lethal perinatal and/or infantile human hypophosphatasia.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Michigan.



AUTHOR CONTRIBUTIONS

NH: conceptualization, validation, resources, supervision, project administration, funding acquisition, co-drafted the initial manuscript, analyzed data, interpreted data, revised the manuscript for its final version, and provided funding. HN, EE, and NH: methodology, formal analysis, and investigation. EE and NH: writing—original draft preparation. EE: co-drafted the initial manuscript, generated, and analyzed data. HN: generated data, analyzed data, interpreted data, and revised the manuscript for its final version. All authors have read and agreed to the published version of the manuscript.



FUNDING

This research was funded by DE025827 from the National Institute for Dental and Craniofacial Research, NIDCR/NIH (to NH) and P30 Grant AR069620 from the NIAMS/NIH.



ACKNOWLEDGMENTS

The authors would like to thank Michelle Lynch at the University of Michigan School of Dentistry for her assistance with micro computed tomography.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fdmed.2022.846962/full#supplementary-material

Supplemental Figure 1. Sample numbers for experiments.

Supplemental Figure 2. Skull landmarks and measured distances.



REFERENCES

 1. Hoshi K, Amizuka N, Oda K, Ikehara Y, Ozawa H. Immunolocalization of tissue non-specific alkaline phosphatase in mice. Histochem Cell Biol. (1997) 107:183–91. doi: 10.1007/s004180050103

 2. Halling Linder C, Englund UH, Narisawa S, Millan JL, Magnusson P. Isozyme profile and tissue-origin of alkaline phosphatases in mouse serum. Bone. (2013) 53:399–408. doi: 10.1016/j.bone.2012.12.048

 3. Sharp CA, Linder C, Magnusson P. Analysis of human bone alkaline phosphatase isoforms: comparison of isoelectric focusing and ion-exchange high-performance liquid chromatography. Clin Chim Acta. (2007) 379:105–12. doi: 10.1016/j.cca.2006.12.024

 4. Briolay A, Bessueille L, Magne D. TNAP: a new multitask enzyme in energy metabolism. Int J Mol Sci. (2021) 22:470. doi: 10.3390/ijms221910470

 5. Goettsch C, Strzelecka-Kiliszek A, Bessueille L, Quillard T, Mechtouff L, Pikula S, et al. TNAP as a therapeutic target for cardiovascular calcification - a discussion of its pleiotropic functions in the body. Cardiovasc Res. (2022) 118:84–96. doi: 10.1093/cvr/cvaa299

 6. Sebastian-Serrano A, Engel T, de Diego-Garcia L, Olivos-Ore LA, Arribas-Blazquez M, Martinez-Frailes C, et al. Neurodevelopmental alterations and seizures developed by mouse model of infantile hypophosphatasia are associated with purinergic signalling deregulation. Hum Mol Genet. (2016) 25:4143–56. doi: 10.1093/hmg/ddw248

 7. Sekaran S, Vimalraj S, Thangavelu L. The physiological and pathological role of tissue nonspecific alkaline phosphatase beyond mineralization. Biomolecules. (2021) 11:564. doi: 10.3390/biom11111564

 8. Murshed M, Harmey D, Millan JL, McKee MD, Karsenty G. Unique coexpression in osteoblasts of broadly expressed genes accounts for the spatial restriction of ECM mineralization to bone. Genes Dev. (2005) 19:1093–104. doi: 10.1101/gad.1276205

 9. Fedde KN, Blair L, Silverstein J, Coburn SP, Ryan LM, Weinstein RS, et al. Alkaline phosphatase knock-out mice recapitulate the metabolic and skeletal defects of infantile hypophosphatasia. J Bone Miner Res. (1999) 14:2015–26. doi: 10.1359/jbmr.1999.14.12.2015

 10. Foster BL, Nagatomo KJ, Tso HW, Tran AB, Nociti FH Jr., Narisawa S, et al. Tooth root dentin mineralization defects in a mouse model of hypophosphatasia. J Bone Miner Res. (2013) 28:271–82. doi: 10.1002/jbmr.1767

 11. Kinoshita Y, Mohamed FF, Amadeu de Oliveira F, Narisawa S, Miyake K, Foster BL, et al. Gene therapy using adeno-associated virus serotype 8 encoding TNAP-D10 improves the skeletal and dentoalveolar phenotypes in Alpl(-/-) Mice. J Bone Miner Res. (2021) 36:1835–49. doi: 10.1002/jbmr.4382

 12. Johnson KA, Hessle L, Vaingankar S, Wennberg C, Mauro S, Narisawa S, et al. Osteoblast tissue-nonspecific alkaline phosphatase antagonizes and regulates PC-1. Am J Physiol Regul Integr Comp Physiol. (2000) 279:R1365–77. doi: 10.1152/ajpregu.2000.279.4.R1365

 13. Hessle L, Johnson KA, Anderson HC, Narisawa S, Sali A, Goding JW, et al. Tissue-nonspecific alkaline phosphatase and plasma cell membrane glycoprotein-1 are central antagonistic regulators of bone mineralization. Proc Natl Acad Sci USA. (2002) 99:9445–9. doi: 10.1073/pnas.142063399

 14. Harmey D, Johnson KA, Zelken J, Camacho NP, Hoylaerts MF, Noda M, et al. Elevated skeletal osteopontin levels contribute to the hypophosphatasia phenotype in Akp2(-/-) mice. J Bone Miner Res. (2006) 21:1377–86. doi: 10.1359/jbmr.060619

 15. Narisawa S, Yadav MC, Millan JL. In vivo overexpression of tissue-nonspecific alkaline phosphatase increases skeletal mineralization and affects the phosphorylation status of osteopontin. J Bone Miner Res. (2013) 28:1587–98. doi: 10.1002/jbmr.1901

 16. Evans WH, Hood DO, Gurd JW. Purification and properties of a mouse liver plasma-membrane glycoprotein hydrolysing nucleotide pyrophosphate and phosphodiester bonds. Biochem J. (1973) 135:819–26. doi: 10.1042/bj1350819

 17. Terkeltaub R, Rosenbach M, Fong F, Goding J. Causal link between nucleotide pyrophosphohydrolase overactivity and increased intracellular inorganic pyrophosphate generation demonstrated by transfection of cultured fibroblasts and osteoblasts with plasma cell membrane glycoprotein-1. Relevance to calcium pyrophosphate dihydrate deposition disease. Arthritis Rheum. (1994) 37:934–41. doi: 10.1002/art.1780370624

 18. Fleisch H, Straumann F, Schenk R, Bisaz S, Allgower M. Effect of condensed phosphates on calcification of chick embryo femurs in tissue culture. Am J Physiol. (1966) 211:821–5. doi: 10.1152/ajplegacy.1966.211.3.821

 19. Rutsch F, Vaingankar S, Johnson K, Goldfine I, Maddux B, Schauerte P, et al. PC-1 nucleoside triphosphate pyrophosphohydrolase deficiency in idiopathic infantile arterial calcification. Am J Pathol. (2001) 158:543–54. doi: 10.1016/S0002-9440(10)63996-X

 20. Rutsch F, Ruf N, Vaingankar S, Toliat MR, Suk A, Hohne W, et al. Mutations in ENPP1 are associated with ‘idiopathic' infantile arterial calcification. Nat Genet. (2003) 34:379–81. doi: 10.1038/ng1221

 21. Nakamura I, Ikegawa S, Okawa A, Okuda S, Koshizuka Y, Kawaguchi H, et al. Association of the human NPPS gene with ossification of the posterior longitudinal ligament of the spine (OPLL). Hum Genet. (1999) 104:492–7. doi: 10.1007/s004390050993

 22. Li Q, Guo H, Chou DW, Berndt A, Sundberg JP, Uitto J. Mutant Enpp1asj mice as a model for generalized arterial calcification of infancy. Dis Model Mech. (2013) 6:1227–35. doi: 10.1242/dmm.012765

 23. Sakamoto M, Hosoda Y, Kojimahara K, Yamazaki T, Yoshimura Y. Arthritis and ankylosis in twy mice with hereditary multiple osteochondral lesions: with special reference to calcium deposition. Pathol Int. (1994) 44:420–7. doi: 10.1111/j.1440-1827.1994.tb01705.x

 24. Levy-Litan V, Hershkovitz E, Avizov L, Leventhal N, Bercovich D, Chalifa-Caspi V, et al. Autosomal-recessive hypophosphatemic rickets is associated with an inactivation mutation in the ENPP1 gene. Am J Hum Genet. (2010) 86:273–8. doi: 10.1016/j.ajhg.2010.01.010

 25. Lorenz-Depiereux B, Schnabel D, Tiosano D, Hausler G, Strom TM. Loss-of-function ENPP1 mutations cause both generalized arterial calcification of infancy and autosomal-recessive hypophosphatemic rickets. Am J Hum Genet. (2010) 86:267–72. doi: 10.1016/j.ajhg.2010.01.006

 26. Oheim R, Zimmerman K, Maulding ND, Sturznickel J, von Kroge S, Kavanagh D, et al. Human heterozygous ENPP1 deficiency is associated with early onset osteoporosis, a phenotype recapitulated in a mouse model of enpp1 deficiency. J Bone Miner Res. (2020) 35:528–39. doi: 10.1002/jbmr.3911

 27. Mackenzie NC, Zhu D, Milne EM, van 't Hof R, Martin A, Darryl Quarles L, et al. Altered bone development and an increase in FGF-23 expression in Enpp1(-/-) mice. PLoS ONE. (2012) 7:e32177. doi: 10.1371/journal.pone.0032177

 28. Maulding ND, Kavanagh D, Zimmerman K, Coppola G, Carpenter TO, Jue NK, et al. Genetic pathways disrupted by ENPP1 deficiency provide insight into mechanisms of osteoporosis, osteomalacia, and paradoxical mineralization. Bone. (2021) 142:115656. doi: 10.1016/j.bone.2020.115656

 29. Whyte MP, Leung E, Wilcox WR, Liese J, Argente J, Martos-Moreno GA, et al. Natural history of perinatal and infantile hypophosphatasia: a retrospective study. J Pediatr. (2019) 209:116–24.e4. doi: 10.1016/j.jpeds.2019.01.049

 30. Whyte MP, Coburn SP, Ryan LM, Ericson KL, Zhang F. Hypophosphatasia: Biochemical hallmarks validate the expanded pediatric clinical nosology. Bone. (2018) 110:96–106. doi: 10.1016/j.bone.2018.01.022

 31. Whyte MP. Hypophosphatasia - aetiology, nosology, pathogenesis, diagnosis and treatment. Nat Rev Endocrinol. (2016) 12:233–46. doi: 10.1038/nrendo.2016.14

 32. Millan JL, Narisawa S, Lemire I, Loisel TP, Boileau G, Leonard P, et al. Enzyme replacement therapy for murine hypophosphatasia. J Bone Miner Res. (2008) 23:777–87. doi: 10.1359/jbmr.071213

 33. Yadav MC, Lemire I, Leonard P, Boileau G, Blond L, Beliveau M, et al. Dose response of bone-targeted enzyme replacement for murine hypophosphatasia. Bone. (2011) 49:250–6. doi: 10.1016/j.bone.2011.03.770

 34. Whyte MP, Greenberg CR, Salman NJ, Bober MB, McAlister WH, Wenkert D, et al. Enzyme-replacement therapy in life-threatening hypophosphatasia. N Engl J Med. (2012) 366:904–13. doi: 10.1056/NEJMoa1106173

 35. Whyte MP, Rockman-Greenberg C, Ozono K, Riese R, Moseley S, Melian A, et al. Asfotase alfa treatment improves survival for perinatal and infantile hypophosphatasia. J Clin Endocrinol Metab. (2016) 101:334–42. doi: 10.1210/jc.2015-3462

 36. Whyte MP, Simmons JH, Moseley S, Fujita KP, Bishop N, Salman NJ, et al. Asfotase alfa for infants and young children with hypophosphatasia: 7 year outcomes of a single-arm, open-label, phase 2 extension trial. Lancet Diabetes Endocrinol. (2019) 7:93–105. doi: 10.1016/S2213-8587(18)30307-3

 37. Padidela R. Asfotase alfa treatment in perinatal and infantile hypophosphatasia: safe and sustained efficacy. Lancet Diabetes Endocrinol. (2019) 7:76–8. doi: 10.1016/S2213-8587(18)30321-8

 38. Liu J, Nam HK, Campbell C, Gasque KC, Millan JL, Hatch NE. Tissue-nonspecific alkaline phosphatase deficiency causes abnormal craniofacial bone development in the Alpl(-/-) mouse model of infantile hypophosphatasia. Bone. (2014) 67:81–94. doi: 10.1016/j.bone.2014.06.040

 39. Waymire KG, Mahuren JD, Jaje JM, Guilarte TR, Coburn SP, MacGregor GR. Mice lacking tissue non-specific alkaline phosphatase die from seizures due to defective metabolism of vitamin B-6. Nat Genet. (1995) 11:45–51. doi: 10.1038/ng0995-45

 40. Nam HK, Liu J, Li Y, Kragor A, Hatch NE. Ectonucleotide pyrophosphatase/phosphodiesterase-1 (ENPP1) protein regulates osteoblast differentiation. J Biol Chem. (2011) 286:39059–71. doi: 10.1074/jbc.M111.221689

 41. Zhang Z, Nam HK, Crouch S, Hatch NE. Tissue nonspecific alkaline phosphatase function in bone and muscle progenitor cells: control of mitochondrial respiration and ATP production. Int J Mol Sci. (2021) 22:1140. doi: 10.3390/ijms22031140

 42. Liu J, Nam HK, Wang E, Hatch NE. Further analysis of the Crouzon mouse: effects of the FGFR2(C342Y) mutation are cranial bone-dependent. Calcif Tissue Int. (2013) 92:451–66. doi: 10.1007/s00223-013-9701-2

 43. Meganck JA, Kozloff KM, Thornton MM, Broski SM, Goldstein SA. Beam hardening artifacts in micro-computed tomography scanning can be reduced by X-ray beam filtration and the resulting images can be used to accurately measure BMD. Bone. (2009) 45:1104–16. doi: 10.1016/j.bone.2009.07.078

 44. Yagiela JA, Woodbury DM. Enzymatic isolation of osteoblasts from fetal rat calvaria. Anat Rec. (1977) 188:287–306. doi: 10.1002/ar.1091880303

 45. Bellows CG, Aubin JE, Heersche JN, Antosz ME. Mineralized bone nodules formed in vitro from enzymatically released rat calvaria cell populations. Calcif Tissue Int. (1986) 38:143–54. doi: 10.1007/BF02556874

 46. Nam HK, Vesela I, Siismets E, Hatch NE. Tissue nonspecific alkaline phosphatase promotes calvarial progenitor cell cycle progression and cytokinesis via Erk1,2. Bone. (2019) 120:125–36. doi: 10.1016/j.bone.2018.10.013

 47. Murali SK, Roschger P, Zeitz U, Klaushofer K, Andrukhova O, Erben RG. FGF23 regulates bone mineralization in a 1,25(OH)2 D3 and klotho-independent manner. J Bone Miner Res. (2016) 31:129–42. doi: 10.1002/jbmr.2606

 48. Murali SK, Andrukhova O, Clinkenbeard EL, White KE, Erben RG. Excessive osteocytic Fgf23 secretion contributes to pyrophosphate accumulation and mineralization defect in Hyp mice. PLoS Biol. (2016) 14:e1002427. doi: 10.1371/journal.pbio.1002427

 49. Fraser D. Hypophosphatasia. Am J Med. (1957) 22:730–46. doi: 10.1016/0002-9343(57)90124-9

 50. Sun Y, Rahbani JF, Jedrychowski MP, Riley CL, Vidoni S, Bogoslavski D, et al. Mitochondrial TNAP controls thermogenesis by hydrolysis of phosphocreatine. Nature. (2021) 593:580–5. doi: 10.1038/s41586-021-03533-z

 51. Teng CS, Ting MC, Farmer DT, Brockop M, Maxson RE, Crump JG. Altered bone growth dynamics prefigure craniosynostosis in a zebrafish model of Saethre-Chotzen syndrome. Elife. (2018) 7:e37024. doi: 10.7554/eLife.37024

 52. Anderson HC, Harmey D, Camacho NP, Garimella R, Sipe JB, Tague S, et al. Sustained osteomalacia of long bones despite major improvement in other hypophosphatasia-related mineral deficits in tissue nonspecific alkaline phosphatase/nucleotide pyrophosphatase phosphodiesterase 1 double-deficient mice. Am J Pathol. (2005) 166:1711–20. doi: 10.1016/S0002-9440(10)62481-9

 53. Gattineni J, Bates C, Twombley K, Dwarakanath V, Robinson ML, Goetz R, et al. FGF23 decreases renal NaPi-2a and NaPi-2c expression and induces hypophosphatemia in vivo predominantly via FGF receptor 1. Am J Physiol Renal Physiol. (2009) 297:F282–91. doi: 10.1152/ajprenal.90742.2008

 54. Sitara D, Kim S, Razzaque MS, Bergwitz C, Taguchi T, Schuler C, et al. Genetic evidence of serum phosphate-independent functions of FGF-23 on bone. PLoS Genet. (2008) 4:e1000154. doi: 10.1371/journal.pgen.1000154

 55. Shimada T, Kakitani M, Yamazaki Y, Hasegawa H, Takeuchi Y, Fujita T, et al. Targeted ablation of Fgf23 demonstrates an essential physiological role of FGF23 in phosphate and vitamin D metabolism. J Clin Invest. (2004) 113:561–8. doi: 10.1172/JCI200419081

 56. Whyte MP, Zhang F, Wenkert D, Mumm S, Berndt TJ, Kumar R. Hyperphosphatemia with low FGF7 and normal FGF23 and sFRP4 levels in the circulation characterizes pediatric hypophosphatasia. Bone. (2020) 134:115300. doi: 10.1016/j.bone.2020.115300

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The handling editor declared a past collaboration with one of the authors NH.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Nam, Emmanouil and Hatch. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fdmed-03-846962-g005.gif
SNNNNN
NANN AN

NN

A

NN NN

NN N Ny -






OPS/images/fdmed-03-846962-g006.gif
i :

T S
S5595 45555






OPS/images/fdmed-03-846962-g003.gif





OPS/images/fdmed-03-846962-g004.gif
 LEELE LELEE
SISIT SIS






OPS/images/fdmed-03-846962-g009.gif





OPS/images/fdmed-03-846962-g007.gif





OPS/images/fdmed-03-846962-g008.gif
LELLE  FEELS
SEEEE S






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Deletion of the Pyrophosphate Generating Enzyme ENPP1 Rescues Craniofacial Abnormalities in the TNAP−/− Mouse Model of Hypophosphatasia and Reveals FGF23 as a Marker of Phenotype Severity



		Introduction



		Materials and Methods



		Animals



		Skull Measurements



		Micro Computed Tomography



		Coronal Suture Fusion Assessment



		Primary Cell Isolation and Analysis



		Serum FGF23 Assay and Correlation With Phenotypes



		Statistical Analyses







		Results



		Body Phenotypes



		Skull Phenotypes



		Cranial Bone micro-CT Parameters



		Craniosynostosis



		Long Bone micro-CT Parameters



		Primary Cell Assays



		Serum FGF23 Levels



		Correlation of Serum FGF23 Levels and Phenotypes







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
@ frontiers | Frontiers in Dental Medicine

Deletion of the Pyrophosphate
Generating Enzyme ENPP1 Rescues
Craniofacial Abnormalities in the
TNAP~/~ Mouse Model of
Hypophosphatasia and Reveals
FGF23 as a Marker of Phenotype
Severity





OPS/images/fdmed-03-846962-g001.gif
P <«P«P <D

D @ @ Q

)

DD @

DD Q@

wwwwwwwwwww





OPS/images/fdmed-03-846962-g002.gif
LS LS
SEESET g










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Dental Med





