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Abstract

Hypophosphatasia (HPP) is an inborn-error-of-metabolism disorder characterized by deficient 

bone and tooth mineralization due to loss-of function mutations in the gene (Alpl) encoding tissue-

nonspecific alkaline phosphatase (TNAP). Alpl−/− mice exhibit many characteristics seen in 

infantile HPP including long bone and tooth defects, vitamin B6 responsive seizures and 

craniosynostosis. Previous reports demonstrated that a mineral-targeted form of TNAP rescues 

long bone, verterbral and tooth mineralization defects in Alpl−/− mice. Here we report that enzyme 

replacement with mineral-targeted TNAP (asfotase-alfa) also prevents craniosynostosis (the 

premature fusion of cranial bones) and additional craniofacial skeletal abnormalities in Alpl−/− 

mice. Craniosynostosis, cranial bone volume and density, and craniofacial shape abnormalities 

were assessed by microsocopy, histology, digital caliper measurements and micro CT. We found 

that craniofacial shape defects, cranial bone mineralization and craniosynostosis were corrected in 

Alpl−/− mice injected daily subcutaneously starting at birth with recombinant enzyme. Analysis of 

Alpl−/− calvarial cells indicates that TNAP deficiency leads to aberrant osteoblastic gene 

expression and diminished proliferation. Some but not all of these cellular abnormalities were 

rescued by treatment with inorganic phosphate. These results confirm an essential role for TNAP 

in craniofacial skeletal development and demonstrate the efficacy of early postnatal mineral-

targeted enzyme replacement for preventing craniofacial abnormalities including craniosynostosis 

in murine infantile HPP.
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1.1 Introduction

Tissue-nonspecific alkaline phosphatase (TNAP) is a well-established and essential 

enhancer of tissue mineralization [1–3]. TNAP is GPI-anchored to the surface of bone 

forming cells [4], where it functions to promote hydroxyapatite crystal growth by increasing 

inorganic phosphate (Pi) to pyrophosphate (PPi) concentration ratios, and dephosphorylating 

osteopontin [5–8]. Hypophosphatasia (HPP) is the metabolic disorder that occurs due to 

loss-of function mutations in the gene (Alpl) encoding TNAP [9–11]. Clinical manifestations 

of HPP are heterogenous in terms of severity and age of onset, with more severe forms of 

the disorder initiating in utero or infancy [3,12]. Infants affected with HPP can exhibit 

defective bone and tooth mineralization, epileptic seizures due to diminished hydrolysis of 

pyridoxal-5’-phosphate (PLP) leading to vitamin B6 deficiency, and craniosynostosis.

During skull growth, cranial bones ultimately come into close proximal relationships but 

continue to increase in size via new bone formation along outer edges, with maintenance of 

undifferentiated tissue (cranial suture tissue) between the growing bones. When suture tissue 

is prematurely lost, adjacent cranial bones become prematurely fused (craniosynostosis) 

[13]. This can lead to limited growth in the area of fusion, abnormal skull and facial shapes, 

and high intracranial pressure requiring cranial surgery [14–16]. Craniosynostosis is an 

established attribute of infantile HPP [3, 10, 12, 17,18]. Craniosynostosis in a rachitic 

disorder such as hypophosphatasia may seem counterintuitive, yet craniosynostosis is also 

associated with other forms of rachitic disease [19–24]. We recently reported that Alpl−/− 

mice exhibit craniofacial skeletal abnormalities and craniosynostosis similar to that seen in 

infants with HPP [25]. Alpl−/− mice therefore serve as an excellent model to further 

understand the pathogenesis of rachitic craniosynostosis. In an open label phase 1 clinical 

trial, children suffering from HPP were treated daily with mineral-targeted TNAP enzyme 

(asfotase-alfa) starting months to years after birth. This treatment was highly efficacious for 

rescuing long bone defects seen in these patients, yet many children still manifested 

craniosynostosis [26]. Because craniosynostosis develops during fetal or early postnatal life 

and cannot be reversed without surgery after it has occurred [27–29], we hypothesize that 

treatment must be initiated at earlier developmental time points to affect craniosynostosis.

The Alpl−/− mouse model of infantile HPP was previously used to investigate abnormalities 

that occur in association with HPP [1,25,30,31], and to establish that treatment with a 

mineral-targeted form of TNAP can rescue rib, vertebral, long bone and tooth mineralization 

defects in murine HPP [32–34]. Here, we show that TNAP enzyme replacement can also 

diminish craniofacial skeletal abnormalities and prevent craniosynostosis in Alpl−/− mice 

when initiated shortly after birth.
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1.2 Materials and Methods

1.2.1 Animals

Preparation and genotyping of Alpl+/− mice were previously reported [1,6,33]. Alpl+/− mice 

were backcrossed against 50% C57Bl/6 – 50% 129SF2/J wild type (Alpl+/+) mice for ten 

generations prior to crossing Alpl+/− × Alpl+/− mice for generating progeny used in this 

study. This mixed genetic background was maintained intentionally as it results Alpl−/− 

mice with variable phenotype severity, similar to the phenotype variability observed in 

human infantile HPP. Mice were given free access to modified rodent diet containing 

increased levels of pyridoxine (vitamin B6, 325 ppm) to suppress seizures and extend life 

span in Alpl−/− mice. Animal use followed federal guidelines for the care and use of animals 

in research.

Alpl−/− mice on this background are variable in terms of severity of their hypophosphatasia 

phenotype. To take phenotype variability into account, severity of the long bone ossification 

defect in Alpl−/− mice was scored using mouse paw radiographs (Supplemental Information, 

Figs. 1 and 2), as follows. A normal paw phenotype shows all secondary ossification centers 

present and mineralized digits. A mild phenotype shows some secondary ossification centers 

are absent and mineralized digits. A moderate phenotype shows all secondary ossification 

centers absent and mineralized digits. A severe phenotype shows profound dysmorphology, 

with absent ossification centers and no mineralization of digits.

1.2.2 Enzyme Replacement

Recombinant TNAP enzyme (asfotase-alfa) is composed of soluble human TNAP fused to 

the constant region of human IgG1 (Fc), and a C-terminal deca-aspartate motif that confers 

targeting to hydroxyapatite [26,35]. Alpl−/− mice were injected daily subcutaneously with 

vehicle, 2.0 or 8.2 mg/kg of protein starting at birth (4 mL/kg), according to previously 

established protocols for rescue of murine HPP. Efficacy of this dose and delivery method 

for this recombinant form of TNAP was previously shown to increase serum alkaline 

phosphatase levels; and prevent long bone, rib, vertebral and tooth defects in murine HPP 

[32–34]. Craniofacial skeletal assessments were performed on treated Alpl−/− mice, as 

compared to vehicle treated Alpl−/− mice and wild type littermates. Animal genotype and 

treatment group was blinded for analyses then unblinded for statistics.

Previous studies showed that dose levels of mineral-targeted TNAP required for rescue of 

mineralization defects in Alpl−/− mice is dependent upon body site [33]. Craniosynostosis 

occurs in Alpl−/− mice between two and three weeks after birth. To compare dose levels 

required for preventing craniosynostosis, Alpl−/− mice were injected with 2.0 (n=8) or 8.2 

mg/kg/day (n=6) of recombinant enzyme, and compared to control Alpl−/− (n=24) and 

Alpl+/+ mice (n=24) three to six weeks after birth. To establish craniofacial skeletal shape 

and cranial bone mineralization changes which occur prior to the onset of craniosynostosis, 

and to determine if treatment influences these independently of craniosynostosis, Alpl−/− 

mice were injected with 8.2 mg/kg/day (n=45) of recombinant enzyme and compared to 

untreated Alpl−/− (n=46) and Alpl+/+ mice (n=46) and at approximately two weeks after 

birth.
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1.2.3 Micro computed tomography

Whole skulls 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), as previously described [25,38]. Density, volume and mineral 

content of cranial bones from P15 mice were measured using previously established 

methods and regions of interest using Microview version 2.2 software (GE Healthcare Pre-

Clinical Imaging, London, ON) and established algorithms [38–40].

1.2.4 Craniosynostosis Assessment

Fusion of the coronal suture (fusion between frontal and parietal bones) was identified on 

micro CT scans of skulls dissected from control Alpl−/− mice, 2.0 mg/kg/day treated Alpl−/− 

mice, 8.2 mg/kg/day treated Alpl−/− mice, and Alpl+/+ mice. Cranial sutures were viewed 

using the two-dimensional micro-CT slices in an orthogonal view across the entire length of 

the coronal suture, as previously described [25,37,38]. Bone fusions identified on micro CT 

images were verified by visualization of specimens under a dissecting microscope (Leica 

M60 TL5000; Leica Microsystems Inc., Buffalo Groves, IL).

1.2.5 Linear Craniofacial Measurements

Digital calipers were used to conduct craniofacial linear skeletal measurements because 

identification of some skeletal landmarks on micro CT scans can be difficult due to 

craniofacial bone hypomineralization in untreated Alpl−/− mice. P15 (approximately two 

week-old) vehicle treated Alpl−/−, 8.2 mg/kg/day treated Alpl−/− and control Alpl+/+ mouse 

skulls were carefully dissected and fixed. Linear measurements were calculated using 

previously reported craniofacial skeletal landmarks [25,36–38], including five standard 

measurements currently in use by the Craniofacial Mutant Mouse Resource of Jackson 

Laboratory (Bar Harbor, ME). Linear measurements were normalized to total skull length 

(measured from nasale to opisthion) to account for potential size differences between Alpl−/− 

and Alpl+/+ mice. No significant difference between genders was found therefore genders 

were combined for comparison of genotype and treatment groups.

1.2.6 Craniofacial Morphometric Analysis

A subset of thirty-three previously established craniofacial landmarks were placed on micro 

CT scans of the P15 skulls, and included only those landmarks that were readily visualized 

on micro CT scans of all samples (Supplemental Information, Fig. 3) [36,38]. Landmarks 

were placed and landmark coordinate data was generated using Dolphin Imaging 11.0 

software (Dolphin Imaging and Management Solutions, Chatsworth, CA), as previously 

reported [38]. Landmark coordinate data was imported into WinEDMA 1.0.1 software 

(Department of Basic Medical Science, School of Medicine, University of Missouri, Kansas 

City, MO) for comparison of form, size and shape by Euclidean Distance Matrix Analysis 

(EDMA) [38,41]. Briefly, EDMA is a morphometric analysis that uses landmark x,y,z 

coordinate data without using a fixed coordinate axis. The analysis calculates all the linear 

distances between all possible pairs of landmarks in each individual and compares these 

distances as ratios between groups.
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1.2.7 Histology

For microscopic visualization of mineralized tissues; dissected and fixed skulls were serially 

dehydrated, washed in isopropanol, incubated in xylene and then embedded in methyl 

methacrylate. This method does not remove mineral and therefore allows for assessment of 

bone fusion. Methacrylate blocks were trimmed in the sagittal plane to within 4 mm of the 

sagittal suture. 4 µm sections perpendicular to the coronal suture were prepared with a Leica 

RM2255 microtome equipped with a tungsten carbide blade (Leica Microsystems Inc., 

Buffalo Groves, IL). Sections were transferred to slides and dried overnight. Sections were 

stained for mineral by incubation in 5% AgNO3 (Von Kossa stain) followed by counter-

staining in a 1% toludine blue 1% sodium borate solution.

To assess proliferation in mouse calvarial tissues; fixed and decalcified tissues from 5 

dayold mice were paraffin embedded. 8 µm sections perpendicular to the coronal suture 

were sectioned and stained using anti-Ki67 primary antibody (Spring Bioscience), a horse 

radish peroxidase-conjugated secondary antibody, colorimetric detection with chromogen 

diaminobenzidine (DAB) and counter staining with hematoxylin and eosin.

1.2.8 Cell preparation and culture

Primary cells were isolated from dissected calvaria by collagenase digestion, as previously 

described [38,42]. Briefly, bones were rinsed with media then serially digested in a solution 

containing 2 mg/ml collagenase P and 1 mg/ml trypsin. Cells from the third digestion were 

utilized for experiments. TNAP specific shRNA and non-target shRNA expressing 

MC3T3E1(C4) pre-osteoblastic calvarial cells were previously characterized [25]. Cells 

were induced to differentiate by culture in custom formulated aMEM media containing no 

phosphate, supplemented with 50 ug/ml ascorbate, 10% fetal bovine serum (FBS), and 

10,000 ug/ml penicillin/streptomycin (P/S). Where indicated, sodium phosphate was added 

at a final concentration of 5 mM. RNA was isolated using Trizol reagent (Invitrogen) 

following manufacturer protocols. mRNA levels were assayed by reverse transcription and 

real time PCR. Real time PCR was performed utilizing the murine glyceraldehye 3-

phosphate dehydrogenase (GAPDH) primer/probe set Mm01545399_m1, the murine 

osteocalcin (OCN) Mm03413826_mH primer/probe set, the murine bone sialoprotein (BSP) 

primer/probe set Mm00492555_m1, the murine tissue non-specific alkaline phosphatase 

(TNAP) primer/probe set Mm00475834_m1, the murine Runx2 primer/probe set 

Mm00501578_m1 and Taqman Universal PCR Master Mix (Applied Biosystems). Real-

time PCR was performed on a GeneAmp 7700 thermocyler (Applied Biosystems) and 

quantified by comparison to a standard curve. mRNA levels are reported after normalization 

to GAPDH mRNA levels. Alkaline phosphatase enzyme activity was assayed using the 

colorimetric substrate, NBT/ BCIP (Sigma). For quantification, wells were scanned and 

densitometry was measured using NIH Image software. To assay cellular proliferation, cells 

were seeded and grown in media containing 10% fetal bovine serum for five days. Cells 

were stained with trypan blue and counted in quintuplet at each time point.
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1.3 Results

1.3.1 Mineral-targeted enzyme replacement prevents craniosynostosis in Alpl−/− mice

Bony fusion between frontal and parietal bones (fusion of the coronal suture) occurs in 

severely affected Alpl−/− mice (approximately one third of all Alpl−/− mice) between two 

and three weeks after birth [25]. Subcutaneous daily injection of a mineral-targeted soluble 

recombinant form of TNAP (asfotase-alfa) at 2.0 mg/kg and 8.2 mg/kg dose levels was 

previously shown to increase serum alkaline phosphatase levels, extend life and rescue long 

bone, vertebral and dental defects in Alpl−/− mice [31–34]. Here we show that TNAP 

enzyme replacement prevents craniosynostosis. Craniosynostosis in the form of coronal 

suture fusion is evident in vehicle treated Alpl−/− mice, but not in Alpl−/− mice treated with 

mineral-targeted TNAP enzyme; as demonstrated by micro CT, microscopic visualization of 

dissected skulls and histology (Fig. 1). Craniosynostosis was evident in 29% of control 

Alpl−/− mice. Craniosynostosis was not seen in any Alpl−/− mice treated with low or high 

dose recombinant TNAP, and the incidence of coronal suture fusion was significantly higher 

in vehicle treated compared to asfotase-alfa treated Alpl−/− mice (p<.05, two tailed Fisher’s 

exact test).

1.3.2 Mineral-targeted enzyme replacement rescues mineralization defects in the 
craniofacial skeleton of Alpl−/−mice

To further establish abnormalities prior to the onset of craniosynostosis and determine if 

recombinant TNAP enzyme therapy is efficacious for preventing these defects, we next 

investigated treatment effects in two week-old mice. Micro CT isosurface images of 15 day-

old Alpl−/− mice treated with 8.2 mg/kg/day of recombinant enzyme (Fig. 1E,F) show 

apparent rescue of craniofacial bone mineralization defects, when compared to vehicle 

treated Alpl−/− (Fig. 1C,D) and wild type mice (Fig. 1A,B). Consistent with the typical HPP 

phenotype, multiple cranial vault and facial bones of untreated Alpl−/− mice lack adequate 

mineralization to appear on micro CT scans constrained to a bone tissue threshold. This 

hypomineralization phenotype is not evident in asfotase-alfa treated Alpl−/− mice. 

Interestingly, micro CT based quantification of individual cranial bones revealed a 

surprising phenotype involving increased frontal bone mineral volume, density and mineral 

content in vehicle treated Alpl−/− mice, as compared to wild type mice at post-natal day 15 

(Table 1). This phenotype was not seen in the treated Alpl−/− mice. Tissue mineral content 

of the parietal bone was also increased in vehicle treated P15 Alpl−/− mice but not in 

asfotase-alfa treated Alpl−/− mice. Together, these results indicate that treatment with 

mineral-targeted TNAP normalizes both hypomineralization (eg: maxilla, zygoma and 

anterior aspects of frontal bone) and hypermineralization (eg: parietal bone and posterior 

aspects of frontal bone) defects seen in the craniofacial skeleton of Alpl−/− mice.

1.3.3 Mineral-targeted enzyme replacement diminishes craniofacial shape abnormalities in 
Alpl−/− mice

Alpl−/− mice exhibit craniofacial shape abnormalities within two weeks after birth [25]. 

Daily treatment with 8.2 mg/kg of mineral-targeted TNAP rescued these abnormalities to a 

large extent. Digital caliper linear measurements normalized to skull length demonstrate that 

nose length, nasal bone length and frontal bone length are shorter in P15 vehicle treated 
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Alpl−/− mice, when compared to treated Alpl−/− or Alpl+/+ mice (Fig. 3A). Because severity 

of the HPP phenotype is variable in Alpl−/− mice on this mixed genetic background, we also 

compared craniofacial shape differences by long bone phenotype severity. These results 

reveal more extreme craniofacial skeletal defects in P15 Alpl−/− mice that are dependent 

both upon severity of the HPP phenotype and TNAP enzyme supplementation (Fig. 3B). 

Cranial height, cranial width and inner canthal distance are significantly larger; while nose 

length, nasal bone length and frontal bone length are significantly smaller in Alpl−/− mice of 

the severe long bone ossification phenotype category, when compared to treated Alpl−/− and 

Alpl+/+ mice. All Alpl+/+ and 44 of 46 treated Alpl−/− mice were scored as having normal 

long bone ossification phenotypes and all of these mice also had a normal craniofacial 

shape. Two asfotase-alfa treated Alpl−/− mice were scored as having mild long bone 

ossification phenotypes. These mice also had a normal craniofacial shape and were excluded 

from analyses due to limited sample numbers.

To substantiate these results, three-dimensional coordinate data from landmarks placed on 

micro CT scans of mouse skulls were also used to compare craniofacial form and shape by 

Euclidean Distance Matrix Analysis (EDMA). Results show that the overall craniofacial 

skeletal form (form includes size and shape) of vehicle treated Alpl−/− mice is different than 

that of Alpl−/− mice treated with 8.2 mg/kg/day of recombinant TNAP (T = 1.10, p <.001) 

by two weeks after birth. Shape analysis using geometric mean as a scaling factor confirmed 

that vehicle treated vs. mineral-targeted TNAP treated skulls are also statistically different in 

shape by two weeks after birth (Z = −0.052, α = 0.01). EDMA shape confidence intervals 

for individual linear measurements were consistent with results of our digital caliper 

analysis. Anterior-posterior skull length distances were smaller while skull height distances 

were larger in vehicle treated, when compared to treated Alpl−/− mice (Fig. 3C). Together 

these results support our subjective assessment that TNAP enzyme replacement minimizes 

the skull and facial shape defects seen in affected Alpl−/− mice. Overall vehicle treated 

Alpl−/− mice have skulls are acrocephalic (tall) and brachycephalic (wide), when compared 

to those of treated of Alpl−/− mice and wild type littermates.

1.3.4 Role of inorganic phosphate (Pi) in TNAP deficiency induced cellular abnormalities

We previously showed that calvarial MC3T3E1(C4) cells in which TNAP expression was 

suppressed by shRNA exhibit cellular abnormalities including aberrant osteoblastic gene 

expression and diminished proliferation [25]. Consistent with this data, primary cells 

isolated from Alpl−/− calvaria express higher levels of Runx2, osteocalcin (OCN) and bone 

sialoprotein (BSP) mRNA before osteoblast differentiation in culture (Fig. 4C–E) and lower 

levels upon differentiation (Fig. 4F–H), when compared to wild type cells. Alpl−/− cells are 

also less proliferative than Alpl+/+ cells (Fig. 4I). Diminished proliferation of bone lining 

and suture cells is also apparent in Alpl−/− calvaria (Fig. 4K) as compared to Alpl+/+ (Fig. 

4J). Regions of high proliferation are evident along the leading edge of both frontal and 

parietal bones adjacent to the coronal suture in wild type mice. Less proliferation is evident 

in these and other regions of Alpl−/− calvarial tissues.

Alpl−/− mice do not exhibit systemic hypophosphatemia but TNAP does function to 

generate inorganic phosphate (Pi) at the extracellular membrane [5,6]. Extracellular Pi 
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influences matrix mineralization, and can also stimulate changes in gene expression and 

proliferation [43–46]. Therefore, we next investigated the potential for Pi to rescue 

proliferation and gene expression abnormalities seen in TNAP deficient cells. Results show 

that addition of Pi to culture media increased the proliferation of TNAP deficient 

MC3T3E1(C4) cells to the levels seen in control cells (Fig. 4L). Consistently, Pi also 

increased the proliferation of Alpl−/− cells (Fig. 4M). Treatment with Pi did not rescue gene 

expression differences between TNAP deficient and control MC3T3E1(C4) cells, or 

between Alpl−/− and Alpl+/+ cells (data not shown). Together these results suggest that 

diminished extracellular Pi mediates some but not all of the cellular changes induced by 

TNAP deficiency.

1.4 Discussion

Alpl−/− mice exhibit metabolic, long bone, tooth and craniofacial skeletal abnormalities 

similar to those seen in human infantile HPP [1,25,30,31], and these mice were previously 

used to demonstrate that daily subcutaneous injections of the mineral-targeted form of 

TNAP (asfotase-alfa) can increase serum alkaline phosphatase levels, diminish seizures, 

extend life, and rescue long bone, vertebral and rib defects in a murine model of infantile 

HPP [32–34]. Success of this work supported testing of this form of TNAP in infants and 

children severely affected with HPP. Published results from a phase 1 open label study 

demonstrated that TNAP enzyme replacement diminishes plasma levels of the TNAP 

substrates inorganic pyrophosphate (PPi) and pyridoxal 5′-phosphate (PLP), improves 

skeletal mineralization, respiratory function, motor skills and cognitive development in 

patients with early and severe onset of HPP [26]. Notably though, the incidence of 

craniosynostosis was unchanged by treatment. Because craniosynostosis cannot be reversed 

after it has occurred, this finding suggests either that the treatment is not efficacious for 

preventing craniosynostosis or that the treatment was initiated after the onset of 

craniosynostosis in these patients. Results presented here demonstrate that daily 

subcutaneous injections of mineral-targeted TNAP initiated shortly after birth prevents 

craniosynostosis in murine infantile HPP. Approximately one third of untreated Alpl−/− 

mice develop craniosynostosis in the form of bony coronal suture fusion by three weeks 

after birth [25]. No Alpl−/− mice treated daily with injections of mineral-targeted TNAP 

showed any evidence of craniosynostosis at the low or high dose level. Infantile 

hypophosphatasia is a progressive disorder and craniosynostosis in HPP and other rachitic 

disorders tends to occur later than that seen in other forms of craniosynostosis [28]. Given 

early diagnosis, these results therefore support testing of recombinant TNAP enzymes for 

preventing or diminishing the severity of craniosynostosis in humans. In utero delivery 

systems will be needed to prevent prenatal onset craniosynostosis in humans [47]. Studies 

investigating the long-term impact of enzyme replacement on the skull are also warranted.

Craniosynostosis only occurs in untreated Alpl−/− mice with a severe long bone (paw) 

ossification defect. Skulls of mice scored as having a severe paw ossification phenotype also 

present with a more severe craniofacial hypomineralization phenotype, in that only Alpl−/− 

mice with a severe paw phenotype have craniofacial bones that are hypomineralized to the 

extent that they do not appear in micro CT scans constrained to a bone tissue threshold (Fig. 

1C,D). The fact that craniosynostosis only occurs in Alpl−/− mice with a severe bone 
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mineralization phenotype could indicate that craniosynostosis occurs indirectly, as a result 

of cellular changes that occur in response to severely abnormal cranial bone mineralization. 

Alternatively, this finding could indicate that compensators for TNAP exist that function to 

influence both bone mineralization and craniosynostosis. A previous study showed that the 

skulls of Alpl−/− mice treated with 16 mg/kg/day of recombinant soluble alkaline 

phosphatase appeared similar to those of Alp+/+ mice [48]. Future studies will be needed to 

determine if mineral-targeting of TNAP alters efficacy for preventing craniosynostosis, as 

compared directly to treatment with soluble forms of alkaline phosphatase. Future studies 

comparing phenotype severity and craniosynostosis incidence with systemic biomarker 

levels, such as inorganic pyrophosphate, will be important for illuminating mechanisms of 

HPP-associated craniosynostosis and modifiers of HPP phenotype severity.

We next assessed pathogenic changes prior to the onset of craniosynostosis +/− treatment 

because we are interested in understanding how TNAP deficiency causes craniosynostosis 

and the potential for enzyme replacement therapy to influence these changes. As expected, 

TNAP enzyme replacement prevented the cranial bone hypomineralization seen in Alpl−/− 

mice by two weeks after birth. Multiple facial bones of untreated Alpl−/− mice, for example, 

are so hypomineralized that they do not appear on micro CT scans constrained to a bone 

tissue threshold. This is not the case in asfotase-alfa treated Alpl−/− mice. These results are 

consistent with previously published data showing that TNAP enzyme replacement 

increases vertebral, rib and long bone hypomineralization in Alpl−/− mice [32–34] and HPP 

patients [26]. TNAP enzyme replacement also prevented a localized cranial bone 

hypermineralization phenotype seen in untreated Alpl−/− mice at two weeks after birth. 

Frontal bones of Alpl−/− mice are hypomineralized by three weeks after birth [25], 

indicating that the hypermineralization seen at two weeks after birth is transient. Localized 

hypermineralization of long bone metaphyses has been reported in children with HPP, and 

theorized to occur as a compensatory response to otherwise mechanically incompetent bone 

structure [49,50]. Cranial bones are not weight bearing but do experience forces from 

mastication [51]. Pediatric cranial bones also deform to a significantly greater extent than 

adult cranial bones in response to mechanical force [52]. It is possible that the transient 

hypermineralization of cranial bones in two week-old Alpl−/− mice is a compensatory 

response to weakened overall cranial bone structure. Alternatively, the hypermineralization 

could be due to abnormal expression of other enzymes essential to mineralization, such 

ENPP1 (ectonucleotide pyrophosphatase/phosphodiesterase 1) and/or PHOSPHO-1 

(phosphatase, orphan 1), in response to TNAP deficiency.

Treatment with mineral-targeted TNAP also diminished craniofacial skeletal shape 

abnormalities in murine HPP. Vehicle treated Alpl−/− mice exhibit an acrocephalic and 

brachycephalic skull shape (tall, wide and shorter in anterior-posterior length), similar to 

that seen in some infants affected with HPP [12,25]. Asfotase-alfa treated Alpl−/− mice have 

skulls that are similar to those of wild type mice. Skulls of treated Alpl−/− mice are less tall, 

less wide and longer in anterior-posterior length than those of vehicle treated Alpl−/− mice, 

as assessed using digital calipers or landmark coordinate data from micro CT scans. Because 

the rescue in craniofacial shape shown here occurred prior to the onset of coronal suture 

fusion (skulls were analyzed two weeks after birth for shape; coronal suture fusion is not yet 
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seen at this time point), it seems likely that TNAP enzyme replacement normalizes 

craniofacial skeletal shape through mechanisms in addition to the prevention of 

craniosynostosis. If mineral-targeted TNAP is able to diminish skull and facial skeletal 

shape abnormalities in patients, this treatment could be an important augmentation to 

surgeries used to separate fused cranial bones. Facial shapes influence perceived intelligence 

and dominance, and improvement in craniofacial deformity enhances quality of life [53–55].

It is worth noting that frontal bone length but not parietal bone length is different between 

Alpl−/− and wild type mice. Parietal bone length is also not altered by treatment. Micro CT 

data reported here and in our previous publication showed that mineralization abnormalities 

are also less severe in parietal than in frontal bone [25]. This data indicates that TNAP plays 

a more essential role in frontal than parietal bone development. That the influence of TNAP 

on craniofacial bones is bone specific is also well exhibited in the micro CT images of these 

mice (Fig. 1). Comparative investigation of more severely affected vs. less severely affected 

craniofacial bones of Alpl−/− mice could yield information on modifiers of the HPP 

ossification phenotype.

We previously showed that suppression of TNAP expression by shRNA in calvarial 

MC3T3E1(C4) cells led to changes in cell behavior independent of matrix mineralization, 

which suggested a potential direct effect of TNAP on cell behavior [25]. Here we show that 

calvarial cells isolated from Alpl−/− mice show changes similar to those seen in TNAP 

deficient MC3T3E1(C4) cells. Expression of Runx2, osteocalcin (OCN) and bone 

sialoprotein (BSP) were higher in Alpl−/− than in Alpl+/+ primary calvarial cells prior to 

differentiation, and lower in Alpl−/− than Alpl+/+ cells at later stages of differentiation. 

Alpl−/− calvarial cells are also less proliferative than Alpl+/+ cells when assessed in vitro 

and in vivo. TNAP is an ectoenzyme that hydrolyzes ATP and pyrophosphate (PPi) to 

inorganic phosphate (Pi) and adenosine. This process is essential for bone mineralization 

even in the presence of systemic normal phosphate, suggesting that local changes in PPi and 

Pi mediate hydroxyapatite crystal deposition [56] Previous studies also showed that Pi can 

stimulate signaling to influence osteoblast differentiation and proliferation [44–46,57]. We 

show here that treatment with Pi rescues the diminished proliferation of TNAP deficient 

MC3T3E1(C4) and Alpl−/− primary calvarial cells, suggesting that local changes in Pi may 

mediate proliferative changes induced by TNAP deficiency. Pi treatment did not rescue 

differences in gene expression between TNAP deficient and control cells (data not shown). 

Together, these results indicate that TNAP has direct influences on cell behavior that may be 

mediated in part by extracellular Pi.

Approximately 40% of infants affected with HPP develop craniosynostosis but it is 

unknown how premature cranial bone fusion occurs in this rachitic disorder [17]. Our results 

implicate multiple potential mechanisms by which TNAP deficiency could lead to 

craniosynostosis. TNAP deficiency could promote premature osteoblast differentiation of 

cranial suture cells, even while inhibiting the full functionality of mature osteoblasts. TNAP 

deficiency could also diminish proliferation by cranial suture and/or bone lining cells. These 

types of differentiation and proliferation changes could diminish available undifferentiated 

cranial suture tissue over time, potentiating the tendency for craniosynostosis [13]. 

Alternatively, cells within the cranial bone and suture environment could respond to TNAP 
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deficiency by upregulating other promineralization factors. This latter possibility is 

supported by the fact that transient hypermineralization is evident in Alpl−/− frontal bones 

prior to the onset of craniosynostosis in these mice. Distinguishing between these potential 

mechanisms will be important for understanding how craniosynostosis occurs in HPP and 

other rachitic disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Treatment with a mineral-targeted form of soluble TNAP significantly 

diminishes the incidence of craniosynostosis in murine infantile 

hypophosphatasia

• Treatment with a mineral-targeted form of soluble TNAP normalizes 

craniofacial shape abnormalities in murine infantile hypophosphatasia

• Treatment with a mineral-targeted form of soluble TNAP rescues craniofacial 

bone hypomineralization and hypermineralization in murine infantile 

hypophosphatasia

• Inorganic phosphate rescues the diminished proliferation seen in TNAP 

deficient calvarial cells
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Figure 1. Mineral-targeted TNAP enzyme replacement prevents craniosynostosis in murine HPP
A,B,C) Isosurface micro CT images show coronal suture fusion present in vehicle treated 

P20 Alpl−/− mouse with severe HPP phenotype (B), but not in 2.0 mg/kg/day treated Alpl−/− 

(C) or in Alpl+/+ (A) mice (red arrow points to fused coronal suture in vehicle treated P20 

Alpl−/− mouse). D,E,F) Dissected skulls of P20 mice were visualized through a dissection 

microscope. Fusion of the coronal suture is apparent in vehicle treated Alpl−/− (E) but not in 

treated Alpl−/− (F) or in Alpl+/+ (D) mice (black arrow points to fused coronal suture in 

untreated P20 Alpl−/− mice). G,H,I) Micro CT lateral slice images show coronal suture 

fusion present in vehicle treated P20 Alpl−/− mice (B), but not in 2.0 mg/kg/day treated 

Alpl−/− (C) or in Alpl+/+ (A) mice (arrows points to the coronal suture). J,K,L) Isosurface 

micro-CT images show that treated P44 Alpl−/− mice show no evidence of craniosynostosis. 

Skulls of P44 8.2 mg/kg/day treated mice (I) appear normal, as compared to Alpl+/+ (G) 

mice (H). Because vehicle treated Alpl−/− mice do not survive past three weeks post-birth, 
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vehicle treated P44 Alpl−/− cannot be shown. M,N) Histologic staining of non-decalcified 

bone surrounding the coronal suture of P44 skulls is shown (black stain is mineralized tissue 

(32×). The coronal suture was fused in 29% of untreated Alpl−/− mice, but not in Alpl+/+ or 

asfotase-alfa treated Alpl−/− mice, regardless of dose.
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Figure 2. Qualitative rescue of craniofacial hypomineralization and shape abnormalities by 
mineral-targeted TNAP enzyme replacement prior to craniosynostosis, in murine HPP
Micro CT based, isosurface images of 15-day post-natal Alpl+/+ (A,B), vehicle treated 

Alpl−/− (C,D) and treated Alpl−/− mouse skulls (E,F) are shown. The shown untreated 

Alpl−/− mouse has the severe HPP phenotype. Treated mice received daily injections of 8.2 

mg/kg of mineral-targeted recombinant TNAP enzyme starting as newborns. Multiple 

cranial vault and facial bones of vehicle treated Alpl−/− mice are severely hypo-mineralized 

when compared to those of mineral-targeted TNAP treated Alpl−/− and Alpl+/+ skulls. 

Notably, the parietal and intraparietal bones appear less affected while the anterior aspect of 

the frontal and facial bones are too deficient in mineralization to appear on micro CT scans 

constrained to a bone tissue threshold. The vehicle treated Alpl−/− skull also presents 
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decreased anterior-posterior length but increased height and width when compared to the 

treated Alpl−/− and Alpl+/+ skulls, and is more dome-shaped in overall appearance.
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Figure 3. TNAP enzyme replacement normalizes craniofacial shape abnormalities in murine 
HPP
A) When grouped by genotype and treatment, linear craniofacial measurements of P15 mice 

show that vehicle treated Alpl−/− mice exhibit increased cranial height and decreased nose 

length, nasal bone length and frontal bone length when compared to Alpl+/+ mice or treated 

Alpl−/− mice. Measurements of asfotase-alfa treated Alpl−/− mice are not different than 

those of wild type mice. Grey = vehicle treated Alpl−/− (n=45), white = Alpl+/+ (n=46), 

black = 8.2 mg/kg/day treated Alpl−/− (n=46). B) Severity of the HPP phenotype is variable 
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in Alpl−/− mice on this mixed genetic background. When separated by genotype, treatment 

and severity of the long bone ossification defect; greater craniofacial measurement 

differences become apparent between vehicle treated, treated and wild type mice. Vehicle 

treated Alpl−/− mice with a severe long bone ossification defect exhibit increased cranial 

height, cranial width and inner canthal distance; with decreased nose length, nasal bone 

length and frontal bone length when compared to Alpl+/+ mice or treated Alpl−/− mice. All 

Alpl+/+ and 44 of 46 treated Alpl−/− were of the normal bone ossification phenotype, 

therefore only the normal phenotype of these groups is presented and analyzed. Data is 

presented as means +/− standard deviations. *p <.05 vs. Alpl+/+, #p <.05 vs. treated Alpl−/− 

mice. C) Representative craniofacial landmark distance EDMA mean ratios calculated using 

x,y,z coordinate data from micro CT scans, are shown on a mouse skull sagittal micro CT 

section. Yellow lines indicate those distances that are significantly larger in P15 vehicle 

treated Alpl−/− mice as compared to 8.2 mg/kg/day treated Alpl−/− mice. White lines 

indicate those distances that are significantly smaller in vehicle treated d Alpl−/− mice as 

compared to treated Alpl−/− mice. Note that smaller distances in the vehicle treated Alpl−/− 

mouse skull involve anterior-posterior dimensions while larger distances involve vertical 

cranial vault dimensions. Cranial vault width dimensions were also larger in vehicle treated 

when compared to treated Alpl−/− skulls, as assessed by EDMA.
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Figure 4. Gene expression and proliferation changes in Alpl−/− calvarial cells
(A,B) Primary calvarial cells were cultured with ascorbate to induce osteoblast 

differentiation. Alkaline phosphatase enzyme activity was visualized by incubation of cells 

with a colorimetric substrate and quantified by densitometry. (C–H) RNA was isolated from 

cells after culture with or without ascorbate to induce osteoblast differentiation. Runx2, 

osteocalcin (OCN) and bone sialoprotein (BSP) mRNA levels were measured by real time 

PCR. Results are presented as normalized to GAPDH. Light grey = wild type (WT), dark 

grey = Alpl−/−. (I) Cells were stained with trypan blue and counted at indicated time points 
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after plating to assay for proliferation. (J,K) Calvarial tissue sections were stained with Ki67 

antibody as a marker of proliferation. 10× magnification of parietal and frontal bones 

surrounding the coronal suture from P5 Alpl+/+ (J) and Alpl−/− (K) mice are shown. Note 

the diminished number of proliferative cells in Alpl−/− calvaria. (L) MC3T3E1(C4) cells 

stably transduced with TNAP specific or non-target shRNA were cultured in media 

supplemented with/without 5mM sodium phosphate. Cells were stained with trypan blue and 

counted at indicated time points after plating to assay for proliferation. Black = nontarget 

shRNA, solid grey = TNAP shRNA, dashed grey = TNAP shRNA with sodium phosphate. 

(M) Primary cavarial cells were cultured in media supplemented with/without 5mM sodium 

phosphate. Cells were stained with trypan blue and counted at indicated time points after 

plating to assay for proliferation. Black = Alpl+/+, solid grey = Alpl−/−, dashed grey = 

Alpl−/− with sodium phosphate. *p<.05 vs. wild type cells for all panels.
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