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Introduction
Periodontal disease affects approximately 45% of US adults 
and 20% to 50% of the global population, featuring destruction 
of tooth root cementum, periodontal ligament (PDL), and alve-
olar bone, leading to early tooth loss in advanced cases 
(Kassebaum et al. 2014; Eke et al. 2016). Cementum, located 
along the tooth root, includes acellular cementum at the cervi-
cal aspect and cellular cementum at the apical aspect. Acellular 
cementum is critical for PDL attachment to the tooth root, 
while cellular cementum is believed to adjust posteruption 
tooth position (Bosshardt 2005; Foster et al. 2007; Yamamoto 
et al. 2010). Although several studies provide data on factors 
important for periodontal regeneration, existing regenerative 
therapies are unpredictable, and cementum is especially chal-
lenging to regenerate due to gaps in knowledge about cemen-
tum formation (Bosshardt 2005; Foster et al. 2007).

Biomineralization is regulated by the ratio of inorganic 
phosphate (Pi), a component of hydroxyapatite (HA) mineral, 
to inorganic pyrophosphate (PPi), a physiological inhibitor of 
HA formation (Orriss et al. 2016; Chande and Bergwitz 2018). 
PPi regulators include progressive ankylosis protein (ANK: 

Ank in mice and ANKH in humans), a transmembrane protein 
that regulates PPi transport; ectonucleotide pyrophosphatase 
phosphodiesterase 1 (ENPP1: Enpp1), an ecto-enzyme that 
generates extracellular PPi from nucleotides; and tissue-non-
specific alkaline phosphatase (TNAP: Alpl), an ecto-enzyme 
that hydrolyzes PPi to Pi (Ho et al. 2000; Rutsch et al. 2003; 
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Abstract
Biomineralization is regulated by inorganic pyrophosphate (PPi), a potent physiological inhibitor of hydroxyapatite crystal growth. 
Progressive ankylosis protein (ANK) and ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) act to increase local 
extracellular levels of PPi, inhibiting mineralization. The periodontal complex includes 2 mineralized tissues, cementum and alveolar 
bone (AB), both essential for tooth attachment. Previous studies demonstrated that loss of function of ANK or ENPP1 (reducing 
PPi) resulted in increased cementum formation, suggesting PPi metabolism may be a target for periodontal regenerative therapies. To 
compare the effects of genetic ablation of Ank, Enpp1, and both factors concurrently on cementum and AB regeneration, mandibular 
fenestration defects were created in Ank knockout (Ank KO), Enpp1 mutant (Enpp1asj/asj), and double KO (dKO) mice. Genetic ablation 
of Ank, Enpp1, or both factors increased cementum regeneration compared to controls at postoperative days (PODs) 15 and 30 (Ank 
KO: 8-fold, 3-fold; Enpp1asj/asj: 7-fold, 3-fold; dKO: 11-fold, 4-fold, respectively) associated with increased fluorochrome labeling and 
expression of mineralized tissue markers, dentin matrix protein 1 (Dmp1/DMP1), osteopontin (Spp1/OPN), and bone sialoprotein (Ibsp/
BSP). Furthermore, dKO mice featured increased cementum thickness compared to single KOs at POD15 and Ank KO at POD30. 
No differences were noted in AB volume between genotypes, but osteoblast/osteocyte markers were increased in all KOs, partially 
mineralized osteoid volume was increased in dKO versus controls at POD15 (3-fold), and mineral density was decreased in Enpp1asj/asj 
and dKOs at POD30 (6% and 9%, respectively). Increased numbers of osteoclasts were present in regenerated AB of all KOs versus 
controls. These preclinical studies suggest PPi modulation as a potential and novel approach for cementum regeneration, particularly 
targeting ENPP1 and/or ANK. Differences in cementum and AB regeneration in response to reduced PPi conditions highlight the need 
to consider tissue-specific responses in strategies targeting regeneration of the entire periodontal complex.
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Millan 2006; Szeri et al. 2020). Our group and others have 
shown that factors controlling Pi/PPi levels play significant 
roles in the formation of acellular cementum and alveolar 
bone. Previous studies indicate that loss of either ANK or 
ENPP1 (increasing extracellular Pi/PPi ratio) results in a strik-
ing hypercementosis phenotype, while loss of TNAP (decreas-
ing extracellular Pi/PPi ratio) results in minimal cementum 
formation (Nociti et al. 2002; Foster et al. 2012; Thumbigere-
Math et al. 2018; Chu et al. 2020).

Insights into the important role of Pi/PPi ratio in directing 
cementum formation prompted us to investigate the potential 
for Pi/PPi modulation to promote periodontal regeneration. In a 
proof-of-principle pilot study using a fenestration periodontal 
defect model, increased Pi/PPi ratio increased cementum for-
mation in Ank knockout (KO) versus control mice (Rodrigues 
et al. 2011). This study did not address bone regeneration. 
Recognizing differences between bone and cementum in 
response to loss of Ank versus Enpp1 during development, par-
allel assessment of alveolar bone and cementum regenerative 
capabilities is imperative. The expanded studies here address 
important gaps in knowledge, including a direct comparison of 
cementum regeneration under the influence of genetic ablation 
of Ank versus Enpp1 or concurrent deletion of both factors, 
using a mouse fenestration defect model. For the first time, we 
contrast effects on cementum versus alveolar bone regenera-
tion in response to reduced PPi concentrations. These data pro-
vide insights for strategies to promote regeneration of the 
periodontal complex.

Materials and Methods

Animals

Animal procedures were performed in accordance with guide-
lines of the Animal Care and Use Committee (ACUC), National 
Institutes of Health (NIH). Mice were maintained on a 
C57BL/6 background and fed a normal rodent diet (NIH-31). 
Preparation and genotyping of mice were described (Chu et al. 
2020). Mice double heterozygote (dHet) for Ank and Enpp1 
were bred to produce homozygote Ank KO and Enpp1asj/asj 
mice, double-deficient (dKO) mice, and littermate wild-type 
(WT) or dHet mice were used as controls (Control).

Fenestration Defects

A modified fenestration root surface defect model was used to 
remove alveolar bone and acellular cementum, as detailed in 
Appendix Figure 1A (King et al. 1997; Rodrigues et al. 2011). 
Surgeries were performed on 5-wk-old mice. Mandibles were 
harvested for analysis at postoperative days (PODs) 15 and 30 
(n = 4 mice/genotype at POD15 and POD30 for micro– 
computed tomography [CT] and histology; n = 3 to 4 mice/
genotype at POD30 for double fluorochrome labeling). Male 
and female mice were combined because no significant sex-
related differences in cementum or alveolar bone were noted in 
a previous study (Chu et al. 2020).

Micro-CT

Mandibles were fixed in 10% formalin for 48 h at room 
temperature and scanned in 70% ethanol in a µCT 50 
(ScancoMedical) at 70 kVp, 85 µA, 0.5-mm Al filter, 900-ms 
integration time, and 6-µm voxel size. Samples were ana-
lyzed using a combination of semiautomatic and manual 
methods with AnalyzePro 1.0 (AnalyzeDirect), as detailed in 
the Appendix.

Histology

After micro-CT analyses, mandibles were demineralized in 
an acetic acid, formalin, and sodium chloride (AFS) solution 
for 4 wk, as described (Ao et al. 2017). Mandibles were 
embedded in paraffin for 5-µm serial section and analyzed by 
hematoxylin and eosin (H&E), in situ hybridization (ISH), 
immunohistochemistry (IHC), and tartrate-resistant acid 
phosphatase (TRAP) as described (Ao et al. 2017; Chu et al. 
2020). Double fluorochrome labeling using calcein and aliza-
rin red was performed, as described in the Appendix. 
Regenerated cementum thickness and proportion of root cov-
erage (PRC; %) were measured by H&E staining (Appendix 
Fig. 1B). For measurement of positive ISH staining, regener-
ated cementum and alveolar bone were selected in each sec-
tion under 200× magnification and measured using ImageJ 
(NIH), as shown in Appendix Figure 2. To count TRAP+ and 
cathepsin K+ cells, the wound-healing area was selected, as 
detailed in the Appendix and Appendix Figure 3.

Statistical Analysis

Results (mean ± SD) were analyzed with Student’s t test for 
independent samples or 1-way analysis of variance followed 
by Tukey’s post hoc test for pairwise comparisons (GraphPad 
Prism 7; GraphPad Software). Values of P < 0.05 were consid-
ered statistically significant.

Results

Increased and Additive Cementum Regeneration 
with Loss of ANK and/or ENPP1

First, cementum regeneration was evaluated. Cementum 
thickness was measured at 3 points within the fenestration 
defect: mesial (M), central (C), and distal (D), and PRC was 
determined. Representative histological images of specimens 
obtained at POD15 and POD30 are shown in Figure 1A. The 
3 KO models showed significantly increased regenerated 
cementum versus control mice at both POD15 and POD30 
(Ank KO: 8-fold and 3-fold; Enpp1asj/asj: 7-fold and 3-fold; 
dKO: 11-fold and 4-fold, respectively; POD15: P < 0.01, 
POD30: P < 0.001). Regenerated cementum in all 3 KO mod-
els had cellular inclusions as reported in developmental stud-
ies of these KO models (Chu et al. 2020). Importantly, 
ankylosis was never observed in any of these KOs, consistent 
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with previous studies (Rodrigues et al. 2011; Wolf 
et al. 2018; Chu et al. 2020). At POD15, dKO 
mice showed increased cementum thickness at all 
points versus single KO mice (dKO vs. Ank KO at 
1.4-fold; dKO vs. Enpp1asj/asj at 1.7-fold, P < 
0.05), although there were no significant differ-
ences between single KOs. Some differences 
were observed between KO models at selected 
locations or time points. At POD30, cementum 
thickness was greater in Enpp1asj/asj versus Ank 
KO mice at the distal point (1.2-fold, P < 0.01). In 
addition, dKO cementum was significantly 
increased versus Ank KO at all 3 locations at both 
POD15 and POD30 (1.4-fold, P < 0.05). No dif-
ferences were observed between dKO and 
Enpp1asj/asj mice at POD30. PRC was increased in 
Ank KO, Enpp1asj/asj, and dKO mice versus con-
trols (P < 0.01), with no differences between 
KOs. These findings indicate loss of function of 
ANK and ENPP1 has additive effects on cemen-
tum regeneration at an early stage, with loss of 
ENPP1 activity exhibiting a greater effect on 
cementum regeneration than loss of ANK.

Cementum regeneration was assessed further 
by double fluorochrome labeling using calcein 
and alizarin red injections (injected at POD7 and 
POD14, respectively). Calcein labeling had simi-
lar intensity in all genotypes, while alizarin red 
exhibited greater intensity in all 3 KO models ver-
sus controls, suggestive of rapid mineral deposi-
tion (Fig. 1B).

To confirm the identity of regenerated tissue 
and provide insights into the regenerative cellular 
response, ISH and IHC were used to assay expres-
sion of 3 cementoblast markers, bone sialoprotein 
(Ibsp/BSP), osteopontin (Spp1/OPN), and dentin 
matrix protein (Dmp1/DMP1). Stronger expres-
sion of transcripts for Dmp1, Spp1, and Ibsp were 
observed in root-lining cells of Ank KO, Enpp1asj/asj, 
and dKO mice at POD15, with continued strong 
expression at POD30, versus minimal signals in 
control mice (Fig. 2A). Quantitative measure-
ment of ISH staining area along healing root sur-
faces indicated these 3 markers were significantly 
increased in all KO versus controls at both time 
points (P < 0.01) (Fig. 2B). Some differences 
were observed between single KO and dKO at POD30. Dmp1 
and Spp1 expression was increased in dKO versus Enpp1asj/asj 
and Ank KO mice, respectively (1.7-fold and 1.5-fold, respec-
tively; P < 0.05). Comparable results were noted by IHC. 
OPN robustly immunolocalized to the new cementum in Ank 
KO, Enpp1asj/asj, and dKO mice, with more modest immunos-
taining for DMP1 and BSP. Control mice exhibited minimal 
staining for OPN on root surfaces and no detectable DMP1 or 
BSP.

Increased Osteoid Volume and Bone Marker 
Expression in Alveolar Bone of KO and dKO Mice

Quantity and quality of regenerated alveolar bone were evalu-
ated by micro-CT analysis (Fig. 3A). No differences were 
noted in regenerated bone volume between any genotypes at 
POD15 or POD30 (Fig. 3B). Partially mineralized osteoid (i.e., 
incompletely mineralized bone matrix) was identified based on 
anatomical location and quantified using a lower density 

Figure 1. Increased cementum regeneration in Ank knockout (KO), Enpp1asj/asj, and 
double knockout (dKO) mice. (A) Representative images of distal root of first molars 
at postoperative days (PODs) 15 and 30 (n = 4 per genotype). Arrowhead, regenerated 
cementum; AB, alveolar bone; DE, dentin; PDL, periodontal ligament. Scale bar: 50 µm. 
Regenerated cementum thickness (RCT) was measured at 3 locations on the distal 
root of first molars: mesial (M), center (C), and distal (D). The proportion of root 
coverage (PRC) was measured in wild-type (WT)/dHet, Ank KO, Enpp1asj/asj, and dKO. 
Experimental groups marked by different letters (a, b, or c) within POD15 or POD30 
are significantly different (P < 0.01, by one-way analysis of variance), while groups 
sharing the same letter are not different (P > 0.05). (B) Double fluorochrome labeling by 
injection of calcein (green) at POD7 and alizarin red (red) at POD14 (tissues harvested 
at POD30) reveals new cementum apposition. Arrows indicate wound boundaries. Scale 
bar: 50 µm in 200× and 25 µm in 400×.
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threshold. The osteoid volume was significantly increased in 
dKO versus control mice at POD15 (3-fold, P < 0.01), with 
similar trends in single KO mice, but differences between gen-
otypes were not observed at POD30 (Fig. 3C). Regenerated 
alveolar bone density showed an inverse trend compared to 
osteoid volume at POD30, with Enpp1asj/asj and dKO mice 

exhibiting decreased bone mineral density 
versus controls at POD30, while a similar 
trend was observed in Ank KO mice (6%, P < 
0.05; 9%, P < 0.01, respectively) (Fig. 3D).

Regenerated bone was analyzed by ISH 
and IHC using established markers. In con-
trast to minimal expression of Dmp1/DMP1, 
Spp1/OPN, and Ibsp/BSP in cementum of 
control mice, expression levels for all mark-
ers were robust in regenerating alveolar bone 
of control mice at both POD15 and POD30, 
suggesting the process of bone regeneration 
was more active than cementum regeneration 
(Fig. 4). In all mice, Dmp1 localized primar-
ily to osteocytes within the bone matrix and 
DMP1 to osteocyte perilacunar matrix, while 
Spp1 and Ibsp localized to osteoblasts on the 
surface and OPN and BSP immunolabeled 
throughout the regenerated bone (Fig. 4A, C). 
Quantitative measurement of ISH staining 
confirmed these 3 markers were significantly 
increased in regenerated bone of all 3 KO 
models versus controls at POD30 (P < 0.05). 
At POD15, Dmp1 was significantly increased 
in dKO versus control (6-fold, P < 0.05), 
while a trend was observed in single KOs. 
Ibsp was significantly increased in all 3 KO 
models (P < 0.001), with no significant dif-
ference observed for Spp1 (Fig. 4B). Some 
differences were observed between single 
KO and dKO at POD15 and POD30. Spp1 at 
POD30 and Ibsp at POD15 were significantly 
increased in dKO versus Ank KO (1.4-fold 
and 1.3-fold, respectively, P < 0.05), and Ibsp 
POD30 was increased in dKO versus single 
KOs (2-fold, P < 0.01). IHC staining showed 
increased immunostaining for BSP, OPN, and 
DMP1 in alveolar bone matrix at POD30. In 
control mice, in contrast to other markers that 
were expressed in bone at both POD15 and 
POD30, Spp1 was strongly expressed at 
POD15 with lower expression at POD30. 
These differences in the expression pattern of 
OPN between KOs and control mice coincide 
with findings of increased osteoid volume in 
KOs versus controls (Fig. 3), suggesting a role 
for OPN in modulating bone remodeling.

Increased Osteoclast Numbers  
in Single KOs and dKO Mice

Decreased bone mineral density and altered IHC staining in 
Enpp1asj/asj and dKO mice at POD30 prompted us to examine 
osteoclasts at healing sites. TRAP staining revealed no differ-
ences in TRAP+ osteoclast numbers at POD15, but at POD30, 
all KO models featured increased osteoclasts versus controls 
(P < 0.001). Furthermore, dKO mice showed significantly 

Figure 2. Increased expression of cementum markers coincides with increased 
cementogenesis in knockout (KO) and double knockout (dKO) mice. Representative images 
of (A) in situ hybridization (ISH) and (C) immunohistochemistry (IHC) staining for dentin 
matrix protein (Dmp1/DMP1), osteopontin (Spp1/OPN), and bone sialoprotein (Ibsp/BSP) at 
postoperative day (POD) 15 and POD30 (n = 4 per genotype). Single KOs and dKO mice 
exhibited greater expression and localization of all markers in association with cementum 
regeneration. AB, alveolar bone; DE, dentin; PDL, periodontal ligament. Scale bar: 50 µm.  
(B) Statistical analyses of ISH staining. All 3 markers are increased in regenerated cementum 
of all KO models versus controls at both POD15 and POD30 (Dmp1: Ank KO: 40-fold,  
11-fold; Enpp1asj/asj: 40-fold, 10-fold; dKO: 44-fold, 16-fold; Spp1: Ank KO: 3-fold, 17-fold; 
Enpp1asj/asj: 3-fold, 21-fold; dKO: 4-fold, 27-fold; Ibsp: Ank KO: 10-fold, 22-fold; Enpp1asj/asj: 
13-fold, 21-fold; dKO: 13-fold, 22-fold, respectively, P < 0.01). At POD30, Dmp1 and Spp1 
expression levels were significantly increased in dKO versus Enpp1asj/asj and Ank KO mice, 
respectively (1.7-fold and 1.5-fold, respectively, P < 0.05). Experimental groups marked by 
different letters (a, b, or c) within POD15 or POD30 are significantly different (P < 0.05, by 
one-way analysis of variance), while groups sharing the same letter are not different  
(P > 0.05).
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increased osteoclast numbers compared to 
Enpp1asj/asj mice (2-fold, P < 0.05) (Fig. 
5A). IHC indicated the number of cathepsin 
K+ cells was increased in all 3 KO models 
versus controls at both time points (P < 
0.05). Moreover, dKO showed increased 
cathepsin K+ cells versus single KOs at 
POD15 (vs. Ank KO: 1.5-fold; vs. Enpp1asj/asj: 
1.7-fold; P < 0.01).

Discussion
Previous studies, focused on defining the 
role of factors modulating Pi/PPi during 
periodontal development, demonstrated 
that Ank KO, Enpp1asj/asj, and dKO mice 
featured similarly increased cementum. 
Here, we asked whether altered PPi regula-
tion during wound healing would parallel 
developmental findings. Using a fenestra-
tion wound-healing model, we show that 
ablation of Ank or Enpp1 increased reparative 
cementogenesis versus controls, including 
increased expression of mineralized tissue 
extracellular matrix markers. In contrast, 
loss of ANK or ENPP1 did not increase 
alveolar bone regeneration, leading to a 
transient increase in osteoid and decreased 
bone mineral density. Effects on cementum 
and osteoid formation from concurrent 
ANK and ENPP1 loss were additive. 
Notably, we observed increased numbers of 
TRAP+ and cathepsin K+ osteoclasts within 
the regenerated alveolar bone in all KO 
models versus control mice.

Reduction of PPi Promotes 
Regeneration of Cementum

PPi regulators, ANK and ENPP1, modulate cementogenesis 
and osteogenesis (Rodrigues et al. 2011; Foster et al. 2012; 
Thumbigere-Math et al. 2018; Chu et al. 2020). PPi dysregula-
tion has clear implications in humans and mice models. For 
example, individuals with generalized arterial calcification of 
infancy (GACI) exhibit hypercementosis due to loss of ENPP1 
(Thumbigere-Math et al. 2018). Previous studies reported that 
Enpp1asj/asj mice have reduced serum PPi levels (Albright et al. 
2015), and loss of ANK resulted in intracellular PPi accumula-
tion and extracellular PPi reduction (Ho et al. 2000). 
Furthermore, in vitro studies revealed 50% to 60% decreased 
extracellular PPi in Ank KO versus WT primary osteoblasts 
(Harmey et al. 2004). In a proof-of-principle study, ANK loss 
of function promoted cementum regeneration (Rodrigues et al. 
2011), and here we expand the scope to determine effects from 
ENPP1 loss and concurrent loss of ANK and ENPP1. All KO 
models in this study demonstrated accelerated and increased 

cementum regeneration versus controls. Differences were 
noted in response between Ank KO and Enpp1asj/asj mice (i.e., 
Enpp1asj/asj mice showed increased cementum thickness com-
pared to Ank KO mice at POD30). Notably, developmentally 
there were no differences in cementum thicknesses between all 
KO models, suggesting that during development, there is a 
limit to the effects of PPi on cementogenesis (Chu et al. 2020). 
In regeneration, ENPP1 loss of function has a more potent 
effect than ANK ablation. Moreover, dKO mice showed sig-
nificantly increased regenerated cementum versus single KOs, 
suggesting additive effects of ANK and ENPP1. Factors 
beyond the Pi/PPi ratio may be contributing to this effect, war-
ranting further investigation.

Regenerated cementum in all KOs exhibited robust expres-
sion of mineralized tissue extracellular matrix markers, Dmp1, 
Spp1, and Ibsp, coinciding with increased cementum thick-
ness. There appeared to be a trend of increased BSP in all KOs 
versus controls, but differences were not as clear as with ISH, 
confirming previous studies (Foster et al. 2011; Rodrigues 

Figure 3. Ank and/or Enpp1 ablation does not increase alveolar bone volume. (A) Representative 
micro-computed tomography (CT) images of regenerated mineralized alveolar bone (red) and 
osteoid (blue) (n = 4 per genotype). A (red), regenerated alveolar bone; B (green), distal root 
of first molar; C (yellow), mesial root of second molar; D (blue), partially mineralized osteoid. 
No differences between genotypes were found for (B) regenerated alveolar bone volume, 
but (C) partially mineralized osteoid volume was increased in double knockout (dKO) mice at 
postoperative day (POD) 15. (D) Bone mineral density was reduced in Enpp1asj/asj and dKO mice 
at POD30 (6%, P < 0.05 and 9%, P < 0.01, respectively). Experimental groups marked by different 
letters (a, b, or c) within POD15 or POD30 are significantly different (P < 0.05, by one-way 
analysis of variance), while groups sharing the same letter are not different (P > 0.05).
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et al. 2011). In addition to serving as cementum markers, 
increased expression of these ECM proteins confirms previous 
studies demonstrating that modulators of Pi/PPi levels affect 
expression of DMP1, OPN, and BSP (Addison et al. 2007; 
Foster et al. 2012; Nishino et al. 2017).

We and others demonstrated that PPi reg-
ulation of cementogenesis is evolutionarily 
conserved across species, including mouse 
models of ANK, ENPP1, and TNAP loss-of-
function and individuals with ENPP1 or 
ALPL loss-of-function mutations (Foster 
et al. 2012; Zweifler et al. 2015; Thumbigere-
Math et al. 2018; Chavez et al. 2020), sup-
porting PPi modulation as a novel approach 
to promote cementum regeneration. 
Backing this concept, we reported that 
pharmacologic manipulation of PPi through 
an ENPP1-Fc fusion protein regulates 
cementum growth (Chu et al. 2020). 
Previous findings bolstered by new data 
here support further studies of therapeutic 
interventions targeting PPi metabolism.

Altered Alveolar Bone Regeneration 
Associated with Reduced PPi

Although reduced levels of PPi promoted 
cementum regeneration, alveolar bone did 
not exhibit a similar regenerative response. 
These findings are not surprising because 
during wound healing, alveolar bone is in 
an active phase of formation and resorp-
tion, while cementum exhibits limited 
remodeling (Kusumbe et al. 2014). Critical 
processes in bone formation include  
osteoblast-mediated deposition of collagen-
rich osteoid ECM, which mineralizes to 
form an ossification center (Kenkre and 
Bassett 2018). We noted increased osteoid 
volume at POD15 in dKO versus controls 
with a trend in single KOs, but by POD30, 
no differences were noted in osteoid vol-
ume between any of the phenotypes. No 
differences in bone volume were observed 
between phenotypes at POD15 or POD30. 
The initial increase in osteoid volume sug-
gests delayed mineralization at early stages 
of regeneration. While speculative, this 
may be related to limited levels of PPi at the 
regenerative site. In this regard, hyperoste-
oidosis with hypomineralization of other 
tissues has been linked with inadequate Pi/
PPi metabolism (Cundy et al. 2015; Kamiya 
et al. 2017). Further evidence of perturbed 
mineralization includes increased ectopic 
calcifications and reduced femur length in 

Ank, Enpp1 dKO versus single KO mice (Harmey et al. 2004; 
Chu et al. 2020). In the appendicular skeleton, osteopenia in 
adult Enpp1 KO mice is exacerbated over time, suggesting that 
ENPP1 loss alters bone remodeling (Mackenzie et al. 2012). 
Increased osteoid may also be related to increased Spp1/OPN 

Figure 4. Increased expression of alveolar bone markers in knockout (KO) and double 
knockout (dKO) mice. Representative images of (A) in situ hybridization (ISH) and (C) 
immunohistochemistry (IHC) staining for dentin matrix protein (Dmp1/DMP1), osteopontin 
(Spp1/OPN), and bone sialoprotein (Ibsp/BSP) at postoperative day (POD) 15 and POD30  
(n = 4 per genotype). Single KOs and dKO mice exhibited greater expression and localization 
of all markers in association with alveolar bone regeneration. Scale bar: 50 µm. (B) Statistical 
analyses of ISH staining. At POD15, Ibsp was significantly increased in all 3 KOs versus controls 
(Ank KO: 12-fold; Enpp1asj/asj: 15-fold; dKO: 15-fold, P < 0.001). Although Dmp1 was increased 
in dKO (6-fold, P < 0.05) with a similar trend in single KOs and no difference was observed in 
Spp1 at POD15, all 3 markers were significantly increased in regenerated alveolar bone of all 
KO models versus controls at POD30 (Dmp1: Ank KO: 4-fold; Enpp1asj/asj: 4-fold; dKO: 3-fold; 
Spp1: Ank KO: 6-fold; Enpp1asj/asj: 5-fold; dKO: 9-fold; Ibsp: Ank KO: 5-fold; Enpp1asj/asj: 5-fold; 
dKO: 11-fold, P < 0.05). Spp1 at POD30 and Ibsp at POD15 were significantly increased in 
dKO versus Ank KO (1.4-fold and 1.3-fold, respectively, P < 0.05). Ibsp in dKO at POD30 was 
significantly increased versus single KOs (2-fold, P < 0.01). Experimental groups marked by 
different letters (a, b, or c) within POD15 or POD30 are significantly different (P < 0.05, by 
one-way analysis of variance), while groups sharing the same letter are not different (P > 0.05).
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expression in regenerating alveolar bone of 
all KOs. OPN is considered an inhibitor of 
mineralization (Hunter et al. 1994; Boskey 
et al. 2002; Harmey et al. 2006). Decreased 
expression of Spp1/OPN at POD30 in con-
trol mice may reflect normal healing. In 
contrast, all KOs continued to exhibit strong 
expression of Spp1/OPN at POD30, sug-
gesting OPN may affect bone remodeling, 
perhaps related to decreased levels of PPi at 
sites of healing. Past studies suggest com-
parable effects of increased OPN expres-
sion in impairment of the mineralization 
process (Boskey et al. 2002; Harmey et al. 
2006; Barros et al. 2013; Narisawa et al. 
2013). Such a local response, if transient as 
would be expected with a local delivery of a 
regeneration factor, may prove to be benefi-
cial (e.g., may slow down remodeling and 
thereby promote increased mineral forma-
tion fostered by the increased osteoid).

The altered regenerated bone profile in 
these animal models prompted us to assess 
osteoclast activity. Existing data from in 
vivo and in vitro models indicate that dif-
ferentiation processes of osteoblasts and 
osteoclasts are influenced by Pi/PPi ratio 
(Beck et al. 2000; Hayashibara et al. 2007; 
Nishino et al. 2017). Osteoclast differentia-
tion markers (i.e., TRAP and cathepsin K) 
(Zhao et al. 2007) were significantly 
increased in all 3 KOs versus control. 
Furthermore, dKO mice showed increased 
number of TRAP+ cells versus Enpp1asj/asj 
and cathepsin K+ cells versus both single 
KOs. During development, Ank KO, 
Enpp1asj/asj, and dKO mice also exhibited 
increased TRAP+ osteoclasts on alveolar 
bone surfaces, but differences in bone min-
eral density were not detected between KO 
models and controls (Chu et al. 2020). These 
differences between bone formed during 
development versus wound healing indicate 
that in “challenge” models, loss of ANK 
and/or ENPP1 perturbs the balance between 
osteogenesis and osteoclastogenesis, which 
can lead to reduced mineral density. Previous 
studies focused on ANK support a role for 
this factor in modulating osteoblastic- 
osteoclastic homeostasis (Kim et al. 2010). It 
is intriguing to speculate that additional 
events related to wound healing may contrib-
ute to osteoclast function and further signify 
nonredundant roles for ANK and ENPP1.

Figure 5. Increased osteoclast numbers in alveolar bone of knockout (KO) and double 
knockout (dKO) mice. (A) Representative images of tartrate-resistant acid phosphatase 
(TRAP) staining in all genotypes at postoperative day (POD) 30 (n = 4 per genotype). 
Scale bar: 50 µm. Increased numbers of TRAP+ osteoclasts were localized to regenerated 
alveolar bone in Ank KO, Enpp1asj/asj, and dKO versus control mice at POD30 (Ank KO: 
4-fold, P < 0.01; Enpp1asj/asj: 3-fold, P < 0.05; dKO: 6-fold, P < 0.001). Increased TRAP+ 
osteoclasts were observed in dKO versus Enpp1asj/asj (2-fold, P < 0.05). (B) Representative 
immunohistochemistry (IHC) images for cathepsin K in all genotypes at POD30 (n = 4 
per genotype). Scale bar: 50 µm. The number of cathepsin K+ osteoclasts was significantly 
increased in all KO models versus controls at both POD15 (Ank KO: 2-fold, P < 0.01; 
Enpp1asj/asj: 1.8-fold, P < 0.05; dKO: 3-fold, P < 0.0001) and POD30 (Ank KO, Enpp1asj/asj, 
dKO: 3-fold, P < 0.05); furthermore, dKO showed more increased cathepsin K+ osteoclasts 
versus single KOs at POD15 (vs. Ank KO: 1.5-fold; vs. Enpp1asj/asj: 1.7-fold, P < 0.01). 
Experimental groups marked by different letters (a, b, or c) within POD15 or POD30 are 
significantly different (P < 0.05, by one-way analysis of variance), while groups sharing the 
same letter are not different (P > 0.05).
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Our results emphasize mechanistic differences between 
cementum and bone regeneration, possibly attributable to high 
sensitivity of cementogenesis to alterations in PPi, in conjunc-
tion with limited remodeling. This serves as a reminder to 
consider tissue-specific responses during periodontal tissue 
regeneration. Taken together, our preclinical studies suggest 
PPi modulation as a potential approach for cementum regen-
eration, but large animal studies must be completed to build 
on these findings.
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