Research Reports: Biological

Journal of Dental Research

2018, Vol. 97(8) 937945

© International & American Associations
for Dental Research 2018

Reprints and permissions:
sagepub.com/journalsPermissions.nav
DOI: 10.1177/0022034518759295
journals.sagepub.com/home/jdr

Reduced Orthodontic Tooth Movement in
Enppl Mutant Mice with Hypercementosis

M. Wolf"? M. Ao?, M.B. Chavez?, T.N. Kolli*, V. Thumbigere-Math**,
K. Beckers, E.Y. Chuz, A. jﬁger6, M.). Somermanz, and B.L. Foster®

Abstract

Previous studies revealed that cementum formation is tightly regulated by inorganic pyrophosphate (PPi), a mineralization inhibitor.
Local PPi concentrations are determined by regulators, including ectonucleotide pyrophosphatase/phosphodiesterase | (ENPPI), which
increases PP concentrations by adenosine triphosphate hydrolysis. Orthodontic forces stimulate alveolar bone remodelling, leading to
orthodontic tooth movement (OTM). To better understand how disturbed mineral metabolism and the resulting altered periodontal
structures affect OTM, we employed Enpp! mutant mice that feature reduced PP, and increased cervical cementum in a model of
OTM induced by a stretched closed-coil spring ligated between the maxillary left first molar and maxillary incisors. We analyzed tooth
movement, osteoclast/odontoclast response, and tooth root resorption by micro—computed tomography, histology, histomorphometry,
and immunohistochemistry. Preoperatively, we noted an altered periodontium in Enppl mutant mice, with significantly increased
periodontal ligament (PDL) volume and thickness, as well as increased PDL-bone/tooth root surface area, compared to wild-type
(WT) controls. After 11 d of orthodontic treatment, Enpp/ mutant mice displayed 38% reduced tooth movement versus WT mice.
Molar roots in Enpp/ mutant mice exhibited less change in PDL width in compression and tension zones compared to WT mice.
Root resorption was noted in both groups with no difference in average depths, but resorption lacunae in Enpp| mutant mice were
almost entirely limited to cementum, with 150% increased cementum resorption and 92% decreased dentin resorption. Osteoclast/
odontoclast cells were reduced by 64% in Enpp! mutant mice, with a predominance of tartrate-resistant acid phosphatase (TRAP)—
positive cells on root surfaces, compared to WT mice. Increased numbers of TRAP-positive cells on root surfaces were associated with
robust immunolocalization of osteopontin (OPN) and receptor-activator of NF-kB ligand (RANKL). Collectively, reduced response to
orthodontic forces, decreased tooth movement, and altered osteoclast/odontoclast distribution suggests Enppl loss of function has
direct effects on clastic function/recruitment and/or indirect effects on periodontal remodeling via altered periodontal structure or
tissue mineralization.
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resorption. There is continued interest in better understanding
molecular regulators of cementogenesis and how these might
restrict the magnitude of root resorption and/or promote

Introduction

During orthodontic tooth movement (OTM), mechanical forces
trigger stress/strain distribution in the periodontal ligament
(PDL), initiating a signaling cascade resulting in alveolar bone
remodeling allowing for tooth movement. Localized vascular
disturbances and cell stress evoke cell necrosis, initiating a host
immune response, including chemoattraction of immune-com-
petent cells and their differentiation along the monocyte/macro-
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phage lineage, to clear cellular debris and facilitate structural
reorganization of the periodontium in the first stage and tooth
movement in the later stage (Jager et al. 1993; Kim et al. 2010;
Wolf et al. 2016). However, excessive orthodontic forces or
immune responses sometimes lead to adverse effects, including
loss of alveolar bone height and external tooth root resorption
of cementum and dentin by osteoclast/odontoclast cells
(Yamaguchi et al. 2006; Koide et al. 2010).

Predictable repair and regeneration of periodontal tissues
are major unrealized goals of periodontal therapy (Bosshardt
and Sculean 2009), including cases of OTM-associated root
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Figure |. Orthodontic apparatus employed in mouse maxillae.
Schematic based on micro—computed tomography scan showing
3-dimensional (A) sagittal and (B) occlusal views of an orthodontic
appliance used in mouse maxillae in this study. A super elastic coil spring
(COIL; shaded red) was fixed between the maxillary left first molar (M)
and maxillary incisors (INC) using a dental composite (COMP; shaded
yellow) to achieve mesial (anterior) Ml movement. The loaded side

is labeled as the orthodontic tooth movement (OTM) side, while the
contralateral control (CC) side received no orthodontic appliance (split-
mouth design). M2 = second molar; M3 = third molar.

reparative cementum formation. Studies in mice revealed
cementum to be exceptionally sensitive to regulation by inor-
ganic pyrophosphate (PP), a mineralization inhibitor. Local
PP_concentrations are determined by factors including tissue-
nonspemﬁc alkaline phosphatase (gene: Alpl; protein: TNAP),
which hydrolyzes PP, to promote mineralization; progressive
ankylosis protein (Ank ANK), which regulates PP transport to
the extracellular space; and ectonucleotide pyrophosphatase/
phosphodiesterase 1 (Enppl; ENPP1), which hydrolyzes ade-
nosine triphosphate (ATP) to PP, (Millan 2013). Reduction of
PP, by loss of function of Ank or Enppl in mice results in
hypermineralization, including ectopic calcification of joints
and soft tissues (Harmey et al. 2004; Millan 2013). In dentoal-
veolar tissues, Ank or Enppl loss of function increases acellu-
lar cementum (Nociti et al. 2002; Foster et al. 2012; Zweifler et
al. 2015; Thumbigere-Math et al. 2018). Studies employing
surgical fenestration defects in Ank knockout mice revealed
that genetically reducing PP, enhanced cementum repair
(Rodrigues et al. 2011). However how reduced PP would alter
periodontal remodeling in response to OTM has remained
unexplored.

We hypothesized that altered mineral metabolism in Enppl
mutant mice with decreased PP concentrations and hyperce-
mentosis would affect perlodontal remodeling, reducing
cementum resorption that arises as an unwanted consequence
of OTM. We used a novel orthodontic model in Enppl mutant
mice to analyze OTM, periodontal remodeling, osteoclast
response, and tooth root resorption.

Materials and Methods
Mice

Animal experiments were approved by the National Institute of
Arthritis and Musculoskeletal and Skin Diseases (NIAMS)
Animal Care and Use Committee. Two lines of Enppl mutant
mice were used in the current study (Jackson Labs). Phenotyping
and genotyping have been previously described for Enppl®’
(C57BL/6J-Enpp1®/Grst)) mice (Li et al. 2013) and for
Enppl1“* (BALB/cI-Enpp1°*//Grst]) mice (Li et al. 2014).
Both lines harbor Enppl loss-of-function mutations causing
80% reduced plasma PP, and hypermineralization (Li et al.

2013; McKee et al. 2013 Li et al. 2014). Enppl mutant mice
were compared to littermate wild-type (WT) mice. Mice were
fed standard rodent chow and provided access to water ad libi-
tum. One cohort (3 WT and 4 Enppl®’ mice, including males
and females) was analyzed without treatment at 60 d postnatal
(dpn), while another cohort of Enpp1°Y* mice underwent OTM.

Orthodontic Tooth Movement

At 60 dpn, isoflurane-anesthetized WT and Enpp 1“9 mice (5/
group, including males and females) were fixed with an orth-
odontic appliance according to a modified method described
previously for rats (Ong et al. 2000; Zhang et al. 2003; Jager
et al. 2005). The appliance consisted of a stretched closed-coil
spring (0.012-inch nickel-titanium wire; Dentaline GmbH)
ligated between the maxillary left first molar and maxillary
incisors using dental composite restoration (Fig. 1). A split-
mouth design employed right maxillary first molars as contra-
lateral controls (CCs). The appliance delivered 0.5 N of force
in the mesial/anterior direction, causing mesial tipping of the
first molar. After the 11-d experimental period, animals were
euthanized by CO,. Crania were harvested and fixed in 4%
paraformaldehyde (Lux et al. 2009).

Micro—Computed Tomography

Samples were scanned in a pCT 50 (Scanco Medical) at 70 kVp,
76 pA, 0.5 Al filter, 300- to 900-ms integration time, and 6- to
17-um voxel dimension. DICOM files were exported, and recon-
structed images were analyzed using Amira (version 6.1.2; FEI,
Berlin) or AnalyzePro (version 1.0; AnalyzeDirect). Detailed
methods for micro—computed tomography (CT) analyses and
description of terms are included in the Appendix, and regions of
interest (ROI) for analysis are shown in Appendix Figure 1.

Histology

Crania were fixed, hemisected, decalcified, and processed for
paraffin histology, and 2- to 5-pm serial sagittal sections were
prepared for hematoxylin and eosin (H&E) staining (G6tz et al.
2006). Tartrate-resistant acid phosphatase (TRAP) staining
was performed to identify osteoclast/odontoclast-like cells (Foster
et al. 2017). Two micrographs of molar roots were randomly
selected from each animal for resorption measurements.
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Resorption depths (um) into cementum and dentin in compres-
sion zones were quantified using a modification of a previously
described method (Lu et al. 1999). Compression zones were
located mesio-coronally to the molar root as previously
described (Kawarizadeh et al. 2004; Kawarizadeh et al. 2005).

In Situ Hybridization and Immunohistochemistry

In situ hybridization (ISH) with probes for Spp 1, Tnfsf11, Mcsfl,
and Vegf was performed on deparaffinized sections and visual-
ized with fast red dye (Advanced Cell Diagnostics), as previ-
ously described (Zweifler et al. 2016). Immunohistochemistry
(IHC) was performed on deparaffinized sections using an
avidin-biotinylated peroxidase (ABC)—based kit with a 3-amino-
9-ethylcarbazole (AEC) substrate (Vector Labs, Burlingame) to
produce a red-brown product. Primary antibodies included poly-
clonal rabbit anti-mouse osteopontin (OPN) IgG (Dr. Larry
Fisher, NIDCR) and polyclonal rabbit anti-human receptor-
activator of NF-kB ligand (RANKL) IgG (Novus Biologicals).

Statistical Analysis

Mean =+ standard deviation (SD) are shown in graphs. Data
were analyzed using an independent samples ¢ test or 1-way
analysis of variance (ANOVA) with post hoc Tukey test (Prism
version 6.01; GraphPad Software), where P < 0.05 was consid-
ered statistically significant.

Results

Altered Periodontium in Enpp | Mutant Mice

EnppI® mice carry loss-of-function mutations causing 80%
reduced plasma PP_and hypermineralization (Li et al. 2013).
They exhibit an identical hypercementosis phenotype previ-
ously reported in Enppl™~ and EnppI™™ mutant mice (Fig.
2A, B and Appendix Fig. 2) (Nociti et al. 2002; Foster et al.
2012; Zweifler et al. 2015). In a recent study (Thumbigere-
Math et al. 2018), micro-CT revealed a 4-fold increased acel-
lular cementum thickness, a 5-fold increased acellular
cementum volume, and 50% increased cellular cementum vol-
ume in 12-wk Enpp1® versus WT mice. However, the status of
other periodontal tissues (PDL and alveolar bone) was not pre-
viously analyzed in detail for EnppI® or other Enpp1 loss-of-
function mice. Because of the significance of periodontal
structures and their alterations to the planned orthodontic
experiments, we performed high-resolution micro-CT analysis
of mandibular bone and PDL space in untreated Enppl*Y ver-
sus WT mice at 60 dpn (Fig. 2C—E). While alveolar bone vol-
ume showed no significant differences between genotypes,
mandibular basal bone volume was increased 20% (*P =0.01)
in Enpp 1 versus WT mice (Fig. 2F, G). No significant differ-
ences (P = 0.66) were found in bone density between groups
(Appendix Fig. 3A). Despite featuring expanded cementum,
EnppI® first molars displayed 20% increased (*P=0.01) PDL
volume (Fig. 2H), with no differences in PDL density
(Appendix Fig. 3B). We reasoned that increased PDL space

reflected an enlarged tooth socket and overall larger PDL inter-
face with both bone and tooth root surfaces. Measurement of
this entire PDL surface area (SA; including inner and outer
PDL surfaces) revealed a significant 15% increase (**P =
0.002) in Enpp1“ versus WT mice (Fig. 2I). To explore these
differences in a more defined anatomical region, we identified
a 300-pm ROI midway from the cementum-enamel junction to
apex around the mesial root (Fig. 2J-M). Compared to WT,
Enpp1® mice displayed significantly increased PDL thickness
(10%; **P = 0.009) and PDL-bone/tooth SA (28%; ***P =
0.0001) (Fig. 2J, K) within this ROI. Separating bone and tooth
sides in the ROI confirmed that SA for both bone-PDL and
cementum-PDL was significantly increased in Enpp® versus
WT mice (15% and 21%, respectively; **P = 0.004 and ***P =
0.0004, respectively) (Fig. 2L, M).

Reduced OTM in Enpp| Mutant Mice

EnppI1®* mice are allelic with Enppl®/ mice, with both fea-

turing ENPP1 loss of function, 80% reduced plasma PP, and
hypermineralization (Li et al. 2014). Orthodontic appliances
were placed in 60 dpn WT and Enppl°Y* mice. All animals
(n = S/genotype) completed 11-d experiments in good health
with orthodontic appliances intact. In all mice, orthodontic force
application resulted in observable mesial movement of maxil-
lary first molars on OTM sides. Compared to WT, Enppl“7*
mice displayed reduced tooth movement (Fig. 3A-F) and
increased vertical alveolar bone loss (Fig. 3G, H). Quantitative
analysis confirmed a 38% reduction (*P = 0.02) in mesial tooth
movement (Fig. 31) and 50% greater bone loss on the OTM side
of Enpp1°9* versus WT mice, a trend that did not reach statisti-
cal significance (P = 0.12) (Fig. 3J). Untreated CC sides showed
no differences between groups (Appendix Fig. 4).

To provide further insights into altered tooth movement,
PDL and bone in compression (mesial) and tension (distal)
zones around molars on OTM sides were assessed and com-
pared to the same anatomic regions on CC sides. One Enpp1°7*
maxillary CC side was removed from analysis due to suspected
periodontitis secondary to food impaction. In OTM sites,
Enpp1“7* mice showed no differences in alveolar bone den-
sity in either compression (P = 0.24) or tension zones (P =
0.67) compared to WT mice (Fig. 4A). However, mean PDL
width on mesial aspects of OTM sites was greater (*P = 0.02)
in Enppl“Y* than WT molars, while on the distal (tension)
side, Enpp1“9* molars exhibited a nonsignificant (P = 0.12)
trend of decreased PDL width (Fig. 4B). When changes in PDL
width were calculated as differences between OTM and CC
sides (ie, A[PDL__ —PDL_]), Enppl “2 molars displayed
trends indicating less change on both mesial and distal aspects
(Fig. 4C), suggesting they were less responsive to orthodontic
forces than WT mice.

Reduced Dentin Resorption in Orthodontically
Treated Enpp | Mutant Mice

Reduced tooth movement in Enppl*9* versus WT mice sug-
gested altered osteoclast response, prompting examination of
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Figure 2. Altered periodontium in Enpp | mutant mice. (A, B) Two-dimensional micro—
computed tomography (CT) reconstructions of wild-type (WT) and Enpp | mouse mandibles
highlighting the mandibular first molar (M1) in sagittal, coronal (buccal-lingual), and transverse
planes (respectively, left to right). Acellular cementum (AC) is highlighted in yellow and cellular
cementum (CCM) is highlighted in blue. Note the dramatically expanded AC in Enpp|® mice
versus WT, although the periodontal ligament (PDL) space is maintained between Ml and
alveolar bone (AB). (C, D) Three-dimensional micro-CT reconstructions of WT and Enpp Y
mandibular molars separated from alveolar bone socket. Segmented PDL space around molar
roots is highlighted light blue. (E) Overlay of PDL thickness from M| mesial roots shows

that Enpp 1% PDL (red) is maintained and expanded over WT PDL (blue). (F) Alveolar bone
volume shows no significant differences between WT and Enpp |*? mice. (G) Basal bone volume
is significantly increased (*P = 0.01) in Enpp[® versus WT mice. (H) Enpp | mice display a

significant (*P = 0.01) increase in PDL volume around the first molar. (I) Surface area (SA) of PDL
interface with bone and tooth is significantly (**P = 0.002) increased in Enpp [ versus WT mice.

Using a 50-slice (300-um) region of interest midway down the mesial molar root, Enpp [ mice

display (J) significantly increased PDL thickness (**P = 0.009) and (K) significantly increased PDL-
bone/tooth SA (***P = 0.0001) compared to WT controls. Separating the bone and tooth sides of
the PDL interface confirms (L) significantly increased bone-PDL surface SA (**P = 0.004) and (M)

cementum-PDL SA (**P = 0.0004) compared to WT controls.

tooth and bone resorption. Loading forces induced root resorption in
both WT and EnppI®* mice, evident as resorption lacunae in
compression zones of OTM sites (Fig. 4D). When average

resorption depths were compared, no dif-
ference was found between WT and
EnppI®? mice (P = 0.92) (Fig. 4E).
However, differences were noted when
resorption depths were separated for
cementum and dentin. While resorption in
WT was observed in both cementum and
dentin, resorption in Enppl®* mice was
almost entirely limited to cementum (Fig.
4F-1). Enppl“* mice featured 150%
increased cementum resorption (P = 0.003)
and 92% decreased dentin resorption (P <
0.0001) (Fig. 4F).

Altered Osteoclast Distribution
in Orthodontically Treated
Enpp| Mutant Mice

Based on reduced tooth movement and
dentin resorption in Enppl“Y* mice ver-
sus WT, we analyzed number and distri-
bution of TRAP-positive osteoclast/
odontoclast-like cells in periodontal tis-
sues (Fig. 4K, L). On the CC side,
Enpp1°7* mice featured a nonsignificant
26% increase in the number of TRAP-
positive cells (P = 0.09) (Fig. 4M). On the
OTM side, Enppl®?* mice exhibited a
significant 64% reduction (*P = 0.04) in
TRAP-positive cells versus WT. TRAP-
positive cell counts separated by cemen-
tum type revealed no significant
differences in numbers on the acellular
cementum, but OTM sites showed an
increased mean number of osteoclasts/
odontoclasts in both WT and Enppl°9?
mice (Fig. 4N). There was no difference
in TRAP-positive cells on the cellular
cementum of EnpplV* versus WT mice
on the CC side, but OTM sites showed
increased osteoclast-like cells in WT but
not Enppl*9* mouse cellular cementum
(Fig. 40).

Focusing only on OTM compression
zones, we noted an 85% reduction in TRAP-
positive cells on alveolar bone surfaces
(***P < 0.0001) and more than a 200%
increase in TRAP-positive cells on root
surfaces (*P = 0.01) of Enpp1°7* versus
WT mice (Fig. 4P). Whereas WT mice
featured greater numbers of osteoclast-
like cells on bone versus tooth root sur-
faces (5.3 vs. 0.9 cells, respectively), this

trend was inverted in Enppl“©* mice, where alveolar bone
harbored fewer TRAP-positive cells than root surfaces (0.8 vs.
3.1 cells, respectively).
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Regulators of osteoclast/odontoclast migration/attachment
(Sppl/OPN, TVegf) and differentiation (7nfsf1//RANKL,
Mecsf1) were assessed. ISH in preoperative 60 dpn mandibular
molars showed increased Sppl messenger RNA (mRNA) in
Enppl®* cementoblasts compared to WT (Appendix Fig.
5A-C). THC identified intense OPN immunolocalization in
Enppl1®* acellular cementum and associated cementocyte-
like cells and lining cementoblasts in mesial regions of maxil-
lary molars on both CC and OTM (compression) sides
compared to WT, while alveolar bone OPN labeling was simi-
lar between genotypes and locations (Fig. 5A-D). Tnfsf11
mRNA was not found in association with preoperative dental
or periodontal cells in EnppI®”* or WT mice (Appendix Fig.
5D-F). However, RANKL immunolocalization was associated
with sites of bone/tooth resorption on OTM sides of Enpp 9%
and WT mice (Fig. SE-H). Positive RANKL staining was
observed in some cementocyte-like cells in Enpp1°Y* mice, as
well as in osteocytes of both genotypes. Mcsfl and Vegf
mRNAs were not found in association with preoperative
Enpp1“”* or WT molars (Appendix Fig. G-L).

Discussion

To our knowledge, this is the first study focused on effects of
orthodontic force on periodontal tissues in genetically altered
mice harboring substantially altered cementum and periodon-
tal structures. Enppl mutant mice feature decreased PP, lead-
ing to significantly increased acellular cementum and expanded
PDL volume with larger PDL-bone and PDL-tooth surface
areas. Enppl mutant mice undergoing OTM exhibited reduced
tooth movement, less evidence of PDL compression, reduced
dentin but increased cementum resorption, and altered distri-
bution of osteoclasts/odontoclasts on root and bone surfaces
compared to WT mice. While the hypothesis of reduced
cementum resorption in Enppl mutant mice undergoing OTM
was not validated, observations of decreased tooth movement
and altered osteoclast/odontoclast distribution provide novel
insights into the intersection of mineral metabolism and peri-
odontal remodeling.

ENPPI is a regulator of extracellular levels of PP an inhib-
itor of physiological and pathological mineralization (Millan
2013). ENPP1 is selectively highly expressed by cemento-
blasts during acellular cementum formation, and EnppI loss of
function in mice causes increased acellular cementum thick-
ness (Nociti et al. 2002; Foster et al. 2012; Zweifler et al.
2015). In mice, Ank loss of function also reduces PP, levels,
resulting in hypercementosis (Nociti et al. 2002; Foster et al.
2012). We have identified targeted PP depletion as a novel
approach to promote cementum regeneration using a surgical
defect model (Rodrigues et al. 2011). Because cementum is a
target of undesirable root resorption resulting from OTM, we
aimed to understand whether altered PP metabolism and/or
periodontal and cementum properties would prove beneficial
in this context. The OTM model employed has been character-
ized as a reliable approach for studying periodontal remodeling
induced by compression and tension, producing well-described
changes in mesial tooth movement, alveolar bone height,
osteoclast regulation, and root resorption (Ong et al. 2000;
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Figure 3. Reduced orthodontic tooth movement in Enpp | mutant mice.
Three-dimensional and 2-dimensional micro—computed tomography
(CT) reconstructions of mouse maxillary molars under orthodontic
tooth movement (OTM) or on contralateral control (CC) sides. (A-D)
Compared to wild-type (WT) controls (left column), Enpp I° mice
(right column) display reduced mesial movement of the first maxillary
molar (M) on the OTM side. Displacement of M| from contact with
the second molar (M2) is indicated by a blue asterisk in A and yellow
bracket in C. (E, F) Occlusal view displaying both OTM and CC sides,
with the blue asterisk indicating greater separation between M| and M2
in WT mice. Large red arrows in panels A to F indicate mesial direction.
Panels A, B, E, and F show coil and composite in red color. (G, H)
Coronal micro-CT section showing alveolar bone (AB) height around
MI. Yellow-dotted line indicates plane of cemento-enamel junction (CEJ)
of M1 lingual aspects, while solid yellow line shows vertical distance of
CEJ to alveolar bone crest (ABC). On the OTM side, additional CEJ-ABC
distance over that of the CC side is indicated by a solid red vertical line.
(1) Linear measurements reveal a significant (*P = 0.02) 38% reduction in
mesial tooth movement on the OTM sides of Enpp 9% versus WT mice.
(J) Enpp 1 mice display a mean 50% increased vertical alveolar bone
loss around M1 in the OTM group, a trend that did not reach the level
of significance (P = 0.12).

Pavlin et al. 2000a, 2000b; Jager et al. 2005; Nakamura et al.
2008; Gonzales et al. 2009; Kitaura et al. 2009; Wolf et al.
2013; Wolf et al. 2014).

We discovered significantly reduced tooth movement in
Enppl mutant versus WT mice. Several hypotheses present
themselves based on previous findings and data reported here.
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Figure 4. Altered periodontal parameters, resorption, and osteoclast distribution in Enpp | mutant mice under orthodontic loading. (A) Alveolar
bone (AB) densities on mesial and distal aspects of the contralateral control (CC) roots display mean increases in Enpp1°*¥ (red squares) versus
wild-type (WT) (blue circles) mice, although only the distal aspect is significant (**P = 0.01). On orthodontic tooth movement (OTM) sides, Enpp I**% mice
showed nonsignificant mean decreases in AB density. (B) On CC sides, mean periodontal ligament (PDL) widths are increased in Enpp1° versus

WT molars but do not reach significance (P = 0.12 and 0.86). On OTM sides, mesial PDL widths are significantly increased (*P = 0.02) and distal PDL
widths nonsignificantly (P = 0.12) decreased in Enpp 1°*¥ versus WT molars. (C) Enpp 1°*% PDL displays less change on both mesial and distal aspects
when calculated as differences between OTM and CC sides. (D) Linear measurements of resorption depth into AC and dentin (DE) were made

in compression zones on OTM sides. Red-dotted line indicates original surface while blue arrow shows path of depth measurement. (E) No mean
difference (P = 0.92) is observed between WT and Enpp“*¥ mice in overall resorption depth. (F) Separating resorption depths for AC and DE reveals
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Because of the critical role of osteoclast-driven bone remodel-
ing in OTM, potential osteoclast defects should be considered.
However, normal osteoclast formation and function was
reported in Enppl knockout mice versus controls (Hajjawi
et al. 2014). Our previous study indicated increased osteoclast
numbers on alveolar bone surfaces of Enppl knockout versus
WT mice, allowing for bone remodeling and maintenance of
PDL space despite cementum expansion (Foster et al. 2012).
Three-dimensional micro-CT analyses of PDL volume and
thickness reported here confirm maintenance and even expan-
sion of PDL space. However, while Enpp ] mutant mice showed
similar or slightly greater osteoclast numbers in CC (unloaded)
periodontia, total TRAP-positive cells were decreased on OTM
sides. Furthermore, preference of clastic cells appeared to
switch from bone to root surfaces in Enppl mutant mice. While
WT molars undergoing OTM presented the expected combina-
tion of dentin and cementum resorption, Enppl mutant mouse
molars exhibited resorption lacunae limited almost exclusively
to the cementum. While one reason for this is the relative cervi-
cal cementum thickness in Enppl mutant mice, it is intriguing
to consider that cementum maintains a high regenerative
potential, and resorptive defects in cementum are classified as
less severe and more likely to spontaneously regenerate
(Lossdorfer et al. 2010; Rodrigues et al. 2011).

We recently compiled the first report of cervical hyperce-
mentosis resulting from generalized arterial calcification of
infancy (GACI; OMIM# 208000) in human subjects caused by
ENPP] mutations (Thumbigere-Math et al. 2018). Intriguingly,
several GACI patients exhibited dental infraocclusion (lack of
normal eruption/maintenance of occlusal position), failure of
primary tooth exfoliation, ankylosis, and/or unusual reparative
cementum on primary tooth roots. One GACI subject’s dental
history highlighted difficulty in achieving OTM. In all of these
manifestations, altered regulation of mineralization (e.g., anky-
losis) and/or resorption may be suspected. While defective
osteoclast/odontoclast resorption has not been previously doc-
umented in Enppl loss-of-function mice or GACI subjects,
loss of function of PPi regulator ANK/ANKH contributes to
osteoclast dysfunction in craniometaphyseal dysplasia (Chen
et al. 2014). These findings implicating altered osteoclast/
odontoclast activities in mice and humans with ENPP1 loss of
function warrant further investigation.

Additional hypotheses for altered OTM in Enppl mutant
mice may involve the unusual inclusion of cementocyte-like
cells in the thick cervical cementum that under normal condi-
tions remains acellular. Some of these unusually located

cementocytes express RANKL, possibly promoting migration
and activation of osteoclast precursors to root rather than bone
surfaces. We show increased expression of Sppl/OPN in
cementoblasts and cervical cementocytes of Enppl® versus
WT mice. OPN is an extracellular matrix protein that promotes
cell migration and attachment, and absence of OPN has caused
defective osteoclast recruitment and reduced OTM in mice
(Chung et al. 2008; Walker et al. 2010). Conversely, increased
OPN expression by cementum-associated cells in Enppl loss-
of-function mice could influence osteoclast recruitment toward
the root surface and away from bone, affecting resorptive
activity at these locations. In a report on hypophosphatemic
Hyp mutant mice, Coyac and colleagues found that increased
OPN played a role in mineralization defects in dentin and
alveolar bone, and sustained osteoclastic activity following
ligature-induced periodontitis was associated with OPN-rich
osteoid (Coyac et al. 2017). However, OPN was not localized
to the hypomineralized cellular cementum. The potential for
changes in inorganic phosphate and PP concentrations to
affect osteoclasts and bone remodeling should be explored in
more detail in future studies.

We propose an additional hypothesis to potentially explain
reduced OTM in Enppl mutant mice. Micro-CT analysis
revealed increased PDL volume and thickness, as well as
nearly 30% increased surface area between PDL and tooth
root/alveolar bone of Enppl mutant versus WT mice. These
interfaces incorporate high-density Sharpey’s fiber insertions
into both cementum and bone surfaces. Assuming the density
of Sharpey’s fibers remains similar, this translates to an
increase of almost 30% more inserted fibers in Enppl mutant
mice. This altered periodontal attachment would be anticipated
to increase the strength of PDL-bone/tooth attachment, affect-
ing both mechanical deformation of PDL and periodontal
remodeling, which may be observed as a reduced response to
orthodontic loading. Enppl mutant mouse molars exhibited
less compression and expansion than similarly loaded WT
molars. Less compression mesial to the root would be expected
to produce less vascular disturbance and attract fewer osteo-
clast precursors, and Ewnppl mutant mice exhibited fewer
osteoclasts on OTM sides. While speculative, this observation
of altered periodontal structure in Enppl mutant mice may
explain reduced deformation under mechanical stress, reduced
tooth movement, and fewer osteoclasts, as well as altered tooth
movement and delayed primary tooth exfoliation in GACI sub-
jects (Thumbigere-Math et al. 2018). Mechanical testing of
Enppl mutant periodontia may provide further insights.

<
<

a 150% increase in AC resorption (**P = 0.003) and a 92% decrease in DE resorption (¥***P < 0.0001) in Enpp |*? versus WT mice. (G-J) Histological

images of resorption in AC (blue shading) and DE (yellow shading) in compression zones (boxes in G and I) of WT and Enpp

194 mice. Red arrows in

G and | indicate mesial direction. Focusing on compression zones of M| distal roots, numbers and distribution of tartrate-resistant acid phosphatase
(TRAP)—positive osteoclast/odontoclast-like cells (black arrows) were counted in (K) WT and (L) Enp?l""’zj mice. (M) On CC sides, the baseline
number of TRAP-positive cells is not significantly different (P = 0.09), while on the OTM side, Enpp |*** mice exhibit a significant (*P = 0.04) 64%
reduction in TRAP-positive cells compared to WT. (N) No significant differences in TRAP-positive cells are observed on AC surfaces of WT versus
Enpp 1°¥ mice. (O) No differences in TRAP-positive cells are found on cellular cementum (CCM) of WT versus Enpp |“*? mice on the CC side, but
OTM induces increased osteoclast-like cells on WT CCM but not Enpp 1°¥ CCM. In panel L, different capital letters indicate significant differences
(P < 0.05) between means. (P) Separating TRAP-positive cells by localization to AB or cementum surfaces reveals a significant (****P < 0.0001) 85%

reduction in TRAP-positive cells on AB surfaces and a 200% increase (*P = 0.01) in TRAP-positive cells on root surfaces in Enpp

2 .
19 versus WT mice.
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Figure 5. Altered immunostaining of osteopontin and receptor-activator of NF-«kB ligand (RANKL) in Enpp | mutant mice. Immunohistochemistry
(IHC) identified osteopontin (OPN) in wild-type (WT) acellular cementum (AC) and alveolar bone (AB) on (A) contralateral control (CC) and (B)
orthodontic tooth movement (OTM) sides. Enpp [°"? mice featured intense OPN localization in their expanded AC of both (€) CC and (D) OTM
sides. Asterisk (¥) in D indicates tooth root resorption. (E, F) In WT mice, more intense RANKL immunolocalization was observed at sites of active
bone resorption (indicated by # in F) and in some nearby osteocytes on OTM sides. (G, H) In Enpp/®? mice, more intense RANKL staining was
observed at sites of bone and tooth resorption (indicated by * in H) and in some cementocyte-like cells in the expanded AC layer (black arrows in H).

Red-dotted lines in G and H indicate border of AC and dentin (DE).
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