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Equilibrative nucleoside transporter 1 (ENT1) transfers nucleosides, such as adenosine, across plasma mem-
branes. We reported previously that mice lacking ENT1 (ENTI ~/7) exhibit progressive ectopic calcification of
spinal tissues—a phenotype resembling diffuse idiopathic skeletal hyperostosis (DISH) in humans. Our objective
was to investigate potential calcification of orofacial tissues in ENT1 ™/~ mice. Heads of wild-type mice and
ENTI~/~ mice from 3 to 17 months were evaluated using microcomputed tomography (uCT). Some heads were
decalcified and processed for histological assessment. Other heads were examined using energy dispersive X-ray
spectroscopy and micro X-ray diffraction. Using pCT, ENT1 /™ mice showed extensive radiopaque lesions within
the mandibular symphysis, the severity of which increased with advancing age. Histologically, at 6 months these
ectopic radiopacities were found to correspond to acellular, amorphous, eosinophilic material, with no evidence
of inflammatory cells. Because lesions were localised to the symphysis, we identified early pathological changes
at 3 months and observed that lesions initiated specifically within the fibrocartilage pad. Energy-dispersive X-ray
spectroscopy of ectopic lesions revealed large amounts of calcium and phosphorous in a molar ratio of ~1.59,
and X-ray diffraction profiles matched that of calcium-deficient hydroxyapatite. This is the first characterisation
of ectopic calcifications within the mandibular symphysis of ENT1 /" mice, indicating a role for ENT1 and
adenosine metabolism in regulating calcification of fibrocartilaginous tissues. Moreover, these murine lesions
resemble areas of dystrophic calcification in the spinal tissues of humans with DISH. Importantly, ectopic cal-
cifications develop in a reproducible temporal pattern within a well-defined anatomical region and, thus, provide
a model for determining the cellular and molecular pathways underlying ectopic calcification in DISH and
related disorders.

1. Introduction

In humans, there are a number of disorders that involve the ectopic
deposition of mineral (Giachelli, 1999; Li et al., 2014). One such dis-
order is diffuse idiopathic skeletal hyperostosis (DISH), which involves
mineralisation of the connective tissues of the spine (Forestier and
Rotes-Querol, 1950). The prevalence of DISH is estimated to be 15 to
20% of the population over 50 years of age, based on outpatient studies

(Weinfeld et al., 1997; Westerveld et al., 2008). The clinical diagnosis of
DISH in humans is based on radiographic features: (i) flowing mineral
along at least four consecutive motion segments; (ii) preserved inter-
vertebral disc space in involved regions; and (iii) absence of vertebral
facet or sacro-iliac erosion, sclerosis, or fusion (Resnick and Niwayama,
1976). The etiology of DISH is unknown and there are no disease-
modifying treatments beyond surgical resection of the problematic
mineralised tissue (Mader et al., 2013). This underscores the need to
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characterise the tissue types and cellular changes associated with
ectopic mineralisation. A preclinical model would be extremely useful
for investigating pathogenesis and testing potential therapeutics for
DISH and related disorders.

In this regard, our group has previously characterised a murine
model of progressive ectopic calcification that involves spinal and
sternal tissues (Warraich et al., 2013). This mouse lacks the gene
encoding equilibrative nucleoside transporter 1 (ENT1; solute carrier
family 29 member 1; encoded by the gene Scl29al). ENT1 mediates the
transport of nucleosides (e.g., adenosine) bi-directionally across the
plasma membrane in a sodium-independent manner (Baldwin et al.,
2004). With advancing age, the spine of ENT1 /™ mice resembles that of
humans with DISH (Fournier et al., 2019, 2020). Serum calcium and
phosphate levels are comparable in ENT1~/~ and wild-type mice
(Warraich et al., 2013), arguing against the possibility that lesions arise
due to metastatic calcification. In both the mouse model and humans
with DISH, lesions are non-inflammatory (Warraich et al., 2013; Four-
nier et al., 2020). However, it is unknown which tissue is the site of
initiation of ectopic calcification. In the present study, we explored the
orofacial region of mice lacking ENT1 because of the diversity of con-
nective tissue types in this region.

The orofacial region encompasses of a plethora of mineralised and
nonmineralised connective tissues and structures (e.g., bone, dentin,
cementum, ligaments, symphyses, articular joints, lamina propria,
dermis, etc.) which, if affected in this mouse model, could provide
insight into the early pathogenesis of ectopic calcification. Pathological
mineral formation is known to occur in orofacial tissues and such dis-
orders include pulp stones, hypercementosis, sialolithiasis, and myositis
ossificans traumatica of the masticatory muscles (Goga et al., 2008;
Hanisch et al., 2018; Kraaij et al., 2014; Weinberger, 1954). Heterotopic
ossification can also affect the temporomandibular joint following sur-
gery or trauma (Mercuri and Saltzman, 2017). Clinical features of
ectopic mineralisation of orofacial structures can include pain, swelling,
compression of neural tissue, and restricted mandibular mobility and
function.

The causes and biological pathways associated with ectopic miner-
alisation in humans are poorly understood. As opposed to the spinal
tissues in the mouse, the orofacial region encompasses various connec-
tive tissues in anatomically well-defined locations, and thus may provide
better insights into the processes underlying ectopic mineralisation. The
objective of the current study was to investigate the possibility of
aberrant calcification of orofacial structures in ENTI~/~ mice to better
understand the pathophysiology of ectopic mineralisation.

2. Materials and methods
2.1. Animals

All aspects of this study were conducted in accordance with the
policies and guidelines set forth by the Canadian Council on Animal Care
and were approved by the Animal Use Subcommittee of the University of
Western Ontario, London, CAN (Protocol No. 2017-154). A completed
ARRIVE guidelines checklist (Percie du Sert et al., 2020) is available as
Tables S1 and S2. Mice (Mus musculus) lacking the gene Slc29al that
encodes ENT1 were originally provided by Dr. Doo-Sup Choi, Mayo
Clinic College of Medicine and Science, Rochester, MN (Choi et al.,
2004). The colony was established by backcrossing mice lacking ENT1
(B6.129X1-S1c29a1™™%) with inbred C57BL/6NCrl mice (Charles
River, Wilmington, MA). Heterozygotes (ENTI™/~) were bred to
generate wild-type (ENT1*/*) and knockout (ENTI™/7) littermates.
Genotyping was performed as described previously (Bone et al., 2010).

Mice were housed in standard polycarbonate cages (RC71D-PC,
Alternative Design Manufacturing & Supply, Siloam Springs, AR) with
natural absorbing and odor control bedding (Bed-o'Cobs® 1/8" & 1/4”
combination, Andersons Lab Bedding, Maumee, OH) and environmental
enrichment (Mouse House, Techniplast, West Chester, PA; and Nestlets,
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Ancare, Bellmore, NY). Mice experienced a controlled environment with
temperature ranging from 22 to 25 °C, relative humidity ranging from
40 to 60%, 12-hour light/dark cycle beginning at 07:00, and ad libitum
access to water and a grain-based Teklad Global 18% Protein Rodent
Diet (Item No. 2018, Envigo, Madison, WI). Mice were housed with up to
three same-sex littermates, bedding was changed weekly, and animal
welfare was assessed daily. Mice were euthanized using an intraperito-
neal injection of 50 mg/kg of pentobarbital sodium (Item No. 1EUF001,
Bimeda, Cambridge, CAN). The heads of wild-type and ENT1 =/~ mice
were then removed and, in most cases, fixed in 4% paraformaldehyde for
24 h. Tissues used for physical analyses were not fixed. Mice in this study
were 3 to 17 months-of-age, a range over which we have shown previ-
ously there is progressive ectopic calcification of spinal tissues in
ENT1™/~ mice (Warraich et al., 2013). Beyond 10 months-of-age,
ENT1~/~ mice demonstrate hind limb dysfunction and paralysis due to
extensive spinal calcifications. To reduce these adverse events, the ma-
jority of experiments involved mice at 3 and 6 months-of-age. Both male
and female mice were studied.

2.2. Microcomputed tomography (uCT)

Heads were embedded in 1% agar and scanned using a conebeam X-
ray pCT imaging system (eXplore Locus SP/MS-8, GE Healthcare, Lon-
don, CAN). The scanner was operated at a peak tube potential of 80 kVp,
tube current of 80 mA, and integration time of 3000 ms. Each of the 900
X-ray projections were averaged over four frames to improve signal-to-
noise characteristics as the sample rotated 360°. The acquisitions were
reconstructed into independent three-dimensional image volumes with
isotropic voxel spacing of 11.4 pm using a Feldkamp filtered back-
projection algorithm (Feldkamp et al., 1984). Included in the scans
was a calibrator consisting of air, water, and a cortical bone-mimicking
epoxy (450-SB3, Gammex Inc., Middleton, WI). The final image volumes
were scaled into Hounsfield units (HU) based on the average greyscale
values of air and water, —1000 and 0 HU, respectively. Imaging data
were analysed with MicroView (Version 2.5.0, Parallax Innovations Inc.,
Ilderton, CAN) and VGStudio MAX (Version 2.0.4, Volume Graphics
GmbH, Heidelberg, DEU).

To standardise morphometric analyses, three-dimensional image
volumes were oriented with the frontal anatomical plane parallel and
the transverse anatomical plane perpendicular to the occlusal plane
created by the mandibular molars. Window and level values were set to
8000 and 4000 HU, respectively. We used the following procedure to
identify regions of interest (ROIs) within the mandibular symphysis for
quantitative analyses of ectopic lesions. ROIs were centred on the
midsagittal plane and extended laterally a total of 0.25 mm (~22 mul-
tiplanar reformatted sections of pCT data) to avoid including adjacent
cortical bone (Fig. S1). The borders of the ectopic lesions in the anterior-
posterior and superior-inferior directions were defined by the extent of
material with radiodensities > 2157 HU (the calculated upper limit for
the radiodensity of soft tissues).

Spacing between the hemimandibles was determined as the distance
between the lateral cementoenamel junctions of each incisor, measured
at four positions in the transverse anatomical plane—position 1, repre-
senting the anterior extent of the alveolar bone around the mandibular
incisor; and positions 2 to 4 representing 1, 2, and 3 mm posterior from
position 1, respectively. Several cephalometric parameters of skulls and
mandibles were also assessed. Skull length was measured as the distance
between the anterior-most point of the nasal bone and the posterior-
most point of the occipital crest. Skull width was measured as the dis-
tance between the lateral-most aspect of each zygomatic arch.
Mandibular length was measured as the distance between the anterior-
most point of alveolar bone around the mandibular incisor and the
posterior-most aspect of the condylar process. Mandibular height was
measured as the distance between the superior-most point of the coro-
noid process and the inferior-most aspect of the angular process.
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2.3. Histology

Following imaging, the heads of 12 age-matched wild-type and
ENT1~/~ mice at 3 and 6 months-of-age (n = 3 mice per genotype per
age) were decalcified with Shandon™ TBD-2 decalcifier (Thermo Fisher
Scientific, Waltham, MA) for 4 days. Heads were then embedded in
paraffin for serial sectioning (5 pm thick slices) in the transverse
anatomical plane RM2255 Rotary Microtome (Leica Biosystems NuBloch
GmbH, NuBlloch, DEU). Sections of the mandibular symphysis from wild-
type and ENT1~/~ mice were stained by haematoxylin and eosin (H&E)
or Lillie's modified trichrome. Light micrographs were acquired using a
Leica DM1000 LED microscope, Leica DFC295 digital colour camera,
and Leica Application Suite software (Version 3.8.0, Leica Microsystems
GmbH, Wetzlar, DEU). One of the authors (PKK) with specialized
training in veterinary anatomic pathology, reviewed the stained sections
and documented histological features of the mandibular symphysis in
wild-type and ENT1™/~ mice.

2.4. Physical analyses

Mandibles were isolated from heads of wild-type and ENT1 ™/~ mice
at 8 to 9 months-of-age and associated soft tissues were removed.
Mandibles were then desiccated with drying agent for 2 to 4 weeks
(Drierite, W.A. Hammond Drierite Co., Xenia, OH). Following drying,
these intact mandibles were bisected in the midsagittal plane through
the mandibular symphysis (and, when present, the associated ectopic
lesion). Representative hemimandibles from age-matched wild-type and
ENT1~/~ mice were selected for physical analyses.

For scanning electron microscopy, the desiccated hemimandibles
were coated with a 10 nm layer of osmium, as described (Costa et al.,
2012). Scanning electron microscopy images were acquired using a LEO
1540XB FIB/SEM instrument (Carl Zeiss, Oberkochen, DEU) with an
electron backscatter detector operated at 15 to 30 kVp at the Nano-
fabrication Facility, University of Western Ontario, London, CAN.
Energy-dispersive X-ray spectra were acquired from selected regions of
unaffected cortical bone in the mandibles of wild-type and ENTI "/~
mice, and regions of ectopic mineral in the symphyses of ENTI ™/~ mice
(2 to 8 regions per tissue of interest). Elemental analyses were performed
using Integrated Calibration and Application software (INCA, Oxford
Instruments, Abingdon, UK) and data were presented as atomic
percentage.

Using the same hemimandible tissues, micro X-ray diffraction pat-
terns were collected from regions of unaffected cortical bone in wild-
type and ENT1~/~ mice and regions of ectopic mineral in ENT1 ™/~
mice using a Bruker D8 Discover diffractometer (Bruker Co., Billerica,
MA) and Bruker-AXS general area detector diffraction system (Bruker
AXS GmbH, Karlsruhe, DEU), as described (Flemming, 2007). Samples
were mounted on an XYZ stage and viewed with an optical microscope
and laser system for precise positioning of target locations (1 to 3 regions
per tissue of interest). Resultant X-ray diffraction data were analysed
with Bruker's DiffracPlus™ EVA software (Bruker Co.).

2.5. Statistics

Statistical analyses were performed using GraphPad Prism (Version
8.01: San Diego, CA). Due to the marked phenotypic difference between
ENT1~/~ and wild-type mice, it was not possible to perform a blinded
assessment of uCT or histological images. Data were tested for normality
using Shapiro-Wilk's test and for outliers using Grubbs' two-sided test.
HCT data were analysed using two-way-ANOVA with Sidak's multiple
comparisons test. Elemental data were analysed using parametric, one-
way-ANOVA and Sidak's multiple comparisons test. A P value < 0.05
was considered significant.
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3. Results

3.1. Ectopic mineralisation of the mandibular symphysis in ENT1~/~
mice revealed by uCT imaging

pCT was used to identify possible ectopic mineralisation of orofacial
tissues. No ectopic mineral was found to be associated with the skin,
mucosa, enamel, dentin, cementum, or temporomandibular joint, or
within the pulp chamber or periodontal ligament space of wild-type or
ENT1~/~ mice at any age examined (up to 17 months of age). Ectopic
radiopaque material was however identified in the mandibular sym-
physis of ENT1~/~ mice. Radiopaque lesions were not observed in age-
matched wild-type mice (Fig. 1A and B) and were most pronounced in
both male and female ENT1 /" mice at advanced ages (Figs. 1A and C,
2A). In contrast to the mandibular symphysis, no ectopic mineral was
found associated with sutures or synchondroses in the skulls of ENT1 ™/~
mice. Moreover, cephalometric parameters were similar between wild-
type and ENT1 ™/~ mice (Fig. $2).

At 3 months of age, ectopic lesions were detected in the mandibular
symphysis in 5 of 6 ENTI1 ™/~ mice as small radiopaque accumulations
within an otherwise radiolucent tissue (ectopic mineral is pseudocol-
oured red in Fig. 2A). Of note, ectopic lesions enlarged with age in all
directions within the symphysis and eventually extended beyond the
symphysis in the superior direction. At 6 months, all ENT1 /" mice
showed ectopic lesions within the mandibular symphysis.

Radiographically, lesions were composed of mineralised and non-
mineralised material. The volume of lesions was assessed as follows. We
created standardised regions of interest (ROIs, 0.25 mm in the medial-
lateral direction) centred on the midsagittal plane and confined based
on the extent of radiopaque material in the superior-inferior and
anterior-posterior directions (Fig. S1). The volume of these ROIs (rep-
resenting the lesion volumes) differed significantly between genotypes
at each age: 3 months (wild-type = 0.001 + 0.001 mm?, ENT1/~ =
0.010 + 0.011 mm®); 6 months (wild-type = 0.003 + 0.002 mm?,
ENT1/~ =0.546 + 0.114 mmg); and 10+ months (wild-type = 0.021 +
0.018 rnmg, ENT1™/~ = 1.410 + 0.157 mms). Moreover, there was a
significant increase in lesion volume with age in ENT1~/~ mice.

We next assessed the distribution of radiodensities within the ROIs
defined above. To distinguish mineralised and nonmineralised tissue, we
established a threshold of 2157 Hounsfield units (HU, four standard
deviations above the mean peak radiodensity of known regions of
nonmineralised tissue, n = 16 mice). At 3 months, there was little
mineralised tissue evident in ENTI ™/~ mice (Fig. 2B). With increasing
age, the distribution of radiodensities within the ROIs shifted towards
higher HU, indicating a greater proportion of the lesions consisted of
mineralised tissue (Fig. 2B).

Because of the severity of ectopic lesions in the mandibular sym-
physis, we considered the possibility that the hemimandibles were dis-
placed by the lesion in ENT1~/~ mice. Therefore, we quantified the
spacing between hemimandibles in wild-type and ENT1 =/~ mice as the
distance between each incisor, measured at four positions in the trans-
verse anatomical plane (Fig. 2C1). There were no significant differences
between genotypes in spacing at 3 or 6 months (Fig. 2C2). Whereas, at
10+ months, spacing was slightly less in ENTI ™/~ mice compared to
wild-type mice (Fig. 2C2).

3.2. Histological features of the mandibular symphysis at 3 months of age

We next assessed histologic features of the mandibular symphysis in
wild-type and ENTI ™/~ mice at 3 months, the age at which ENT1 ™/~
mice begin to exhibit lesions. We first assessed transverse pCT sections
through the symphysis between positions 1 and 3 in the anterior-
posterior direction (as defined in Fig. 2C1). Minimal radiopacities
were evident in the symphysis region of wild-type mice (Fig. 3A). H&E
(Fig. 3B) and Lillie's trichrome (Fig. 3C) staining of corresponding his-
tological sections from the same wild-type animal shown in Fig. 3A
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Fig. 1. Representative pCT image renderings of wild-type and ENT1~/~ mice at 17 months, displaying mineralised material (>2157 HU). (A) Anterolateral view of
three-dimensional renderings of intact heads of a wild-type (left) and an ENTI~/~ (right) mouse. Yellow dashed region highlights extensive ectopic lesion localised to
the mandibular symphysis region. (B) Isosurface rendering of an isolated mandible (lateral and posterior views) from the same wild-type mouse shown in panel A.
Note the lack of ectopic lesion associated with the mandibular symphysis. (C) Isosurface rendering of an isolated mandible (lateral and posterior views) from the same
ENT1~/~ mouse shown in panel A. Note the extensive ectopic lesion highlighted by yellow dashed line and yellow arrow. Scale bars represent 1 mm. pCT images are

representative of 2 mice of each genotype.

revealed the expected structural features of the symphysis. The fibro-
cartilage pad, which resists compression of the joint (Beecher, 1977,
1979), was evident superiorly where the symphysis is narrowest. The
fibrocartilage pad was clearly stained light aqua with Lillie's trichrome,
as expected for a collagen-rich tissue. This pad was richly populated by
chondrocyte-like cells and was avascular and aneural. Laterally, the
fibrocartilage pad anchored into lamellar bone via a chondroid transi-
tion zone, which stained slightly more basophilic than the pad with H&E
(Fig. 3B1 and B2) and paler with trichrome (Fig. 3C1 and C2). The
demarcation between fibrocartilage and chondroid is particularly
evident with trichrome (red line in Fig. 3C2, which may represent the
tidemark between calcified and noncalcified cartilage). Inferior to the
fibrocartilage pad, cruciate ligaments were present (Fig. 3B and C),
which resist tensile and shearing forces on the symphysis (Beecher,
1977, 1979). Each ligament was made up of organised bundles of
collagen and populated by fibroblasts, with distinct ligaments showing
different orientation of fibres. Interspersed among the ligaments were
large blood vessels (Fig. 3B and C). Larger histological images of wild-
type mice at 3 months are supplied in Fig. S3.

In 3-month-old ENT1~/~ mice, transverse pCT sections through the
symphysis revealed only a small localised deposit of radiopaque mate-
rial (Fig. 3D, outlined by yellow dashes, representative of 5 of 6 mice
examined). The cortical bone lateral to the symphysis in 3-month-old
mice appeared intact. Corresponding histological sections from the
same ENT1/~ mouse revealed features associated with lesion devel-
opment. At 3 months, the lesion clearly involved a portion of the
fibrocartilage pad, without including the cruciate ligaments or blood
vessels (Fig. 3E and F). Between the ectopic lesion and the cruciate
ligaments, there was a band of densely arranged spindle-shaped cells
(Fig. 3E4 and F4).

Higher magnification views revealed that these lesions exhibited
regions of eosinophilic granular material with decreased cellularity and
loss of aqua staining with trichrome (Fig. 3E1-3 and F1-3). Regions of
remaining fibrocartilage appeared disorganised with cells in less well-
defined lacunae. Larger histological images of the mandibular sym-
physis from ENT1~/~ mice at 3 months are supplied in Figs. $4 and S5.

3.3. Histological features of the mandibular symphysis at 6 months of age

In wild-type mice, the histological appearance of the symphysis at 6
months (Fig. 4A, larger image supplied in Fig. S6) was essentially the
same as its appearance at 3 months (Fig. 3A). In 6-month-old ENT1 ™/~
mice, transverse PCT sections through the symphysis revealed extensive
ectopic radiopaque material (Fig. 4D, yellow dashed region, represen-
tative of 4 of 4 mice examined). As well, the surface of the cortical bone
lateral to the symphysis appeared to be eroded, in contrast to its
appearance at 3 months-of-age. Corresponding histological sections
from the same ENT1 ™/~ mouse revealed marked disruption of structural
organisation in the mid-region of the symphysis (Fig. 4E and F),
matching the distribution of radiopaque material. The lesion appeared
to involve much of the fibrocartilage pad, resulting in disorganisation
and decreased cellularity (Fig. 4E1). As well, there was loss of aqua
staining with Lillie's trichrome, consistent with decreased collagen
content, although remnants of the fibrocartilage pad persisted superior
to the lesion (Fig. 4F1). Higher magnification views revealed regions of
granular material containing eosinophilic cell outlines within the
ectopic lesion (Fig. 4E2 and F2). Further inferiorly, there were regions of
acellular amorphous material. This material was eosinophilic with H&E
and red with trichrome, with paler staining towards the centre of the
amorphous material (Fig. 4E3, 4 and F3, 4). It is likely that the amor-
phous and possibly granular regions are the areas of ectopic calcification
which, together with the surrounding loose stroma-like tissue (stained
poorly for collagen, Fig. 4F4), have replaced both the inferior aspect of
the fibrocartilage pad and the superior aspect of the cruciate ligaments.
Moreover, blood vessels were less prominent in these regions than in
wild-type mice. Inferiorly, between the ectopic lesion and the remaining
cruciate ligaments was a band of densely arranged spindle-shaped cells
(Fig. 4E5, 6 and F5, 6) that was also noted in 3-month-old ENTI”" mice.
In contrast to the lesion immediately superior, cells within this band
appeared viable and proliferative. These cells were basophilic when
stained with H&E, stained intensely red with trichrome, and were
associated with little if any extracellular matrix.

In ENTI~/~ mice at 6 months, the eroded appearance of the bone
surface at the lateral borders of the symphysis, along with the lack of
displacement of the hemimandibles, suggested that bone was resorbed
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Fig. 2. uCT analyses of the mandibles of wild-type and ENT1~/~ mice. (A) Representative three-dimensional renderings (superior view) of isolated mandibles from
ENT1~/~ mice at 3, 6, 10, and 17 months. To display the spatiotemporal progression of ectopic lesion of the mandibular symphysis region, mineralised material
(>2157 HU) is pseudocoloured red. Scale bar represents 1 mm. (B) Histograms of the frequency distribution of radiodensities of the voxels within the ectopic lesions
in ENT1/~ mice at the indicated ages. For this analysis, we established standardised ROIs (0.25 mm in the medial-lateral direction) containing both mineralised and
nonmineralised material, which were centred on the midsagittal plane and confined based on the extent of radiopaque material (as illustrated in detail in Fig. S1).
The range of radiodensities for nonmineralised tissues was 0 to 2157 HU (shaded dark grey) and for mineralised tissue was >2157 HU (shaded light grey). Data are
means from 6 mice for 3 months, 4 mice for 6 months, and 2 mice each for 10 and 17 months. (C1) The spacing between hemimandibles was measured as the distance
between the lateral cementoenamel junctions of each incisor. Distances were measured at four positions in the transverse anatomical plane, starting at the anterior
most crest of cortical bone around the incisor (position 1) and then at 1 mm intervals posteriorly (positions 2 to 4). (C2) Hemimandible spacing data are displayed as
box-and-whisker plots; WT, wild-type (white boxes) and ENT1/~ (grey boxes). Data are medians with boxes representing the interquartile range and whiskers
representing the maximum and minimum values, n = 6 mice for 3 months, n = 4 mice each for 6 and 10+ months (10 and 17 months combined) for each genotype. *
represents significant differences between genotypes assessed using two-way-ANOVA with Sidak's multiple comparisons test (P value < 0.05).

as the ectopic lesions expanded. In this regard, osteoclasts were of ENT1/~ mice. Larger histological images of ENT1/~ mice at 6
observed where the ectopic lesion interfaced with bone (e.g. Fig. 4E3 months are supplied in Figs. S7 and S8.

inset). Furthermore, multiple lacunae were evident on the bone margins

indicative of previous osteoclast activity. Notably, there was a lack of

inflammatory or phagocytic cells throughout the mandibular symphysis
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Lillie’s trichrome

Wild-type (3 months-of-age)

Fig. 3. Histological appearance of the mandibular symphysis from a representative wild-type and ENT1~/~ mouse at 3 months. (A) Single transverse section of pCT
image volume from the mid-symphysis region of a wild-type mouse. Thickness of pCT section is 11.4 pm. Scale bars in all panels represent 100 pm: cb, cortical bone;
e, enamel; d, dentin; and pdl, periodontal ligament space. (B and C) Tissues from the same wild-type mouse as in panel A were decalcified, sectioned, and stained with
haematoxylin and eosin or Lillie's trichrome. Transverse sections were matched to the pCT image in the anterior-posterior axis and display the general features of the
wild-type mandibular symphysis: bv, blood vessel; cl, cruciate ligaments; and fp, fibrocartilage pad. (B1 and C1) Higher magnification images of the superior aspect
of the symphysis. Dashed rectangles show regions displayed at even higher power in B2 and C2. Chondrocyte-like cells of the fibrocartilage pad are highlighted by
black arrows, and the demarcation between fibrocartilage and chondroid material is highlighted by white arrows. (D) Single transverse section of pCT image volume
from the mid-symphysis region of an ENT1~/~ mouse. Thickness of pCT section is 11.4 um. Ectopic lesion is indicated by yellow dashed lines. Scale bar represents
100 pm. (E and F) Tissues from the same ENTI ~/~ mouse as in panel D were decalcified, sectioned, and stained with haematoxylin and eosin or Lillie's trichrome.
Transverse sections were matched to the uCT image in the anterior-posterior axis. Note the disruption of the fibrocartilage pad and the presence of ectopic lesion
(indicated by yellow dashed lines). (E1 and F1) Higher magnification images of the superior aspect of the symphysis. Dashed rectangles show regions displayed at
even higher power in E2-4 and F2-4, illustrating the fibrocartilage pad (E2 and F2), ectopic lesion (E3 and F3), and inferior aspect of the mandibular symphysis (E4
and F4). Ectopic lesions were characterised by granular material (black asterisks) and decreased cellularity of the fibrocartilage pad (white asterisks). Inferiorly,
densely arranged spindle-shaped cells are shown (yellow asterisks). pCT images are representative of 4 mice of each genotype. Histological images are representative
of 12 sections from at least 3 mice of each genotype.

genotypes and ectopic lesions were assessed in ENTI ™/~ mice. Images of
the symphysis region were obtained by scanning electron microscopy

3.4. Elemental composition and X-ray diffraction of mineralised tissues

We examined age-matched mandibles from wild-type and ENT1~/~
mice (8 to 9 months). Desiccated mandibles were bisected in the
midsagittal plane through the symphysis, exposing lesion material in
ENT1~/~ mice. Unaffected cortical bone was examined in both

(Fig. 5A1, left panel from an ENTI/~ mouse; orientation is shown in
Fig. S9). Energy-dispersive X-ray spectroscopy provided elemental
mapping of the region (e.g., Fig. 5A1, right panels). ROIs were then
selected for quantification based on the elemental maps and surface
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Wild-type (6 months-of-age) Lillie’s trichrome
A f—

pdl

Fig. 4. Histological appearance of the mandibular symphysis from a representative wild-type and ENT1~/~ mouse at 6 months. (A) Single transverse section of pCT

image volume from the mid-symphysis region of a wild-type mouse. Thickness of pCT section is 11.4 pm. Scale bars in all panels represent 100 pm: cb, cortical bone;
e, enamel; d, dentin; and pdl, periodontal ligament space. (B and C) Tissues from the same wild-type mouse as in panel A were decalcified, sectioned, and stained with
haematoxylin and eosin or Lillie's trichrome. Transverse sections were matched to the nCT image in the anterior-posterior axis and display the general features of the
wild-type mandibular symphysis: bv, blood vessel; cl, cruciate ligaments; and fp, fibrocartilage pad. (B1 and C1) Higher magnification images of the superior aspect
of the symphysis. Dashed rectangles show regions displayed at even higher power in B2 and C2. Chondrocyte-like cells of the fibrocartilage pad are highlighted by
black arrows, and the demarcation between fibrocartilage and chondroid material is highlighted by white arrows. (D) Single transverse section of pCT image volume
from the mid-symphysis region of an ENT1~/~ mouse. Thickness of uCT section is 11.4 pm. Ectopic lesion is indicated by yellow dashed lines. (E and F) Tissues from
the same ENTI~/~ mouse as in panel D were decalcified, sectioned, and stained with haematoxylin and eosin or Lillie's trichrome. Transverse sections were matched
to the pCT image in the anterior-posterior axis. Note the disruption of the structural features of the mandibular symphysis and the extensive ectopic lesion (indicated
by yellow dashed lines). Higher magnification images of the mandibular symphysis: superior (E1 and F1), middle (E3 and F3), and inferior (E5 and F5) aspects.
Dashed rectangles show regions displayed at even higher power in E2, 4, 6 and F2, 4, 6. Ectopic lesions were characterised by granular (black asterisks) and acellular
material (white asterisks). Inferiorly, densely arranged spindle-shaped cells are shown (yellow asterisks). Inset in E3 displays an osteoclast where the ectopic lesion
interfaced with bone. pCT images are representative of 4 mice of each genotype. Histological images are representative of 12 sections from at least 3 mice of
each genotype.
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Fig. 5. Physical characterisation of the mandibular symphysis in wild-type and ENT1™/~ mice at 8 to 9 months. (A1) Scanning electron microscopy image of ectopic
lesion in the mandibular symphysis of a representative ENT1 ™/~ mouse; scale bar represents 100 pm. Images at right show localisation of carbon (green), oxygen
(aqua), calcium (red), and phosphorus (purple) in the same field, as determined by energy-dispersive X-ray spectroscopy. Orientation of the sample is illustrated in
Fig. $8. (A2) Atomic percentage data collected from multiple regions of cortical bone in wild-type and ENTI ™/~ mice and from regions of ectopic lesion in ENTI "~
mice (n = 5 mice, 2-8 ROI per tissue type). Examples of regions of ectopic lesion analysed for elemental spectra are indicated by yellow dashed lines in panel A.
Grubbs' two-sided test (P value < 0.05) identified two outliers that were removed (1 ROI from ENT1 /™ cortical bone and 1 ROI from ENT1 ™ lesion). Data are
means + standard errors of the mean. * denotes significant differences between ENT1 ™/~ ectopic lesion and wild-type cortical bone; and  denotes significance
differences between ENTI ™/~ ectopic lesion and ENTI ™/~ cortical bone determined using parametric one-way-ANOVA with Sidak's multiple comparisons test (P
value < 0.05). There were no significant differences in the elemental composition of cortical bone in wild-type and ENT1™~ mice. (B) Representative micro X-ray
diffraction patterns of regions of cortical bone from wild-type and ENTI ™/~ mice and regions of ectopic lesion in the mandibular symphysis of ENT1~/~ mice.
Examples of regions used for X-ray diffraction analysis are indicated by yellow arrows in panel A. X-ray diffraction patterns were matched to that of calcium-deficient
hydroxyapatite (powder diffraction file: 86-1201, Cag g(PO4)s(OH); 9> from the International Center for Diffraction Data), plotted as histogram on the x-axis. Cor-

responding peaks are indicated by matching symbols.

appearance indicative of calcification (e.g., areas enclosed by dashed
yellow lines in Fig. 5A1, left panel). There were no significant differ-
ences in the elemental composition of mandibular cortical bone in wild-
type and ENT1 ™/~ mice. Ectopic lesions contained significantly greater
percentages of calcium, phosphorus, and oxygen compared to cortical
bone (Fig. 5A2). Conversely, the percentage of carbon was less in ectopic
lesions than in cortical bone. The resultant calcium/phosphorus ratios
were similar for both ectopic lesions and cortical bone. These data are
consistent with ectopic lesions being rich in calcium and phosphate, and
containing less organic matrix than cortical bone. To identify the nature
of the mineral within ectopic lesions, we performed micro X-ray
diffraction. Diffraction patterns for both unaffected cortical bone and
regions of ectopic lesion closely matched the pattern of calcium-
deficient hydroxyapatite (Fig. 5B). These data align with the observed
calcium/phosphorus ratios ranging from 1.59 to 1.76.

4. Discussion
4.1. Ectopic lesions in ENT1~/~ mice

Histological analysis of decalcified samples revealed that, by 6
months, the mandibular symphysis contained large accumulations of
amorphous, eosinophilic acellular material with loss of existing struc-
tural elements. These lesions clearly do not involve the ectopic bone
formation, rather they resemble features reported for ectopic calcifica-
tions in the paraspinal ligaments and intervertebral discs of ENT1 ™/~
mice (Warraich et al., 2013). Notably, we were able to determine that
ectopic lesions in the symphysis initiated in the fibrocartilage pad,

without involving the cruciate ligaments at this stage. In previous
studies of spinal tissues, we were unable to identify in which tissue
ectopic lesions initiated; the reason being that ectopic lesions could only
be localised once sufficient mineral had accumulated to enable detection
by pCT (Warraich et al., 2013). By this stage, multiple tissues were often
involved including the paraspinal ligaments and annulus fibrosus of the
intervertebral disc, and the complex anatomy of spinal tissues made it
difficult to identify the site of initiation. In contrast, the spatially
localised nature of the mandibular symphysis provided an opportunity
to characterise the early features and progression of these lesions. The
present study showed that lesions originate within the fibrocartilage of
the mandibular symphysis, suggesting that fibrocartilaginous tissues
may be the sites at which ectopic calcifications arise within spinal tissues
as well.

Mineral deposits in both the mandibular symphysis and spinal tissues
of ENT1™/~ mice are composed of similar amounts of calcium and
phosphorus, with calcium:phosphorus ratios of approximately 1.6 and
1.5, respectively (Fig. 5A2, Warraich et al., 2013). Moreover, the current
study is the first to perform X-ray diffraction analysis of ectopic lesions
in ENT1~/~ mice revealing the presence of calcium-deficient hydroxy-
apatite. Interestingly, investigation of ectopic mineralisation in humans
with DISH also revealed that lesions exhibited regions of dystrophic
calcification containing calcium-deficient hydroxyapatite (Fournier
et al., 2020). Of note, mineral deposits in the mandibular symphysis
contained significantly less carbon and more calcium and phosphorus
than mandibular bone. This finding is consistent with a lower proportion
of organic matrix in ectopic lesions than in bone.

In contrast to spinal lesions in ENT1 ~/~ mice (Warraich et al., 2013),
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the distinct spatial localisation of lesions in the mandibular symphysis
allowed us to evaluate the interface of the developing ectopic lesion with
cortical bone and ligamentous structures. In the current study, osteo-
clasts and Howship's lacunae were identified where the lesion interfaced
with cortical bone. Previous studies of ENTI/~ mice demonstrated
higher mRNA levels for tartrate-resistant acid phosphatase in the femur
of these animals compared to wild-type mice (Hinton et al., 2014),
consistent with the possibility of a generalised increase in osteoclast
activity. Furthermore, since ectopic lesions do not displace the hemi-
mandibles, resorption of the mandibular margins may arise from sus-
tained pressure due to the lesion expanding in a confined space. In
addition to resorption of cortical bone, the cruciate ligaments were
destroyed as ectopic lesions progressed with age. It is possible that, as in
the symphysis, ectopic lesions originating in the fibrocartilage of spinal
tissues progress to involve the paraspinal ligaments.

Interestingly, in the mandibular symphysis, we identified a region of
aberrant hypercellularity between the ectopic calcification and the
remaining cruciate ligament tissue. This feature was not reported in the
spinal tissues of ENT1 =/~ mice (Warraich et al., 2013). On the other
hand, studies of the annulus fibrosus of intervertebral discs from ENT1 ™/
" mice have revealed enrichment of cell cycle pathways and accumu-
lation of PCNA-positive cells (Veras et al., 2019). It is conceivable that
this hypercellular region reflects a localised increase in cell prolifera-
tion, which may have given rise to the enrichment of cell cycle pathways
reported previously in intervertebral discs. It is also conceivable that this
band of fibroblast-like cells reflects reactive fibrosis (Wynn, 2008) in
response to the ectopic calcification.

4.2. Possible mechanism underlying ectopic calcification in the
mandibular symphysis

In rodents, the fibrocartilage pad of the symphysis resists compres-
sion during mandibular function, while the cruciate ligaments resist
tensile and shearing forces (Beecher, 1977, 1979). Together, these tis-
sues permit mobility of the hemimandibles to accommodate bilateral
mastication and incisor occlusion (Weijs, 1975). Therefore, it is likely
that the fibrocartilage pad is exposed to repetitive compression during
mandibular function. In this regard, it is known that compression of
cartilage leads to the release of ATP from chondrocytes (Corciulo and
Cronstein, 2020). Once in the extracellular fluid, ATP is rapidly broken-
down releasing adenosine (Hasko et al., 2018). Given the avascular
nature of fibrocartilage and the disrupted transport of adenosine in
ENT1~/~ mice, it is conceivable that there is aberrant adenosine accu-
mulation within the fibrocartilage pad of these mice. Increased extra-
cellular adenosine levels could enhance signaling through adenosine
receptors present on chondrocytes and many other cell types (Borea
et al., 2018; Corciulo and Cronstein, 2020). It is possible that lesions
develop in ENTI~/~ mice specifically at sites (e.g., mandibular sym-
physis, spinal tissues) where fibrocartilage is frequently subjected to
mechanical deformation.

Mice lacking ENT1 have elevated plasma levels of adenosine (Pastor-
Anglada and Pérez-Torras, 2018; Warraich et al., 2013). Moreover, it has
been shown that expression of mineralisation inhibitors (e.g., Mgp,
Enpp1, Ank, and Spp1) is suppressed in the annulus fibrosus of ENT1~/~
mice at 6 months, possibly contributing to ectopic calcification (li et al.,
2016). These studies also demonstrated that genes associated with
chondrocyte hypertrophy (e.g., Runx2, Col10al) were not altered in
ENT1~/~ mice. Changes in gene expression (li et al., 2016) and increases
in cell proliferation (Veras et al., 2019) may arise from increased
adenosine signaling in the tissues of ENT1~/~ mice. Interestingly, a rare
mutation in humans that results in loss of function of ENT1 has been
linked to ectopic mineralisation (Daniels et al., 2015), further estab-
lishing a role for adenosine transport in pathological calcification.

Bone Reports 15 (2021) 101100

4.3. Comparison of lesions in the symphysis of ENT1~/~ mice with lesions
in human DISH

There are striking similarities in the symphyseal lesions of ENT1 "~
mice and those in human DISH. In both, the severity of lesions increases
with age. In addition, the elemental composition and X-ray diffraction
profiles of lesions are comparable (Fig. 5, Fournier et al., 2020). Histo-
logically, indicators of inflammation are absent in both the symphysis of
ENT1~/~ mice and DISH lesions. Specifically, ectopic calcifications in
ENT1~/~ mice resemble dystrophic calcifications reported in humans
with DISH (Fournier et al., 2020). However, heterotopic ossification is
also described in human DISH (Fournier et al., 2020; Kuperus et al.,
2016). It has been proposed that, in DISH, initial dystrophic calcifica-
tions subsequently transform into heterotopic ossifications (Fournier
et al., 2020). Thus, the ENTI ~/~ mouse may be a preclinical model for
the early stages of DISH in humans.

Although the mandibular symphysis fuses early in life in humans
(Standring, 2016), the advantage of studying the mandibular symphysis
in ENT1~/~ mice is the localised spatiotemporal development of ectopic
lesions in this region. This model may prove useful for testing thera-
peutic treatments to halt the progression of ectopic calcification. As well,
the mandibular symphysis of ENTI ™/~ mice may be a useful system for
future mechanistic studies of ectopic calcification.
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