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Abstract

X-linked hypophosphatemia (XLH) is a skeletal disease caused by inactivating mutations in the PHEX gene. Mutated or absent PHEX
protein/enzyme leads to a decreased serum phosphate level, which cause mineralization defects in the skeleton and teeth (osteomalacia/
odontomalacia). It is not yet altogether clear whether these manifestations are caused solely by insufficient circulating phosphate
availability for mineralization or also by a direct, local intrinsic effect caused by impaired PHEX activity. Here, we evaluated the local
role of PHEX in a 3-dimensional model of extracellular matrix (ECM) mineralization. Dense collagen hydrogels were seeded either
with human dental pulp cells from patients with characterized PHEX mutations or with sex- and age-matched healthy controls and
cultured up to 24 d using osteogenic medium with standard phosphate concentration. Calcium quantification, micro—computed
tomography, and histology with von Kossa staining for mineral showed significantly lower mineralization in XLH cell-seeded scaffolds,
using nonparametric statistical tests. While apatitic mineralization was observed along collagen fibrils by electron microscopy in both
groups, Raman microspectrometry indicated that XLH cells harboring the PHEX mutation produced less mineralized scaffolds having
impaired mineral quality with less carbonate substitution and lower crystallinity. In the XLH cultures, immunoblotting revealed more
abundant osteopontin (OPN), dentin matrix protein | (DMP1), and matrix extracellular phosphoglycoprotein (MEPE) than controls, as
well as the presence of fragments of these proteins not found in controls, suggesting a role for PHEX in SIBLING protein degradation.
Immunohistochemistry revealed altered OPN and DMP| associated with an increased alkaline phosphatase staining in the XLH cultures.
These results are consistent with impaired PHEX activity having local ECM effects in XLH. Future treatments for XLH should target
both systemic and local manifestations.
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Introduction

X-linked hypophosphatemia (XLH) is a genetic dominant dis-
order characterized by hypophosphatemia and growth retarda-
tion with bone and tooth deformities (osteomalacia and
odontomalacia) (Carpenter 2012). The genetic defect underly-
ing XLH is loss-of-function mutations in the PHEX gene (phos-
phate-regulating gene with homologies to endopeptidases on
the X chromosome) (the HYP consortium). Mineralization
defects (hypomineralization) observed by this impairment of
PHEX are primarily caused by renal phosphate wasting follow-
ing an increase in circulating fibroblast growth factor 23
(FGF23), a phosphaturic hormone expressed by osteocytes,
osteoblasts, and odontoblasts (Quarles 2003; Yoshiko et al.
2007; Bonewald and Wacker 2013; Murali et al. 2016). Current
and in-trial treatment strategies for XLH consist of phosphate
and vitamin D supplementation, as well as use of a neutralizing
monoclonal antibody against FGF23, respectively. In both
cases, treatments for XLH aim at increasing the level of circu-
lating serum phosphate (Carpenter et al. 2011; Linglart et al.
2014), although it is best achieved with the antibody treatment.
However, accumulating evidence also points to a direct, extra-
cellular matrix (ECM) role for PHEX in regulating mineraliza-
tion in bones and teeth. Recently, in vitro and in vivo studies,
both in humans and in the Hyp mouse (a murine homolog of
XLH), have shown the ability of PHEX to proteolytically
degrade proteins and peptides known to influence mineraliza-
tion (Barros et al. 2013; Boukpessi et al. 2016). More specifi-
cally, osteopontin (OPN) of the mineralization-regulating
SIBLING protein family (small integrin-binding-ligand-N-
linked glycoproteins) was shown to be a substrate for PHEX
enzymatic activity; PHEX deficiency resulted in the accumula-
tion of mineralization-inhibiting OPN and OPN fragments in
bone and dentin of Hyp mice and XLH patients (Barros et al.
2013; McKee et al. 2013; Boukpessi et al. 2016). Despite these
findings, there remains some uncertainty regarding the relative
contributions to the mineralization defect of systemic versus
local matrix inhibitory effects, since both result in hypomineral-
ization. In the field of tissue engineering, disease-modeling
approaches (in this case, so-called disease-in-a-dish culture
models) have been used extensively to investigate pathologic
mechanisms (Grskovic et al. 2011). In the present study, we
have used such an in vitro model of human cell-mediated
biomineralization, here consisting of seeding dental pulp cells
harvested from the teeth of patients with XLH (with corre-
sponding control cultures) into plastically compressed, collagen
hydrogels (Coyac et al. 2013). Here, we tested the hypothesis
that local, ECM function of PHEX is physiologically critical
and independent of circulating serum phosphate levels during
the formation of mineralized tissues. By having the ability to
control phosphate supply (in the culture media) in this in vitro
model, we explored aspects of the intrinsic, cell-autonomous
mineralization defect in human cells having a deficiency in
PHEX.

Materials and Methods

Patient Information and Human Teeth

XLH was diagnosed at the collaborating institutions based on
the disorder’s characteristic findings and on a pattern of
X-linked dominant disease transmission and positive PHEX
mutation analysis (Appendix Table). Teeth were obtained from
the Dental Department of the HNPVS, France. Deciduous
(patients 1'/1) and permanent (patients 2'/2 and 3'/3) teeth were
extracted for orthodontic reasons from 3 XLH patients and
from 3 sex- and age-matched healthy young individuals (rang-
ing from 11 to 15 y of age) with informed written and oral
consent from the patients and the parents according to ethical
guidelines set by French law (agreement IRB 00006477 no.
DC-2009-927, Cellule Bioéthique DGRI/AS).

Cell Culture

Normal (control) and XLH pulp stem cells from human exfoli-
ated deciduous teeth (SHED cells, patients 1/1") and dental
pulp stem cells (DPSC cells, patients 2/2" and 3/3") were col-
lected from 3 control individuals and 3 XLH patients ranging
between 11 and 15 y of age with informed consent of the
patients and their parents, as well as approval from the institu-
tional review board (6477, subject no. 16-024) of HUPNVS,
AP-HP, France. Cells were isolated and expanded following an
established protocol (Miura et al. 2003; Gronthos et al. 2011).
The absence of mycoplasma contamination of cell cultures was
checked by polymerase chain reaction (PCR). For all experi-
ments, pulp cells were used at passage 3 (Huang et al. 2010).

Preparation of Dense Collagen Hydrogels
and Mineralization Assay

Sterile, rat-tail tendon-derived type I collagen (2.10 mg/mL of
protein in 0.1% acetic acid) was used as a starting material and
processed into a hydrogel as originally described by Brown
et al. (2005) and then adapted for use with dental pulp cells
(Coyac et al. 2013) (Appendix Figure 1).

Micro—Computed Tomography

Scaffolds (n = 3 per group) were scanned by using high-resolu-
tion X-ray micro—computed tomography (CT) (Quantum FX
Caliper; Life Sciences, PerkinElmer). Three-dimensional
acquisitions were performed using an isotropic voxel size of
40 x 40 x 40 pm’® (90 kV, 160 microA, 180 s). Morphometric
measurements were performed using Skyscan software
(v1.13.5.1). Measurements were performed at day 24 on 12
scaffolds in each group (Ctrl +BGP, -BGP and XLH +BGP,
—BGP) and are expressed as percentage ratio mineralized vol-
ume over tissue volume (Mv/Tv%).
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Raman Microspectrometry

Scaffolds (n = 3 per group) were fixed in 70% ethanol solution
and air-dried at room temperature. Raman analyses were done
using a Labram HR800 microspectrometer (Horiba Gr; Jobin
Yvon). The spectrometer was equipped with a diode laser
(A = 785 nm), an air-cooled CDD (1024 x 256 pixels), and a
x100 objective (NA = 0.90; Olympus). The illumination spot
size was 1 um. Spectral acquisitions were done in the 300- to
1,700-cm”" range. The total acquisition time for each spectrum
was 1 min with an integration time of 30 s and 2 accumula-
tions. Each spectrum was treated with smoothing filtering (fil-
ter width: 3; polynomial order: 2) using Labspec software
(Horiba GR; Jobin Yvon). Calibration of the spectrometer was
done daily to prevent instrument drift and consisted of check-
ing the band position of a silicon wafer at 520.70 cm . A total
of 30 spectra were obtained per scaffold. Physicochemical
variables were recorded as previously described (Mandair and
Morris 2015; Colard et al. 2016). Briefly, mineralization was
evaluated as the mineral-to-organic ratio (v , (PO 4)/3(CH2)-
wag), carbonation was evaluated as type B carbonate substitu-
tion (v, (CO 3)/01 (PO,) bands), and crystallinity was considered
as the inverse of the full-width-at-half-maximum intensity
(FWHM) of the v PO, band (1/FWHM de v, (PO,)). All data
analyses were performed using Matlab R2010a (Mathworks).

Microscopy of Scaffolds and Cells

After 24 d of culture, scaffolds (n = 3 per group) were rinsed in
phosphate-buffered saline (PBS) (—Ca, -Mg) and fixed in 70%
ethanol at 4°C and dehydrated in a graded ethanol series.
Undecalcified samples were embedded in methyl methacrylate
(Merck). Serial sections, 4 um thick, were cut on a microtome
(Polycut E microtome; Leica). Consecutive sections were
stained respectively with toluidine blue and with von Kossa
reagent (5% silver nitrate solution; Sigma-Aldrich) for mineral
staining. Light microscopy (LEITZ DM-RBE microscope
[Leica], equipped with a Sony DXC-950 CCD camera) was
used to examine control and XLH dental pulp cell-seeded
scaffolds.

For scanning electron microscopy (SEM, FEG-SEM Model
S-4700; Hitachi High Technologies America), scaffolds were
rinsed in PBS and fixed in 1% glutaraldehyde (Electron
Microscopy Sciences) and 2% paraformaldehyde in PBS for
1 h at room temperature and then overnight at 4°C, followed by
dehydration through a graded ethanol series and critical point
drying. Energy-dispersive X-ray spectroscopy (EDS) was per-
formed for elemental analysis of mineral, and the crystalline
structure of the mineral was assessed by Raman microspec-
trometry (Labram HR800 microspectrometer, Horiba Gr; Jobin
Yvon).

Alkaline Phosphatase Staining

Alkaline phosphatase (ALP) activity was used as a marker of
osteogenic/odontogenic cell differentiation. Histology sections

(n = 3 per group) were incubated with naphthol ASTR phos-
phate (Sigma-Aldrich) and diazonium fast blue RR salt (Sigma-
Aldrich) for 30 min at 37°C (pH 9) in the presence of MgClz.

Immunohistochemistry

Sections (n = 3 per group) were deplastified in a series of
methyl glycol acetate baths. After rehydration, sections were
blocked using 5% normal horse serum/PBS-T. Sections were
incubated for 12 h at 4°C with goat anti-human OPN antibody
(AF 1433; R&D Systems) or rabbit anti-human dentin matrix
protein 1 (DMP1) antibody (LF148, kindly provided by Larry
W. Fisher) or rabbit anti-human matrix extracellular phospho-
glycoprotein (MEPE) mid-region antibody (Martin et al. 2008)
diluted 1:20, 1:200, and 1:200, respectively, in 2.5% normal
horse serum/PBS-T. Sections were washed and then incubated
with peroxidase-conjugated anti-IgG diluted 1:1,000 in the
same buffer. Peroxidase activity was detected using a diamino-
benzadine substrate kit from Abcam following the manufac-
turer’s instructions. Control incubations to assess nonspecific
staining consisted of applying the same procedure except that
the primary antibody was substituted by nonimmune serum
(control incubations were negative; Appendix Figure 2).

Immunoblotting

Flash-frozen, cell-seeded scaffolds rapidly scraped from the wells
were crushed in liquid nitrogen and solubilized in 15 volumes of
Laemmli Sample buffer (Bio-Rad). Lysates were centrifuged at
20,000 x g for 30 min at 4°C, and the supernatants were collected
and stored at —80°C until use. Then, 10 pL of total protein extracts
of each sample (7 = 3 per group) was separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on a gra-
dient gel (Mini-Protean TGX Stain-Free gels, any kD; Bio-Rad)
and transferred to a nitrocellulose membrane. Before immunob-
lotting, membranes were scanned with a stain-free gel imaging
system (Gel Doc EZ system; Bio-Rad). iBind Flex Western
Device (Invitrogen) was used for Western blot workflow. The
membranes were probed with goat anti-human OPN antibody
(AF 1433; R&D Systems), rabbit anti-human DMP1 antibody
(LF148), or rabbit anti-human MEPE mid-region or ASARM
(acidic serine aspartate-rich MEPE-associated motif) antibodies
(Martin et al. 2008) diluted 1:1,000. Membranes were then incu-
bated with horseradish peroxidase—conjugated anti-goat or anti-
rabbit secondary antibody and visualized with ECL Select Prime
Western Blotting Detection Reagent (GE Healthcare). Quantitation
of digitized images of immunoblots was done using ImageJ soft-
ware (National Institutes of Health). The intensity of immunore-
active bands was normalized to total proteins for each sample
using stain-free imaging technology (Bio-Rad).

Statistical Analysis

Three biological replicates were performed in triplicates per
group and for each time point. Data were compared by nonpara-
metric tests (Mann-Whitney U test for group comparisons).
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Differences were considered significant at P < 0.05. Data are
expressed as mean + standard deviation (SD).

Results

Impaired Mineralization in XLH Cell-Seeded
Scaffolds

After 24 d of culture in osteogenic medium (+BGP: 4% fetal
bovine serum [FBS], 10 mM f-glycerophosphate), XLH dental
pulp cell-seeded scaffolds showed a significant reduction of min-
eral formation as visualized and measured by micro-CT and the
von Kossa staining reaction (Fig. 1A—D) compared with control
cell-seeded scaffolds. No differences were observed between
SHED and DPSC populations. These observations were further
supported by biochemical calcium quantification (Fig. 1E) and
Raman microspectrometry (Fig. 1F). When cultured under low-
phosphate concentration (osteogenic medium —BGP: 4% FBS),
both control (Ctrl) and XLH cell-seeded scaffolds had reduced
mineralization compared with the regular osteogenic medium, but
the quantity of mineral remained significantly lower in the XLH
scaffolds (Appendix Figure 3). In both cell populations, the min-
eral phase was associated with the collagen fibrils, giving compo-
sitional signals for calcium and phosphate by energy-dispersive
X-ray microanalysis (Fig. 2A, B) and Raman spectrometry, both
of which were consistent with the presence of an apatitic mineral
phase (Fig. 2A—C). However, Raman spectra from XLH cell-
seeded scaffolds showed an additional immature mineral phase
with a recurrent absence of peaks for carbonate type B substitution
(: 1,070 cm ") and a lower level of crystallinity (Fig. 2D, E).

Defective PHEX Impacts ALP and SIBLING
Proteins

We then sought to analyze the expression of matrix proteins
involved in the mineralization process and frequently investi-
gated in the pathobiology of XLH (Martin et al. 2008; Gaucher
et al. 2009; Boukpessi et al. 2016). Increased ALP activity was
observed in XLH cell-seeded scaffolds compared with control
scaffolds, as evidenced by the increased number of ALP-
positive cells (Fig. 3A—C). Although ALP (a mineralization pro-
moter) was strongly expressed by XLH cells, OPN (a
mineralization inhibitor) accumulated in the ECM, more specifi-
cally associating with the mineralized regions within the XLH
scaffolds (Fig. 3D, E). Immunoblotting of total protein extract
showed an accumulation of SIBLING proteins and peptide frag-
ments in XLH cell scaffolds compared to controls cultured under
identical +f-glycerophosphate conditions. More specifically,
full-length OPN (~50 kDa) was significantly increased in the
XLH cell scaffolds compared with controls. Two additional
fragments were observed in XLH samples, including a fragment
detected at ~60 kDa that was not found in the controls (Fig. 3F)
and a lower molecular weight fragment (~40 kDa) that was
faintly detected in the XLH DPSC cultures but not in either con-
trol cell cultures or XLH SHED cultures (patient 1'). Unlike
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Figure |. Decreased mineralization in X-linked hypophosphatemia
(XLH) cell scaffolds. (A) Representative micro—computed tomography
(CT) 3D reconstructions of control (Ctrl, left) and XLH (right) pulp
cell-seeded scaffolds at day 24 where both were treated with the

same osteogenic conditions: 300 pM L-ascorbic acid sodium salt,

10 nM dexamethasone, 4% fetal bovine serum, and 1% penicillin/
streptomycin supplemented with 10 mM B-glycerophosphate. Regions
of mineralization (arrows) are found throughout the collagen scaffolds
(turquoise) but much less so in the XLH cell-seeded samples. Scale bars
= | mm. (B) Representative light micrographs of sections of control
(left) and XLH (right) cell-seeded scaffolds stained with von Kossa for
mineral (black, arrows). Scale bars = 100 pm. (C, D) Mineral phase
assessed by quantification of micro-CT and the von Kossa reaction. (E,
F) Calcium quantification and mineral-to-organic ratio of the mineral
phase. Data are means * SD, n = 3 per group, *P < 0.05. This figure is
available in color online.

OPN, DMP1 accumulated with the mineral phase in the control
scaffolds and in XLH cells (Fig. 4A, B). The DMP1 57-kDa
fragment, which corresponds to the active C-terminal fragment of
the protein (Padovano et al. 2015), was significantly increased in
XLH cell scaffolds, and the DMP1 N-terminal 37-kDa fragment
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Figure 2. Impaired mineral quality of X-linked hypophosphatemia (XLH) cell-seeded scaffolds.
(A, B) Representative micrographs at the ultrastructural level: scanning electron microscopy
observations show mineral-encrusted collagen fibrils (arrows). Scale bars = 20 pm. Insets display
energy-dispersive X-ray (EDS) microanalysis of mineralized areas in control (Ctrl) and XLH
scaffolds with major spectral peaks for calcium (Ca) and phosphorus (P), consistent with the
mineral phase being hydroxyapatite. (C) Raman spectra of control and XLH pulp cell-seeded
scaffolds at day 24 were treated with the same osteogenic conditions showing characteristic peaks
for phosphate. (D, E) Compared with control scaffolds, no carbonate band (arrow, highlighting the
type B CO;7 peak at 1,070 cm™) and a reduction of the relative value of the crystallinity ratio are
found in XLH cell scaffolds. Data are means * SD, n = 3 per group, *P < 0.05.

immunodetection with antibodies raised
against the mid-region (Fig. 4D) and the
ASARM region of the protein (Fig. 4E).
However, the MEPE-ASARM antibody
further revealed a 27-kDa fragment
(including the ASARM domain) that was
increased in the XLH cell scaffolds (Fig.
4E). No differences were observed in
terms of DMP1 and MEPE processing
between SHED (patient 1") and DPSC
(patients 2’ and 3') populations.

Discussion

In this study, using an in vitro osteogenic
3-dimensional model with human dental
pulp cells from patients with XLH and
sex- and aged-matched control individu-
als (Coyac et al. 2013), we showed a local
cell-autonomous abnormal mineraliza-
tion in XLH cultures, independent of
hypophosphatemia (Fig. 5). These find-
ings are consistent with previous studies
in the context of murine bone cell biology
suggesting abnormal intrinsic mineraliza-
tion by Hyp osteoblasts (Ecarot-Charrier
et al. 1988; Xiao et al. 1998).

In humans, similar phenotypes can
result from endocrine conditions charac-
terized by mishandling of phosphate
metabolism, such as XLH (defective
PHEX) and autosomal recessive hypo-
phosphatemic rickets (ARHR, DMPI
deficiency) (Li et al. 2016; Tahir et al.
2016). This observation, among others,
suggested that these pathologic pheno-
types may have a stronger association
with the documented high levels of
FGF23 (Ichikawa et al. 2017) that lead
to renal phosphate wasting and may not
result from direct local effects of the loss
of PHEX or DMP1. Accordingly, cur-
rent and novel treatment strategies for
XLH and other examples of genetic
hypophosphatemia were designed to target
only the systemic hypophosphatemia
component, either by supplementation
with phosphate and vitamin D or by
neutralizing with monoclonal antibodies

also increased in XLH cell scaffolds, although its detection in
controls was not measurable (Fig. 4B). MEPE was localized
within cells in both control and XLH groups, with an increased
localization in mineralization nodules of control and XLH scaf-
folds (Fig. 4C). MEPE 55 kDa and some lower bands appeared
with the same intensity in control and XLH scaffolds after

the phosphatonin effects of FGF23 hormone.

However, intrinsic, cell-autonomous mineralization defects
have long been proposed for XLH tissues. Conventional
(2-dimensional) mineralization assays for osteoblast cultures
derived from the Hyp mouse, the murine model of XLH, showed
impaired mineralization, with diminished calcium accumulation
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Figure 3. Increased alkaline phosphatase (ALP) enzyme activity and g
osteopontin (OPN) accumulation in X-linked hypophosphatemia (XLH) j ﬁ
cell scaffolds. (A, B) ALP activity (magenta staining) is strong in the XLH a
cultures compared to control cultures. (C) The number of ALP-positive s Ctrl XLH
cells is higher in XLH cell scaffolds than in control scaffolds. Scale bars

=25 pm; insets = 10 pm. Data are means + SD, n = |5 per group, *P <
0.05. (D, E) Representative images of immunohistochemistry for OPN.
Whereas a faint immunostaining for OPN (red) in control cultures
occurs in pulp cells (arrows), in XLH cell cultures, OPN prominently
localizes to the mineral phase in the collagen scaffold (right, asterisks)
and to the cells. Scale bars = 25 pm. (F) Western blotting for OPN with
a normalized quantitative analysis showing an increased abundance of
the 50-kDa form (arrowhead) in XLH cell scaffolds; additional bands
(arrows) are visible in XLH patients |’, 2, and 3'. Data are means + SD,
n = 3 per group, *P < 0.05. This figure is available in color online.

compared with wild-type (WT) mice (Xiao et al. 1998). In vivo,
Hyp osteoblasts transplanted into WT mice were also associated
with mineralization defects (Ecarot et al. 1992; Ecarot-Charrier
et al. 1988). In addition, Hyp,;Fgf23—/~ compound mice had
resolution of hypophosphatemia (Sitara et al. 2004) but not
osteomalacia (Liu et al. 2006), revealing that although much of
the phenotype in the Hyp mouse is attributable to the high levels
of FGF23, local defects unrelated to FGF23 or hypophosphate-
mia still lead to osteomalacia. Indeed, Hyp mice having osteo-
blast-targeted Phex expression had partial rescue of the Hyp
phenotype, showing improved bone and dentin mineralization,
without improving systemic hypophosphatemia (Bai et al.

Figure 4. Dentin matrix protein | (DMPI) and matrix extracellular
phosphoglycoprotein (MEPE) in cell-seeded cultures. (A) Representative
images of immunohistochemistry for DMP1 (red) show strong staining

in control cultures in both pulp cells (arrows) and with the mineral

phase in the collagen scaffold (asterisks). In X-linked hypophosphatemia
(XLH) cell scaffolds, DMPI localizes prominently to the cells (arrows).
Scale bars = 25 pm. (B) Western blotting for DMP| with quantitative
analysis of the C-terminal 57-kDa fragment. (C) Representative images

of MEPE immunohistochemistry (red) showing localization in pulp cells
(arrows) of both control and XLH cell scaffolds. Scale bars = 10 ym. (D)
Western blotting using MEPE mid-region antibody with a normalized
quantitative analysis showing no differences in terms of the 55-kDa fragment
accumulation between groups. (E) Western blotting for the MEPE-ASARM
region with a normalized quantitative analysis showing the accumulation of
a 27-kDa fragment in the XLH cell scaffolds (arrowhead). Data are means +
SD, n = 3 per group, *P < 0.05. Patient samples are numbered 1’, 2’, and 3'.
This figure is available in color online.

2002). The differential role played by PHEX and FGF23 in the
Hyp mouse pathogenesis was further investigated by actin-
driven transgenic expression of Phex in the Hyp mouse, which
corrected much of the mutant bone phenotype without
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Figure 5. Dual putative local/systemic function of PHEX in normal mineralization relevant

to X-linked hypophosphatemia. PHEX promotes intrinsic mineralization at the level of the
extracellular matrix by directly degrading specific SIBLING proteins and their peptides,
particularly osteopontin, and also (either directly or indirectly) MEPE-ASARM peptide. Green
indicates a mineralization promoter; red indicates a mineralization inhibitor. DMPI, dentin
matrix acidic phosphoprotein |; FGF23, fibroblast growth factor 23; MEPE, matrix extracellular
phosphoglycoprotein; OPN, osteopontin; P, phosphate; PHEX, phosphate-regulating gene with
homologies to endopeptidases on the X chromosome; SIBLING, small integrin-binding-ligand-N-

linked glycoprotein. This figure is available in color online.

improving phosphate metabolism deficiencies (Erben et al.
2005). In humans, it has been observed that XLH-related hypo-
phosphatemia and osteomalacia improved with phosphate and
vitamin D supplementation treatments, but XLH-specific peri-
osteocytic lesions were only partially resolved, suggesting an
intrinsic pathologic mechanism in XLH, resulting in impaired
mineralization and perilacunar lesions (Marie and Glorieux
1983). Thus, our data suggest that the mineralization induced by
human cells is disturbed independently of FGF23-mediated
hypophosphatemia, supporting a local role for PHEX in matrix
mineralization. However, an excessive osteocytic FGF23 secre-
tion was shown to contribute to pyrophosphate accumulation
and mineralization defect (Murali et al. 2016). Associated with
the recent discovery showing that KLOTHO is expressed in
bone (Komaba et al. 2017), together with the fact that KLOTHO
also plays a role in dentinogenesis (Suzuki et al. 2008), these
findings, taken together, suggest that besides PHEX deficiency
and hypophosphatemia, the intrinsic mineralization defects
observed in XLH dentin or bone ECM might also be a conse-
quence of disturbed FGF23/KLOTHO signaling in these tissues.

Here, despite an identical +B-glycero-phosphate supply
used in our in vitro conditions, XLH tooth cells produced
defective mineralization (Coyac et al. 2013). Like in human
appendicular bone tissues, where hypophosphatemia is
believed to cause osteomalacia and impaired quality of the
mineral phase (Appendix Figure 4), we observed the same
defects in the mineral phase obtained using XLH tooth cells
cultured under standard phosphate concentrations. It has been
shown previously that PHEX completely degrades full-length
inhibitory OPN to promote mineralization, but in the absence
of PHEX activity, an OPN protein fragment accumulates in
Hyp mouse bone (Barros et al. 2013), and OPN/OPN frag-
ments also accumulate in human XLH bone and tooth
(Boukpessi et al. 2016) (Appendix Figure 4F, G). Our data
show that XLH human dental pulp cell cultures also exhibit

has been shown to be a potent inhibitory
motifin the mineralization process (Addison
et al. 2008; Salmon et al. 2013). Thus, in
the absence of PHEX, the processing (by
both cleavage and degradation) of these
additional SIBLING proteins is impaired,
resulting in the accumulation of both a
promoter (C-terminal DMP1 peptide) and
an inhibitor (MEPE-ASARM peptide)
of mineralization, despite the identical
+pB-glycerophosphate supply in the culture media. Of note,
ALP activity was also found to be increased in XLH scaffolds
despite the “normalized” phosphate supply, suggesting a link
between PHEX function and ALP activity. It is not clear under
these conditions why mineralization remained lower in XLH
scaffolds despite the increased ALP and C-terminal DMP1. It
is likely that the increased levels of these mineralization pro-
moters cannot overcome the inhibitory effects of increased
OPN and MEPE (and their peptides) on mineralization.

Taken together, our data show that hypophosphatemia alone
does not fully explain the pathologic phenotype observed in
XLH. Loss of PHEX independently and locally affects ECM
mineral formation and quality, likely through the accumulation
and impaired degradation of OPN and possibly through
changes in DMP1 and MEPE cleavage. In vivo, the local dys-
function of PHEX—although seemingly less physiologically
critical than circulating serum levels of FGF23 causing renal
phosphate wasting—likely leads to defects in mineral quantity
and quality during formation of mineralized tissues, a function
that also needs to be addressed for therapy.
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