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Introduction
During mineralization of bone and dentin, the mechanism 
resulting in the nucleation of carbonate-substituted hydroxy-
apatite crystals and their deposition within the extracellular 
matrix is still a matter of vigorous debate (Boonrungsiman  
et al. 2012). Early mineral deposition can arise through the 
budding of matrix vesicles from the plasma membrane, which 
will serve as sites for calcium and phosphate (Pi) accumulation 
to initiate the deposition of apatite crystals (Millán 2013). The 
formation of hydroxyapatite crystals can also occur from solu-
tion by charged noncollagenous proteins in the collagen spaces 
or from a transient amorphous mineral precursor deposited 
within the collagen gap zones (Boonrungsiman et al. 2012; 
Habraken et al. 2013; Veis and Dorvee 2013). These mecha-
nisms are not mutually exclusive and may represent redundant 
or additional processes to ensure proper mineralization. In all 
cases, the availability of Pi to form hydroxyapatite crystals is a 
critical factor for proper mineralization. The plasma Pi concen-
tration but also the intracellular and extracellular Pi concentra-
tions in the vicinity of mineralizing cells therefore represent 
essential parameters of the mineralization process. Despite  
this importance, the mechanisms by which Pi is translocated 
from the serum to the mineralization site are still poorly under-
stood. It is hypothesized that Pi uptake by mineralizing cells is 

a prerequirement to the mineralization process and that expres-
sion and activity of Pi transporters in mineralizing cells play a 
central role.

In mammals, Pi uptake is mediated by high-affinity and 
low-capacity sodium-dependent Pi transporters that are grouped 
in 3 dissimilar families (Forster et al. 2011). The SLC17 family 
is mainly represented by Npt1/Slc17a1, a voltage-dependent 
polyspecific anion (including Pi) transporter (Reimer 2013). Its 
role in mineralization is not documented. The SLC34 family 
gathers Npt2a/Slc34a1, Npt2b/Slc34a2, and Npt2c/Slc34a3. 
The analysis of Slc34a1 expression gave conflicting results, 
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Abstract
The importance of phosphate (Pi) as an essential component of hydroxyapatite crystals suggests a key role for membrane proteins 
controlling Pi uptake during mineralization in the tooth. To clarify the involvement of the currently known Pi transporters (Slc17a1, 
Slc34a1, Slc34a2, Slc34a3, Slc20a1, Slc20a2, and Xpr1) during tooth development and mineralization, we determined their spatiotemporal 
expression in murine tooth germs from embryonic day 14.5 to postnatal day 15 and in human dental samples from Nolla stages 6 to 
9. Using real-time polymerase chain reaction, in situ hybridization, immunohistochemistry, and X-gal staining, we showed that the 
expression of Slc17a1, Slc34a1, and Slc34a3 in tooth germs from C57BL/6 mice were very low. In contrast, Slc34a2, Slc20a1, Slc20a2, 
and Xpr1 were highly expressed, mostly during the postnatal stages. The expression of Slc20a2 was 2- to 10-fold higher than the other 
transporters. Comparable results were obtained in human tooth germs. In mice, Slc34a2 and Slc20a1 were predominantly expressed 
in ameloblasts but not odontoblasts, while Slc20a2 was detected neither in ameloblasts nor in odontoblasts. Rather, Slc20a2 was highly 
expressed in the stratum intermedium and the subodontoblastic cell layer. Although Slc20a2 knockout mice did not show enamel 
defects, mutant mice showed a disrupted dentin mineralization, displaying unmerged calcospherites at the mineralization front. This 
latter phenotypical finding raises the possibility that Slc20a2 may play an indirect role in regulating the extracellular Pi availability for 
mineralizing cells rather than a direct role in mediating Pi transport through mineralizing plasma cell membranes. By documenting the 
spatiotemporal expression of Pi transporters in the tooth, our data support the possibility that the currently known Pi transporters 
may be dispensable for the initiation of dental mineralization and may rather be involved later during the tooth mineralization scheme.
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being reported in mineralizing rat pulpal cell line 1 (MRPC-1; 
Lundquist et al. 2002) but not in primary human pulp cells dif-
ferentiated into odontoblasts and M2H4 and ALC cells (Tada 
et al. 2011; Merametdjian et al. 2016) nor in murine dental 
germs or whole rat incisors (Onishi et al. 2007; Yoshioka et al. 
2011). Similar results were obtained for Slc34a3, which is not 
expressed in dental tissues, at least in rodents (Onishi  
et al. 2007; Yoshioka et al. 2011; Merametdjian et al. 2016). In 
contrast, Slc34a2 was expressed in MRPC-1 cells (Lundquist 
et al. 2002), murine dental germs, secretory and mature amelo-
blasts, and differentiated odontoblasts (Onishi et al. 2007). 
Expression of SLC20 family members PiT1/SLC20a1 and 
PiT2/SLC20a2 was detected in primary human pulp cells dif-
ferentiated into odontoblasts (Tada et al. 2011), MRPC-1 
(Lundquist et al. 2002), MO6-G3 odontoblasts (Wittrant et al. 
2009; Bourgine et al. 2011), and M2H4 and ALC cell lines 
(Merametdjian et al. 2016). Slc20a2 was also shown to be 
mostly expressed in the pulp mesenchyme and in ameloblasts 
during murine dental development (Zhao et al. 2006). 
Interestingly, the International Mouse Phenotyping consortium 
reported changes in the incisor color of Slc20a2-/- mice and 
skeletal abnormalities (http://www.mousephenotype.org/data/
search/gene?kw=%22Slc20a2%22).

When trying to infer the putative role of Pi transporters in 
dental mineralization from the available data, one should bear 
in mind the diversity of the in vitro cell models used and the 
fact that they cannot be representative of the accurate spatio-
temporal scheme of epithelial-mesenchymal interactions lead-
ing to odontogenesis. The diversity of the experimental models 
and technical approaches, the different time scales used, and 
the absence of a systematic approach make any comparison 
among the transporters precarious. Hence, to better assess the 
involvement of Pi transporters in dental mineralization, we 
investigated their spatiotemporal expression during tooth 
development and mineralization in vivo in mouse tooth germs 
from embryonic day 14.5 (E14.5) to postnatal day 15 (P15) and 
in human dental samples from Nolla stages 6 to 9. We also 
assessed the histologic phenotype of the tooth from mice 
deleted for Slc20a2, the most highly expressed Pi transporter in 
the tooth.

Material and Methods

Animals

Animal care and maintenance were provided through the 
University of Nantes accredited animal facility at the Unité de 
Thérapeutique Expérimentale. Mice were housed under spe-
cific pathogen-free conditions and were fed with RM1 diet for 
maintenance and with RM3 diet for breeding (SDS France). 
Slc20a2tm1a(EUCOMM)Wtsi mice (thereafter named Slc20a2 KO 
mice) were obtained from the European Mouse Mutant 
Archive. The mutant allele contains an IRES:lacZ trapping 
cassette and a splicing site disrupting Slc20a2 gene function 
and allowing the expression of the LacZ reporter (Skarnes et al. 
2011). This study conformed to ARRIVE (Animal Research: 
Reporting of In Vivo Experiments) guidelines and was approved 

by the Animal Care Committee of Pays de la Loire (Apafis agree-
ment 02286.02).

Patients

The human study protocol, consent form, and consent proce-
dure were approved by the medical ethic committee of the 
University Hospital of Nantes (SVTO:DC-2011-1399). All 
patients were informed and gave their written consent to have 
their third molar extracted for research purpose. This protocol 
complied with the Code of Ethics of the World Medical 
Association (Declaration of Helsinki) and in agreement with 
ethical guidelines set by French law (bioethic law 2004-800).

Tissue Sample Processing

First mandibular molar germ isolations were performed as pre-
viously described (Nait Lechguer et al. 2008) from E14.5 to 
E18.5 embryos and P1 to P15 pups. Head samples for in situ 
hybridization and immunohistochemistry were harvested from 
C57BL/6 E12.5 to E18.5 embryos and P1 to P10 pups, fixed in 
4% paraformaldehyde, decalcified in ethylenediaminetetraace-
tic acid (EDTA; 0.5 M, pH 8), and paraffin embedded. Resin-
embedded samples (Technovit 9100 NEW, Kulzer) were used 
for histology. Human dental samples were harvested from 
patients needing extraction of impacted third molars or ger-
mectomy from Nolla stages 6 to 9.

Reverse Transcription and Real-time  
Polymerase Chain Reaction

To isolate RNA, human or mouse dental samples were crushed 
with a FastPrep system equipped with ceramic spheres in 0.5 mL 
of TRIzol (Life Technologies). The supernatant was then pro-
cessed for nucleic acid purification with the Nucleospin RNA 
II Kit (Macherey-Nagel), according to the manufacturer’s 
instructions. After quantification, 0.5 µg of RNA was reversed 
transcribed with SuperScriptIII (Life Technologies). Real-time 
polymerase chain reaction (PCR) was performed on Bio-Rad 
CFX96 with SYBRSelect Master Mix (Life Technologies). 
Primer efficiency was determined with a standard curve with a 
1:4 dilution, and specificity of amplification was verified from 
the melting curve analysis. Target genes expression were nor-
malized to GusB or GAPDH expression levels (Pfaffl 2001). 
Sequences of primers used in this study are listed in the 
Appendix Table.

In Situ Hybridization

Serial 5-μm-thick sections from paraffin-embedded tissues 
were processed for in situ hybridization (ISH) as previously 
described (Beck et al. 2010). All antisense and sense RNA 
probes (Appendix Table) were prepared by in vitro transcrip-
tion from T7 or SP6 promoter (DIG RNA Labeling Kit; Roche). 
Deparaffinized sections were treated with proteinase K (5 μg/mL) 
for 15 min at 37 °C and incubated with 1-μg/mL labeled probe 
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overnight at 50 °C. After treatment with RNase A (20 μg/mL), 
labeled cells were visualized with DIG nucleic acid detection 
kit (Roche). Since the Slc20a1 signal was low, TSA amplifica-
tion kit was used for this probe (Perkin Elmer). Sections were 
mounted in aqueous solution (Mowiol; Sigma) and scanned 
with a Hamamatsu NanoZoomer HT digital scanner (Hamamatsu 
Photonics KK).

Immunohistochemistry

Paraffin-embedded sections were processed for immunohisto-
chemistry (IHC) as previously described (Beck et al. 2010). 
For Slc34a2 IHC, antigen retrieval was performed with 10mM 
citrate (pH 6, 20 min, 95 °C). Sections were then incubated 
overnight at 4 °C with polyclonal anti-Slc34a2 antibody 
(1:300) kindly provided by Pr Jurg Biber (University of Zurich; 
Traebert et al. 1999). Biotinylated goat anti-mouse secondary 
antibody (1:300; Dako) was used, and staining was performed 
with a diaminobenzidine chromogen. Osteopontin (OPN) and 
dentin sialoprotein (DSP) IHC was performed as previously 
described (Gaucher et al. 2009).

X-gal and Histologic Stainings

Tissue samples from 1-mo-old Slc20a2 KO mice (carrying a 
LacZ allele) were fixed for 2 h at room temperature in 4% para-
formaldehyde and incubated overnight at 32 °C in phosphate-
buffered saline containing 0.01% Tween 20, 2mM MgCl

2
, 

4mM K
4
Fe(CN)

6
, and 1 mg/mL of X-gal. After postfixation, 

samples were decalcified in 0.5M EDTA (pH 8) for 1 to 3 wk 
at 4 °C, paraffin embedded, and sectioned (7 µm). For histo-
logic staining, undecalcified resin-embedded samples were cut 
at 40-µm thickness with a diamond wire saw (Leitz) after ultra-
violet glue fixation. Slices were treated 2 min with HCl 2% and 
then stained with methylene blue and basic fuchsin.

Micro–computed tomography

Three-dimensional x-ray acquisition of the samples was 
obtained with a SkyScan 1272, with the following acquisition 
parameters: pixel size, 7 to 13 μm; voltage, 90 kV; amperage, 
100 μA; aluminum filter, 0.5 mm. The reconstruction was exe-
cuted with NRecon software.

Statistics

Quantitative PCR (qPCR) experiments were repeated at least 3 
times, and results were analyzed with analysis of variance. A 
total of 20 to 40 murine first mandibular molar germs were 
used for each developmental stage or age. Histologic measure-
ments were analyzed with a Mann-Whitney test. qPCR data are 
expressed as mean ± SEM. A P value <0.05 was considered 
statistically significant.

Results

Expression of Pi Transporters during Tooth 
Development and Mineralization

The Slc34a2 expression profile from E14.5 to P15 in murine 
tooth germs was biphasic, being strongly increased during 
postnatal stages, particularly after P6 (Fig. 1A). The expression 
of Slc20a1 and Slc20a2 was low during prenatal stages and 
increased after birth. However, while Slc20a1 expression 
oscillated and remained relatively low, Slc20a2 showed a con-
tinuous increase in expression, becoming significantly differ-
ent after P6. Slc20a2 was expressed at significantly higher 
levels than the other transporters, displaying 2- and 17-fold-
higher expression than Slc20a1 at E14.5 and P7, respectively 
(Fig. 1B). The expression of Slc17a1 and Slc34a3 was very 
low during the pre- and post-natal stages, being close to the 
detection limit of qPCR (Fig. 1B). Slc34a1 expression did not 
vary significantly (not shown) and remained very weak as 
compared with Slc34a2 and Slc20a1 or, even more so, Slc20a2 
(Fig. 1B). The expression profile of the Pi exporter Xpr1 
resembled the one of Slc20a2, although its expression was 
lower (Fig. 1A, B). These results show that the Pi transporters 
were weakly expressed during prenatal stages at the time of 
mineralization initiation (Appendix Fig. 1).

SLC17A1 expression in human tooth samples from Nolla 
stages 6 to 9 was undetectable, whereas SLC34A2, SLC20A1, 
SLC20A2, and XPR1 were easily amplified (not shown). In con-
trast to the mice data, SLC34A1 was undetectable in human tooth 
samples, whereas SLC34A3 was readily detected (not shown). As 
with mice, SLC20A2 was expressed at levels higher than those of 
the other transporters, displaying, for instance, a 87-fold-higher 
expression than SLC20A1 at Nolla stage 6 (Fig. 1D).

Spatiotemporal Expression of Slc34a2,  
Slc20a1, and Slc20a2

To extend our data, we examined the localization of Pi trans-
porter expression in teeth from wild-type mice. The specificity 
of ISH probes for Slc17a1, Slc34a1, Slc34a2, and Slc34a3 
were first tested on kidney sections from wild-type mice 
(Appendix Fig. 2A). Consistent with the reverse transcription 
qPCR results, no signal could be detected for Slc17a1, Slc34a1, 
and Slc34a3 in dental and peripheral structures from E13.5 to 
P10 (not shown). Similarly, no signal could be detected with 
the Slc34a2 ISH probe from E13.5 to P4 (Appendix Fig. 3A). 
However, at P10, a clear Slc34a2 signal was visible in mature 
ameloblasts of the first and second molars (Fig. 2A), while no 
signal could be detected in odontoblasts at any investigated 
stage. Using a murine anti-Slc34a2 antibody that was validated 
on kidney histologic sections (Appendix Fig. 2B), we could 
detect the late expression of Slc34a2 in ameloblasts of the inci-
sors (Fig. 2B) and molars (Appendix Fig. 3A) at P6 and P10.
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The expression pattern of Slc20a1 and Slc20a2, as investi-
gated with available commercial antibodies by IHC, gave non-
specific signals that were similar between wild-type and KO 
animals (not shown). Consequently, we used an ISH approach 
and showed a strong positive ISH signal for Slc20a1 in mature 
ameloblasts from incisors (Fig. 2C) and molars (Appendix Fig. 
3B) at P6 and a fainter signal in adjacent secretory ameloblasts, 
with an absence of signal in odontoblasts. No Slc20a1 ISH sig-
nal was obtained in tooth structures from embryonic stages 
(Appendix Fig. 3B). The Slc20a2 localization expression in 
tooth was determined with the inserted LacZ reporter cassette 
of mutant mice. LacZ expression was absent from dental struc-
tures at any embryonic stage (not shown). However, a specific 
and intense LacZ signal was detected in the subodontoblastic 

layer (Hoehl cells) and in the stratum intermedium in vicinity 
of ameloblast epithelium from incisors and molars after birth 
(Fig. 2D; Appendix Fig. 3C). A specific and more diffuse sig-
nal was visible in the dental pulp mesenchyme. Importantly, 
ameloblasts, odontoblasts, and cementoblasts exhibited no 
LacZ signal (Fig. 2D; Appendix Fig. 3C) at any investigated 
stage or age.

In Vivo Involvement of Slc20a2 in Tooth 
Mineralization

Our data identified Slc20a2 as the most significantly expressed 
Pi transporter in tooth germs. Surprisingly, Slc20a2 was not 
expressed in mineralizing cells but rather in adjacent cells. To 

Figure 1.  Expression of phosphate transporters during murine tooth development and mineralization. Molar germs were extracted from mice aged 
from embryonic day 14.5 (E14.5) to postnatal day 15 (P15); RNAs were extracted and reverse transcribed; and phosphate (Pi) transporter expressions 
were quantified by real-time polymerase chain reaction (PCR). (A) Relative RNA expression levels of Slc34a2, Slc20a1, Slc20a2, and Xpr1 from E14.5 
to P15 mandibular molar germs were determined by real-time PCR. The expression of Slc17a1, Slc34a1, and Slc34a3 remained either very low or 
undetectable at any time point (not shown). Results were normalized with GusB as a reference gene and expressed relative to the expression level 
at E14.5 (set as 1). For each point, 20 to 40 murine tooth germs were used. *P < 0.05 versus expression level at E14.5. (B) Comparison of the RNA 
expression levels of Pi transporters at E14.5 and P7 in molar germs. The expression of Pi transporters was calculated relative to the expression of 
Slc34a1 at P7, set as 1. Note that Slc34a3 was not detected. Data are expressed as mean ± SEM. One-way analysis of variance, followed by Tukey’s 
post hoc multiple comparison test, was used to compare expression levels within each developmental stage group (E14.5 or P7). Statistical differences 
between gene expression are indicated by paired letters. For instance, letter a indicates that Slc17a1 and Slc20a1 have a significantly different 
expression at E14.5. P < 0.05 for l, m; P < 0.01 for a, c, e, g, h, j, k, n; P < 0.001 for b, d, f, i. (C) Comparison of the RNA expression levels of Pi 
transporters at Nolla stage 6 in human molar germs. Third molar germs (n = 9) were removed surgically from patients (n = 5); RNA were extracted 
and reverse transcribed; and Na-Pi cotransporter expressions were quantified by real-time PCR. SLC17A1 and SLC34A1 expressions were undetectable 
at any stage (not shown). The expression of Pi transporters was calculated relative to the expression of SLC20A1, set as 1. Data are expressed as 
mean ± SEM. One-way analysis of variance, followed by Tukey’s post hoc multiple comparison test, was used to compared expression levels. Statistical 
differences between gene expressions are indicated by paired letters. P < 0.05 for p, r, t; P < 0.0001 for o, q, s, u.
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determine the physiologic relevance of 
these observations, we examined the his-
tologic phenotype of teeth from Slc20a2-
deficient mice. The enamel thickness and 
aspect were similar between wild-type 
and Slc20a2 KO mice at 1 mo (Fig. 3A, 
B) and 8 mo (Fig. 3C, D) of age. The 
aspect of the ameloblast palisade 
appeared similar between the 2 mice at 
both ages (Fig. 3E–H). However, the 
thickness of the predentin layer increased 
in young and old mutant mice, whereas 
the thickness of the dentin layer decreased 
(Fig. 3A–D, Table; Appendix Fig. 4C). 
However, the total thickness of the 2 layers 
remained similar (Table). Interestingly, 
the mineralization front between the pre-
dentin and dentin layers exhibited exces-
sive unmerged calcospherites (Fig. 3J, 
L). The predentin/dentin phenotype did 
not improve with age between young and 
old animals. No histologic differences 
were seen in the cementum between 
mutant and control mice (Fig. 3M–P).

The expression of DSP and OPN was 
detected as expected in predentin nearby 
odontoblasts (Fig. 4A–D) and in abnor-
mal interglobular spaces of Slc20a2-
deficient dentin sections. DSP staining 
usually found in dentin tubules was main-
tained in mutant mice (Fig. 4B, D).

Discussion
In this study, we provided an exhaustive 
spatiotemporal information on Pi trans-
porter expression in tooth. We obtained 
these data in a model of tooth germs, 
which preserves the spatial organization 

Figure 2.  Spatiotemporal expression of Slc34a2, Slc20a1, and Slc20a2 during dental development. 
Head samples were harvested from C57BL/6J wild-type embryos or pups, decalcified, and paraffin 
embedded prior to in situ hybridization (ISH) and immunohistochemistry (IHC). (A) ISH with 
an Slc34a2 probe showed an intense signal in mature ameloblasts of the first mandibular molar 
at postnatal day 10 (P10; black arrowhead). A higher magnification is shown on the right panel. 
A weaker signal is obtained in secretory ameloblasts of the second molar. Bar = 100 µm. (B) 
Slc34a2 IHC in mouse incisor at P10: note the specific signal (black arrowhead) visible in the 

ameloblasts and the absence of signal in the 
odontoblasts (white arrowhead) or in any other 
dental cells. A higher magnification is shown 
on the right panel. Bar = 100 µm. (C) Slc20a1 
ISH in the incisor of P6 mouse pups with a TSA 
amplification kit revealing a specific Slc20a1 
signal in mature ameloblasts and a weaker signal 
in secretory ameloblasts (black arrowheads). 
No signal was detected in odontoblasts (white 
arrowhead). Bar = 250 µm. (D) X-gal stainings 
of 1-mo-old paraffin-embedded Slc20a2 KO 
incisors. The strongest staining was observed in 
the stratum intermedium and subodontoblastic 
layer (black arrowhead); a more diffuse signal 
in the pulp was observed; and no signal could 
be seen in the cementoblasts. Bar = 250 µm. 
am, ameloblasts; d, dentin; e, enamel; m1, first 
molar; m2, second molar; mr, molar root; od, 
odontoblasts; p, pulp; si, stratum intermedium.
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of the tooth, the epithelial-mesenchymal interactions, and the 
diversity of tooth cell types. Our most striking findings is that 
none of the transporters were expressed at a high level at the 
time of mineralization initiation. This is in contrast with current 

hypotheses establishing that Pi transporters would necessarily 
be expressed in mineralizing cells during this crucial step to 
provide enough Pi for the nucleation and growth of hydroxy-
apatite crystals. Rather, we showed that the expression of Pi 

Figure 3.  Slc20a2-deficient mice display an abnormal dentinogenesis. Incisors from 1- and 9-mo-old wild-type and Slc20a2 KO mice were resin 
embedded and cut into 70-µm-thick slices, which were then stained with toluidine blue and red fuchsin. (A–D) An enlarged predentin layer is visible in 
Slc20a2 KO mice at both ages, with no major modification of the total thickness of the combined predentin-dentin layer (arrows) or the enamel layer. 
(E–H) At both ages, the ameloblast layer of Slc20a2 KO animals did not show significant differences. (I–L) At higher magnification, the examination 
of the predentin layer of mutant mice revealed the presence of calcospherites (arrowheads). (M–P) No obvious difference could be observed in the 
cementum layer of mutant Slc20a2 mice when compared with wild-type mice. Bar = 25 μm. am, ameloblasts; d, dentin; e, enamel; od, odontoblasts; pd, 
predentin.
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transporters peaked long after the initiation of dentin or enamel 
mineralization. This suggests that while they can still be impor-
tant for some aspects of tooth mineralization (e.g., the matura-
tion phase), the currently known Pi transporters are likely 
dispensable for the initiation of tooth mineralization.

Although a thorough dental phenotypic analysis has not 
been performed in the hypomorphic Slc20a1 mice (Bourgine  
et al. 2013) and DMP1-Cre;Slc20a1lox/lox mice, we could not 
evidence major dental abnormalities in these mice, reinforcing 
the idea that Slc20a1 is not mandatory for the initiation of den-
tal mineralization. Similarly, no obvious dental phenotype has 
been reported in Slc34a1 KO mice (Beck et al. 1998), consis-
tent with the faint expression of Slc34a1 in mouse germs and 
its absence from human samples (Onishi et al. 2007; Tada et al. 
2011; Merametdjian et al. 2016).

In humans, mutation or deletion of the SLC34A3 gene is 
responsible for hereditary hypophosphatemic rickets with 
hypercalciuria (Bergwitz et al. 2006; Ichikawa et al. 2006; 
Lorenz-Depiereux et al. 2006). Similar inherited disorders of 
Pi wasting, such as X-linked hypophosphatemic rickets (XLH) 
or autosomal dominant hypophosphatemic rickets (ADHR), 
display poorly mineralized teeth, including enamel hypoplasia 
with a default of the formation of hydroxyapatite crystals and 
the presence of interglobular dentin originating from insuffi-
cient fusion of calcospherites (Opsahl Vital et al. 2012; Foster 
et al. 2014). However, no similar observations were reported 
for patients with hereditary hypophosphatemic rickets with 
hypercalciuria. In addition, Slc34a3 has been characterized as 
a transporter having low Pi transport and concentrating capaci-
ties (Virkki et al. 2007). Therefore, its very faint expression 
and poor Pi transport properties make this transporter an inad-
equate candidate to face the Pi needs required for tooth 
mineralization.

We identified Slc20a2 as being the most highly expressed Pi 
cotransporter in the tooth and demonstrated that absence of 
Slc20a2 in mice led to a dentin dysplasia resembling the tooth 
phenotype of patients with XLH and ADHR and Dspp-/- mice 
(Sreenath et al. 2003; Gaucher et al. 2009). Strikingly, while 
patients with XLH and ADHR and Dspp KO mice are hypo-
phosphatemic, the Slc20a2 KO mouse is normophosphatemic 
(Jensen et al. 2016; Wallingford et al. 2017). At first sight, it 
seems difficult to explain the similar tooth phenotypes arising 
from different gene mutations on the sole basis of Pi serum lev-
els. It is possible that the local extracellular Pi level, rather than 

Figure 4.  Dentin sialoprotein (DSP) and osteopontin (OPN) 
expression is normal in Slc20a2-deficient teeth. Molars from 1-mo-old 
wild-type and Slc20a2 KO mice were decalcified and paraffin embedded 
before processing to immunohistochemistry (IHC). (A–D) DSP IHC 
revealed no obvious difference between wild-type and Slc20a2-deficient 
animals. DSP signal is shown (black arrowheads). (E–H) Similarly, OPN 
IHC was detected at the secretary pole of odontoblasts and predentin 
layer in both wild-type and Slc20a2-deficient teeth (black arrowheads). 
Bar = 50 μm. d, dentin; od, odontoblasts; pd, predentin.

Table.  Thickness of Dentin and Predentin Layers from Incisors of Wild-Type and Slc20a2-/- Mutant Mice.

1 mo Old 9 mo Old

Histologic Measurement Wild Type Slc20a2-/- Wild Type Slc20a2-/-

Thickness, µm  
  Mineralized dentin 134.56 ± 12.65 104.60 ± 19.52a 187.66 ± 23.12 94.01 ± 4.39b

  Predentin 7.99 ± 1.97 35.50 ± 8.87b 16.26 ± 1.95 73.95 ± 2.47b

  Overall dentin 142.55 ± 11.09 140.10 ± 27.31, NS 203.93 ± 21.54 167.96 ± 6.62a

Ratio: predentin:mineralized dentin 0.06 ± 0.01 0.34 ± 0.04b 0.09 ± 0.02 0.79 ± 0.02b

NS, not significant.
aP < 0.05 (Slc20a2-/- vs. wild-type mice).
bP < 0.001 (Slc20a2-/- vs. wild-type mice).
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the serum Pi levels, may be a key factor in the etiology of the 
shared phenotype. Interestingly, SLC20A2 mutations in humans 
were shown to be causative of idiopathic basal ganglia calcifi-
cation, characterized by calcium/Pi deposits predominantly 
located within the walls of small arteries and veins (Wang et al. 
2012). The absence of SLC20A2 in the vascular epithelium pre-
cludes Pi to reach the extracellular compartment, which then 
accumulates within the vessels. Hence, a deficiency in Pi uptake 
due to Slc20a2 deficiency could result in a decrease in local Pi 
availability in the vicinity of mineralizing cells leading to a phe-
notype similar to hypophosphatemic conditions.

Overall, our data call into question the role of the currently 
known Pi transporters in mineralizing dental cells. Their 
expression profile and levels and the phenotypes associated 
with Pi transporter defects do not support a major role of these 
transporters in the initiation of dental mineralization. In addi-
tion, the quantities of Pi needed for mineralization are at odds 
with the low transporting capacity of these transporters. Other 
Pi transporters displaying weaker affinities for Pi but higher 
transport capacities may exist in bone, as described earlier for 
renal cells (Walker et al. 1987; Tenenhouse et al. 1989). Being 
expressed at later stages, the high-affinity Pi transporters may 
rather participate, directly or indirectly, to the regulation and 
maintenance of tooth mineralization throughout the life span. 
An interesting possibility is that the Pi transporters may be part 
of a Pi sensing and signaling pathway in mineralizing cells, as 
suggested >15 y ago (Beck et al. 2000). This hypothesis is con-
sistent with the high affinity of the transporters for Pi, as well 
as recent observations (Chavkin et al. 2015) illustrating their 
role in Pi signaling. This possible role of the high-affinity Pi 
transporters in mediating Pi signaling in teeth is consistent 
with our most singular finding describing high levels of 
Slc20a2 expression in the stratum intermedium, the subodon-
toblastic layer of Hoehl cells, and the pulp, which are not min-
eralizing cells but are located in their close proximity.

In summary, by documenting the spatiotemporal expression 
of high-affinity Pi transporters in the tooth, our study supports 
the notion that none of the currently identified high-affinity Pi 
transporters are mandatory for the initiation of mineralization. 
Clearly, further work is needed to decipher their role in tooth 
mineralization during aging and to identify other putative Pi 
transport systems at work.
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