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Abstract
Fibroblast growth factor-23 (FGF23) is a hormone that modulates circulating phosphate (Pi) levels
by controlling Pi reabsorption from the kidneys. When FGF23 levels are deficient, as in tumoral
calcinosis patients, hyperphosphatemia ensues. We show here in a murine model that Fgf23
ablation disrupted morphology and protein expression within the dentoalveolar complex. Ectopic
matrix formation in pulp chambers, odontoblast layer disruption, narrowing of periodontal
ligament space, and alteration of cementum structure were observed in histological and electron
microscopy sections. Because serum Pi levels are dramatically elevated in Fgf23−−, we assayed
for apoptosis and expression of members from the small integrin-binding ligand, N-linked
glycoprotein (SIBLING) family, both of which are sensitive to elevated Pi in vitro. Unlike X-
linked hypophosphatemic (Hyp) and wild-type (WT) specimens, numerous apoptotic osteocytes
and osteoblasts were detected in Fgf23−/− specimens. Further, in comparison to Hyp and WT
samples, decreased bone sialoprotein and elevated dentin matrix protein-1 protein levels were
observed in cementum of Fgf23−/− mice. Additional dentin-associated proteins, such as dentin
sialoprotein and dentin phosphoprotein, exhibited altered localization in both Fgf23−/− and Hyp
samples. Based on these results, we propose that FGF23 and (Pi) homeostasis play a significant
role in maintenance of the dentoalveolar complex.
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INTRODUCTION
Disruptions in serum phosphate (Pi) levels lead to skeletal and tooth abnormalities, which
are evident in autosomal recessive hypophosphatemic rickets (ARHR) and X linked
hypophosphatemic rickets (XLH) patients (Feng et al., 2006; Hardy et al., 1989; Pereira et
al., 2004). Along with low Pi levels, these patients and murine homologues exhibit
osteomalacia, expanded alveolar bone, increased predentin/dentin ratio, interglobular dentin,
and enlarged pulp chambers (Abe et al., 1989; Feng et al., 2006; Liu et al., 2006; Murayama
et al., 2000; Ye et al., 2004). The skeletal and tooth abnormalities associated with low Pi
have been associated with an excess of serum fibroblast growth factor 23 (FGF23), a
hormone discovered in patients with tumor induced osteomalacia (TIO), another Pi wasting
disorder (ADHR_Consortium, 2000; Liu et al., 2006; Liu et al., 2008; Lorenz-Depiereux et
al., 2006; Shimada et al., 2001; Sitara et al., 2004). FGF23 production has been localized
predominantly to osteocytes, with lower levels noted in osteoblasts and cementoblasts
(Quarles, 2003; Riminucci et al., 2003; Yoshiko et al., 2007).

FGF23 is also referred to as a phosphatonin because it decreases circulating Pi, joining ranks
with classical hormonal Pi and calcium regulators 1,25-dihydroxyvitamin D3 (1,25(OH)2D3)
and parathyroid hormone (PTH). FGF23 reduces Pi by decreasing intestinal absorption via
the sodium Pi transporter Npt2b, decreasing renal reabsorption via sodium Pi transporters
Npt2a and Npt2c, as well as inhibition of 25-hydroxyvitamin D-1-α-hydroxylase (Jurutka et
al., 2007; Larsson et al., 2004). 25-hydroxyvitamin D-1-α-hydroxylase is necessary for
1,25(OH)2D3 activation, which, when suppressed, indirectly promotes Npt2a expression as
FGF23 levels are lowered and PTH levels are increased(Sitara et al., 2006). Posttranslational
modification is required for secretion of full-length FGF23. The enzyme uridine
diphosphate-N-acetyl-α–D-galactosamine: polypeptide N-acetylgalactosaminyltransferase 3
(GALNT3) O-glycosylates FGF23, protecting it from proteolytic degradation (Ichikawa et
al., 2007a; Ichikawa et al., 2009; Topaz et al., 2004). Further, in order for FGF23 to
function, there is evidence that Klotho, a transmembrane protein expressed in the kidney,
parathyroid, pituitary gland, and choroid plexus (Liu and Quarles, 2007; Xiao et al., 2004) is
required to interact with cognate FGF receptors on cell surfaces and exert bioactivity on
specific tissues (Memon et al., 2008; Nakatani et al., 2008). In situations where FGF23
function is diminished or ablated, hyperphosphatemia ensues as a consequence of excess Pi
reabsorption. For example, one family of hyperphosphatemic disorders is
hyperphosphatemic familial tumoral calcinosis (TC), which is subdivided into three types
(Bergwitz and Juppner, 2009). Type I patients have deficient levels of full-length FGF23as a
result of GALNT3 mutations (Garringer et al., 2007; Ichikawa et al., 2007a; Ichikawa et al.,
2009; Topaz et al., 2004). Type II TC patients also have low full-length FGF23 levels, but
these are attributed to mutations in FGF23 independent of GALNT3 function (Benet-Pages
et al., 2005; Ichikawa et al., 2005; Masi et al., 2009). Type III TC patients have high levels
of FGF23, but Klotho function is ablated, preventing FGF23 from functioning normally
(Ichikawa et al., 2007b).

Research directed at elucidating the effects of systemic Pi dysregulation on mineralized
tissues have been greatly aided by the use of homologous murine models associated with
hypophosphatemia, i.e. ARHR (Dmp1-null mice), XLH (Hyp mouse), and
hyperphosphatemia, i.e. TC (Fgf23−/−, Klotho−/−, and GALNT3 mutant mice) (Abe et al.,
1989; Ichikawa et al., 2009; Kuro-o et al., 1997). Mutations in dentin matrix protein-1
(Dmp1)and phosphate-regulating gene with homologies to endopeptidases on the X-
chromosome (Phex), factors which may indirectly influence systemic Pi levels, cause ARHR
and XLH in humans, respectively (Drezner, 2000; Farrow et al., 2007). Corresponding to
human case reports, studies of hypophosphatemic Dmp1−/− and Hyp (Phex mutant) mice
have identified dental defects primarily in the dentin, with minor changes in the cementum
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(Fong et al., 2009; Ye et al., 2008). In our studies characterizing tooth development in Hyp
mice, dentin defects were detected by histology, whereas the more subtle aberrant cementum
phenotype required electron microscopy to be detected (Fong et al., 2009). In contrast, the
teeth of hyperphosphatemic TC patients or mouse models (Fgf23−/−, Klotho−/−, and
GALNT3 mutant mice) have not been studied extensively. Limited case reports of TC
skeletal and tooth abnormalities noted calcification around major joints, hyperostosis, and
ectopic calcification of the pulp chambers (Naikmasur et al., 2008; Witcher et al., 1989).
Further, examination of incisors from Klotho−/− revealed dentin abnormalities (Suzuki et al.,
2008). Because of the emphasis on dentin and pulp anomalies as a result of systemic Pi
dysregulation in case studies, we hypothesized that hyperphosphatemia would lead to
dramatic dentin and pulp abnormalities and minor, if any cementum alterations.

In order to put into context the effects of FGF23-mediated systemic Pi regulation on the
dentoalveolar complex, we characterized the tooth phenotype of the hyperphosphatemic
Fgf23−/− mouse, a homologue for TC Type II, using histological staining and electron
microscopic analysis. To investigate mechanisms by which systemic Pi impacts
mineralization, we used immunohistochemistry to determine expression patterns for
selective bone/tooth markers in Fgf23−/− and Hyp mice. The Hyp mouse, while not a perfect
inverse control of the Fgf23−/− mouse does feature high levels of circulating Fgf23 and is
hypophosphatemic, providing a useful comparison regarding the roles of Fgf23 and Pi in
tooth development. We report dramatic alterations in morphology, mineralization, and
protein distribution in teeth and supporting structures as a consequence of Fgf23 ablation.

MATERIALS AND METHODS
Animal maintenance and genotyping

Fgf23 heterozygote mouse breeding pairs were used to generate Fgf23−/− and wild type
(WT) littermates for histological studies. Generation of these mice has been described
previously (Sitara et al., 2004). Mice were housed in a specific pathogen free facility in 12
hr light-dark cycles and fed a standard rodent diet with access to water ad libitum. All
animal studies were approved by the Institutional Animal Care and Use Committee,
University of Washington (Seattle, WA, USA). Animals were genotyped with PCR
amplified DNA extracted from tail snips using a RedExtract-N-Amp For Tissue kit (Sigma).
The following PCR primers were used: Fgf23 (5′ AGT GGA CGC TGG AGA ATG GCT
ATG 3′ and 5′ CTG GGA AAG GGG CGA CAC C 3′, specific to Exon 3 of the wild-type);
Neo (5′ AAG GTG AGA TGA CAG GAG ATC 3′ and 5′ GAT CGG CCA TTG AAC AAG
ATG 3′, specific to neomycin of the mutant allele construct. The wild-type Fgf23 product
was 397 bp, while the mutant product was 310 bp. PCR cycling conditions used were: 94° C
for 2 min; 37 cycles at 94° C for 40 sec, 60° C for 1 min, 72° C for 40 sec; 72° C for 10 min.
Agarose gels were used to visualize PCR products.

Histology
Fgf23−/− and WT littermates were sacrificed at 23, 27, 33, 45, 61, and 75 days post-coital
(dpc), where date of birth is about 19dpc. At least three samples from each time point and
genotype were obtained. Sample heads were fixed in Bouin’s overnight, and mandibles were
dissected. Samples from 27dpc and later were demineralized (10% acetic acid, neutral
buffered formalin, and sodium chloride), processed, and embedded for paraffin sectioning.
5μm buccolingual sections of the mandibular first molar were H&E stained. Images were
obtained using a Nikon Eclipse E400 microscope camera system. In addition, 45dpc Hyp
sections were prepared for comparison. Hyp samples were prepared as previously reported
(Fong et al., 2009).
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Electron Microscopy (EM)
Scanning electron microscopy (SEM) analyses were performed on lower right mandibles
from 45dpcmice. Mandibles were sequentially dehydrated in 5%, 10%, 25%, 50%, 75%, and
100% aqueous ethanol solutions for 30 min each and mounted in room-temperature-cure
epoxy (Allied High Tech Inc, Rancho Dominguez, CA). Subsequent preparation of epoxy-
mounted specimens involved cutting the erupted incisor using a precision wafering saw
(Buehler Ltd, Lake Bluff, IL) to expose the mesial surface of the first molar and the cross-
section of the unerupted incisor. The cut surface was then ground further distally to expose
the interior of the first molar using 600 then 1500 grit SiC papers, followed by smoothening
via ultramicrotoming with a 45° angle diamond knife (Diatome, Inc., Hatfield, PA) fitted
onto a MT 6000-XL ultra-microtome (Bal-Tec RMC, Inc., Tucson, AZ). All specimens were
then mounted on SEM stubs, sputter coated with 5 nm of Pt for electron conductivity (SPI
Supplies Inc, West Chester, PA), and imaged by an JSM7000F (JEOL-USA, Inc., Peabody,
MA) SEM operating at 15kV in backscattering mode.

For transmission electron microscopy (TEM) analyses, mandibular molars still attached to
alveolar bone were dehydrated and mounted following the same procedure as that for SEM.
Mounted specimens were then ground to reveal the first molar interior. Without
demineralizing, ultra-sections were prepared using a 45° angle diamond knife (Diatome,
Inc., Hatfield, PA) fitted onto a MT 6000-XL ultra-microtome (Bal-Tec RMC, Inc., Tucson,
AZ) and collected onto lacey-carbon coated Cu grids. TEM characterization was performed
on a Philips EM420(FEI, Inc., Hillsborough, OR)microscope with a tungsten filament at
100keV.

Apoptosis assay
Apoptosis was detected using the TACS TdT Kit for terminal deoxynucleotidyl transferase-
mediated deoxyuridinetriphosphate nick end-labeling (TUNEL) per kit instructions and a
rabbit anti-mouse antibody for Caspase-3 (using the procedures described in the following
immunohistochemistry section).

Immunohistochemistry (IHC)
Tissues from 45dpc Fgf23−/−, Hyp, and WT mice were selected for IHC. Antibodies against
mouse proteins included: BSP, dentin phosphoprotein (DPP), dentin sialoprotein (DSP), and
DMP1. The BSP antibody was a gift from Dr. Renny Franceschi (University of Michigan),
the DPP antibody was a gift from Dr. Arthur Veis (Northwestern University), the DSP
(LF-153) antibody was a gift from Dr. Larry Fisher (NIH), and the DMP1 antibodies were
gifts from Dr. Chunlin Qin (Baylor College of Dentistry) and purchased from Takara.
Positive reactions were detected with AEC (3-amino-9-ethylcarbazole) solution. Sections
were counterstained with hematoxylin. Antibodies were evaluated with n≥3 Fgf23−/−, Hyp,
and WT samples.

RESULTS
Alveolar bone, pulp, and PDL are dramatically altered in Fgf23−/− molar teeth (Figure 1)

As a first step, to characterize the effects of Fgf23 ablation on the dentoalveolar complex,
we conducted a histological developmental time course of the mandibular first molar. Days
were selected to capture developmental time points of interest, i.e. before root formation
(23dpc), initiation of root/cementum formation (27dpc), during root formation and tooth
eruption (33 and 45dpc), and following closure of the apex (61 through 96dpc). Disruptions
in the dentoalveolar complex of the hyperphosphatemic Fgf23−\− mouse were first noted at
33dpc, and by 45dpc, marked disturbances were present in the periodontium (Fig. 1A′).
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At 33dpc and subsequent time points in Fgf23−/− mice, mandibular bone volume
surrounding the incisor and molar was greatly expanded compared to WT, a trend
particularly evident at 45dpc (Figs. 1A vs. A′, B vs. B′). The buccal aspect of the alveolar
bone proper of Fgf23−/− mice was more than twice the width compared to that of WT
controls (Figs. 1A vs. A′, B vs. B′). The expansion of the alveolar bone is reminiscent of
reports from Hyp mice (Fong et al., 2009), and a mandibular first molar section from the
hypophosphatemic Hyp mouse at 45dpc is provided for comparison (1A″). Further, the
alveolar bone of Fgf23−/− mice appeared to be composed predominantly of woven bone
with a higher density of osteocytes when compared with WT tissue sections (Fig. 1B vs. B′).
By 61dpc, numerous empty lacunae were visible in alveolar bone of Fgf23−/− tissues
(arrowhead, Fig. 1E′).

By 45dpc, disruption of the odontoblast layer characterized by a loss of cell polarity was
observed in molars of Fgf23−/− mice, while the cementum, dentin, and predentin of the
mandibular first molars appeared comparable in Fgf23−/− vs. WT tissues (Fig. 1C vs. C′,
arrow). This directly contrasts with the marked dentin and predentin abnormalities observed
in Hyp teeth (Fig. A″). Additionally, an ectopic matrix had developed in pulp chambers of
Fgf23−/− mice at 45dpc and became more apparent by 61dpc (Fig. 1D′, arrows).

Alterations were present in the periodontal ligament (PDL) region by 45dpc, most
consistently at the lingual aspect of the mandibular first molar in the coronal third of the
root. Furthermore, PDL width was markedly reduced compared to the WT, with
disorientation and compression of the PDL fibers (Fig. 1C vs. 1C′). At 61dpc, the PDL space
was narrowed, and areas of near ankylosis were observed between bone and cementum at
the site of PDL disruption. Few fibers were noted in the scant space between bone and
cementum (Fig. 1E′, arrow).

Fgf23−/− mice exhibit marked mineralization defects, including a cementum phenotype
(Figure 2)

In order to assess the mineral content of the hyperphosphatemic Fgf23−/− compared to the
WT specimens, backscatter scanning electron microscopy (SEM) analysis was used. In these
45dpc un-demineralized sections, image brightness serves as an indicator of high mineral
content. Consistent with reports of a lower mineral density of long bones in Fgf23−/− mice
(Sitara et al., 2004; Sitara et al., 2006), the alveolar bone in the Fgf23−/− was significantly
darker compared to WT, likely reflecting a composition of primarily osteoid(Figs. 2A vs 2A
′). The mineral content was so severely reduced in Fgf23−/− mice that alveolar bone was
difficult to visualize by SEM; thus, expansion of bone width was not as apparent in these
images as in comparable histological sections. This accumulation of osteoid is similar to the
Hyp mouse bone (Fig. 2A″), in which mineralization defects in the bone, dentin, and
cementum have been documented (Abe et al., 1989; Abe et al., 1992; Fong et al., 2009).
Representative images of Hyp dentin and cementum are also shown here for comparison.

In support of the histological findings (Fig. 1), the alveolar bone of Fgf23−/− mice appeared
less organized, i.e. characteristic lamellar structure as noted in the WT specimens was not
observed. Further, compared to WT bone, osteocytes in Fgf23−/− bone were present in
greater numbers and exhibited abnormal morphology (Figs. 2B vs. B, arrows). In contrast, in
Hyp sections, osteocytes appeared more comparable to WT in morphology, although they
inhabited irregular, large lacunae (Figs. 2B vs. B″, arrows).

Confirming histological observations, the dentin of Fgf23−/− mice was similar to that of WT
mice and different from the Hyp mouse, which exhibited disruption of the tubules (Figs. 2C,
C′ vs. C″). However, Fgf23−/− molar roots did not have the clear separation noted between
cementum and dentin in WT specimens (Fig. 2C′, D′ vs. C, D). Transmission electron
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microscopy analysis suggested alteration of cementum structure in Fgf23−/− mice compared
to WT (Fig. 2D′ vs. 2D). However, the deviation from normal cementum in Fgf23−/− teeth
was not the same as reported for Hyp mice, although Hyp specimens did not exhibit a clear
demarcation between dentin and cementum as well (Figs. 2C″, D″).

Incisors of Fgf23−/− mice displaydentin and enamel abnormalities (Figure 3)
Although the murine incisor does not have a human counterpart, examining the continuously
erupting murine incisors allows for the visualization of long-term sustained Fgf23 loss on
tooth development. At 23 and 27dpc, no obvious differences were detected in mandibular
incisors of Fgf23−/− vs. WT mice (data not shown). By 33dpc, incisors of Fgf23−/− mice
exhibited morphological changes, including distorted shape, i.e. triangular cross-section vs.
elliptical in WT, as well as development of a cyst-like structure in the region normally
occupied by enamel (Fig. 3A vs. A′). Additionally, by 33dpc, a mineralized tissue-like
matrix originating from the labial dentin (“crown analogue”) was observed extending into
the incisor pulp chamber, with cells entrapped within this matrix (Figs. 3A′). SEM analysis
revealed defective mineralization with an abnormal rod patterning in enamel of Fgf23−/−

mice (Fig. 3B vs. B′, arrow). By 61dpc, the cyst-like structure at the labial aspect was no
longer present, and the enamel space was reduced (Fig. 3C vs. C′). The mineral-like tissue
present in the pulp at 33 and 45dpc increased markedly to the point of nearly obliterating the
pulp chamber (Fig. 3C′). The odontoblast layer was completely disrupted and cells did not
form the characteristic discrete, polarized layer on the border of the dentin matrix (C vs. C′,
inset). In contrast, high levels of circulating FGF 23 characteristic of Hyp mice did not result
in any unique pattern for incisors vs. molars during development.

Fgf23−/− mice exhibit increased apoptotic cells in the mandible compared to WT (Figure 4)
We observed numerous empty lacunae in mandibular bone and abnormal morphology of
Fgf23−/− osteocytes. Because increased apoptosis has been reported in skeletal cells
stimulated by elevated Pi levels in vitro (Adams et al., 2001), we assayed for apoptosis.
Numerous positive TUNEL (Fig. 4A′) and caspase-3 reactions (Fig. 4B′) were observed in
the marrow spaces, osteoblasts, and osteocytes of the alveolar bone in the Fgf23−/− mice. In
addition, positive reactions were observed in the cells entrapped in the ectopic matrix of the
incisor (data not shown). In contrast, very few apoptotic cells were detected in the WT
tissues (Figs. 4A, B). Hyp tissues also exhibited very few apoptotic cells (data not shown).

Loss of Fgf23 and mutations in Phex cause altered expression of extracellular matrix
proteins (Figure 5, Table 1)

Members of the small integrin-binding ligand, N-linked glycoprotein (SIBLING) family of
extracellular matrix proteins (Fisher and Fedarko, 2003)have been reported to influence
systemic Pi levels as well as being responsive to calcium/Pi regulating hormones, e.g. DMP1
loss results in excess FGF23 and hypophosphatemia (Chaussain-Miller et al., 2007; Feng et
al., 2006; Fisher and Fedarko, 2003). To investigate possible mechanisms resulting in the
dentoalveolar phenotype in Fgf 23 −/− mice, described above, immunohistochemistry was
used to assay expression for selected SIBLING proteins in Fgf23−/− vs. WT samples.
Further, we contrasted ECM protein expression of Fgf23−/− mice with comparable Hyp
tissues (data not published previously). A descriptive summary of the results are provided in
Table 1.

Bone sialoprotein (BSP)—BSP, a positive regulator of mineral formation (Malaval et
al., 2008; Qin et al., 2004), was localized to cementum and alveolar bone in WT and Hyp
sections (Figs. 5A vs. A″). In corresponding Fgf23−/− tissues, cementum stained very
weakly and sporadically for BSP (Fig. 5A′, arrow), suggesting an altered cementum
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composition and mineralization consistent with changes noted in SEM and TEM analysis.
Further, BSP was apparently absent in Fgf23−/− alveolar bone adjacent to the PDL,
contrasting with the strong localized BSP in the region associated with open osteocyte
lacunae (Fig. 5A′, arrowhead).

Dentin Matrix Protein-1 (DMP1)—DMP1 is an important factor in maturation of
osteoblasts into osteocytes, and is a regulator of osteocyte behavior (Qin et al., 2007; Rios et
al., 2005). In WT, positive staining for DMP1 was primarily localized around osteocytes in
alveolar bone, as previously reported (Fig. 5B) (Toyosawa et al., 2001). Alveolar bone of
Hyp mice exhibited intense DMP1 staining in perilacunar regions, but in contrast, in
Fgf23−/− bone, large regions of bone adjacent to PDL were intensely positive for DMP1
(Figs. 5B′, B″). Further, DMP1 staining was present in high levels in mantle dentin and a
cellular cementum of Fgf23−/− samples, but was not detected in comparable sections from
either Hyp or WT mice. These results were verified using multiple DMP1 antibodies
(sections shown in Fig. 5 were stained with a commercially available DMP1 antibody
targeted towards the N-terminal region).

Dentin sialoprotein (DSP) and Dentin phosphoprotein (DPP)—Immunopositive
reactions for DSP and DPP, both protein products of Dspp mRNA transcript (MacDougall
et al., 1997), indicated a different pattern of deposition in Fgf23−/− vs. Hyp vs. WT tissues.
In WT sections, DSP was detected in dentinal tubules and mantle dentin, whereas in
Fgf23−/− sections, DSP staining was strong but dispersed in dentin, with a higher intensity
in the mantle dentin region (Figs. 5C vs. C′, arrow). In Hyp tissues, significant DSP staining
was not apparent in the dentinal tubules, and staining in the mantle dentin appeared weaker
than in WT and Fgf23−/− tissues(Figs. 5C″ vs. 5C, 5C′). In WT tissues, DPP was present in
the predentin/dentin mineralization front, mantle dentin, and in odontoblasts, with low levels
in pulp (Fig. 5D). DPP was similarly localized in Fgf23−/− sections, robust staining in the
mantle dentin compared to WT. Hyp mouse molars featured overall weak DPP staining,
including staining in the mantle dentin and predentin (Figs. 5D vs. 5D′, 5D″).

DISCUSSION
We sought to delineate the influence of hyperphosphatemia on development and
mineralization of the dentoalveolar complex using Fgf23−/− mice and contrasting with
hypophosphatemic Hyp and WT (normal Pi levels) controls. Based on previous studies, we
hypothesized that systemic Pi dysregulation would lead to dramatic dentin and pulp
abnormalities and less marked cementum abnormalities. Unexpectedly, our findings only
partially correlated with our hypothesized results. Although both Fgf23−/− and Hyp mice
exhibit abnormal systemic Pi regulation, dentin was dramatically altered only in the
hypophosphatemic Hyp mice, whereas cementum was altered in both Hyp and Fgf23−/−

mice. Extracellular matrix protein composition was altered in Fgf23−/− and Hyp dentin,
cementum, and bone vs. WT. In addition to expanded and hypomineralized alveolar bone in
Fgf23−/− mice, increased and widespread osteocyte apoptosis was apparent. Altogether,
these results indicate that development and maintenance of the dentoalveolar complex is
sensitive to systemic Pi dysregulation.

Although loss of Fgf23 seemingly results in widespread detrimental effects, i.e. multiple
organ atrophy (Sitara et al., 2004), the results here indicate that Fgf23 has specific effects on
each mineralized tissue type. The oral cavity presents a unique opportunity to
simultaneously observe four different types of mineralized tissue: bone, cementum, dentin,
and enamel. In the dentoalveolar complex at the level of the mandibular first molar, dentin
and bone defects were the most conspicuous alterations (i.e. readily detected with H&E) in
Hyp mice, whereas bone expansion coupled with PDL narrowing were the most apparent in
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Fgf23−/− mice (Fig. 1). In both Hyp and Fgf23−/− specimens, cementum aberrations were
not detectable by histology, but alterations in mineral density were observed using high
magnification SEM and TEM (Fig. 2). Our observations here, as well as the globular
cementum phenotype observed in Hyp mice, suggest that processes such as PDL
maintenance and cementogenesis may be altered subsequent to Pi dysregulation, though the
mechanism remains unknown. Additionally, studies on mice with loss of progressive
ankylosis protein (ANK), ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1), or
tissue non-specific alkaline phosphatase (TNAP) function have demonstrated sensitivity of
cementum to dysregulation of Pi/PPi homeostasis (Beertsen et al., 1999; Groeneveld et al.,
1995; Millan et al., 2008; Nociti et al., 2002; van den Bos et al., 2005). Ank and Enpp1
mutant mice exhibit a marked hypercementosis phenotype, whereas Tnap mutants have
cementum aplasia/hypoplasia resulting in exfoliation of teeth. Although these cementum
alterations are a likely consequence of a microenvironmental Pi/PPi ratio imbalance, these
studies, along with the results presented here on systemic Pi dysregulation, indicate the
importance of proper Pi regulation for formation of a normal dentoalveolar complex.

Alterations in protein expression described here suggest further roles for Pi and/or regulators
of Pi metabolism on mineralized tissues of the oral cavity (summarized in Table 1).
SIBLING proteins, extracellular matrix proteins found in dentin, cementum, and bone
(D’Errico et al., 1997;Fisher et al., 2001;Fisher and Fedarko, 2003;Hunter and Goldberg,
1994;Hunter et al., 1996;Papagerakis et al., 2002;Qin et al., 2004;Rosen, 2008), exhibited
altered expression in hypophosphatemic Hyp and hyperphosphatemic Fgf23−/− samples.
BSP is a marker of bone and cementum, involved in osteoblast and cementoblast
differentiation, and has roles in matrix mineralization (Bianco et al., 1993;Chen et al.,
1992;D’Errico et al., 1997;Hunter and Goldberg, 1994;Hunter et al., 1996;Malaval et al.,
2008). Notably, in cementoblasts, BSP mRNA transcription has been demonstrated to be
down regulated in response to exogenous Pi in vitro, which parallels the sparse staining in
the cementum of hyperphosphatemic Fgf23−/− mice (Foster et al., 2006;Rutherford et al.,
2006). Moreover, BSP in Fgf23−/− alveolar bone region was characterized by areas of
relatively heavy staining and areas with no apparent BSP present. Reductions in mineral
markers such as BSP may reflect disrupted cell function or unregulated matrix synthesis by
osteoblasts.

Interestingly, whereas BSP was down regulated in Fgf23−/− cementum and bone, DMP1
was up regulated. Further, regarding location of staining in the alveolar bone, DMP1 and
BSP staining appeared to be inverses of each other in the hyperphosphatemic Fgf23−/−

mouse. There are no studies demonstrating a feedback relationship between BSP and DMP1,
and thus while speculative, the findings reported here suggest a common regulatory factor.
Increased DMP1 expression in Fgf23−/− samples correlated with in vitro studies on
cementoblasts demonstrating increased mRNA transcripts for DMP1 in response to elevated
Pi, suggesting that the elevated levels of DMP1 seen in Fgf23−/− tissues may be related
directly to or regulated by high Pi levels (Foster et al., 2006; Rutherford et al., 2006). In
bone, DMP1 was localized around osteocytes in WT samples, but was found in the
extracellular matrix of Fgf23−/− and Hyp tissues. The increase in DMP1 staining in Hyp
mice suggests local effects occurring independent of serum Pi and via mechanisms not
completely understood. For example, studies have shown that osteocytes respond to force by
synthesizing DMP1, so the unexpected DMP1 expression increase in the hypophosphatemic
Hyp mice may be a consequence of amplified force transmission caused by a
hypomineralized environment (Harris et al., 2007).

DMP1 has been reported to act as a nucleator of hydroxyapatite and is known to be required
for skeletal development as well as dentinogenesis, as indicated by a reduced rate of dentin
apposition and disruption in organization of dentinal tubules in Dmp1−/− mice (He et al.,
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2003a; b; Lu et al., 2007; Tartaix et al., 2004; Ye et al., 2004). Dmp1−/− mice exhibit a tooth
and bone phenotype remarkably similar to Hyp mice, including increased circulating levels
of FGF23. A feedback loop between DMP1 and FGF23 has been proposed (Liu et al., 2008;
Strom and Juppner, 2008). In light of this, increased DMP1 protein observed here in
Fgf23−/− mice may in part contribute to the notable increase in alveolar bone volume and in
ectopic extracellular matrix formation in the pulp region. Further, DMP1 regulates Dspp
mRNA expression (Narayanan et al., 2006), which gives rise to DSP and DPP proteins
(MacDougall et al., 1997). DSP and DPP exhibited altered localization in Hyp and Fgf23−/−

mice. DSP and DPP have important roles in dentin mineralization and possibly in
mineralization of other matrices (Baba et al., 2004; Hao et al., 2004; Qin et al., 2002; Qin et
al., 2003a; Qin et al., 2003b; Sreenath et al., 2003). Thus, changes in localization and
expression of DMP1, DSP and DPP possibly contribute to the ectopic matrix formation in
Fgf23−/− mice, dentin mineralization abnormalities in Hyp mice, and the accumulation of
osteoid in both Hyp and Fgf23−/− mice.

The alterations noted in the dentoalveolar complex of Fgf23−/− are consistent with case
studies of TC patients and other hyperphosphatemic animal models. Reports of tumoral
calcinosis patients, who have deficient FGF23 and elevated phosphate levels, include
dystrophic pulp calcification, root dilacerations, and thistle shaped pulps (Dumitrescu et al.,
2009; Naikmasur et al., 2008; Witcher et al., 1989). Further, Klotho−/− mice exhibit a nearly
identical physical and biochemical phenotype to Fgf23−/− mice (e.g. elevated Pi and
1,25(OH)2D3 levels) although Fgf23 levels in Klotho−/− mice are elevated (Kuro-o et al.,
1997; Kuro-o, 2006; Memon et al., 2008). The dental aberrations noted in Fgf23−/− mice
were similar to reports of increased apoptotic reactions and marked disturbances in
odontoblasts, predentin, and dentin of incisors in Klotho−/− mice (Suzuki et al., 2005). In
addition to Pi (Adams and Shapiro, 2003), apoptosis is induced by 1,25(OH)2D3 (Medici et
al., 2008), suggesting that at least some of the bone alterations in Fgf23−/− mice may be
attributed to both elevated Pi and 1,25(OH)2D3. Hyp/Klotho−/− and Hyp/Fgf23−/−

compound mutants are also hyperphosphatemic with elevated 1,25(OH)2D3 levels,
demonstrating the importance of Fgf23 and Klotho in the pathology of hypophosphatemic
rickets (Liu et al., 2006; Nakatani et al., 2009; Sitara et al., 2004). Our results, when
considered alongside the similar tooth phenotype of the Klotho−/− mice, support the concept
that klotho-FGF23 interactions are required for FGF23 to activate downstream events linked
to controlling Pi metabolism in order to maintain a healthy dentoalveolar complex.

Considering data from this and other studies designed to define the key factors controlling Pi
metabolism, it is important to recognize the intimate linkage of the hormones associated
with the parathyroid-kidney-bone and tooth axis and when one of the three major hormones,
i.e. PTH, 1,25(OH)2D3, or FGF23is perturbed, all of these hormones and the downstream
products they regulate are impacted. For example, in addition to being hyperphosphatemic,
the Fgf23−/− mouse exhibits, hypercalcemia, hypoparathyrodisim, and hypervitamatosis D
(Liu et al., 2006; Sitara et al., 2004). When either loss of 1-α hydroxylase or the
1,25(OH)2D3 receptor is superimposed on loss of FGF23, hyperphosphatemia is reversed to
hypophosphatemia and soft tissue calcifications are not observed (Hesse et al., 2007; Sitara
et al., 2006). This outcome suggests elevated 1,25(OH)2D3 levels play an important role in
the mineralization defects characterizing Fgf23−/− mice (Shimada et al., 2004; Sitara et al.,
2004). Additionally, the tooth phenotype in humans and animals lacking functional
1,25(OH)2D3 included mineralization defects consistent with histological descriptions of the
tooth phenotype in Hyp mice and XLH patients. Mice lacking 1,25(OH)2D3 receptor
expression displayed thin incisor dentin, enlarged pulp chambers, as well as widened and
irregular predentin (Zhang et al., 2007). Thus, possible downstream effects of 1,25(OH)2D3
in conjunction with FGF23 and Pi alterations will need to be investigated.
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In the hypophosphatemic Hyp and the hyperphosphatemic Fgf23−/− mice, mineralization
defects were first observed in 33dpc samples, suggesting a stage-specific role for FGF23. At
early stages of development, Fgf23 expression is normally low, indicating a minimal role in
early developing tissues (Yoshiko et al., 2007). This is supported by lack of bone and teeth
phenotypes at embryonic and early developmental ages, but an alternate explanation would
be that the “normal” hormonal milieu that Fgf23−/− pups experience in utero protects
against the inborn Fgf23 deficiency. With development of the mouse mandibular first molar
completed by 45dpc, any detected changes in molar tissues from Fgf23−/− mice would likely
be more homeostatic than developmental. In contrast, the mouse incisor is in a state of
continuous development and eruption. Although the murine incisor does not have a human
counterpart, examining murine incisors allows for the visualization of developmental
processes completed by the molars prior to significant FGF23 expression. The presence of
various stages of tooth development simultaneously is one possible explanation for the
prominent incisor phenotype, including enamel defects, not seen in the molars. Further, we
reported an improvement in Hyp dentin with time, suggesting a decreased role for FGF23
with age (Fong et al., 2009). Corroborating evidence includes findings that FGF23
expression may be suppressed in older tissues (Liu et al., 2007). Because the lifespan of
Fgf23−/− mice is severely reduced (Sitara et al., 2004), we were unable to determine the
effects of Fgf23 ablation on older ages. Nonetheless, the marked alterations in the
dentoalveolar complex illustrate profound effects of Fgf23 loss, indicating that FGF23 has a
significant impact on development and maintenance of healthy teeth and supporting
structures.

CONCLUDING REMARKS
Fgf23 ablation dramatically altered morphology and matrix composition of dentin, bone, and
cementum. Current data, including our studies described here, highlight the complexity of
positive and negative feedback interactions among these homeostatic factors, e.g. in addition
to the influence of FGF23 and PHEX, Pi and 1,25(OH)2D3 are regulated by other factors
including calcium levels and PTH. Although direct and indirect effects on development of
mineralized tissues are difficult to separate, the importance of further investigation to define
regulators of Pi homeostasis is clear. The significant similarities between the Fgf 23 −/− in
mice and humans in terms of bone pathology, coupled with the added knowledge from our
studies may lead to more accurate diagnosis of phosphate metabolism disorders.
Understanding the roles (s) for FGF23 in control of the dentoalveolar complex may lead to
new approaches for developing more effective treatments for disorders in phosphate
metabolism than those used at present.
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Figure 1. Mandibular molars of Fgf23−/− mice exhibit disruption of odontoblast layer and
ectopic matrix deposition in pulp chambers
Representative H&E stained histological sections from mouse molars at 33, 45, and 61dpc
(at least three samples from each age and genotype were evaluated). P=pulp,
oD=odontoblasts, D=dentin, C=cementum, PDL=periodontal ligament, B=bone
(A) Low magnifcation of WT buccolingual section. L and B signify lingual and buccal
(labial), respectively. (A′) Low magnification of Fgf23−/− buccolingual section. Note
increase in volume of the alveolar bone region in the Fgf23−/− mouse (A′) vs. WT. (A″)
Low magnification of Hyp mouse buccolingual section. Note increase in volume of alveolar
bone region compared to WT.(B) Buccal aspect of WT mandibular first molar at 33dpc. (B′)
Buccal aspect of Fgf23−/− mandibular first molar at 33dpc. Fgf23−/− mice exhibited
increased volume in the alveolar bone region. No clear differences were noted in the
odontoblasts, predentin, dentin, cementum, and PDL in Fgf23−/− vs. WT. (C, C′) Lingual
aspect of WT (1C) and Fgf23−/− (1C′) mandibular first molar at 45dpc. Compared to WT,
the odontoblast layer in the Fgf23−/− mouse has lost its polarized nature (arrows), PDL
width is reduced and fibers are slightly disorganized. (D, D′) Coronal region of Fgf23−/−
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mandibular first molar at 61dpc (1D′) compared to WT (1D). Note loss of polarization in the
Fgf23−/− odontoblast layer compared to WT. Arrows indicate areas of ectopic matrix in the
pulp chamber. (E, E′) Lingual aspect of WT (1E) and Fgf23−/− (1E′) mandibular first
molars at 61dpc. Note near ankylosis (arrow) in the Fgf23−/− mouse. Also, many empty
lacunae are visible in the bone of the Fgf23−/− mouse (arrowhead).
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Figure 2. Fgf23−/− mice exhibit marked mineralization defects, including a cementum phenotype
Representative images from SEM and TEM analysis of 45dpc WT, Fgf23−/−, and Hyp
mandibular first molars and surrounding alveolar bone (At least three samples from each age
and genotype were evaluated). D=dentin, C=cementum
(A, A′, A″) Cross section of Fgf23−/− (2A′) compared to WT (2A) and (2A″). (B, B′, B″)
High magnification of alveolar bone region of Fgf23−/− (2B′) mice compared to WT (2B)
and Hyp (2B″). Note inconsistent mineralization and abnormal osteocytes (arrow) in the
Fgf23−/− bone (2B′). (C, C′, C″) Root surface of Fgf23−/− (2C′) mice compared to WT (2C)
and Hyp (2C″). Note lack of a clear demarcation between dentin and cementum in the
Fgf23−/− (2C′) and the Hyp (2C″) mice. (D, D′, D″) TEM analysis of root surface of
Fgf23−/− (2D′) mice compared to WT (2D) and Hyp (2D″). Note lack of fibrillar structure in
the Fgf23−\− mice and a lack of a clear demarcation between dentin and cementum in the
Fgf23−/− (2D′) and the Hyp (2D″) mice even under high magnification.
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Figure 3. Mandibular incisors of Fgf23−/− mice exhibit dentin and enamel abnormalities
Representative H&E stained histological sections from mouse molars at 33 and 61dpc and
SEM images from 45dpc incisors (At least three samples from each age and genotype were
evaluated). P=pulp, oD=odontoblasts, D=dentin, E=enamel
(A, A′) Cross section of Fgf23−/− mouse incisor (3A) compared to the WT (3A′) at 33dpc.
Inset shows cross-sections of the entire mandible. Note large cyst-like structure in the
Fgf23−/− section (inset), and cells embedded in the dentin of Fgf23−/− mouse incisors (white
arrows). Absence of enamel matrix (stains pink in the WT) in the Fgf23−/− mouse suggests
dysfunctional amelogenesis. (B, B′) SEM analysis of 45dpc WT and Fgf23−/− mandibular
first molars and incisors. (B) WT incisor dentin with normal tubular structure and
interwoven enamel rods. (B′) Fgf23−/− incisor dentin was hypomineralized on the labial
aspect and multiple embedded cells could be seen, and enamel rod structure is lacking
(arrow). (C, C′) Cross section of Fgf23−/− mouse incisor (3C′) compared to WT (3C) at
61dpc. Note almost complete obliteration of pulp chamber in the Fgf23−/− mouse incisor
and lack of the cyst-like structure (observed in 33 and 45dpc tissues).
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Figure 4. Fgf23−/− mice exhibit increased apoptotic cells in the mandible compared to WT
Histological sections from 45dpc mice (at least three of each genotype were used) were used
to stain for (A, A′) TUNEL (dark brown stain) and (B, B′) Caspase 3 (red stain) to detect
apoptotic cells. (A′, B′) Both stains indicated increased incidence of apoptosis in osteocytes
and osteoblasts (arrows).
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Figure 5. Fgf23 ablation or Phex mutations cause altered expression of extracellular matrix
genes and proteins of the oral mineralized tissues
Representative immunohistochemical images from the buccal side of the mandibular first
molar at 45dpc (all antibodies were evaluated with at least three Fgf23−/−, Hyp, and WT
samples). Labels are provided in 5A for reference: P=pulp, oD=odontoblasts, D=dentin,
C=cementum, PDL=periodontal ligament, B=bone
(A, A′, A″) BSP was localized to cementum and alveolar bone in WT and Hyp sections,
whereas BSP was seemingly absent in Fgf23−/− alveolar bone directly adjacent to the PDL,
strongly localized in the region associated with open osteocyte lacunae (5A′, arrowhead),
and stained weakly in cementum (arrow) (B, B′, B″) DMP1 staining was absent in
cementum of WT and Hyp tissues, whereas DMP1 was increased in mantle dentin,
cementum (arrow), and bone in Fgf23 −/− mouse tissues. DMP1 was also increased in bone
in Hyp mouse tissues (C′). (C, C′, C″) DSP was detected in the dentin tubules and mantle
dentin of WT specimens (5C). DSP staining in Fgf23 −/− dentin tubules was diffuse, but
intensely localized to mantle dentin (5C′, arrow). DSP staining in Hyp dentin appeared
lower, i.e. no clear staining in dentin tubules and sparse staining in the mantle dentin (5C″).
(D, D′, D″) DPP staining detected at the predentin/dentin mineralization front, in
odontoblasts and in mantle dentin of WT samples, and similarly localized in Fgf23−/−

sections, but staining was stronger in the mantle dentin (5D′, arrow). DPP staining was weak
in the mantle dentin of Hyp mice compared to WT, with no staining at the mineralization
front (5D″, arrow).
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Table 1

Summary of immunohistochemical staining of SIBLING members: bone sialoprotein, BSP; DMP1, dentin
sialoprotein, DSP; dentin phosphoprotein; DPP

WT Fgf23−/− Hyp

BSP Acellular cementum and
extracellular matrix (ECM) of bone

Decreased staining in acellular cementum,
some areas of strong, localized staining in
ECM of bone

Similar to WT, acellular cementum staining
width thinner in Hyp

DMP1 Osteocytes and perilacunar bone Increased staining detected in acellular
cementum, mantle dentin, osteocytes, and
bone ECM

Staining detected in osteocytes, perilacunar
bone, and more widely in bone ECM

DSP Staining in dentin confined to
dentin tubules and mantle dentin

Strong, diffuse staining in tubules and
mantle dentin

No apparent staining in dentin tubules,
some staining in mantle dentin

DPP Staining detected in odontoblasts,
mineralization front between dentin
and predentin, and mantle dentin

Strong staining in mantle dentin, weak
staining in odontoblasts and predentin/dentin
mineralization front

Staining in odontoblasts, weak staining in
mantle dentin, no staining at dentin/
predentin mineralization front
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