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ABSTRACT

Fibroblast growth factor-23 (Fgf23) is a bone-derived hormone, suppressing phosphate reabsorption and vitamin D hormone
(1,25(0OH),D3) production in the kidney. It has long been an enigma why lack of Fgf23 or of Klotho, the coreceptor for Fgf23, leads to
severe impairment in bone mineralization despite the presence of hypercalcemia and hyperphosphatemia. Using Fgf23”" or Klotho”"
mice together with compound mutant mice lacking both Fgf23 or Klotho and a functioning vitamin D receptor, we show that in
Klotho”~ mice the mineralization defect is solely driven by 1,25(0H),Ds-induced upregulation of the mineralization-inhibiting
molecules osteopontin and pyrophosphate in bone. In Fgf23”" mice, the mineralization defect has two components, a 1,25(0H),Ds-
driven component similar to Klotho”™ mice and a component driven by lack of Fgf23, causing additional accumulation of
osteopontin. We found that FGF23 regulates osteopontin secretion indirectly by suppressing alkaline phosphatase transcription and
phosphate production in osteoblastic cells, acting through FGF receptor-3 in a Klotho-independent manner. Hence, FGF23 secreted
from osteocytes may form an autocrine/paracrine feedback loop for the local fine-tuning of bone mineralization. © 2015 American

Society for Bone and Mineral Research.
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Introduction

Fibroblast growth factor-23 (Fgf23) is a bone-derived
phosphaturic hormone secreted by osteoblasts and osteo-
cytes in response to phosphate and vitamin D.” Fgf23
suppresses reuptake of filtered phosphate and vitamin D
hormone production in renal proximal tubules*® and stim-
ulates uptake of calcium and sodium in distal tubules.*>
Binding of Fgf23 to the ubiquitously expressed fibroblast
growth factor receptor 1c (FGFR1c) requires the obligatory
coreceptor a-Klotho (Klotho). The Klotho gene encodes for a type
1 transmembrane protein with homology to glycosidases.©
Expression of Klotho is localized to a few tissues such as the
proximal and distal tubules in kidney, choroid plexus, testis, and
the sinoatrial node in the heart.*® In addition, Klotho may also
be expressed in bone.”” Because Klotho-deficient mice are
characterized by an aging-like phenotype,® Klotho was
originally thought to be an anti-aging factor and was named
after the Greek goddess spinning the thread of life. However,
later studies showed that Klotho acts as a coreceptor for Fgf23,
converting the ubiquitously expressed fibroblast growth FGFR1c
into an Fgf23-specific receptor® and, thus, targeting the
hormonal actions of Fgf23 to tissues expressing Klotho.

The aging-like phenotype in Klotho- and Fgf23-deficient mice
is owing to intoxication with the vitamin D hormone® "
because the suppressive action of Fgf23 signaling is essential for
the regulation of renal 1a-hydroxylase, the rate-limiting step in
the vitamin activation pathway. Absence of Fgf23 or Klotho
signaling in renal proximal tubules results in overexpression of
1a-hydroxylase, leading to excessive production of the vitamin
D hormone (1,25(0H),D3). Therefore, both Fgf23- and Klotho-
deficient mice are characterized by profoundly increased
circulating 1,25(0OH),D; and subsequent hypercalcemia and
hyperphosphatemia.”:'?

In addition to the aging-like phenotype, Klotho- and Fgf23-
deficient mice show impaired bone mineralization and osteoma-
lacia,”"'? which was initially interpreted as osteoporosis.® It has
long been an enigma why bone mineralization is defective in
Klotho” and Fgf23”" mice despite the presence of hypercalcemia
and hyperphosphatemia in these mice. Bone mineralization is a
complex process restricted to bone tissue and teeth. The organic
and inorganic constituents of the mineralization process are
secreted by osteoblasts and osteocytes.'® Several factors are
involved in the regulation of the mineralization process during
hydroxyapatite (HA) crystal formation and deposition of HA
crystals in the extracellular matrix (ECM). Pyrophosphate (PPi), a
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small diphosphate molecule secreted by osteoblasts during
matrix mineralization, is a potent regulator of the mineralization
process. PPi directly binds to the HA crystals, thereby inhibiting
their growth and deposition onto collagen I. It is well established
that increased levels of PPi in the ECM lead to impaired bone
mineralization."*'® Conversely, absence of PPi in the ECM owing
to targeted ablation of the PPi-transporter progressive ankylosis
(ANK) leads to severe ectopic crystal deposition and joint
fusion."® Another inhibitor of bone mineralization is the
extracellular matrix protein osteopontin (OPN). Like PPi, OPN
also has the ability to directly bind to HA crystals, thereby blocking
its deposition onto collagen 1.'” In accordance with the inhibitory
role of OPN on the mineralization process, OPN”" mice display
higher bone mineral content and mineral crystallinity than wild-
type (WT) mice."® Furthermore, increased serum levels of OPN
are associated with impaired bone mineralization.”’

It has long been known that treatment of rats with high doses
of the vitamin D hormone (1,25(0H),D5) leads to impaired bone
mineralization.">?? However, the mechanism underlying this
effect has not been elucidated until recently. Lieben and
colleagues™ showed that 1,25(0H),D5 inhibits bone minerali-
zation through increased osteoblastic expression of genes
involved in the production and extracellular transportation of
PPi, and also through increased expression of OPN. Because lack
of Klotho and Fgf23 leads to increased serum levels of 1,25
(OH),D5,"%?" we hypothesized that excessive 1,25(0H),D;
signaling in Klotho” and Fgf23”" mice is responsible for the
impairment in bone mineralization observed in these mice. To
test our hypothesis, we ablated vitamin D signaling in Klotho™"
and Fgf23” mice by crossing them with mice expressing a
nonfunctioning vitamin D receptor (VDRY), thus generating
Klotho” /VDR** and Fgf23”/VDR** compound mutants. All
mice were kept lifelong on a so-called rescue diet, which has
been shown to normalize calcium and phosphate homeostasis
in VDR-ablated mice.*? We previously showed that bone
turnover and glucose homeostasis is normal in Klotho”/VDR**
and in Fgf23”/VDR** compound mutant mice on rescue
diet.®" Here, we report that the bone mineralization defect in
Klotho-deficient mice is caused by 1,25(0OH),Ds-driven upregu-
lation of pyrophosphate and osteopontin in bone. In addition,
we show that Fgf23 has a physiological role in bone
mineralization, regulating OPN indirectly through transcription-
al control of tissue nonspecific alkaline phosphatase (TNAP) in a
vitamin D- and Klotho-independent manner.

Materials and Methods

Animals

All animal procedures were approved by the Ethical
Committees of the University of Veterinary Medicine Vienna
and of the local government authorities. Heterozygous VDR*/*
™ were mated with heterozygous Klotho™'~ (Lexicon Genetics,
Mutant Mouse Regional Resource Centers, University of
California, Davis, CA, USA) and Fgf23™~"% mutant mice to
generate double heterozygous animals. Klotho'~/VDR*2 and
Fgf23*/~/VDR™* mutant mice on C57BL/6 background were
interbred to generate WT, VDR*'4, Klotho ~/~, Klotho /~/VDR*2,
Fgf23~/~, and Fgf23~/~/VDRY* mutant mice. Genotyping of the
mice was performed by multiplex PCR using genomic DNA
extracted from tail as described.”” The mice were kept at
24°C with a 12-hour light/dark cycle and were allowed free
access to a rescue diet and tap water. The rescue diet (Sniff,

Soest, Germany) containing 2.0% calcium, 1.25% phosphorus,
20% lactose, and 600 IU vitamin D/kg was fed starting from age
16 days. This diet has been shown to normalize mineral
homeostasis in VDR-ablated mice.®**®) All experiments were
performed on 4-week-old offspring of double heterozygous x
double heterozygous mutants. At necropsy, the mice were
exsanguinated from the abdominal V. cava under anesthesia
with ketamine/xylazine (67/7 mg/kg ip) for serum collection.

Biochemical analyses

Serum calcium and phosphorus were analyzed using a Cobas
¢111 analyzer (Roche, Mannheim, Germany). Serum intact Fgf23
(Kainos, Tokyo, Japan), 1,25(0OH),D (IDS, Boldon, UK), and intact
PTH (Immutopics, San Clemente, CA, USA) were determined by
ELISA.

RNA isolation and quantitative real-time PCR

Right femurs were collected, carefully defleshed, and shock-
frozen in liquid nitrogen after flushing out the bone marrow.
Shock-frozen tissues were homogenized in TRl Reagent
(Molecular Research Center, Cincinnati, OH, USA), and total
RNA was extracted according to the manufacturer’s protocol.
RNA purity and quality were determined using a 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Two
micrograms of RNA was used for first-strand cDNA synthesis
(iScript ¢<DNA Synthesis Kit, Bio-Rad, Hercules, CA, USA).
Quantitative RT-PCR was performed on a Rotor-Gene 6000
(Qiagen, Valencia, CA, USA) using QuantiFast EverGreen PCR Kit
(Qiagen). A melting curve analyses was performed for all assays.
Primer sequences are given in Supplemental Table S1. Efficien-
cies were examined based on a standard curve. Expression of
target genes was normalized to the expression of the
housekeeping gene glyceraldehyde-3-phosphate-dehydroge-
nase (GAPDH).

Micro—computed tomography (CT) analysis

Left femurs were collected and stored in 70% ethanol. Quantitative
micro—-computed tomography (rCT35, SCANCO Medical AG,
Bruttisellen, Switzerland) was used to assess cortical and trabecular
bone bone mineral density (BMD) as described previously, using a
voxel size of 3.5 um (isotropic). ¥ The wCT measurements were
performed in compliance with recently published guidelines.?”
BMD values were expressed as mg HA/ccm.

Quantitative backscattered electron imaging (gqBEI)

Bone mineralization density distribution (BMDD) from the
femoral cortical midshaft region was determined using gBEI,
as previously described.® Distal femurs were fixed in 70% v/v
ethanol, dehydrated in ethanol, and embedded in methylme-
thacrylate.”” Plastic blocks with micro-ground and polished
surfaces were prepared. A digital scanning electron microscope
(DSM 962, Zeiss, Oberkochen, Germany) operated at an
accelerating voltage of 20 kV, a probe current of 110 pA, and
equipped with a four-quadrant semiconductor backscattered
electron detector was used. Images with spatial resolution of 1
pwm per pixel were acquired for BMDD measurements. The
BMDD parameter CaMean, reflecting the weighted mean Ca
concentration of the mineralized bone area, and Calow,
indicating the percentage of bone area with a calcium
concentration of less than 17.68 weight%, were calculated.
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Bone histology and histomorphometry

Isolated mouse femurs were fixed in 4% paraformaldehyde at
4°C overnight and were processed and embedded in
methylmethacrylate as described previously.”” Midsagittal
sections of the distal femurs were prepared using a HM 355S
microtome (Microm, Walldorf, Germany) and were stained
with von Kossa/McNeal.*® Histomorphometric measurements
were made on sections stained with von Kossa/McNeal using a
semiautomatic system (Osteomeasure, Osteometrics, Decatur,
GA, USA) and a Zeiss Axioskop microscope (Carl Zeiss
Microscopy, Jena, Germany) with a drawing attachment.
Osteoid thickness (O.Th) and osteoid volume (OV/BV) were
measured in cortical bone of the femoral midshaft and in
cancellous bone of the distal femoral metaphysis at x20
magpnification. The area within 0.25 mm from the growth plate
was excluded from histomorphometric cancellous bone
measurements.

Osteoblast isolation and in vitro experiments

Calvariae were aseptically harvested from 3-day-old mice,
minced, and incubated with digestion medium (a-MEM
medium, 2 mg/mL type Il collagenase (Invitrogen, Carlsbad,
CA, USA) and 2% penicillin-streptomycin) at 37°C in a water
bath for 4 hours. Bone fragments were washed with PBS and
cultured in a-MEM medium supplemented with 2% penicillin-
streptomycin and 10% calf serum (PAA/GE Healthcare, Piscat-
away, NJ, USA). After osteoblastic differentiation (50 wg/mL
ascorbic acid and 10 mM B-glycerophosphate) for 6 days, cells
were treated with 107 M or 108 M of 1,25(0OH),D3 10 or 100
ng/mL of recombinant human FGF23 R176/179Q (rFGF23,
kindly provided by Amgen Inc., Thousand Oaks, CA, USA), 20
ng/mL rat anti-FGF23 antibody (kindly provided by Amgen
Inc.), 10 nM FGFR1 inhibitor PD173074 (Sigma, St. Louis, MO,
USA), 120 nM pan FGFR inhibitor (FIIN1 hydrochloride, Tocris
Bioscience, Bristol, UK), 5 ng/mL ERK inhibitor PD184352
(Sigma), and 25 nM FGFR3 inhibitor PD173074 (Sigma) for 24
hours. At various times after treatment, cell culture superna-
tant and samples for RNA isolation were collected and stored
at -80°C.

Kidney distal tubular segment preparation

Renal distal tubular segments were isolated from C57BL/6 wild-
type mice as previously described.” Distal tubular segments
were incubated for 24 hours with vehicle or different doses of
rFGF23. Thereafter, the segments were snap-frozen for RNA
isolation.

Immunohistochemistry

For immunohistochemistry, 5-um-thick undecalcified sections
were obtained from plastic-embedded femurs as described.'?”
Sections were deplastified, incubated for 15 minutes in 3%
hydrogen peroxide in PBS to block endogenous peroxidase
activity, and, after blocking with 10% rabbit serum, incubated
with anti-OPN (Abcam, Cambridge, MA, USA; 1:300) at
4°C overnight. After washing, sections were incubated for 2
hours with biotinylated goat anti-rabbit secondary antibody
(1:2000, Vector, Burlingame, CA, USA). Finally, the sections
were counterstained with Mayer’s hematoxylin. Negative
control was performed by omitting primary antibody. The
sections were analyzed using a Zeiss Axioskop 2 microscope.

Protein isolation from bone

Proteins from femurs were isolated using a previously described
protocol.?® Briefly, femurs were carefully defleshed and bone
marrow was flushed out. After demineralizing (300 pL of
1.2 M HCl at 4°C overnight), proteins from the femur bones were
isolated using 6M guanidine-HCL in 100 mM Tris buffer, pH 7.4,
at 4°C for 72 hours. Extracted proteins were concentrated using
ethanol precipitation and redissolved in 8 M urea buffer. Protein
concentration was determined using a BCA assay (Thermo
Scientific, Waltham, MA, USA).

Western blotting

Proteins were solubilized in Laemmli sample buffer, fractionated
on SDS-PAGE (50 pg/well), and transferred to a nitrocellulose
membrane (Thermo Scientific). Immunoblots were incubated
overnight at 4°C with polyclonal rabbit anti-OPN (1:2000,
Abcam) and monoclonal mouse anti-B-actin (1:5000, Sigma)
in 2% (w/v) bovine serum albumin (BSA, Sigma) in a TBS-T buffer
(150 mM NacCl, 10 mM Tris [pH 7.4/HCl], 0.2% [v/v] Tween-20).
After washing, membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies (Amersham Life
Sciences/GE Healthcare). Specific signal was visualized by ECL kit
(Amersham Life Sciences/GE Healthcare). The protein bands
were quantified by ImageQuant 5.0 software (Molecular
Dynamics/GE Healthcare).

Quantification of PPi levels

After extracting PPi from whole femurs with 1.2 M HCl at
4°C overnight, evaporation of HCl at 99°C, and resuspension of
the samples in deionized water, the amount of PPi was
quantified using the PPiLight Inorganic Pyrophosphate Assay
(Lonza, Walkersville, MD, USA) according to the manufacturer’s
protocol. Sodium pyrophosphate tetrabasic decahydrate (Sig-
ma) was used as standard.

Statistical analysis

Statistics were computed using PASW Statistics 17.0 (SPSS Inc.,
Chicago, IL, USA). The data were analyzed by two-sided t test (2
groups) or 1-way analyses of variance (ANOVA) followed by
Student-Newman-Keuls multiple comparison test (>2 groups).
Any p values less than 0.05 were considered significant. Data
represent mean values + SEM.

Results

Ablation of vitamin D signalin rescues bone
mineralization in Klotho” /VDR™” but not in Fgf23”"/
VDRY2 compound mutants.

In accordance with previous reports,®'" 4-week-old VDRY2,
Fgf23”"/VDR*'2, and Klotho”"/VDR** mice on rescue diet were
normocalcemic and normophosphatemic (Table 1), an impor-
tant prerequisite for a study examining bone mineralization in
these compound mutant mice. However, similar to our earlier
studies in 4-week-old VDR mutant mice,>' we found
moderately elevated serum levels of parathyroid hormone
(PTH) in 4-week-old VDR, Fgf23”"/VDR*2, and Klotho”"/VDRY
2 mice on rescue diet, relative to wild-type mice (Table 1). It is
possible that the rescue diet may not be able to fully correct
serum PTH levels in young, fast-growing VDR*'* mice. It is well
known that Klotho”™ and Fgf23” mice are characterized by
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Table 1. Serum Clinical Chemistry and Renal mRNA Expression of Vitamin D-Metabolizing Enzymes

Klotho™'~/

Variable WT VDRA/A Klotho™'~ VDRA/A Fgf23~/~ Fgf23~'~/ VDRYA
Serum calcium (mmol/L) 2354009 221+0716 3.02+016*° 228+ 014 295+ 0.15°*° 223 +0.12
Serum phosphorus (mmol/L)  3.85 +0.12 344 +£0.17 518 £021*® 338 +0.17 531+ 0.18*° 341 £ 0.14
Serum PTH (pg/mL) 105 + 4 116 + 8 10 + 4° 95 + 52 8+ 3P 105 + 112
Serum 1,25(0OH),D (pmol/L) 50 + 21 321 + 65° 458 + 532 269 + 59° 489 + 29° 286 + 39°
Serum Fgf23 (pg/mL) 180 + 16 210 £ 21 576 + 32°P 211 £19 n.d. n.d.
Relative renal CYP27B1 092 +0.09 3.86+083 628+ 131 587 +070° 6.18+ 0.73° 6.51 + 0.54°

mRNA expression
Relative renal CYP24A1 092+ 022 0.5+ 004 091 + 037 0.10 £ 0.03* 1.05 + 0.35 0.25 + 0.10°

mRNA expression

n.d. = not detectable.
) < 0.05 versus VDR
I°p < 0.05 versus WT.

mice.

elevated serum levels of 1,25(0OH),D because of the absence of
the inhibitory effect of Fgf23 signaling on renal 1a-hydroxylase
(CYP27B1) expression.”'23% We also found distinctly increased
circulating 1,25(0H)-D in Klotho”™ and Fgf23”" mice, relative to
WT mice, in our experiment (Table 1). The increase in serum 1,25
(OH),D in Klotho” and Fgf23”" mice was associated with
increased CYP27B1, but unchanged CYP24A1, mRNA expression
in the kidney (Table 1). 24-hydroxylase (CYP24A1) is the most
important enzyme initiating vitamin D degradation.®” As a
consequence of increased renal CYP27B1 and suppressed
CYP24A1 mRNA expression, serum 1,25(0OH),D was also elevated
in VDRY4, Fgf23”/VDR*2, and Klotho”"/VDR** mice lacking a
functional VDR. This effect may be attributable to lacking 1,25
(OH),Ds-mediated feedback inhibition,®? and/or moderately
elevated serum PTH in VDR mutant mice. In agreement with
earlier reports,"'? serum intact Fgf23 was profoundly increased
in Klotho”" mice (Table 1). Interestingly, however, ablation of
vitamin D signaling normalized serum intact Fgf23 in Klotho™"/
VDRY“ compound mutants, indicating that the very high serum
concentrations of intact Fgf23 found in Klotho”™ mice are
because of 1,25(0H),Ds-driven upregulation of Fgf23 secretion
(Table 1).

To initially examine bone mineralization in Fgf23”"/VDRY*
and Klotho”/VDR* compound mutants, we performed
p.CT-based analyses of cortical BMD in the femoral midshaft
of 4-week-old wild-type, VDR, Klotho”", Fgf23"", Fgf23™/
VDRY4, and Klotho”"/VDR** compound mutants on rescue
diet. In accordance with previous studies,”*'"'? we found
decreased cortical and trabecular BMD (bone only without
bone marrow) in femurs of Klotho” and Fgf23”" mutants
compared with WT and VDR*'* mice (Fig. 1A and Supplemen-
tal Fig. S1A). Ablation of vitamin D signaling completely
rescued cortical and trabecular BMD (bone only without bone
marrow) in Klotho”/VDR®* but not in Fgf23’"/VDRY2
compound mutants (Fig. 1A and Supplemental Fig. S1A). To
analyze bone mineralization at the material level in more
detail, we performed qBEI analyses of the bone mineralization
density distribution in the femoral midshaft. In agreement
with the wCT data, the reduced weighted mean calcium
content (CaMean) and increased extent of hypomineralized
bone areas (CaLow) observed in Klotho”™ and Fgf23”" mutants
were completely normalized in Klotho”"/VDR** compound
mutants (Fig. 1B). However, CaLow remained increased in
Fgf23”"/VDRY* compound mutants, relative to VDR* mice

(Fig. 1B). Both wCT imaging and gBEI do not detect osteoid. To
quantify osteoid volume and thickness, we performed
histomorphometric analyses of longitudinal femur sections.
As shown in Fig. 1C and Supplemental Fig. S1B, osteoid
volume and thickness were profoundly increased in femoral
cortical and cancellous bone of Klotho”™ and Fgf23” mutants,
relative to wild-type and VDRY2 controls, indicating severe
osteomalacia in Klotho- and Fgf23-deficient mice. Osteoid
volume and thickness returned to VDRY* control levels in
Klotho” /VDR** mice, but remained slightly, but significantly
elevated in Fgf23”/VDRY* compared with VDRY* mice
(Fig. 1C and Supplemental Fig. 1B). Taken together, these
results suggest that the mineralization defect observed in
Klotho”" mice is entirely owing to augmented vitamin D
signaling. In contrast, ablation of vitamin D signaling in
Fgf23”"/VDR** mice largely, but not completely, rescued the
mineralization defect, indicating that Fgf23 per se may have a
Klotho-independent role in bone mineralization.

Ablation of VDR signaling normalizes expression of PPi-
regulating genes and of OPN in Klotho”/VDR*”* but not in
Fgf23"/VDRY2 mice.

Next, we sought to elucidate the molecular mechanisms
underlying the impairment in bone mineralization in Klotho-
and Fgf23-deficient mice. Because 1,25(0H),D; has been
shown to regulate genes involved in PPi metabolism,'® we
analyzed femoral mRNA expression of genes involved in PPi
production, transportation, and hydrolysis, in addition to
another well-known and 1,25(0OH),Ds-induced mineralization
inhibitor, OPN. PPi is produced intracellularly by ectonucleo-
tide pyrophosphatase/phosphodiesterase 1 and 3 (ENPP1 and
ENPP3). 33 The transmembrane protein ANK then mediates
the extracellular transport of PPi.®* PPi in the extracellular
matrix is hydrolyzed to Pi by the ecto-enzyme tissue
nonspecific alkaline phosphatase (TNAP).®*)

Relative to WT mice, femurs from VDR** mice showed
increased mRNA expression of ENPP3 and TNAP. The mRNA
abundance of ANK, ENPP1, and OPN was significantly
increased in femurs of Klotho”™ and Fgf23”" mice compared
with WT and VDR®* mice (Fig. 2A). In contrast, mRNA
expression of TNAP was suppressed in Klotho” mice
compared with WT and VDRY* mice (Fig. 2A). TNAP mRNA
abundance was increased either by loss of vitamin D
signaling in VDR®2, Klotho”/VDR**, and Fgf23”/VDR*2
mice or lack of Fgf23 signaling in Fgf23”" and Fgf23”"/VDR*/A
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Fig. 1. VDR ablation normalizes bone mineralization defect in Klotho™'~/VDR*'* but not in Fgf23~/~/VDR*'* compound mutant mice. (A) Representative
rCT images (upper panels), as well as cortical thickness, total BMD, and cortical BMD analyzed by pwCT in the femoral midshaft region, (B) representative
gBEIl images (x200, upper panels), as well as Ca Mean and Ca Low measured by gBEI in femoral cortical bone, and (C) von Kossa/McNeal staining of
undecalcified plastic sections of distal femurs (upper panels) and histomorphometric analyses of osteoid volume and osteoid thickness in femoral
cortical bone of 4-week-old WT, VDRY2, Klotho ™'~ Fgf23’/’, Klotho™'~/VDR**, and Fgf23’/*NDRA/A mice. Each data point is the mean + SEM of at least
5 animals per genotype. Scale bar = 50 wm (C). *p < 0.05 versus WT; *p < 0.05 versus VDRY* mice.

mice, suggesting an inhibitory role of vitamin D and Fgf23 on
bony TNAP expression. The expression of PHEX was
unchanged in Klotho”" and Klotho”/VDR** mutants but
profoundly upregulated in mice lacking Fgf23 (Fig. 2A).
Ablation of VDR signaling in Klotho”/VDR** mice normalized
the mRNA abundance of ENPP1, ANK, OPN, and TNAP relative to
VDR control levels. However, lack of vitamin D signaling in

Fgf23”"/VDR** mice failed to normalize the mRNA expression of
ANK, ENPP1, ENPP3, OPN, TNAP, and PHEX, which all remained
elevated relative to VDR mice (Fig. 2A). Based on the increased
expression of ANK, ENPP1, and OPN in femurs of Klotho”" and
Fgf23” mice, we hypothesized that the impaired bone minerali-
zation in Klotho” and Fgf23” mice may be because of
accumulation of PPi and OPN in the extracellular matrix. To test

Journal of Bone and Mineral Research

FGF23 AND BONE MINERALIZATION 133 W



this hypothesis, we quantified the amount of PPi and OPN in
extracts of femurs by a biochemical assay and Western blotting,
respectively. The PPi concentration per mg wet weight was about
fivefold and 10-fold higher in femurs from Klotho” (15.40 + 6.70
wmol/mg) and Fgf23”" (16.38 & 2.83 wmol/mg) mice, relative to
WT (2.95 & 2.49 pmol/mg) and VDR (1.64 + 0.94 pmol/mg)
mice, respectively (Fig. 2B). In addition, OPN protein expression
was about twofold higher in femurs from Klotho” and Fgf23”
mice relative to WT controls (Fig. 2C). In line with the notion that
OPN is positively regulated by 1,25(0OH),Ds, OPN expression was
lower in VDR compared with WT mice (Fig. 2C). Much to our
surprise, the femoral PPi concentration was completely normal-
ized in both Klotho”/VDRY (2.65 - 1.29 pmol/mg) and Fgf23™/
VDRY2 (3.15 + 1.58 wmol/mg) compound mutants (Fig. 2B).
However, osteopontin protein expression returned to VDRY”
control levels only in Klotho”/VDR** but not in Fgf23”"/VDR*
mice (Fig. 20). In analogy to the Western blot findings,
immunohistochemistry confirmed the profoundly increased
expression of OPN in cortical and cancellous bone of Klotho”",
Fgf23”, and Fgf23”/VDR* mice (Fig. 2D and Supplemental
Fig. 1C). Collectively, these results suggest that the mineralization
defect found in Klotho” and Fgf23” mice is mainly caused by 1,25
(OH),D3-driven accumulation of PPi and OPN in the extracellular
matrix. In addition, lack of Fgf23 signaling per se appears to
upregulate OPN protein expression because OPN expression
remained elevated in Fgf23”/VDR** mice in the absence of
vitamin D signaling.

1,25(0H), D5 increases mRNA expression of ENPP1, ENPP3, and
OPN, whereas FGF23 suppresses mRNA expression of TNAP in
differentiated osteoblasts

To further examine the mechanisms underlying the effects of
1,25(0H),D; and Fgf23 on bone mineralization, we isolated
osteoblasts from newborn WT mice and treated them with 1,25
(OH),D3 and recombinant FGF23 (rFGF23) in vitro. In agreement
with the reported data from Lieben and coIIeagues,(”) we found
that 1,25(0H),Ds stimulated the mRNA expression of ENPPI,
ENPP3, and OPN in a VDR-dependent manner but not that of ANK
or TNAP (Fig. 3A). Treatment of differentiated WT osteoblasts
with 10 or 100 ng/mL rFGF23 for 24 hours did not alter
expression of ENPP1, ENPP3, OPN, or ANK but dose-dependently
suppressed TNAP expression (Fig. 3B). To analyze whether the
suppression of TNAP by FGF23 requires the presence of Klotho,
we isolated osteoblasts from newborn Klotho”” mice and treated
them with rFGF23. Similar to WT osteoblasts, rFGF23 dose-
dependently suppressed TNAP mRNA expression in differentiat-
ed osteoblasts from Klotho”™ mice, showing that this effect is
Klotho independent (Fig. 3B). To show that rFGF23 regulates
TNAP not only at the transcriptional but also at the protein level,
we treated differentiated osteoblasts with rFGF23 for 48 hours
and subsequently assessed ALP expression using NBT/BCIP
staining. As shown in Fig. 3C, rFGF23 suppressed ALP activity in
vitro in differentiated osteoblasts isolated from WT and Klotho™"
mice, indicating that rFGF23 is a Klotho-independent regulator
of TNAP also at the protein level. In addition, ALP activity was
increased in differentiated osteoblasts isolated from Fgf23” but
not those isolated from Klotho”” mice (Fig. 3C), showing that lack
of Fgf23 signaling leads to a Klotho-independent, cell-autono-
mous increase in ALP activity.

Fgf23 regulates TNAP through the FGFR3-ERK pathway

To determine the signaling pathway through which Fgf23
suppresses TNAP in osteoblasts, we treated differentiated

osteoblasts isolated from WT mice with rFGF23, alone or in
combination with FGF receptor inhibitors. As shown in Fig. 4, the
FGF23-induced suppression of TNAP expression was blocked in
the presence of pan-FGFR (Fig. 4A), FGFR3 (Fig. 4C), and ERK1/2
inhibitors (Fig. 4D) but not in the presence of an FGFR1 inhibitor
(Fig. 4B). To additionally assess TNAP enzyme activity in this
experiment, we measured phosphate concentrations in the cell
culture medium. It is known that TNAP can produce inorganic
phosphate by cleavage of B-glycerophosphate,®® which is a
component of the osteoblast differentiation medium. In
agreement with the data on mRNA expression of TNAP, the
inorganic phosphate concentration in the cell culture medium
was reduced by rFGF23 only in cells cotreated with the FGFR1
inhibitor (Fig. 4B) but not when osteoblasts were cotreated with
rFGF23 and pan-FGFR, ERK1/2, or FGFR3 inhibitors (Fig. 4A-C).
Collectively, our data suggest that FGF23 regulates TNAP and
thereby phosphate production through the FGFR3-ERK
pathway.

Finally, to compare the sensitivity of the FGFR3-mediated
suppression of TNAP expression in osteoblasts with a known
canonical FGFR1/Klotho-mediated signaling mechanism, we
performed in vitro dose-response experiments in osteoblasts
and in isolated segments of distal renal tubules.®’ We found that
~100-fold higher concentrations of FGF23 were needed to
significantly suppress TNAP in osteoblasts (>10 ng/mL), relative
to induction of the sodium-chloride cotransporter NCC in renal
distal tubules (>0.1 ng/mL), indicating that FGFR3-mediated
signaling requires much higher concentrations of the ligand
FGF23 than the canonical FGFR1/Klotho signaling mechanism
(Fig. 4E).

FGF23 regulates OPN indirectly through TNAP

So far, our data suggest that FGF23 is a transcriptional
regulator of TNAP, whereas OPN does not seem to be
regulated by FGF23 at the transcriptional level. Because
inorganic phosphate is a well-known stimulator of OPN
secretion,37719 we hypothesized that FGF23 may suppress
OPN secretion indirectly through changes in the extracellular
inorganic phosphate concentration caused by altered TNAP
enzyme activity. To test this hypothesis, we treated WT
osteoblasts for 48 hours with rFGF23 or a neutralizing anti-
FGF23 antibody in the absence and presence of levamisole, a
standard inhibitor of TNAP enzyme activity.®>® As shown in
Fig. 5A and B, rFGF23 suppressed, whereas the anti-FGF23
antibody increased, OPN protein expression. In line with our
hypothesis, the anti-FGF23 antibody-induced upregulation of
OPN protein expression could be blocked by levamisole (Fig.
50), suggesting that rFGF23 regulates OPN indirectly through
TNAP. Interestingly, inhibition of TNAP activity by levamisole
increased OPN mRNA and protein expression in WT osteo-
blasts (Fig. 5C, also shown in Fig. 5E). We hypothesize that this
effect is the result of accumulation of PPi in the culture
medium because of inhibition of its major degrading enzyme
TNAP. Similar to phosphate, PPi is known to stimulate OPN
secretion.*"*? As shown in Fig. 5C, levamisole treatment
increased PPi concentration in the culture medium with or
without anti-FGF23 antibody. Conversely, treatment with anti-
FGF23 antibody decreased PPi levels compared with vehicle
(Fig. 5C), probably because of the increased TNAP activity as a
consequence of loss of FGF23 signaling (vide infra in Fig. 5E).

Next, we isolated osteoblasts from newborn WT, VDR,
Klotho™, Fgf23™", Fgf23"/VDR**, and Klotho”/VDR*"* compound
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mutants and examined OPN mRNA expression. Differentiated
primary osteoblasts isolated from Fgf23” and Fgf23”"/VDR*
mice, but not those isolated from Klotho” mice, showed increases
in OPN mRNA expression compared with cells isolated from WT
animals (Fig. 5D). As expected, addition of levamisole suppressed
alkaline phosphatase staining in osteoblast cultures from WT and
Fgf23” mice (Fig. 5E). An amount of 10 M levamisole suppressed

ALP staining in osteoblasts from Fgf23”" mice to levels similar to
those observed in WT vehicle controls, and completely corrected
the increased OPN mRNA expression in osteoblasts from Fgf23”
mice (Fig. 5E). Taken together, our data provide strong evidence
that the regulation of OPN protein and mRNA expression by
FGF23is a cell-autonomous, butindirect, effect mediated through
the regulation of TNAP expression.
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Discussion

It has long been an enigma why bone mineralization is impaired
in Fgf23”" and Klotho” mice despite the presence of hypercal-
cemia and hyperphosphatemia. Here, we show for the first time
to our knowledge that the osteomalacia in Fgf23”" and Klotho”
mice is caused by accumulation of PPi and OPN in bone tissue. In
Klotho”" mice, the mineralization defect is solely driven by 1,25
(OH),Ds-induced upregulation of PPi-producing enzymes, of the
PPi transporter ANK, and of OPN. In Fgf23”" mice, the
mineralization defect has two components, a 1,25(0OH),Ds-
driven component similar to Klotho”™ mice, and a component
driven by lack of Fgf23, leading to additional accumulation of
OPN. In the current study, we identified Fgf23 as a strong
transcriptional suppressor of TNAP in osteoblastic cells, acting
through FGFR3 in a Klotho-independent manner. In agreement
with our findings, it was previously reported that Fgf23 binds to
FGFR3 in vitro in chondrocytes.*® Hence, we hypothesize that
Fgf23 secreted from osteocytes forms an autocrine/paracrine
feedback loop in bone to indirectly regulate OPN secretion
through TNAP. This novel paradigm is shown in Fig. 6.

Our findings are in line with a previous report showing that
the mineralization defect in Fgf23”" mice was partially rescued
by genetic ablation of OPN.” The current study provides an
explanation for the only partial rescue of bone mineralization in
Fgf23”"/OPN”~ compound mutants because PPi was probably
still elevated in these mice because of increased serum 1,25
(OH),Ds. Moreover, additional ablation of PTH in Klotho”" mice
was reported to reduce OPN levels and to largely rescue the
skeletal abnormalities, despite elevated serum levels of 1,25
(OH),D5."? In contrast, Klotho”/VDR** compound mutants
showed normal bone mineralization in the presence of
moderately elevated PTH serum levels in the present study
(Table 1). We don’t have a good explanation for this discrepancy.
However, it is conceivable that PTH and 1,25(0OH),D5 interact in
osteocytes in the regulation of molecules involved in
mineralization.

The present study has shown that the mineralization defect
observed in Klotho” mice and partially that in Fgf23”" mice is
caused by higher-circulating 1,25(0H),D3 and subsequent
increases in bony PPi and OPN concentrations. Our in vivo
and in vitro data support the study by Lieben and colleagues,®
showing that 1,25(0OH),Ds3 inhibits bone mineralization locally in
osteoblasts and osteocytes by stimulating the transcription of
ENPP1 and 3, ANK, and OPN. Although we were unable to
confirm the previously reported 1,25(0H),Ds-induced stimula-
tion of ANK expression in our experiments, our study and the
study by Lieben and colleagues* provide strong evidence that
1,25(0H),D3 is an important regulator of inhibitors of bone
mineralization such as PPi and OPN.

In contrast to our data, it was previously reported that
osteoblasts isolated from Klotho KO display a cell-autonomous
defect in bone mineralization."? However, several independent
lines of evidence in our experiments suggest that Klotho lacks a
role in bone mineralization. 1) Despite loss of Klotho, Klotho™/
VDRY* compound mutant displayed normal bone mineraliza-
tion and were indistinguishable from VDR*’2 controls in terms of
mMRNA abundance of ENPP1, ANK, OPN, and TNAP, as well as in
terms of PPi concentrations and OPN protein expression in bone.
2) Osteoblasts isolated from Klotho”™ mice showed normal
mineralization in culture. 3) FGF23 suppressed TNAP transcrip-
tion in osteoblasts through an FGFR3-mediated, Klotho-
independent signaling mechanism. Taken together, the

evidence garnered from these distinct experimental approaches
support the notion that Klotho lacks a 1,25(0OH),Ds-independent
role in bone mineralization.

Despite profound increases in the mRNA abundance of genes
involved in PPi production and transportation, bone PPi levels
were normal in Fgf23”"/VDR** mice. We hypothesize that the
20-fold higher mRNA expression of TNAP in Fgf23”/VDRYA
compound mutants, relative to WT mice, counteracted the
increased PPi production and transportation. It is known that PPi
present in the ECM is hydrolyzed by TNAP to form Pi, which, in
turn, contributes to the mineralization process. The upregula-
tion of TNAP in Fgf23”"/VDR** mice can be explained by the
lacking suppressive effect of Fgf23 on TNAP transcription in
these mice. Based on our in vitro data, we further hypothesize
that the increased enzymatic activity of TNAP in Fgf23”/VDRY/A
mice results in increased extracellular phosphate concentra-
tions, which, in turn, upregulate the secretion of the mineraliza-
tion inhibitor OPN. A limitation of the current study is that we do
not provide direct evidence that phosphate concentrations are
indeed elevated in osteocyte lacunae in Fgf23”/VDR™* mice in
vivo. However, this is currently technically not feasible.

The human genetic disease hypophosphatasia is caused by
loss-of-function mutations in TNAP, leading to hypomineralized
bones, spontaneous fractures, and elevated extracellular
concentration of PPi.** Similarly, osteoblasts isolated from
TNAP”" mice are unable to initiate mineralization in vitro.“”
Conversely, TNAP overexpression leads to increased skeletal
mineralization.“® In Fgf23'/'NDRA/A mice, bone mineralization
remained impaired in the presence of 20-fold increased TNAP
expression in our study. The explanation for this apparent
discrepancy is 1) that increased TNAP expression in Fgf23”/
VDRY2 mice was able to normalize, but not to lower, PPi
concentration in bone because of augmented PPi production
and transportation at the same time in these mice, and 2) that
the mineralization inhibitor OPN remained elevated. An open
question in this context is why increased mRNA expression of
PHEX found in Fgf23”" and Fgf23”"/VDR** mice in our study was
not able to normalize OPN protein expression in bone. The
neutral endopeptidase PHEX cleaves excess amounts of OPN
and SIBLING protein-derived ASARM peptides during the
mineralization process.*” The importance of PHEX is illustrated
by the fact that loss-of-function mutations in PHEX lead to
severe impairment of bone mineralization because of accumu-
lation of ASARM peptides and OPN in the matrix“” and because
of subsequent excessive osteocytic secretion of Fgf23.4®

In the current study, we focused on the mechanisms involved
in the mineralization defect found in Klotho”” and Fgf23”" mice.
However, not only loss of Fgf23 function but also gain of FGF23
function causes impaired bone mineralization, leading to
osteomalacia or rickets. It is currently thought that excessive
FGF23 impairs bone mineralization through its phosphaturic
effects and subsequent hypophosphatemia. However, based on
the findings reported here, it might be possible that elevated
FGF23 secretion may suppress TNAP locally in osteocytes and
osteoblasts, which, in turn, may lead to accumulation of PPi. It is
currently unknown whether such a mechanism may contribute
to the defect in bone mineralization induced by excessive FGF23
secretion.

Our study has uncovered a novel physiological role of FGF23
in osteocytes as a regulator of TNAP expression and OPN
secretion. The presumably high extracellular concentration of
the locally produced FGF23 in the osteocyte canalicular system
may compensate for the relatively low binding affinity of the
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Fig. 6. Proposed model of FGF23-FGFR3 signaling and its local role for mineralization in osteoblasts and osteocytes. The vitamin D hormone inhibits
mineralization by stimulating the intracellular production of pyrophosphate (PPi) through increased transcription of ENPP1 and 3, as well as by
augmenting the expression of the mineralization inhibitor OPN. FGF23 binds to the FGFR3 receptor in a Klotho-independent fashion, leading to
transcriptional suppression of TNAP via ERK1/2 activation. Decreased TNAP activity at the plasma membrane in turn leads to decreased degradation of
pyrophosphate and lower inorganic phosphate production, both effects causing impaired bone mineralization. Extracellular phosphate stimulates OPN
transcription and secretion by an unknown signaling mechanism. Therefore, FGF23 signaling indirectly downregulates OPN secretion via suppressing
TNAP expression. In this model, the extracellular concentration of FGF23 locally regulates mineralization in osteoblasts and osteocytes in an autocrine or
paracrine fashion by controlling TNAP, a central molecule in the mineralization process.

FGFR3-mediated suppression of TNAP transcription by FGF23
reported here. Hence, this Klotho-independent signaling
pathway may be important for the fine-tuning of mineralization
around osteocytes and osteoblasts.
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