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Fig. 3. Increased expression of Cyp24al in the placentas of fetuses from Hyp mothers. (A) Immunohistochemical staining of the placentas of male fetuses
from Hyp mothers and WT mothers at E18.5 using antibodies against the Fgfr1, a-Klotho, and phosphorylated Fgfr {p-Fgfr). There was no obvious
difference in staining Fgfr1 and o-Klotho among the genotypes, whereas the signals of p-Fgfr were stronger in the placentas of fetuses from Hyp mothers,
regardless of the fetal genotypes. Sections were counterstained with hematoxylin. Scale bars =50 pm. (8, C) Plasma levels of intact FGF23 in Hyp and WT
mothers (B) and their fetuses (C) at E18.5. Heterozygous Hyp females or WT females were mated with WT males, and plasma samples were obtained from
them and their male fetuses at E18.5. Fetal plasma from genetically identical littermates of ane mother was pooled and assayed as one sample. The level
was 20-fold higher in Hyp fetuses than in Hyp mothers. (D) Expression of Fgf23in the fetal bones. Fetal bones were harvested from Hyp and WT male fetuses
of Hyp mothers and from WT male fetuses of WT mothers at E18.5 and were used for real-time PCR to examine the expression of Fgf23. The expression of
Fgf23 was increased in the bones from Hyp fetuses. () Placental gene expression. Placentas were harvested from Hyp and WT male fetuses of Hyp mothers
and from WT male fetuses of WT mothers at E18.5 and were used for real-time PCR to examine the expression of the indicated genes. The expression of
Cyp24atl and Vdr was increased in the placentas of fetuses from Hyp mothers. The sample numbers are indicated in parentheses. Data are shown as the
mean =% SD. *p <0.05; **p <0.01; ***p < 0.001.
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Fig. 4. Altered gene expression in fetal kidney of Hyp mice. (A-D) Kidneys
were harvested from Hyp and WT male fetuses of Hyp mothers and from
WT male fetuses of WT mothers at E18.5 and were used for real-time PCR
to examine the expression of Slc34al (A), Slc34a3 (B), Cyp27b1 (O, and
Cyp24ai (D). The copy number of the target <DNA in each sample was
estimated by referring to a standard curve and was normalized based on
that of Gapdh. In the kidneys of Hyp fetuses, the expression of Sic34al
and Slc34a3 was decreased and that of Cyp24al was increased. (F)
Concentration of Pi in the amniotic fluid. The sample numbers are
indicated in parentheses. Data are shown as the mean £ 5D. *p < 0.05;
“*p<0.01; ***p <0.001.

mothers (Fig. 7G). The fetal levels of 1, 25(0H),D were measured
as pooled samples collected from 20 fetuses in each group
because 350 pL of plasma was required for the measurement.
Although we could not perform statistical analysis, the levels of
1,25(0H),D in the fetuses of Hyp mothers tended to be decreased
more than that in the fetuses of WT mothers (Fig. 7H). The lower
levels of 250HD and the increased 24,25(0H),D/250HD ratio
suggested that the increased placental expression of Cyp24al
had an impact on vitamin D metabolism in the fetuses of Hyp
mothers. We cannot exclude the possibility that the high fetal
FGF23 in Hyp fetuses also might have some roles in the
regulation of fetal 1,25(0H),D levels by altering the expression of

Cyp24al in fetal kidney because the 1,25(0H),D level in Hyp
fetuses was lower than that in their WT littermates (Fig. 7H).

Discussion

FGF23 is mainly produced by osteocytes in bone and exerts
effects on distant organs, including the kidney, in an endocrine
fashion. Unique among FGFs, FGF19 and -21 as well as FGF23
act in an endocrine fashion to regulate diverse physiological
processes and have been classified as the FGF19 subfamily. Low
binding affinity to heparin/heparan sulfate has been suggested
to confer endocrine function on the members of the FGF19
subfamily, by allowing them to escape heparan sulfate
surrounding the cells from which they are produced.®?" In
their target organs, the members of the FGF19 subfamily require
a-Klotho (FGF23) or B-Klotho (FGF19 and FGF21) to evoke their
signals. FGF23 was shown to bind to the FGF receptor (FGFR) and
a-Klotho to form a complex and induced the phosphorylation of
the FGFR substrate 2« (FRS2a) and ERK1/2 downstream.(1617
Therefore, a-Klotho-expressing organs have been considered to
be targets of FGF23.

Based on our previous finding that human placenta expresses
a-Klotho,?? we hypothesized that the placenta also might be a
target of the endocrine action of FGF23. In the current study, we
used mouse models to test this hypothesis, although human and
mouse placentas differ in their structure. In the mouse placenta,
the labyrinth zone provides the feto-maternal interface where
tortuous maternal and fetal vasculatures develop and maternal
and fetal blood flows in a countercurrent manner to maximize
the exchange of nutrients, ions, and gases. In the labyrinth zone,
fetal-derived mononuclear trophoblasts and syncytiotropho-
blasts face the maternal blood. In humans, numerous villi
containing fetal vessels branch into the intervillous spaces filled
with maternal blood. Syncytiotrophoblasts cover the face of the
villi and exchange nutrients, ions, and gases between the fetal
and maternal blood.?%*? Despite the difference in structure, the
expression patterns of the genes involved in FGF23 signaling
were similar between normal mouse and human placentas
(Fig. 1A, B). In addition, co-expression of FGFR1 and «-Klotho at
the syncytiotrophoblasts, which provide feto-maternal interface,
was observed in both mouse and human placentas (Fig. 1C, D,
and Supplemental Fig. 52). These results suggest that common
mechanisms are involved in FGF23 signaling between mice and
humans.

QOur results shown here demonstrate that in pathological
conditions with elevated level of circulating FGF23, it exerts
effects on the placenta and increases the expression of Cyp24al,
the gene encoding the critical enzyme in vitamin D metabolism.
First, the placental expression of Cyp24al was increased in the
fetuses of Hyp mothers with high levels of FGF23 compared with
the fetuses of WT mothers (Fig. 3B, E). Second, in ex vivo
experiments using the organ culture of placentas from WT mice,
treatment with Hyp plasma resulted in a marked increase in
Cyp24al expression, which was abolished by the simultaneous
addition of the neutralizing antibody against FGF23 (Fig. 54). In
addition, treatment of the cultured placentas with recombinant
FGF23 resulted in the increased Cyp24al expression (Fig. 58).
These observations confirmed that high levels of FGF23 caused
elevated placental expression of Cyp24a7 in the fetuses of Hyp
mothers, Finally, direct injection of a recombinant FGF23 into the
placentas of WT mice induced the expression of Cyp24ai and
Egr-1(Fig. 6A, B). These results together indicate that pathological
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pregnant mice were anesthetized and the uteri were exposed. Forty
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group. {C-F) Effects of the administration of recombinant FGF23 into the
fetuses on the placental gene expression. E18.5 WT ICR pregnant mice
were anesthetized and the uteri were exposed, Four hundred nanograms
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are shown as the mean £ SD. *p < 0.05.

levels of FGF23 directly act on the placenta to induce the
expression of Cyp24a1. As for Cyp27b1, another target of FGF23 in
the kidney, its placental expression was marginal, and we could
not detect a difference among the genotypes (Fig. 3£). The
placental expression of Vdr was also increased in the fetuses of
Hyp mothers by a mechanism not yet understood. The maternal
FGF23, not fetal FGF23, is likely to be responsible for the
regulation of placental Cyp24a7 expression because intraperito-
neal injection of recombinant FGF23 into the fetuses failed to
upregulate the placental Cyp24a7l expression (Fig. 6C).

To clarify whether the increase in the placental expression of
Cyp24a1 had an impact on vitamin D metabolism of the fetuses
of Hyp mothers, we measured the plasma levels of vitamin D
metabolites. The 250HD-24-hydroxylase converts 250HD to
24,25(0H),D and 1,25(0H),D to 1,24,25(0H)3D. The plasma levels
of 250HD in the fetuses of Hyp mothers were lower than those in
the fetuses of WT mothers, although the level of 250HD in Hyp
mothers was similar to that in WT mothers (Fig. 74, B). In addition,
the 24,25(0H),D/250HD ratio tended to be increased in the
fetuses of Hyp mothers than in those of WT mothers (Fig. 7). The
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Fig. 7. Plasma levels of vitamin D metabolites in WT and Hyp pregnant
mothers and their fetuses. Plasma levels of 250HD in Hyp and WT
pregnant mothers (A) and in their fetuses (B) at E18.5. The levels of 250HD
in the fetuses from Hyp mothers were lower than those from WT mothers.
Plasma levels of 24,25(0H),D in pregnant mothers {C) and in their fetuses
(D) at E18.5. The ratio of the concentration of 24,25(0H);D to that of
250HD in pregnant mothers (£) and in their fetuses (F). Plasma levels of
1,25(CH).D in pregnant mothers (G) and in their fetuses (H) at E18.5. The
sample numbers are indicated in parentheses. The fetal levels of 1,25
(OH),D were measured as pooled samples collected from 20 fetuses in
each group because 350 pL of plasma was required for the measurement.
Data are shown as the mean == SD. *p < 0.05.
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levels of 1,25(0H),D in the fetuses of Hyp mothers tended to be
decreased than that in the fetuses of WT mothers (Fig. 7H). These
results suggested that the high levels of FGF23 in Hyp mothers
resulted in the accelerated conversion of 250HD to 24,25(0H).D
and 1,25(0H),D to 1,24,25(0H);D in their fetuses, by increasing
the expression of Cyp24a1 in their placentas. We cannot exclude
other possibilities such that the disturbance of 250HD and 1,25
{OH),D transport via placenta might contribute to the lower
levels of 250HD and 1,25(CH),D in the fetuses of Hyp mothers. in
addition, it is also possible that the high fetal FGF23 in Hyp
fetuses might have some roles in the regulation of fetal 1,25
(OH),D levels by altering the gene expression in fetal kidney
because the 1,25(0H),D level in Hyp fetuses was lower than that
in their WT littermates (Fig. 7H).

Despite the increased FGF23 level in Hyp mothers, the level in

their WT fetuses was as low as that in fetuses from WT mothers
{Fig. 38, ). These results suggest that maternal FGF23 is not
transferred to the fetal circulation through the placenta.
Alternatively, FGF23 may be rapidly degraded after placental
-transfer. Takaiwa and colleagues reported that a C-terminal
fragment of FGF23 produced by degradation was abundant in
normal human cord blood despite the low level of full-length
FGF23.5% To test the possibility that the appropriately regulated
cleavage of FGF23 may play a role in the regulation of Cyp24a1
expression by FGF23 in placenta, we injected recombinant WT
FGF23 into the placenta and observed similar effects as those of
recombinant FGF23(R179Q) (data not shown). Thus, the cleavage
of FGF23 is unlikely to influence its function in terms of the
regulation of Cyp24a1 expression in placenta.

In XLH patients, hypophosphatemia may not be detected at
birth, resulting in difficulty with an early diagnosis.®¥ in the
current study, we found that the plasma levels of Pi in both Hyp
fetuses and their WT littermates from hypophosphatemic Hyp
mothers were comparable to those in WT fetuses from WT
mothers (Fig. 2C, D), which is consistent with the observation in
newborn babies of patients with XLH. We also found that the
circulating level of FGF23 in Hyp mice was already elevated
before birth. Although there was no significant difference in the
Pi level in fetal plasma (Fig. 2D) and amniotic fluid (Fig. 4£) among
these genotypes, the high FGF23 level in Hyp fetuses suggests
that hypophosphatemia may emerge soon after birth. Measure-
ment of FGF23 in cord blood may aid the early diagnosis of XLH.

The elevated feto-maternal gradient of Pi levels in Hyp
pregnancy suggests increased materno-fetal Pi transport via the
placenta (Supplemental Fig. S3). RT-PCR and real-time PCR
analyses revealed that WT mouse and normal human placenta
express type b (S/c34a2/SLC34A2) and type HI (S/c20a1/SLC20A1
and S/c20a2/SLC20A2) Na*/Pi cotransporters and their expres-
sions increase during the development of the mouse placenta
(Supplemental Fig. S1). On the other hand, type lla and lic Na*/Pi
cotransporters (S/c34a1/SLC34A1 and Slc34a3/5LC34A3), which
are targets of FGF23 in the kidney, were not expressed in
placentas {Supplemental Fig. S14, B). The placental expression of
Sle34a2, Slc20a1, and SIc20a2 was not altered in Hyp pregnancies
at the mRNA level (Supplemental Fig. S4), and we have not
identified the precise mechanism responsible for the elevated
feto-maternal Pi gradient. The protein expression and/or
function of these transporters may be altered in Hyp pregnancies,
but this remains to be elucidated. Although the administration of
recombinant FGF23 to WT placentas resulted in the altered
expression of (yp24a1 and Egr-1 within 30 minutes, there was no
change in the Na*-dependent uptake of Pi by placental
membrane vesicles, which was probably mediated by a type

Iib Na*Pi cotransporter {Supplemental Fig. S5A, B). These results
suggest that FGF23 is unlikely to be implicated in the direct
regulation of placental Pi transport. Some FGF23-independent
mechanisms and/or unknown Pi transporters may play a role in
the regulation of materno-fetal Pi transport.

In conclusion, the present study has shown that FGF23 exerts
direct effects on the placenta and regulates the placental
expression of Cyp24al in pathological conditions with elevated
FGF23 levels, including Hyp mice. It has also been revealed that
an increased level of FGF23 in Hyp mice emerges before birth and
is associated with altered gene expression in the fetal kidneys
and placentas. These findings indicate the importance of the
perinatal diagnosis of patients with XLH for their management.
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ackground: The mechanism whereby the circadian clock regulates phosphate metabolism remains elusive.
Results: Fgf23 expression is regulated by the time of food intake which involves the alteration in circadian profile of sympathetic

Conclusion: The circadian network plays important roles in phosphate metabolism.
Significance: The sympathetic regulation of Fgf23 expression may shed light on new regulatory networks that could be impor-
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The circadian clock network is well known to link food intake
and metabolic outputs. Phosphorus is a pivotal nutritional fac-
tor involved in energy and skeletal metabolisms and possesses a
circadian profile in the circulation; however, the precise mech-
anisms whereby phosphate metabolism is regulated by the cir-
cadian clock network remain largely unknown. Because sympa-
thetic tone, which displays a circadian profile, is activated by
food intake, we tested the hypothesis that phosphate metabo-
lism was regulated by the circadian clock network through the
modification of food intake-associated sympathetic activation.
Skeletal Fgf23 expression showed higher expression during the
dark phase (DP) associated with elevated circulating FGF23 lev-
els and enhanced phosphate excretion in the urine. The peaks in
skeletal Fgf23 expression and urine epinephrine levels, a marker
for sympathetic tone, shifted from DP to the light phase (LP)
when mice were fed during LP. Interestingly, B-adrenergic ago-
nist, isoproterenol (ISO), induced skeletal Fgf23 expression
when administered at ZT12, but this was not observed in
Bmall-deficient mice. In vitro reporter assays revealed that ISO
trans-activated Fgf23 promoter through a cAMP responsive ele-
ment in osteoblastic UMR-106 cells. The mechanism of circa-
dian regulation of Fgf23 induction by ISO in vivo was partly
explained by the suppressive effect of Cryptochromel (Cryl) on
ISO signaling. These results indicate that the regulation of skel-
etal Fgf23 expression by sympathetic activity is dependent on
the circadian clock system and may shed light on new regulatory
networks of FGF23 that could be important for understanding
the physiology of phosphate metabolism.

Phosphorus is an indispensable nutritional element involved
in numerous biological processes such as cell signaling, energy
homeostasis, and bone metabolism (1-4). The regulation of

phosphate metabolism is an integrated process involving mul-
tiple organs and accumulating evidence has demonstrated the
pivotal roles of fibroblast growth factor 23 (FGF23)? in phos-
phate metabolism (4-9). FGF23 is produced mainly by osteo-
blastic cells, including osteocytes, and functions as an endo-
crine factor to regulate genes involved in phosphate and
vitamin D metabolism (4). The nodal point of the regulation of
phosphate metabolism by FGF23 seems to primarily reside in
the suppression of NaP;-Ila/c expression and 1,25-dihydroxy-
vitamin D production in the kidney (4). Clinical evidence from
genetic disorders in which mutations in the FGF23 gene or
mutations causing aberrant FGF23 signaling are associated
with dysregulated phosphate metabolism has placed bone-de-
rived FGF23 in the center of regulatory networks of phosphate
metabolism (10-12). Hence, it is critical to understand the
mode of the regulation of FGF23 expression in the skeleton to
fully understand the physiological and pathological functions of
FGF23 in phosphate metabolism. Although previous studies
have revealed that 1,25-dihydroxyvitamin D can stimulate
Fgf23 expression in bone in part by directly activating the Fgf23
gene promoter (13-15), the precise mechanisms by which skel-
etal Fgf23 expression is regulated remain largely elusive.
Because serum phosphate levels have been shown to exhibit
circadian profile in humans, it is likely that phosphate metabo-
lism is under the regulation of the circadian clock system (16—
18); however, the precise mechanism by which the circadian
clock network regulates phosphate homeostasis is still largely
unknown.

The circadian clock network is an evolutionarily conserved
process by which organisms adapt to environmental cues such
as the availability of nutrients (19 -21). For example, when food
access is restricted in mice in the daytime (light phase) only, the
expression profiles of circadian clock genes and circadian-reg-
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TABLE 1
Primer sequences for real-time RT-PCR

Gene Forward Primer

Reverse Primer

Rev-erba
Dbp

5'-cocaacgacaacaacctittg-3’
5’ ~caccgtggaggtgctaatga-3'
Bmall 5'-aggeccacagteagattgaaa-3’

5'-coctggeygtagaccatteag-3’
5'~-gettgacagggegagatca-3'
5 ~ceaaagaagecaattecatcaatg-3'

ulated genes related to metabolic outputs have been shown to
exhibit a phase shift so that the organisms can utilize ingested
nutrients in a timely manner (19, 22-24). The central pace-
maker of the circadian clock system is located at the suprachi-
asmatic nucleus in the hypothalamus and is integrated by
multiple steps including transcriptional, translational, and
post-translational mechanisms (20). Briefly, Clock (circadian
locomotor output cycles protein kaput) heterodimerizes with
Bmall (brain and muscle ARNT-like 1; also known as ARNTL)
and induces the expression of PER (period circadian protein)
and CRY (cryptochrome), which in turn suppresses Clock/
Bmall transcriptional activity, thereby forming a 24-h feedback
loop (20).

The mechanisms by which nutrient availability affects the
circadian clock network still need to be determined; however
both central and peripheral networks have been implicated as
functional in this regulation (20). Centrally, the food-entrain-
able oscillator, which is anatomically different from the supra-
chiasmatic nucleus, has been considered to determine food-
anticipatory behavior (20). Changes in the circadian profile of
sympathetic activity may be one of the central mechanisms
connecting food intake and metabolic outputs because food
intake has been shown to be associated with enhanced sympa-
thetic activity (25-28). In addition to central regulation,
peripheral tissues also possess an oscillator that is synchronized
with the central circadian system through retinal, hormonal,
nutritional, and neuronal signals (29, 30). Recent advances in
our understanding regarding the role of the peripheral oscilla-
tor have emphasized its importance in metabolic regulation
(21). Furthermore, it has been well established that the circa-
dian clock system in peripheral tissues is entrained by nutri-
tional cues (21, 23). Taken together, these findings led us to
hypothesize that phosphate metabolism was regulated by the
circadian clock network through the modification of food
intake-associated sympathetic activation, which may involve
the action of the peripheral clock system.

In the current study, we tested our hypothesis that the circa-
dian profile of circulating phosphate and FGF23 levels is deter-
mined by the time of nutrient availability by analyzing the cir-
cadian profile of skeletal Fgf23 expression in mice where the
timing of food intake was restricted during the light phase and
found that light phase-restricted feeding altered the circadian
expression profile of skeletal Fgf23, which was in part caused by
changes in the circadian profile of sympathetic activity. In addi-
tion, we demonstrated that stimulation with a B-adrenergic
receptor agonist induced Fgf23 expression, which was sup-
pressed by the overexpression of Cryl. These results underline
the important roles of the circadian clock system in the regula-
tion of phosphate metabolism.
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EXPERIMENTAL PROCEDURES

Mice—C57BL/6] mice were purchased from CLEA Japan,
Inc., and Bmall knock-out mice on a C57BL/6] background
were generated as reported previously (31). Mice were main-
tained on a 12-h:12-h light dark cycle (lights on at zeitgeber
time (ZT) 0) in a pathogen-free animal facility with free access
to water and standard chow (CE-2; CLEA Japan, Inc.), unless
otherwise mentioned. The light phase restricted feeding regi-
men was carried out by allowing mice access to food for 6 h
between ZT2 and ZT8. A control diet containing 0.6% phos-
phate and 1.0% calcium and a high phosphate diet containing
1.65% phosphate and 1.0% calcium were purchased from CLEA
Japan, Inc. All animal studies were reviewed and approved by
the Institutional Animal Care and Use Committee of Osaka
Medical Center and Research Institute for Maternal and Child
Health.

Reagents and Cell Lines—Isoproterenol hydrochloride, propran-
olol hydrochloride, and 3-isobutyl-1-methylxanthine (IBMX)
were purchased from Wako Pure Chemical Industries Ltd.
(Osaka, Japan). Human parathyroid hormone (PTH)(1-34) was
obtained from the Peptide Institute, Inc. (Osaka, Japan). UMR-106
cells were obtained from ATCC (Manassas, VA) and maintained
in DMEM supplemented with 10% fetal bovine serum and 1%
insulin-transferrin-selenium-G supplement (Invitrogen). Cells
were cultured at 37 °C in a 5% CO, atmosphere,

Real-time RT-PCR—Total RNA was prepared using TRIzol
(Invitrogen) and treated with DNase I (Qiagen). cDNA was gen-
erated using a random hexamer and reverse transcriptase
(Superscript IL; Invitrogen) according to the manufacturer’s
instructions. The quantification of mRNA expression was car-
ried out using a 7300 Real-time PCR system or a StepOne-
Plus™™ Real-time PCR system (Applied Biosystems). TagMan
Gene Expression Assays for Fgf23, Cryptochromel, Rankl, Sost,
Slc34al, Slc34a3, Cyp27b1, Cyp24al, and Gapdh were pur-
chased from Applied Biosystems. Primer sequences for Rev-
erba, Dbp, and Bmall are described in Table 1. Gapdh was used
as an internal standard control gene for all quantifications.

Western Blot Analysis—To prepare whole cell lysates, cells
were solubilized in radioimmuneprecipitation assay buffer (1%
Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 150 mm
NacCl, 10 mm Tris-Cl (pH 7.4), 5 mm EDTA, 1 mMm orthovana-
date, and protease inhibitor mixture (Complete™; Roche
Diagnostics). Equal amounts of protein were separated by
SDS-PAGE and transferred electrophoretically to PVDF
membranes. Membranes were blocked in BlockAce reagent
(Dainippon Pharmaceuticals, Osaka, Japan) or Blocking-one P
reagent (Nacalai Tesque, Kyoto, Japan), immunoblotted with
anti-CREB (1:1000, 9192; Cell Signaling, Beverly, MA), anti-
pCREB (1:1000, 9191; Cell Signaling), anti-V5 (1:5000, 46-0705;
Invitrogen), or anti-B-actin (1:2000, sc-47778; Santa Cruz Bio-
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technology) and developed with horseradish peroxidase-cou-
pled secondary antibodies, followed by enhancement with a
chemiluminescence (ECL) detection system (GE Healthcare).

Generation of Adenoviruses—Adenoviruses carrying GFP or
Cryl were constructed using the ViraPower Adenoviral
Expression System (Invitrogen). Briefly, cDNA was inserted
into a TOPO pENTR vector and was recombined to the
adenovirus expression plasmid pAd/CMV/V5-DEST. The
pAd/CMV/V5-DEST plasmid with the cDNA of interest was
digested with the Pacl endonuclease and transfected with
HEK293A cells. The medium supernatant containing the
adenovirus was collected and titrated according to the manu-
facturer’s instructions. UMR-106 cells were infected with the
adenovirus at a multiplicity of infection of 500 with 4 ug/ml
poly-L-lysine (Sigma).

Constructs and Luciferase Reporter Assay—The Cryl expres-
sion construct with a V5 tag was created by subcloning the
corresponding PCR products into the pENTR vector using the
pENTR Directional TOPO cloning kit (Invitrogen) and trans-
ferring to the pcDNA3.2/V5 vectors using the LR recombina-
tion reaction system (Invitrogen). Luciferase vectors containing
2000 bp of the mouse Fgf23 gene promoter (—1872 to +128)
(2000bp-Luc) was prepared by subcloning the corresponding
PCR products into pGL4.20[luc2/Puro] (Promega, Madison,
W) vectors according to the previous report (13). Luciferase
constructs containing 766 bp (—638 to +128) of the Fgf23 gene
promoter were created by the digestion of 2000bp-Luc with
Bglll (located at the 5" region in the multiple cloning site of the
pGL4.20 vector relative to the insert and —638 to —633) fol-
lowed by the ligation of fragments containing luciferase with T4
DNA ligase. Luciferase constructs containing 143 bp (—15 to
+128) of the Fgf23 gene promoter were designed by digesting
pT7 vectors harboring 2000 bp of the Fgf23 gene promoter with
Smal (located at ~18 to —13 and the 3' region in the pT7 vector
relative to the insert) followed by the ligation of fragments con-
taining the promoter region of interest with pGL4.20[luc2/
Puro] vectors digested with EcoRV using T4 DNA ligase.

Mutagenesis—Two candidate motifs were detected as possi-
ble cAMP responsive elements (CREs) in the promoter region
of the Fgf23 gene by in silico analysis, and these motifs were
designated as CRE1 and CRE2, respectively. To determine
whether these motifs were functional, site-directed mutagene-
sis was performed using QuikChange II XL (Agilent Technolo-
gies, Santa Clara, CA) according to the manufacturer’s proto-
col. The CRE1 located at —620 to —613 and CRE2 located at
—46 to —39 were mutated from TGACCTCA to TGAAATCA
and TGATGTCA to TGAAATCA, respectively.

Luciferase Assay—UMR-106 cells were seeded in a 24-well
plate at a density of 5 X 10* cells/well, and transient transfec-
tion was carried out using FuGENE HD (Promega) following
the manufacturer’s protocol. The total amount of DNA added
to each well was equalized using an empty vector. The luciferase
assay was performed in triplicate according to the protocol of
the dual-luciferase reporter assay system (Promega). Briefly,
24 h after transfection cells were treated with isoproterenol (10
or 100 um) and/or IBMX (0.5 mm) in DMEM containing 1%
FCS overnight, followed by the determination of luciferase
activity using specific substrates in a luminometer. Transfec-
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tion efficiency was normalized by co-transfection with the TK-
Renilla luciferase construct (Promega). While Cryl-overex-
pressing UMR-106 cells were used for the luciferase assay,
UMR-106 cells were infected with an adenovirus containing
GFP or Cryl-V5. Twenty-four h after the infection cells were
trypsinized and plated in a 24-well plate as described above.

Animal Studies—Isoproterenol or PTH(1-34) was dissolved
in saline and administered intraperitoneally at a dose of 6 ug/g
(32) or 100 pg/kg, respectively. A saline injection was used as a
control treatment. Whereas propranolol (PRO) was used for
the in vivo study, PRO was dissolved in the drinking water at a
concentration of 0.5 g/liter (33), and the drinking water was
changed three times a week.

Measurement of Serum and Urine Parameters—The mea-
surement of serum phosphate was carried out using P-test
Wako (Wako Pure Chemical Industries Ltd., Osaka, Japan).
Total (C-Term) and intact (full-length) FGF23 concentrations
were determined by ELISA from Immutopics, Inc., San Clem-
ente, CA and Kainos Laboratory, Tokyo, Japan, respectively,
following the manufacturers’ instructions. Urine samples were
collected in the presence of 5 ul of 5 N HCI, and the volume of
urine was measured. Urine epinephrine was determined using
ELISA (IBL, Hamburg, Germany). Urine phosphate and creat-
inine were measured using P-test Wako and Creatinine Test Kit
(Wako Pure Chemical Industries Ltd.), respectively.

Statistical Analysis—All data are expressed as the mean =
S.E. Results were examined for significant differences using
Student’s ¢ test or analysis of variance followed by the Bonfer-
roni multiple comparison post hoc test. Significance was set at
p < 0.05.

RESULTS

Skeletal Fgf23 Exhibited a Circadian Expression Profile—To
investigate the mechanisms whereby phosphate metabolism is
regulated by the circadian clock network, we first examined the
circadian expression profile of Fgf23 in the femur of wild-type
mice fed standard chow ad libitum (AL). As reported previ-
ously (34), components of the clock network including Rev-
erba (nuclear receptor subfamily 1, group D, member I1;
Nridl), Dbp (D site of albumin-binding protein), and Cryl
exhibited rhythmic expression patterns in the femur (Fig. 1,
A-C, and supplemental Fig. S1). The Fgf23 expression profile
showed higher expression levels during the dark phase (DP)
compared with the light phase (LP) with the highest at ZT16
(Fig. 1D and supplemental Fig. S1). Because it is well known that
food consumption reaches highest at the beginning of DP in
mice fed AL, we speculated that skeletal Fgf23 expression was
regulated by the food consumption in a manner involving the
circadian clock system. To test this speculation, mice were fed
during the LP from ZT2 to ZT8 (LP-restricted feeding: LP-RF)
for 10 days. Because it is unclear whether skeletal tissue is
entrained by nutrient availability despite the fact that food
intake is a strong zeitgeber in peripheral tissues such as liver, we
examined the circadian expression profiles of genes involved in
daily oscillations in the femur. As shown in Fig. 2, A-C, and
supplemental Fig. S2, the peak expressions of Rev-erba, Dbp,
and Cryl shifted by 12 h in mice under LP-RF conditions com-
pared with AL conditions, suggesting that skeletal tissue is also
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FIGURE 1. Fgf23 showed a rhythmic expression pattern in the femur of
mice fed ad libitum. WT mice were maintained under a light-dark regimen
(12-h:12-h cycle) and fed ad libitum. Samples were collected every 4 h from
ZT0. A, expression of Rev-erba (n = 3-4, *, p << 0.01 versus ZT0 and ZT20;
** p << 0.05 versus ZT20; ¥**, p < 0.05 versus ZT0, ZT16 and ZT20). B, expres-
sion of Dbp (n = 3, %, p < 0.001 versus ZT0, ZT4, and ZT20; **, p << 0.01 versus
ZT16; ¥*%, p << 0.05 versus ZT8; t, p < 0.05 versus ZT0). C, expression of Cry1
(n = 5-7,% p < 0.05 versus ZT8). D, expression of Fgf23 (n = 5-7,%* p << 0,05
versus ZT8). All expression was in the femur and was analyzed using real-time
RT-PCR. The white bar and black bar represent the light phase and dark phase,

respectively. Values are expressed as the mean * S.E. (error bars).
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FIGURE 2. Light phase restricted feeding altered the expression profile of
Fgf23 in the femur. WT mice were maintained under a light-dark regimen
(12-h:12-h cycle) and fed for 6 h from ZT2 to ZT8 for 10 days. Samples were
collected every 4 h from ZT0. A, expression of Rev-erba (n = 3, %, p < 0.05
versus ZT0 and ZT20; **, p < 0.05 versus ZT20). B, expression of Dbp (n = 3,
*,p < 0.05 versus ZT0). C, expression of Cry1 (n = 3-4, *, p < 0.05 versus ZT0
and ZT20). D, expression of Fgf23 (n = 3,*, p < 0.05 versus ZT0). All expression
was in the femur and was determined by real-time RT-PCR. The white bar and
black bar represent the light phase and dark phase, respectively. Values are
expressed as the mean = S.E. (error bars).

entrained by nutrient availability. Based on this observation, we
next analyzed the expression profile of Fgf23 in the femur and
found that Fgf23 showed a rhythmic expression pattern with a
peak expression at ZT8 (Fig. 2D and supplemental Fig. S2).
Taken together, these findings indicate that Fgf23 expression
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FIGURE 3. Sympathetic activation induced skeletal Fgf23 expression in
vivo. A, urine was collected from WT mice under ad libitum (AL) conditions
either during the light phase (LP: ZT0-12) or the dark phase (ZT12-24), The
volume of urine and urine epinephrine levels were measured, and the
amount of urine epinephrine/h was determined (n = 9). B, urine was collected
from WT mice under LP-RF conditions either during ZT2-8 or ZT8-26. The
volume of urine and urine epinephrine levels were measured, and the
amount of urine epinephrine/h was determined (n = 7). C, ISO was adminis-
tered intraperitoneally to WT mice under AL conditions at different time
points of the day as indicated, and 4 h after the injection the expression of
Fgf23 and Rankl in the femur was determined by real-time RT-PCR (n = 3-4).
D, WT mice were maintained under LP-RF conditions for 10 days, and 0.5
g/liter propranolol was added to the drinking water from day 7 to day 10.
Femurs were collected at indicated time points, and Fgf23 expression was
measured by real-time RT-PCR (n = 3). The white bar and black bar represent
the light phase and dark phase, respectively. ns, not significantly different.
Values are expressed as the mean = S.E. (error bars). *, p < 0.001; **, p < 0.05.

possesses a circadian expression profile that is at least in part
determined by the time of nutrient availability.

Sympathetic Activation Enhanced Fgf23 Expression in the
Femur—TItis well known that food intake is tightly coupled to an
increase in the metabolic rate to adjust for the increase in nutri-
ent influx, which in part involves an elevation in sympathetic
activity (25-28). Indeed, urine levels of epinephrine, a marker
for sympathetic activity, in mice fed AL were significantly
enhanced in DP compared with LP (Fig. 3A). Interestingly,
LP-RF caused a phase shift in sympathetic activity with greater
levels during LP-RF, but the difference did not reach statistical
significance (Fig. 3B). Based on these findings, we speculated
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FIGURE 4. 1SO trans-activated Fgf23 transcription in UMR-106 cells. A, UMR-106 cells were seeded in 24-well plates and transfected with 2000bp-Luc (200
ng) and phRL-TK (10 ng). Twenty-four h after transfection, cells were treated with ISO at a dose of 10 or 100 um overnight, and luciferase activity was measured.
0.5 mmIBMX was used as a positive control for the activation of cAMP signaling (n = 3). B, UMR-106 cells were treated with 100 um SO overnight, and expression
of Fgf23 was determined by real-time RT-PCR (n = 4). C, UMR-106 cells were seeded in 24-well plates and transfected with 2000bp-Luc (200 ng), 766bp-Luc (200
ng), or 143bp-Luc (200 ng) and phRL-TK (10 ng). Twenty-four h after transfection, cells were treated with ISO (100 um) and IBMX (0.5 mm) overnight, and
luciferase activity was measured (n = 5). D, UMR-106 cells were seeded in 24-well plates and transfected with 766bp-Luc (200 ng) or 766bp-Luc containing
mutations in CRE1 and/or CRE2 (200 ng), and phRL-TK (10 ng). Twenty-four h after transfection, cells were treated with 1SO (100 um) and IBMX (0.5 mm)
overnight, and luciferase activity was measured (n = 4). Values are expressed as the mean = S.E. (error bars). ns, not significantly different. ¥ p < 0.001;**, p <

0.01; 1, p <0.05.

that Fgf23 expression may at least in part be regulated by sym-
pathetic activation in a circadian manner. To test this idea, we
intraperitoneally administered the B-adrenergic receptor ago-
nist, isoproterenol (ISO), to mice at different time points of the
day and analyzed the expression of Fgf23 in the femur 4 h after
the injection. The administration of ISO caused an increase in
skeletal Fgf23 expression when injected at ZT8 (p = 0.12) and
ZT12 (p < 0.05), whereas ISO treatment had no effect on Fgf23
expression when administered at the other time points (Fig.
3C). To determine whether the effect of ISO was specific to
Fgf23 induction, we also analyzed the expression of Rankl, one
of the target genes of ISO (35), and found that the induction of
Rankl showed a pattern similar to that of Fgf23 induction (Fig.
3C). To further understand the involvement of sympathetic
activity in the circadian Fgf23 profile, mice were maintained
under LP-RF in the presence of the -blocker, PRO, to analyze
the effect of sympathetic activity on the peak expression of
Fgf23 noted at ZT8. Interestingly, Fgf23 expression did not
exhibit any circadian profile when PRO was concomitantly
administered, indicating the involvement of sympathetic activ-
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ity in the circadian profile of Fgf23 expression in the femur
(compare Fig. 3D with Fig. 2D, and see supplemental Fig. S2).
ISO Trans-activated the Fgf23 Gene Promoter and Induced
Fgf23 Expression in UMR-106 Cells—Because in vivo adminis-
tration of ISO enhanced the expression of Fgf23 in the femur,
we investigated whether ISO signaling trans-activated Fgf23
gene promoter using osteoblastic UMR-106 cells in which
endogenous Fgf23 was expressed. For this purpose, we gener-
ated a luciferase construct containing a 2000-bp promoter
region of the mouse Fgf23 gene. The treatment with ISO
showed a significant increase in luciferase activity in a dose-de-
pendent manner (Fig. 44). In line with this, the ISO treatment
enhanced the expression of Fgf23 in these cells (Fig. 4B). These
results suggest that ISO induces Fgf23 expression at least in part
by activating the transcription of the Fgf23 gene. Because in
silico analysis pointed out the existence of two motifs whose
sequences were very similar to CRE, we next tested whether
these motifs, designated as CRE1 and CRE2, respectively, were
involved in ISO-induced Fgf23 trans-activation. For this pur-
pose, we generated luciferase vectors containing the truncated
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FIGURE 5. Cry1 suppressed 1SO-induced phosphorylation of CREB in
UMR-106 cells. A, UMR-106 cells were infected with an adenovirus contain-
ing GFP or Cry1-V5 and treated with 100 um 1SO for 5 min. The expression of
pCREB, CREB, V5, and B-actin was determined by Western blotting, and
expression of pCREB was quantified by normalizing to the levels of CREB by
densitometric analysis (n = 5). B, UMR-106 cells infected with an adenovirus
containing either GFP or Cry1 were seeded in 24-well plates and transfected
with 2000bp-Luc (200 ng) and phRL-TK (10 ng). Twenty-four h after transfec-
tion cells were treated with 100 um ISO overnight, and luciferase activity was
measured (n = 3). The figures shown are the representative from at least
three independent experiments. Values are expressed as the mean = S.E.
(error bars). *, p << 0.05.

forms of the Fgf23 gene promoter and found that the luciferase
vectors containing CRE1 and CRE2 were responsive to the ISO/
IBMX treatment (Fig. 4C). To determine the responsible
motif(s) for this trans-activation of the Fgf23 gene promoter, we
introduced mutations in CRE1 and/or CRE2 and found that
CRE2 was responsible for ISO/IBMX-induced activation of the
Fgf23 gene promoter (Fig. 4D).

Overexpression of Cryl Blunted the Effects of ISO on Fgf23
Induction in UMR-106 Cells—These findings may support the
concept that Fgf23 expression is regulated by sympathetic activ-
ity, but it is still unclear as to why Fgf23 induction by ISO is
regulated in a time-dependent manner iz vivo. To solve this
issue, we assessed whether Cryl was involved in the ISO-in-
duced activation of Fgf23 expression because Cryl has been
implicated in the suppression of ISO-induced cAMP accumu-
lation in HEK293 cells (36). Indeed, ISO-induced Fgf23 expres-
sion was evident when Cryl expression was low in the femur
(Figs. 1C and 3C). Based on these results, we tested our hypoth-
esis that Cryl suppressed ISO-induced Fgf23 induction by
blocking CREB signaling in osteoblastic cells. To test this
hypothesis, we overexpressed Cryl in UMR-106 cells and
investigated the effect of ISO on the phosphorylation of CREB.
As shown in Fig. 54, the ISO-induced phosphorylation of CREB
was impaired in Cryl-overexpressing cells compared with
GFP-expressing control cells. In line with this, ISO-induced
trans-activation of the Fgf23 promoter was decreased in cells
overexpressing Cryl (Fig. 5B). To further determine the role of

1462 JOURNAL OF BIOLOGICAL CHEMISTRY

A Bmall Cryl
0 400 * @ 2 ok
5 B
5 300 i E 1.5
: =]
% 200 %
= £
2 2
= 100 5 0.5
8 3
k] 2]
o o |
WwWTI KO WT KO
B Fgf23
%5 . ok ok
[ I T ————
3 4 4 1
-
g3
£
o 2 A
2
214 -
&
0
ISO - + -+
WT KO

FIGURE 6. Fgf23 induction by the ISO treatment in the femur was
impaired in Bmal1-deficient mice. A, the expression of Bmal7 and Cry? was
determined by real-time RT-PCR in the femur collected from WT mice and
Bmall-deficient mice at ZT16 (n = 3-5). B, WT mice and Bmal1-deficient mice
were fed a control diet for 2 weeks from 8 weeks of age, and ISO was injected
intraperitoneally at ZT12. Four h after the injection, the expression of Fgf23 in
the femur was analyzed by real-time RT-PCR (n = 4-5). Values are expressed
as the mean =+ S.E. (error bars). *, p < 0.01; **, p < 0.05.

the circadian clock network in ISO-induced Fgf23 induction,
we utilized Bmall-deficient mice in which Cryl expression was
higher than that in WT littermate controls (Fig. 6A4). The
administration of ISO at ZT'12 showed a significant increase in
Fgf23 expression in the femur of WT mice, whereas the induc-
tion of Fgf23 was weaker in the femur of Bmall-deficient mice
(Fig. 6B).

Parathyroid Hormone Induced Fgf23 Expression When
Administered at ZT12—Because PTH has been shown to acti-
vate the CREB pathway and induce Fgf23 expression (4, 37), we
next tested whether the PTH-induced activation of Fgf23 was
also regulated in a circadian rhythm-dependent manner. To
test this hypothesis, we administered PTH(1-34) intraperito-
neally to WT mice at ZT0 or ZT12. Four h after the injection,
the expression of Fgf23 was analyzed in the femur. The skeletal
expression of Fgf23 exhibited a significant response to PTH
when injected at ZT12, which was associated with a trend
toward an increased expression of Rawmkl and a decreased
expression of Sost, known to be regulated by PTH activation in
osteoblastic cells (38), whereas PTH had no effect on Fgf23
expression when injected at ZT0 (Fig. 7). These results suggest
the possibility of the circadian regulation of PTH action with
respect to Fgf23 induction in the skeleton.

Fgf23 Induction by Dietary Phosphate Load Was Not Likely
Caused by Sympathetic Activation—Because it is still unclear as
to whether circadian Fgf23 expression is regulated by food
intake itself or the influx of phosphate from the diet, we finally
tested whether sympathetic activity was involved in Fgf23
induction by dietary phosphate load. For this purpose, WT
mice were fed either a control diet or high phosphate diet for 2
weeks in the presence or absence of PRO. Ingesting the high
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FIGURE 7. PTH induced skeletal Fgf23 expression in a circadian fashion.
PTH was intraperitoneally administered in WT mice at ZT0 er ZT12, and sam-
ples were collected 4 h after the injection. The expression of Fgf23, Rankl, and
Sost in the femur was determined using real-time RT-PCR (n = 3-6). Values
are expressed as the mean = S.E. (error bars). *, p < 0.05.
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FIGURE 8. Propranolol did not affect skeletal Fgf23 expressioninduced by
dietary phosphate load. WT mice were fed either control diet (CD) or high
phosphate diet (HPD) for 2 weeks from 8 weeks of age in the presence or
absence of PRO in the drinking water. The expression of Fgf23 in the femur
was determined using real-time RT-PCR (n = 3-5). Values are expressed as the
mean =x S.E. (error bars). *, p < 0.01.

phosphate diet caused a significant elevation in Fgf23 expres-
sion in the femur (Fig. 8), but the concomitant administration
of PRO did not affect the levels of Fgf23 expression in the femur
(Fig. 8), which indicates that the timing of food intake, and not
the amount of ingested phosphate, may determine the circa-
dian profiles of skeletal Fgf23 expression.

The Increase in Skeletal Fgf23 Expression during DP Was
Associated with Elevated FGF23 Levels in Serum and Enhanced
Phosphate Excretion in the Urine—We finally investigated the
association between the increase in skeletal Fgf23 expression
during DP and systemic phosphate metabolism. Consistent
with the rhythmic expression pattern of skeletal Fgf23, total
FGF23 levels in the serum exhibited a circadian expression pro-
file with peak levels at ZT 16 (Fig. 94). Circulating biologically
active (intact) FGF23 levels also showed greater levels during
DP with the highest at ZT20 compared with ZTO0 (Fig. 9B). In
line with the increased serum FGF23 levels during DP, expres-
sion of Slc34al and Slc34a3 coding for NaP;-Ila and NaP;-Ilc,
respectively, showed decreased expressions during DP (Fig. 9, C
and D, and supplemental Fig. S1), suggesting the enhanced
phosphate excretion in the urine during this period. Indeed,
serum phosphate concentrations showed a decline during DP
associated with enhanced phosphate excretion in the urine (Fig.
9, E and F). We also analyzed the expression profile of Cyp27b1
and Cyp24al, other target genes of FGF23 signaling in the kid-
ney, and found that these genes exhibited circadian profiles
(Fig. 10). The expression of Cyp27b1, which was down-regu-
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FIGURE 9. Increase in skeletal Fgf23 expression during the dark phase
was associated with elevated circulating FGF23 levels and enhanced
phosphate excretion in the urine. WT mice were maintained under a light-
dark regimen (12-h:12-h cycle) and fed ad libitum. Samples were collected
every 4 h from ZT0. A and B, serum concentrations of total (C terminus) FGF23
(n=6-7,% p<0.05versus ZT0 and ZT8) (A) and intact (full-length) FGF23 (n =
6-7, % p < 0.05 versus ZT0) (B) were measured. C and D, the expression of
slc34al (n = 6-7,%, p < 0.05 versus ZT4) (C) and slc34a3 (n = 6-7,%, p < 0.001
versus ZT8; **, p < 0.01 versus ZT4; *** p < 0.05 versus ZT0; t, p < 0.05 versus
ZT4 and ZT8) (D) in the kidney was determined by real-time RT-PCR. £, serum
concentration of phosphate was measured (n = 7, ¥, p < 0.01 versus ZT0;
¥ p < 0.05 versus ZT0). F, urine was collected either during the light phase
(ZT0-12) or dark phase (ZT12-24), and phosphate and creatinine (Cr) levels in
the urine were measured (n = 9, * p < 0.001). The white bar and black bar
represent the light phase and dark phase, respectively. Values are expressed
as the mean =+ S.E. (error bars).

lated by FGF23 activation, was lower during the DP when
FGF23 levels were greater, but the circadian profile of Cyp24al,
which was up-regulated by FGF23 activation, did not show any
association with that of FGF23, suggesting that circadian profile
of genes involved in vitamin D metabolism is mainly regulated
by the circadian network independent of circadian FGF23
profiles.

DISCUSSION

In the present study, we demonstrated that skeletal Fgf23
expression possessed a circadian expression profile. Impor-
tantly, the peak in skeletal Fgf23 expression shifted when mice
were maintained under LP-RF regimen, suggesting that timing
of food intake is an important determinant for rhythmic
expression profile of skeletal Fgf23. To investigate the mecha-
nism responsible for generating the rhythmicity in skeletal
Fgf23 expression, we had a hypothesis that sympathetic activity
may be the responsible factor linking food intake and skeletal
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FIGURE 10. Circadian expression profiles of genes involved in vitamin D
metabolism in the kidney. WT mice were maintained under a light-dark
regimen (12-h:12-h cycle) and fed ad libitum. Samples were collected every
4 hfrom ZT0. The expression of Cyp27b1 (n = 8-10,% p < 0.01 versus ZTO and
ZT20; 1, p < 0.01 versus ZT20; tt, p << 0.05 versus ZT0) and Cyp24al (n = 9-10,
* p < 0.001 versus ZT0; **, p < 0.01 versus ZT16 and ZT20; t, p << 0.01 versus
ZT0; 11, p < 0.05 versus ZT0) in the kidney was determined by real-time RT-
PCR. The white bar and black bar represent the light phase and dark phase,
respectively. Values are expressed as the mean * S.E. (error bars).

Fgf23 expression based on the previous findings that sympa-
thetic activation has been shown to be associated with food
intake (28) and display a circadian profile with greater levels
during the DP when food intake is active in mice (34). Indeed,
we found that the administration of ISO caused an elevation in
skeletal Fgf23 expression in a circadian rhythm-dependent
manner. Furthermore, the blockade of sympathetic activity by
PRO in mice under LP-RF conditions altered the circadian
Fgf23 expression profile such that the peak expression of Fgf23
was not observed. Importantly, LP-RF caused a phase shift in
sympathetic activity with greater levels during the LF. These
results imply that sympathetic activation driven by food intake
is a positive regulator for skeletal Fgf23 expression.

One of the important issues to be addressed is the effect of
circadian regulation of skeletal Fgf23 expression on systemic
phosphate metabolism. To address this issue we performed
series of analyses and found that circulating both total and bio-
logically active (intact) FGF23 levels were greater during DP. In
line with the increase in FGF23 levels during DP, the expression
of slc34al and slc34a3, known to be down-regulated by FGF23
activation in the kidney, was decreased during this period asso-
ciated with enhanced phosphate excretion in the urine and
decreased phosphate levels in the serum. Because food intake is
increased at the beginning of DP in mice, these findings may
suggest that the increase in skeletal Fgf23 expression during DP
has an important role in handling the phosphate influx from the
diet. It is important to note that the amplitude of circadian
profile of intact FGF23 levels is not as obvious as that of total
FGF23 levels, suggesting the possibility of the existence of addi-
tional mechanism regulating circadian profile of intact FGF23
in the circulation. Because FGF23 protein is known to be
cleaved between Arg-179 and Ser-180 (39), it is possible that the
post-translational modification or processing of FGF23 protein
may create the difference in amplitude between total and intact
FGF23 circadian rhythms, although the mechanisms of how
FGF23 is cleaved in the circulation are not well defined and still
need to be determined. Thus, these lines of evidence may imply
that the circadian clock network may function in a coordinated
manner involving multiple organs to maintain systemic phos-
phate homeostasis. '
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The present findings demonstrate that the timing of food
intake regulates the circadian profile of skeletal Fgf23 expres-
sion, but it is still unclear as to whether circadian Fgf23 expres-
sion is regulated by the influx of phosphate from the diet.
Because inorganic phosphate has been shown to induce Fgf23
expression in osteocyte-like IDG-SW3 cells (40), it is possible
that the influx of phosphate from the diet may regulate circa-
dian Fgf23 expression; however, previous ix vivo studies failed
to demonstrate an acute effect of dietary phosphate on FGF23
induction (41, 42), making this concept unlikely to be operative.
Despite the lack of an increase in FGF23 levels in response to an
acute phosphate load, it has been well established that a chronic
phosphate load causes elevations in FGF23 levels (43). Consis-
tent with previous reports, we detected a significant increase in
skeletal Fgf23 expression in mice fed a high phosphate diet, but
this increase was not associated with sympathetic activation
because the concomitant administration of PRO did not affect
Fgf23 expression. These findings may indicate that the timing of
food intake, and not the amount of ingested phosphate, is a
predominant determinant for the circadian profiles of skeletal
Fgf23 expression.

The involvement of Cryl in the regulation of G protein-cou-
pled receptor signaling pathways has been demonstrated pre-
viously in a mouse model in which CRE activated luciferase
activity in the liver (36). In these mice luciferase activity in the
liver was markedly higher at ZT'13 than at ZT1, which was asso-
ciated with increased CREB phosphorylation, and was inhibited
when Cryl was overexpressed (36). The underlying mecha-
nisms described in this study included the suppression of
¢AMP accumulation by binding of Cryl to G,a proteins (36).
Based on these previous findings, we investigated whether a
similar mechanism was operative in osteoblastic cells and
found that overexpression of Cryl suppressed ISO-induced
CREB phosphorylation and trans-activation of the Fgf23 pro-
moter in osteoblastic UMR-106 cells, which indicated that Cryl
also suppressed ISO-induced Fgf23 expression in osteoblastic
cells. CREB has been shown to bind to the palindromic
sequence (TGACGTCA) called CRE with strong affinity and
regulate the transcription of target genes. In addition to this
canonical CRE, CREB has also been shown to bind to CRE vari-
ants albeit with low affinity (44). The sequence of CRE detected
in this study is one such variant that is known to mediate CREB
signaling (44), and this may be one of the reasons why the
induction of luciferase activity by ISO was not intense. Because
in vivo analysis revealed a significant increase in Fgf23 expres-
sion by the ISO treatment, other CRE motif(s) may be present in
other regions and affect the in vivo expression of Fgf23.

The regulation of Fgf23 expression in bone has also been
implicated in the action of PTH. For example, circulating
FGF23 levels were shown to be elevated under conditions in
which PTH signaling was continuously active such as chronic
kidney disease and Jansen metaphyseal chondrodysplasia
caused by a mutation in the PTHIR gene, which suggests that
PTH is a positive regulator for Fgf23 expression (37, 45). How-
ever, the negative action of PTH on Fgf23 expression has also
been demonstrated in a mouse model in which PTH was inter-
mittently administered (46). Thus, the effect of PTH on Fgf23
expression is context-specific and controversial (37, 45-47).
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Hence, the result showing that the induction of skeletal Fgf23 by
a single injection of PTH was observed in a circadian manner
may provide a clue to solve this controversial issue of PTH
action on Fgf23 expression although further studies are needed
to precisely determine PTH action on Fgf23 regulation.

In conclusion, in the present study we have provided evi-
dence that the time of food intake determined the circadian
profile of skeletal Fgf23 expression which involved a systemic
activation of sympathetic tone and that sympathetic activation
was peripherally regulated by Cryl expression in the skeleton.
Given the paucity of data as to the mechanisms regulating skel-
etal Fgf23 expression, these lines of evidence may shed light on
new regulatory networks of FGF23 which could be important
for understanding the physiology of phosphate metabolism.
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Case Report

Hypophosphatemic osteomalacia and bone sclerosis caused by a novel
homozygous mutation of the FAM20C gene in an elderly man with a mild
variant of Raine syndrome
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ABSTRACT

Background: Hypophosphatemia and increased serum fibroblast growth factor 23 (FGF23) levels have been
reported in young brothers with compound heterozygous mutations for the FAM20C gene; however, rickets
was not observed in these cases. We report an adult case of Raine syndrome accompanying hypophosphatemic
osteomalacia with a homozygous FAM20C mutation (R408W) associated with increased periosteal bone forma-
tion in the long bones and an increase in bone mineral density in the femoral neck.
Case: The patient, a 61-year-old man, was born from a cousin-to-cousin marriage. A short stature and severe
dental demineralization were reported at an elementary school age. Hypophosphatemia was noted inadvertently
at27 years old, at which time he started to take an active vitamin D metabolite (alphacalcidol) and phosphate. He
also manifested ossification of the posterior longitudinal ligament. On bone biopsy performed at the age of
41 years, we found severe osteomalacia surrounding osteocytes, which appeared to be an advanced form of
periosteocytic hypomineralized lesions compared to those reported in patients with X-linked hypophosphatemic
rickets. Laboratory data at 61 years of age revealed markedly increased serum intact-FGF23 levels, which were
likely to be the cause of hypophosphatemia and the decreased level of 1,25(0H),D. We recently identified a
homozygous FAM20C mutation, which was R408W, in this patient. When expressed in HEK293 cells, the
R408W mutant protein exhibited impaired kinase activity and secretion.
Discussion: Our findings suggest that certain homozygous FAM20C mutations can cause FGF23-related
hypophosphatemic osteomalacia and indicate the multiple roles of FAM20C in bone.

© 2014 Elsevier Inc. All rights reserved.

Introduction

syndrome with generalized osteosclerosis. In 2009, two patients with
this type of Raine syndrome were reported and one patient showed

In 1989, Raine syndrome was first reported as a lethal disease with
generalized osteosclerotic bone dysplasia inherited in an autosomal
recessive fashion [1]. It is characterized by increased periosteal bone
formation, which differs from osteopetrosis [2]. In 2007, FAM20C was
identified as the gene responsible for a lethal type of Raine syn-
drome [3], and about 24 patients were previously reported [4,5].
However, FAM20C is also associated with a non-lethal type of Raine

* Corresponding author at: Department of Pediatrics, Minoh City Hospital, 5-7-1
Kayano, Minoh City, Osaka 562-8562, Japan. Fax: 81 727 28 8495.
E-mail address: t.yamamoto@minoh-hp.jp (T. Yamamoto).

http://dx.doi.org/10.1016/j.bone.2014.06.026
8756-3282/© 2014 Elsevier Inc. All rights reserved.

hypophosphatemia [6]. In 2013, Rafaelsen et al. reported that pa-
tients with compound heterozygous mutations in this gene had
hypophosphatemia due to increased serum fibroblast growth factor
23 (FGF23) levels [7]. In addition, homozygous inactivation of
FAM20C leads to hypophosphatemic rickets in mice [8]. These results
indicate that the FAM20C gene is responsible for the distinct type
of autosomal recessive hypophosphatemia with abnormal bone
metabolism.

Concerning the function of FAM20C products, FAM20C encodes a
Golgi kinase that phosphorylates proteins [9] including small integrin-
binding ligand N-linked glycoproteins (SIBLINGs) [10], some of which
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are known to be inhibitors of mineralization through binding to
hydroxyapatite [11]. Thus, a physiological function of FAM20C may be
to inhibit mineralization. From a clinical point of view, mutations of
the FAM20C gene in patients with Raine syndrome are considered to
be inactivating ones because the disease is transmitted in an autosomal
recessive fashion. Therefore, inactivation of the FAM20C gene may be
associated with osteosclerosis in patients with Raine syndrome due to
the promotion of mineralization. However, this hypothesis cannot
explain the cause of hypophosphatemia due to increased serum FGF23
levels [7]. The increased production of FGF23 by bone tissues as well
as hypophosphatemic rickets has also been reported in the FAM20C
knock-out (KO) mouse model [8]. These observations suggest that
FAM20C gene abnormalities may cause both hypophosphatemic disease
and osteosclerosis at the same time.

In addition, Raine syndrome is associated with features that are
different from those found in FGF23-related hypophosphatemic rick-
ets such as X-linked hypophosphatemic rickets (XLH), autosomal
dominant hypophosphatemic rickets (ADHR), and autosomal reces-
sive hypophosphatemic rickets (ARHR) 1 and 2 [12]. These features
are intracerebral calcification and a higher incidence of dental anom-
alies. Since severe cases of Raine syndrome are lethal, it is unlikely
that mutant proteins have no enzymatic activity in adult patients.
However, the residual activity of mutated FAM20C found in patients
with FGF23-related hypophosphatemia has not been shown in function
assays [7].

Here, we report the case of an elderly man with a non-lethal variant
of Raine syndrome caused by a homozygous R408W mutation in
the FAM20C gene associated with hypophosphatemic osteomala-
cia, increased periosteal bone formation and femoral neck bone
mineral density, early loss of teeth, and intracerebral calcification.
The R408W mutant exhibited residual kinase activity that phos-
phorylated osteopontin.

Materials and methods
Laboratory data

General laboratory data were obtained at Minoh City Hospital,
Osaka, Japan. Serum 1,25-dihydroxyvitamin D (1,25(0OH),D) and 25-
hydroxyvitamin D (250HD) levels were measured with a radioreceptor
assay and competitive protein binding assay, respectively. Serum infact
and high sensitive parathyroid hormone levels were measured with an
electrochemiluminescent immunoassay and a radioimmunoassay,
respectively. Serum intact FGF23 (iFGF23) levels were measured with
the FGF-23 ELISA Kit (Kainos Inc., Tokyo, Japan).

The maximal tubular reabsorption of phosphate per glomerular fil-
tration rate (TmP/GFR) was calculated with Bijvoet's nomogram [13].
The bone mineral density was measured with a dual-energy X-ray
absorptiometry (DXA) scanner (Hologic Inc., Bedford, MA, USA).

Mutational analysis

Genomic DNA was extracted from peripheral blood using the
QIAamp DNA Blood Mini Kit (QIAGEN, Tokyo, Japan). All coding exons
and exon-intron junctions of the PHEX, DMP1, ENPP1, FGF23, and
FAM20C genes were amplified by PCR. PCR products were then gel-
purified using NucleoSpin® Gel and PCR Clean-up (Macherey-
Nagel, Duren, Germany) and directly sequenced by dye-deoxy termi-
nation cycle sequencing using the same primers. Primer sequences
can be obtained upon request.

Construction of expression vectors
Human FAM20C cDNA was amplified by RT-PCR from peripheral

blood leukocytes and cloned into pcDNA 3.1/myc-His A (Invitrogen)
with the In-Fusion HD Cloning Kit (Clontech). Human OPN cDNA was

amplified by PCR with pDest490-OPN-a (Addgene plasmid 17590) as
a template and similarly cloned into pcDNA 3.1/myc-His A.

Site-specific mutagenesis was performed using the PrimeSTAR
Mutagenesis Basal Kit (TAKARA BIO), PrimeSTAR HS DNA polymerase
with GC Buffer (TAKARA BIO), or Tks Gflex DNA polymerase (TAKARA
BIO), Primer sequences are available upon request.

Functional analysis of FAM20C

HEK293 cells were grown in 6-well dishes to 70-80% confluency and
transfected with 2 ng of pcDNA 3.1/myc-His A-FAM20C (or mutants)
with 5 pL of FUGENE-HD (Roche) as recommended by the manufacturer.
Cells were transfected with 0.4 pg of pcDNA 3.1/myc-His A-FAM20C (or
mutants) and 1.6 pg of pcDNA 3.1/myc-His A-OPN for co-transfection
analysis. The medium was replaced with 1 mL of Opti-MEM Reduced
Serum Medium 24 h after transfection. Conditioned medium was
removed 48 to 72 h after transfection and centrifuged at 1000 xg
for 5 min to remove cell debris. Cells were washed twice with PBS
and lysed with 500 pL of Opti-MEM Reduced Serum Medium, 55 pL
of FastBreak Cell Lysis Reagent (Promega), 5 HL of Protease Inhibitor,
and 0.5 pL of DNasel for 20 min. The cell lysate was centrifuged at
13,000 xg for 10 min and the supernatant was collected. The MagneHis
Protein Purification System (Promega) was used to purify polyhistidine-
tagged FAM20C and osteopontin, as recommended by the manufac-
turer. A 10-pL aliquot from 100 pL of the elutant was separated by
SDS-PAGE and transferred to a PVDF membrane, which was blocked
in ImmunoBlock (DS Pharma Biomedical) and probed with an anti-c-
Myc antibody (Santa Cruz Biotechnology) overnight at 4 °C. The
membrane was then incubated with an anti-mouse IgG antibody with
horseradish peroxidase (GE Healthcare) for 1 h at room temperature.
The ECL Select Western Blotting Detection Reagent (GE Healthcare)
was used for chemiluminescent detection.

Bone histology

The patient underwent lumbar fenestration surgery at the age of
41 years old due to intermittent claudication and numbness of both
legs, during which time iliac bone biopsy was performed. Bone speci-
mens were fixed in neutral formaldehyde, dehydrated in ethanol, and
embedded in methylmethacrylate, followed by the preparation of
undecalcified sections. Sections were stained with Villanueva bone
stain in Japan followed by Goldner staining at Shriners Hospitals for
Children in Montreal, Canada.

Ethics

The study protocol was approved by the Review Board of the Minoh
City Hospital Clinical Ethics Committee. We obtained informed consent
from the patient using written documents.

Case report

The patient is a 61-year-old Japanese man born from a cousin-to-
cousin marriage. His weight and height at 58 years old were 61 kg
(—0.67 SD) and 153 cm (— 2.8 SD), respectively. His sister and brother
did not have a short stature or symptoms of metabolic bone diseases. Al-
though he had mild bowlegs in childhood, his short stature was initially
reported at an elementary school age. He had lost all his teeth by the age
of 17 years as they had been gradually worn down (Fig. 1). He had no
history of abscessed teeth, and the lost teeth were replaced with den-
tures. He was incidentally diagnosed with hypophosphatemia associ-
ated with elevated urinary loss of phosphate at 27 years old; however,
no tumors were found on computerized tomography (CT) scan and
magnetic resonance imaging, which suggested that he did not have
tumor-induced osteomalacia. He was treated with an active vitamin D
metabolite (alphacalcidol) and phosphate. Ossification of the posterior
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Fig. 1. Skull radiographs at the age of 61 years. Note the absence of teeth.

longitudinal ligament was revealed at the age of 35 years (Fig. 2). When
the patient was 37 years old, we performed the Ellsworth-Howard test
after 2 weeks of treatment discontinuation, and found normal
responses of urinary phosphate and cyclic AMP excretions to exoge-
nous parathyroid hormone (PTH).

His serum high sensitive parathyroid hormone level was slightly in-
creased to 340 pg/mL (normal control: 90-270) at the age of 37 years.
We stopped treatment with phosphate but continued active vitamin D
administration at the age of 41 years because of a slightly deteriorated
renal function, which was possibly derived from nephrocalcinosis be-
cause of the phosphate therapy. Bone biopsy specimens revealed large
areas of osteomalacia surrounding osteocytes (Fig. 3), which appeared
to be advanced forms of periosteocytic hypomineralized lesions com-
pared to those reported in patients with X-linked hypophosphatemic
rickets [14].

The most recent laboratory test following the cessation of therapy
for 10 days when the patient was 61 years old revealed that his serum
1,25(0H),D level was low (12 pg/mL; normal range: 20-60) in spite
of a decrease in his serum phosphate concentration (1.9 mg/dL; normal

Fig. 2. A lumbar spine radiograph at the age of 50 years. Note anterior osteophytes with a
coarse trabecular pattern from L3 to L5 regions. The arrow denotes ossification of the pos-
terior longitudinal ligament.

A

Fig. 3. (A) lliac crest biopsy specimen was stained by Villanueva bone and Goldner's
methods. Large areas of osteomalacia surrounding osteocytes were observed, being much
more severe compared to hypomineralized periosteocytic lesions, halos of unmineralized
bone surrounding osteocyte lacunae, reported in XLH patients. (B) A higher magnification
of Fig. 3A. The arrows indicate osteocytes.
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Table 1
Laboratory data at 61 years old (before and after stopping medication),

Before After Reference range
Serum Ca (mg/dL) 103 9.2 87-11.0
Serum P (mg/dL) 21 1.9 2.7-44
Serum Cr (mg/dL) 1.40 1.31 0.6-1.1
ALP (IU/L) 347 288 104-338
Intact-PTH (pg/mL) 32 60 10-65
1,25(0H),D (pg/mL) 52 12 20-60
250HD (ng/mL) 271 ND
intact FGF23 (pg/mL) 386 309 10-50
Urine P (mg/dL) 70.3 32.0 0-80
Urine Cr (mg/dL) 145 52
%TRP (%) 67.7 57.6 >80
TmP/GFR (mg/dL) 15 1.1 2.8-4.2

ND, not done; Ca, calcium; P, phosphorus; Cr, creatinine; ALP, alkaline phosphatase; PTH,
parathyroid hormone; 1,25(0H),D, 1,25-dilydroxyvitamin D; 250HD, 25-hydroxyvitamin
D; %TRP, percentage of tubular reabsorption of phosphate; and TmP/GFR, the maximal tubu-
lar reabsorption of phosphate per glomerular filtration rate,

range: 2.7-4.4) (Table 1). The serum intact-PTH level was 60 pg/mL
(normal range: 10-65). %#TRP and TmP/GFR values were 57.6% (normal
range >80) and 1.1 mg/dL (normal range: 2.8-4.2), respectively. His
serum iFGF23 level was elevated to 309 pg/mL (normal range: 10~50).
We identified intracerebral calcification in the basal ganglia by CT
(Fig. 4). Bone radiographs revealed increased periosteal bone formation
in the humerus (Fig. 5). Bone mineral densities determined by DXA
analysis in the bilateral femoral neck were elevated at 1.034 g/cm?
(Z-score +2.5) and 1.156 g/cm? (Z-score -+ 3.6) on the right and
left sides, respectively. The lumber bone mineral density (L2-L4) was
also elevated at 2.007 g/cm? (Z-score + 6.3).

In order to identify the cause of FGF23-related hypophosphatemic
disease in this patient, we sequenced all coding exons and exon-intron
junctions in PHEX, DMP1, ENPP1, and FGF23 genes. However, no mu-
tation was observed in these genes. In contrast, a novel homozygous
missense mutation, ¢.1222C>T, R408W, was found in exon 6 of the
FAM20C gene (Fig. 6). This base change has not been reported in
the database (http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?locusld=
56975). We could not investigate his sister and brother because they
did not agree to genetic testing. FAM20C mutations associated with
hypophosphatemia in the literature are shown in Table 2, confirming
that R408W mutation has not previously been reported. We then ana-
lyzed the secretion and kinase activity of the mutant FAM20C protein.
When wild-type FAM20C was expressed in vitro, Western blotting

Fig. 4. Cranial computerized tomography at the age of 61 years. Note intra-cerebral calci-
fication in the region of the basal ganglia.

revealed more FAM20C protein in the conditioned medium than in the
cell lysate (Fig. 7A).

In contrast, most R408W mutant protein was observed in the cell
lysate, indicating that secretion of the mutant protein was impaired
(Fig. 7A). A kinase-dead mutant (D478A) also exhibited partially im-
paired secretion (Fig. 7A), consistent with a previous report [9]. Since
wild-type FAM20C was shown to increase the molecular weight of
osteopontin by phosphorylation [9], the kinase activity of wild-type
and mutant FAM20C proteins was examined by analyzing changes in
the molecular weight of osteopontin. When wild-type FAM20C and
osteopontin were co-expressed, phosphorylated osteopontin had a
higher molecular weight than that of unphosphorylated osteopontin
without FAM20C expression (Fig. 7B). The kinase-dead D478A mutant
FAM20C did not alter the molecular weight of osteopontin, whereas
the R408W mutant FAM20C slightly increased it, which indicated the
impaired but residual kinase activity of this mutant protein (Fig. 7B).

Discussion

We reported a patient with a homozygous mutation in the FAM20C
gene that was R408W. He had FGF23-related hypophosphatemic osteo-
malacia complicated by cortical hyperostosis and increased bone miner-
al density in the femoral neck and lumbar vertebrae, suggesting that the
FAM20C gene has the dual effect of increasing bone formation and caus-
ing osteomalacia in humans.

FGF23-related hypophosphatemic rickets with a genetic background
consists of XLH, ADHR, and two forms of ARHR (ARHR1 and ARHR2).
The genes responsible for this type of rickets were identified as PHEX,
FGF23, DMP1, and ENPPI, respectively (12]. The FAM20C gene was
recently shown to be the gene responsible for autosomal recessive
hypophosphatemia, although it was originally identified as the causal
gene of Raine syndrome [3,6,7]. Since the loss-of-function mutations
in FAM20C seem to impair the phosphorylation of SIBLING proteins,
some of which are inhibitors of mineralization, and are expected to de-
stroy the inhibitory function, osteomalacia was an unexpected observa-
tion. Thus, our patient suggested the possibility that hypophosphatemia
due to the elevated serum levels of FGF23 partly overcomes the role of
FAM20C in bone leading to osteomalacia. Thus, the present case pro-
vides additional evidence to show that the FAM20C gene may be
responsible for ARHR in addition to DMP1 and ENPP1 gene, although
we had no evidence that the patient suffered from rickets in childhood.
Dental abnormalities have been reported in patients with ARHR1 [15];
however, the premature loss of teeth is rare [16]. In contrast, FAM20C
was reported to be essential for the formation of murine teeth [17],
and the premature loss of teeth was reported in patients with com-
pound heterozygous mutations in FAM20C [7]). Our patient did not
have a remarkable history of abscessed teeth. Moreover, his teeth
were worn down, showing a gradually decreased volume. These
findings are compatible with a recent report on the presence of
amelogenesis imperfecta in FAM20C null mice [18]. Thus, the prema-
ture loss of teeth may be an index suggesting the presence of a
FAM20C mutation in patients with sporadic non-lethal Raine syn-
drome with hypophosphatemia. In addition, hyperostosis of the cor-
tical bones appears to be characteristic of these patients because no
hyperostosis was reported in cortical bone in patients with ARHR1 or
XLH. A recent study using peripheral quantitative computed tomogra-
phy revealed a reduced bone mineral density in the forearms of XLH
patients [19]. Thus, the clinical key to diagnosing hypophosphatemic
rickets caused by mutations in FAM20C is the premature loss of teeth
and coexistence of osteomalacia and cortical hyperostosis. The presence
of cerebral calcification in the basal ganglia suggests the possibility
of FAM20C mutations; however, the same findings have also been
reported in healthy individuals [20] and patients with several dis-
eases such as hypoparathyroidism and Fahr disease [21].

The mechanism by which osteomalacia coexists with cortical hyper-
ostosis combined with an increased bone mineral density in the femoral
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