J Bone Miner Metab (2016) 34:132-139
DOI 10.1007/s00774-015-0651-9

@ CrossMark

ORIGINAL ARTICLE

Phosphate enhances Fgf23 expression through reactive oxygen

species in UMR-106 cells

Michiko Hori - Yuka Kinoshita -
Manabu Taguchi - Seiji Fukumoto

Received: 23 June 2014 / Accepted: 12 January 2015 / Published online: 21 March 2015
© The Japanese Society for Bone and Mineral Research and Springer Japan 2015

Abstract Fibroblast growth factor 23 (FGF23) has been
shown to work as a phosphotropic hormone. Although
FGF23 reduces the serum phosphate level, it has not been
established that phosphate directly regulates FGF23 pro-
duction. In this study, we investigated whether phosphate
can enhance Fgf23 expression using the rat osteoblastic cell
line UMR-106, which has been shown to express Fgf23
in response to 1,25-dihydroxyvitamin D [1,25(OH),D].
Phosphate increased Fgf23 expression in a dose- and time-
dependent manner in the presence of 1,25(OH),D. Phos-
phate also increased Fgf23 promoter activity, but showed
no effect on the half-life of Fgf23 messenger RNA. Phos-
phonoformic acid and PD98059, an inhibitor of MEK,
inhibited the effects of phosphate on Fgf23 expression and
promoter activity. In addition, phosphate enhanced produc-
tion of reactive oxygen species (ROS) in UMR-106 cells,
and hydrogen peroxide enhanced FGF23 production in
a dose- and time-dependent manner. Hydrogen peroxide
also enhanced Elk1 reporter activity, a target of the MEK—
extracellular-signal-regulated kinase (ERK) pathway. Fur-
thermore, the effect of phosphate on ROS production and
Fgf23 expression was inhibited by apocynin, an inhibitor
of NADPH oxidase. These results indicate that phosphate
directly enhances Fgf23 transcription without affecting the
stability of Fgf23 messenger RNA by stimulating NADPH-
induced ROS production and the MEK-ERK pathway in
UMR-106 cells.
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Introduction

Fibroblast growth factor 23 (FGF23) decreases proximal
phosphate reabsorption by suppressing the expression
of type 2a and type 2c¢ sodium—phosphate cotransport-
ers [1]. FGF23 also inhibits intestinal phosphate absorp-
tion by lowering the level of 1,25-dihydroxyvitamin D
[1,25(0OH),D] [1]. By these actions on the kidney and the
intestine, FGF23 decreases the serum phosphate level. It
has been shown that excess actions of FGF23 underlie sev-
eral kinds of hypophosphatemic diseases, such as X-linked
hypophosphatemic rickets and tumor-induced osteomala-
cia [2, 3]. On the other hand, hyperphosphatemic familial
tumoral calcinosis is caused by impaired actions of FGF23
[2]. These results indicate that FGF23 is a physiological
humoral factor and works as a phosphotropic hormone.
Therefore, the production and circulatory level of FGF23
need to be tightly regulated. Previous studies indicated
that a high-phosphate diet increases FGF23 levels in both
humans and animals, suggesting that phosphate increases
FGF23 production [4, 5]. On the other hand, it has also
been shown that acute changes in the serum phosphate
level do not affect circulatory FGF23 levels in human [6].
Therefore, it is unknown whether phosphate directly regu-
lates FGF23 production.

High FGF23 levels have been shown to be associated
with various adverse events, such as cardiovascular events,
left ventricular hypertrophy, progression of chronic kidney
disease (CKD), and fractures [7]. However, the mechanism
of these associations remains to be clarified. This problem
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derives at least in part from uncertainness regarding the
detailed regulatory mechanisms of FGF23 production.
1,25(0OH),D was shown to enhance FGF23 production and
FGF23 levels [3, 8, 9]. However, 1,25(0OH),D is clearly not
the sole stimulant of FGF23 production because the FGF23
level is high in patients with CKD whose 1,25(OH),D
levels are rather low [10]. Therefore, we investigated the
effects of phosphate on FGF23 production using rat oste-
oblast-like cells (UMR-106) which have been shown to
express FGF23 [9, 11]. We also used 1,25(OH),D5, which
enhances FGF23 production, as a positive control and com-
pared the effects of 1,25(OH),D; with those of phosphate.

Materials and methods
Materials

Dulbecco’s modified Eagle’s high-glucose medium
(DMEM), fetal bovine serum (FBS), and 0.25 % trypsin
were from GIBCO, Life Technologies (Carlsbad, CA,
USA). 1,25(0H),D; was purchased from Calbiochem
(Tokyo, Japan). PD98059, apocynin, and phosphonoformic
acid (PFA) were purchased from Sigma-Aldrich (Tokyo,
Japan), and H,0, was from Wako (Tokyo, Japan). Indi-
cated concentrations of sodium phosphate buffer (0.1 M
Na,HPO,/NaH,PO,, pH 7.4) were added to the culture to
examine the effects of phosphate.

Cell cultures

Rat osteogenic sarcoma cells (UMR-106) were obtained
from ATCC. UMR-106 cells were cultured in DMEM con-
taining 10 % FBS. Cell cultures were maintained at 37 °C
with 5 % CO, and were passaged with 0.25 % trypsin every
3 days.

Real-time PCR

UMR-106 cells were seeded on 48-well plates at 3 x 10*
cells per well. After 6 h, the cells were treated with the
indicated concentrations of 1,25(OH),D;, phosphate, or
H,0, for various times. If the incubation time was longer
than 48 h, the medium was changed at 48 h. PD98059,
apocynin, or PFA was added to the medium 30 min before
the addition of sodium phosphate buffer. Total RNA was
isolated utilizing an RNAqueous-4PCR kit (Ambion, Life
Technologies, Carlsbad, CA, USA), treated with DNase
(Ambion), and reverse-transcribed using PrimeScript RT
master mix (perfect real time) (Takara, Tokyo, Japan).
The complementary DNA from 100 ng of total RNA was
subjected to real-time PCR using TagMan fast universal

PCR master mix (Applied Biosystems, Life Technologies,
Carlsbad, CA, USA). Reactions were run on and analyzed
with an ABI StepOnePlus instrument (Applied Biosys-
tems, Tokyo, Japan). The messenger RNA (mRNA) levels
were normalized to the Gadph mRNA level. The primer
sets were obtained from Applied Biosystems (Fgf23, no.
Rn00590709_m1; Gadph, no. Rn99999916_s1).

Fgf23 promoter/reporter assays

We amplified 5'-flanking regions of the rat Fgf23 gene
with 2,800, 1,200 and 560 bp by PCR and subcloned them
into a pGL3-basic vector (Promega, Madison, WI) to cre-
ate Fgf23 promoter/firefly luciferase reporter constructs
(—2800bp_luc, —1200bp_luc, and —560bp_luc, respec-
tively). UMR-106 cells on 48-well plates were transfected
with these reporter vectors (0.3 ug) and pRL-TK (0.01 pg)
(Promega) by using Attractene transfection reagent (QIA-
GEN, Tokyo, Japan). After 24 h, the cells were treated with
1,25(0OH),D; and/or sodium phosphate buffer. After a fur-
ther 48 h, luciferase activities were measured with a dual-
luciferase reporter assay system (Promega).

Analysis of mRNA stability

Fgf23 mRNA levels were analyzed by real-time PCR at 0,
1, 2, and 4 h after treatment with actinomycin D, and the
half-life of Fgf23 mRNA was calculated.

Elk1 luciferase reporter assays

Elkl is a nuclear target for the Raf-MEK-extracellular-
signal-regulated kinase (ERK) signaling cascade [12].
To confirm whether extracellular phosphate activates the
Raf-MEK-ERK pathway in UMR-106 cells, we con-
structed an Elkl luciferase reporter vector (Elkl_luc).
Two DNA oligonucleotides containing an Elkl binding
site (5-CTTTGCAAAATGCAGGAATTGTTTTCACAGT
TTTGCAAAATGCAGGAATTGTTTTCACAGTC-3' and
5'-TCGAGACTGTGAAAACAATTCCTGCATTTTG
CAAAACTGTGAAAACAATTCCTGCATTTTGCAAA
GGTAC-3') were annealed and subcloned into a pGL3-
basic vector (Promega, Madison, WI) [13]. Luciferase
activities were analyzed as previously described.

Analysis of reactive oxygen species production

Reactive oxygen species (ROS) production was analyzed
using a pGL4.37 vector that contains antioxidant response
element (Promega, Madison, WI, USA) [14]. Cells were
incubated in DMEM containing 2 % FBS, and luciferase
activities were analyzed as previously described.
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Statistical analyses

Student’s ¢ test was used to evaluate the statistical signifi-
cance between two groups. One-way ANOVA and Wil-
liams’s test for multiple sample comparisons were used
for more than three groups using Dr. SPSS II for Windows
(Tokyo, Japan). All values are expressed as the mean =+ the
standard error of the mean. P values less than 0.05 were
considered to be statistically significant.

Results
Regulation of Fgf23 expression by 1,25(0OH),D;

1,25(0OH),D; was shown to enhance Fgf23 expression in
UMR-106 and ROS 17/2.8 cells [8, 9]. However, the mech-
anism of this stimulatory effect of 1,25(OH),D; on FGF23
production has not been fully addressed. Therefore, we first
analyzed the effects of 1,25(OH),D; on Fgf23 expression
in UMR-106 cells. As previously reported, 1,25(0OH),D;
increased Fgf23 mRNA levels in a dose-dependent man-
ner (Fig. 1a). Fgf23 expression was not detectable in cells
with vehicle or treated with 0.1 nM 1,25(OH),D;, but
Fgf23 mRNA expression from cells treated with 100 nM
1,25(0OH),D; was about 25-fold higher than that from cells
treated with 1 nM 1,25(OH),D;.

To clarify the mechanism of this stimulatory effect
of 1,25(OH),D; on Fgf23 expression, we created sev-
eral Fgf23 promoter/firefly luciferase reporter constructs
(—2800bp_luc, —1200bp_luc, and —560bp_luc). All
of these Fgf23 promoters exhibited functional activi-
ties in transiently transfected UMR-106 cells (data not
shown). However, —560bp_luc showed the highest lucif-
erase activity. Therefore, we next evaluated the effects of
1,25(0OH),D; on Fgf23 promoter activity using —560bp_
luc. 1,25(OH),D; resulted in a dose-dependent stimulation
of luciferase activity in UMR-106 cells transfected with
—560bp_luc (Fig. 1b). The maximal increase was approxi-
mately twofold with 100 nM 1,25(OH),D;. The increase of
promoter activity was strongest 48 h after treatment with
100 nM 1,25(0OH),D; (data not shown). These results sug-
gested that the 5’ flanking region from -560 had an impor-
tant promoter activity, reacting with 1,25(OH),D5.

Messenger RNA (mRNA) levels are determined by
both transcriptional activity of the gene and the stabil-
ity of the mRNA produced. Therefore, we next analyzed
whether 1,25(0OH),D; also influenced mRNA stability.
RNA synthesis was inhibited using actinomycin D, and
Fgf23 mRNA levels were analyzed by real-time PCR at 0,
1, 2 and 4 h after the inhibition of transcription. In cells
treated with 100 nM 1,25(OH),D;, the half-life of Fgf23
mRNA (2.35 £ 0.14 h) was significantly longer than that
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Fig. 1 Effects of 1,25-dihydroxyvitamin D5 [/,25(OH),D;] on Fgf23
messenger RNA (mRNA) expression and Fgf23 promoter activ-
ity. a After UMR-106 cells had been treated with the indicated con-
centrations of 1,25(0OH),D; for 48 h, Fgf23 mRNA was evaluated
by real-time PCR analysis. Two asterisks P < 0.01 versus vehicle.
b UMR-106 cells were treated with the indicated concentrations of
1,25(0OH),D; for 48 h, and the relative luciferase activity of —560bp_
luc was evaluated. One asterisk P < 0.05 versus vehicle, two asterisks
P < 0.01 versus vehicle

of Fgf23 mRNA in cells treated with 1 nM 1,25(OH),D;
(1.37 £ 0.07 h), indicating that posttranscriptional regu-
lation of Fgf23 expression by 1,25(OH),D;. Therefore,
these results indicate that 1,25(OH),D; enhances Fgf23
expression by both transcriptional and posttranscriptional
mechanisms.

Regulation of Fgf23 expression by phosphate

We next analyzed the effects of phosphate on Fgf23
expression. When UMR-106 cells were treated with up to
5 mM added phosphate, Fgf23 mRNA was barely detect-
able by real-time PCR. Then, we analyzed Fgf23 mRNA
levels in the presence of 1 nM 1,25(0OH),D;. As shown in
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Fig. 2 Effects of phosphate on Fgf23 messenger RNA (mRNA) in
UMR-106 cells. a The indicated amount of phosphate was added
to the culture of UMR-106 cells in the presence of 1 nM 1,25-dihy-
droxyvitamin D; [/,25(0OH),D;] and Fgf23 mRNA was evaluated
by real-time PCR. One asterisk P < 0.05 versus without phosphate
addition, two asterisks P < 0.01 versus without phosphate addition. b
UMR-106 cells were treated for 96 h, and Fgf23 mRNA was evalu-
ated by real-time PCR. One asterisk P < 0.05 versus cells treated with
1 nM 1,25(OH),D; alone, two asterisks P < 0.01 versus cells treated
with 1 nM 1,25(0OH),D; alone. ¢ Cells were treated for 48 h, and the
relative luciferase activity of —560bp_luc was evaluated. In this lucit-
erase assay, 1,25(0OH),D; was not added. Asterisk P < 0.05 versus
vehicle alone. PFA phosphonoformic acid, Pi inorganic phosphate

Fig. 2a, phosphate clearly increased Fgf23 mRNA levels
after 72 h treatment. This increase of Fgf23 mRNA levels
caused by phosphate was dose dependent and specific for
phosphate, because 5 mM sodium sulfate did not increase

Fgf23 mRNA levels (Fig. 2b). When PFA was added to the
culture, the Fgf23 mRNA level was less than that of cells
treated with 1 nM 1,25(OH),D; alone. PFA completely
abolished the stimulatory effect of phosphate on the Fgf23
mRNA level, indicating that phosphate stimulated Fgf23
expression by entering cells (Fig. 2b).

To investigate whether phosphate stimulated Fgf23
transcription, Fgf23 promoter activities were analyzed as
described before. Phosphate enhanced luciferase activ-
ity of —560bp_luc in a dose-dependent manner (Fig. 2c).
Sodium sulfate did not enhance the Fgf23 promoter activ-
ity, indicating that the effect of phosphate on the Fgf23 pro-
moter was specific (Fig. 2c). Furthermore, PFA abolished
the effect of phosphate on Fgf23 promoter activity, again
indicating that phosphate enhanced Fgf23 transcription
by entering cells (Fig. 2c). We also analyzed the effects of
phosphate on Fgf23 mRNA stability. However, phosphate
did not affect the half-life of Fgf23 mRNA (9.16 £ 2.34 h
without phosphate, 6.68 + 1.56 h with 5 mM phosphate).
Therefore, phosphate seemed to enhance Fgf23 expression
by stimulating transcription of Fgf23.

Mechanism of the effect of phosphate on Fgf23 expression

We further analyzed how phosphate enhanced Fgf23 tran-
scription. Phosphate was shown to activate the Raf-MEK—
ERK pathway in chondrocytes [15]. Therefore, we first
analyzed the effects of phosphate on this pathway. Phos-
phate significantly enhanced Elkl_luc activity, indicating
that phosphate actually activated the Raf-MEK-ERK path-
way in UMR-106 cells (Fig. 3a). In addition, PD98059, a
MEK inhibitor, inhibited the stimulatory effect of phos-
phate on the Fgf23 mRNA level (Fig. 3b), and also inhib-
ited —560bp_luc luciferase activity stimulated by phos-
phate in a dose-dependent manner (Fig. 3c). These results
indicate that phosphate enhanced FGF23 production
through the ERK pathway.

Phosphate was also shown to increase the levels of ROS,
and ROS are well known to have diverse effects on cellu-
lar functions [16]. Therefore, we analyzed whether ROS
has a role in the regulation of Fgf23 expression caused by
phosphate. H,O, is frequently used as a positive control
for ROS. Therefore, we treated UMR-106 cells with H,O,.
H,0, increased Fgf23 mRNA expression in a time- and
dose-dependent manner and also enhanced Fgf23 promoter
activity (Fig. 4). H,0O, also increased Elk1_luc activity, sug-
gesting that ROS enhanced Fgf23 expression through the
ERK pathway (Fig. 5a). The stimulatory effect of H,O, on
Fgf23 mRNA expression was abrogated by the addition of
PD98059 (Fig. 5b). Finally, we examined whether phos-
phate actually enhanced ROS production in UMR-106 cells
and how phosphate affected ROS production. It was shown
that phosphate enhanced ROS production through NADPH
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Fig. 3 Effects of phosphate on the extracellular-signal-regulated
kinase pathway. a After UMR-106 cells had been were treated with
or had not been treated with phosphate, the relative luciferase activity
of Elk1_luc was evaluated. Two asterisks P < 0.01 versus cells with-
out phosphate. b UMR-106 cells were treated with phosphate and/
or PD98059 (a MEK inhibitor) for 96 h and Fgf23 messenger RNA
(mRNA) was evaluated by real-time PCR. Two asterisks P < 0.01 ver-
sus cells without phosphate, cross P < 0.05 versus cells treated with-
out PD98059. ¢ Cells were treated with phosphate and/or PD98059
for 48 h, and the relative luciferase activity of —560bp_luc was evalu-
ated. Asterisk P < 0.05 versus vehicle alone. In the luciferase assays
(a, ¢), 1,25-dihydroxyvitamin D5 [/,25(OH),D;] was not added. Pi
inorganic phosphate
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(mRNA) was evaluated by real-time PCR. Asterisk P < 0.05 versus
untreated cells. b Cells were treated with H,O, for 48 h, and Fgf23
mRNA was evaluated by real-time PCR. Asterisk P < 0.05 versus
untreated cells. ¢ Cells were treated for 36 h, and the relative lucif-
erase activity of —560bp_luc was evaluated. A significant increase of
the promoter activity was also observed in cells treated for 48 h. In
this luciferase assay, 1,25(OH),D; was not added. Asterisk P < 0.05
versus vehicle alone

oxidase in osteoblasts and the inhibition of NADPH oxidase
stimulated osteoblastic differentiation [17, 18]. Therefore,
we analyzed the effect of apocynin, an inhibitor of NADPH
oxidase, on ROS and FGF23 production. As shown in
Fig. 6a, phosphate enhanced ROS production as evaluated
by antioxidant reporter activity, and apocynin almost com-
pletely inhibited the ROS production by phosphate in UMR-
106 cells. Apocynin also inhibited the stimulatory effect
of phosphate on Fgf23 expression (Fig. 6b). There results
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indicate that phosphate enhanced Fgf23 mRNA expression
by the ROS-ERK pathway in UMR-106 cells.

Discussion

Here we have shown that 1,25(OH),D; increased Fgf23
expression by enhancing both Fgf23 transcription and
Fgf23 mRNA stability, whereas phosphate stimulated
Fgf23 expression by promoting transcription of Fgf23
in UMR-106 cells. These results support the concept that
FGF23 is a phosphotropic hormone and there is a negative-
feedback system between serum phosphate and FGF23 pro-
duction. It had already been shown that FGF23 decreases
the serum 1,25(OH),D level and that 1,25(OH),D stimu-
lates FGF23 production [1, 5, 8, 9]. Therefore, several
mechanisms seem to be able to modulate Fgf23 expression,
and there are multiple negative-feedback loops that regulate
FGF23 production and circulatory levels.
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Fig. 6 Phosphate enhances Fgf23 expression by enhancing reactive
oxygen species produced through NADPH oxidase a Reactive oxy-
gen species production was examined using a reporter containing
antioxidant response element. Asterisk P < 0.05 versus vehicle alone,
cross P < 0.05 versus cells treated without apocynin. In this lucif-
erase assay, 1,25-dihydroxyvitamin D5 [1,25(OH),D;] was not added.
b UMR-106 cells were treated with phosphate and/or apocynin for
48 h, and Fgf23 mRNA was evaluated by real-time PCR. Two aster-
isks P < 0.01 versus cells without phosphate, cross P < 0.05 versus
cells treated without apocynin. Pi inorganic phosphate

1,25(0OH),D; was shown to enhance Fgf23 transcrip-
tion and increase FGF23 levels in vivo [5]. Liu et al. [8]
reported that 1,25(OH),D; enhanced mouse Fgf23 pro-
moter activity, and they identified vitamin D response ele-
ment between —1,180 and —1,156 bp of murine Fgf23.
Our results also indicated that 1,25(OH),D; enhanced rat
Fgf23 promoter activity. However, we showed the stimu-
latory effect of 1,25(OH),D; on the Fgf23 promoter using
—560bp_luc, suggesting that the vitamin D response ele-
ments of mouse and rat Fgf23 genes are different. In
addition to this stimulatory effect of 1,25(OH),D; on
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Fgf23 transcription, our results indicate that 1,25(0OH),D;
enhanced Fgf23 mRNA stability. However, the observed
increase of Fgf23 mRNA expression was much higher than
that expected from these transcriptional and posttranscrip-
tional effects of 1,25(OH),D;. Therefore, it is plausible
that unidentified regions in the Fgf23 gene determine the
responsiveness to 1,25(OH),D; in addition to the promoter
up to -560 in UMR-106 cells.

It has previously been shown that 1,25(OH),D; increases
Fgf23 expression in UMR-106 cells [9]. However, the pro-
duction of FGF23 was not shown in that article [9]. We
tried to detect FGF23 by both Western blotting and ELISA.
However, we could detect neither full-length FGF23 nor
processed fragments of FGF23 in the conditioned medium
or cell lysate of UMR-106 cells treated with 1,25(OH),D
and/or phosphate. It is not clear why the UMR-106 cells
used in this study did not produce FGF23. In addition, we
used only UMR-106 cells in this study because there are
no other cell lines that can consistently produce Fgf23. It is
therefore unclear whether these findings obtained in UMR-
106 cells will be applicable to other cells and in vivo.

FGF23 is now considered to work as a phosphotropic
hormone. Therefore, it is reasonable to think that the pro-
duction and circulatory levels of FGF23 are regulated by
phosphate as calcium modulates parathyroid hormone
expression and secretion. However, it has not been widely
recognized that phosphate directly affects Fgf23 expres-
sion. While phosphate was shown to enhance FGF23
expression in one report, the mechanism of this effect of
phosphate is unknown [19]. Here we show that phosphate
enhanced Fgf23 expression after 72 h. These results are
consistent with those of our previous in vivo study that
acute changes of serum phosphate did not modify FGF23
levels [6]. Therefore, the regulation of Fgf23 expression by
phosphate seems to be a rather slow response. Although our
results indicate that phosphate enhances Fgf23 expression
by entering cells and stimulating the ERK pathway through
ROS, further studies are necessary to clarify the precise
regulatory mechanisms of FGF23 production.

Our results indicate that at least 1,25(OH),D and phos-
phate can stimulate FGF23 production by different mecha-
nisms. These results suggest that there are other regulators
and signaling pathways that modulate FGF23 production. It
has been shown that the FGF23 level begins to increase far
before the development of hyperphosphatemia and despite
the continuous decrease of 1,25(OH),D levels during
the progression of CKD [20]. Therefore, this increase of
FGF23 levels in patients with early CKD can be explained
by neither circulatory phosphate levels nor 1,25(OH),D
levels. It is known that ROS levels are increased in patients
with renal failure [21]. It should be clarified whether ROS
are involved in the increase of FGF23 levels in patients
with CKD. Although high FGF23 levels have been reported
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to be associated with various adverse events [7], the precise
reason for these correlations is unclear. If ROS can also
increase FGF23 production in vivo, it is necessary to exam-
ine whether ROS are the link between high FGF23 levels
and various adverse events.

In conclusion, we have shown that 1,25(OH),D and
phosphate enhance FGF23 production in UMR-106 cells
by different mechanisms. These results underline the
notion that FGF23 works as a phosphotropic hormone and
warrant further studies to clarify the detailed mechanisms
of the effects of 1,25(OH),D and phosphate on FGF23
production.
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