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a b s t r a c t

Polyphosphate (polyP) is composed of linear polymers of orthophosphate residues linked by high-energy
phosphoanhydride bonds. It has been reported to improve osteoblastic differentiation, stimulate peri-
odontal tissue regeneration, and accelerate bone repair. The aim of this study was to evaluate the effect
of polyP on the expression of FGF23, a hormone secreted mostly be mature osteoblasts and osteocytes. In
this study, different types of polyP were synthesized and co-cultured with osteoblast-like UMR-106 cells.
Real-time PCR and western blot were used to analyze the gene and protein expression of FGF23. We
found that 1 mM polyP was able to increase FGF23 expression after 4 h, reaching a peak after 12–24 h,
with expression decreasing by 48 h. We also found that polyP could activate the FGFR pathway, as evi-
denced by increased phosphorylation of FGFR, FRS2, and Erk1/2. When FGFR signaling was inhibited
by the specific inhibitor SU5402, the effect of polyP on FGF23 expression was significantly reduced.
Our results indicate that polyP is able to stimulate osteoblastic FGF23 expression and that this effect is
associated with activation of the FGFR pathway. These findings provide support for the clinical use of
polyP by indicating a mechanism for polyP in bone regeneration.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction wasting or retention, such as rickets or ectopic calcification [18–
Inorganic polyphosphate (polyP), a material found abundantly
in nature, is a linear polymer consisting of many orthophosphate
residues linked by energy-rich phosphoanhydride bonds [1,2].
PolyP has been found in the brain, liver, peripheral blood mononu-
clear cells, blood plasma, erythrocytes, gingival fibroblasts and
osteoblasts [3–6]. Interestingly, the levels of polyP in human oste-
oblasts have been shown to be relatively high [4,5].

We and others have previously reported that polyP is a bioma-
terial useful in the acceleration of bone defect repair and periodon-
tal tissue regeneration [7–9], and it can be used as a stimulant of
bone formation [10,11]. Recent studies have shown that treatment
with polyP can improve the proliferation, differentiation and min-
eralization of osteoblasts andmesenchymal stem cells through the
facilitation of FGFR signaling [2,12–14].

FGF23 is a hormone secreted mostly by bone [15,16] that plays
a key role in mineral ion homeostasis [17,18]. Altered FGF23 func-
tion leads to human disorders associated with improper phosphate
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21]. In addition to its function in regulating mineral ion metabo-
lism, FGF23 is also recognized as an inhibitor of mineralization.
Wang et al. [22] showed that adenoviral overexpression of FGF23
in rat calvarial cells inhibits bone mineralization independent of
its systemic effects on phosphate homeostasis. This observation
was supported by later reports, which showed that FGF23 treat-
ment of osteoblasts led to an inhibition of mineralization [23,24].
Moreover, genetically altered mice in which FGF23 activity is lost
exhibit severe skeletal defects [25,26].

Most recently, studies have shown that FGF23 is a specific tar-
get gene of FGFR signaling [27,28]. As polyP is able to regulate
the FGFR pathway [14,29], we hypothesized that polyP is able to
stimulate FGF23 expression through the FGFR pathway. To test
our hypothesis, we treated UMR-106 osteoblast cells with different
types of polyP and analyzed the expression of FGF23 using real-
time PCR and western blot. The effect of polyP on the FGFR path-
way and its relationship to FGF23 expression were also evaluated.

2. Materials and methods

2.1. Materials

All types of polyP were obtained from Regenetiss Inc. (Tokyo,
Japan). Sodium salt polyPs with an average chain length of 15
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(short length, polyP-S), 60 (medium length, polyP-M) and 110
(long length, polyP-L) phosphate residues were used. The concen-
tration of polyP was calculated in terms of phosphate residues.
NaPO4 buffer, adjusted to pH 7.0 by mixing equal concentrations of
Na2HPO4 and NaH2PO4 solutions, was used as a control. Osteoblast-
like cells (UMR-106) were purchased from ATCC (Manassas, VA).
Eagle’s minimum essential medium alpha modification (a-MEM)
and fetal bovine serum (FBS) were obtained from Gibco (Gaithersburg,
MD, USA). Penicillin–Streptomycin mix was purchased from
Invitrogen Life Technologies (Baltimore, MD, USA). Antibodies for
western blot were obtained from Cell Signaling (Danvers, MA),
with the exceptions ofanti-FRS2 (Sigma, St. Louis, MO) andanti-
FGF23 (Santa Cruz, CA, USA). FGF9 and SU5402 were obtained from
Prospec (East Brunswick, NJ, USA) and Biovision (Mountain View,
CA, USA), respectively.

2.2. Cell proliferation assay

UMR-106 osteoblast-like cells were seeded on 96-well culture
plates (Falcon) at a density of 3000 cells/well and incubated in a-
MEM supplemented with 10% FBS and 1% Penicillin–Streptomycin.
After approximately 8 h to allow for initial attachment, the culture
medium was aspirated and the cells were treated with fresh cul-
ture medium containing 1 mM polyP of different chain-lengths or
1 mM NaPO4 for 48 h. The relative number of viable cells in each
well was determined using Cell Proliferation Reagent WST-1
(Roche, Indianapolis, IN, USA). Briefly, 10 ll of reagent was added
to each well, including three wells containing only medium for
background subtraction. After incubation at 37 �C for 1 h, the
absorbance at 450 nm was measured using a microplate reader
(HTS 7000p1us, PerkinElmer).

2.3. RNA extraction and quantitative real-time RT-PCR

Total RNA was extracted using an RNeasy Mini Kit (Qiagen,
Valencia, CA, USA) strictly according to the manufacturer’s instruc-
tions. The concentration of freshly isolated RNA was determined by
measurement of absorbance at 260 nm, and the purity was calcu-
lated using A260/A280. First-strand cDNA was synthesized from
2 lg of RNA using a SuperScript� VILO™ cDNA Synthesis Kit (Invit-
rogen, Baltimore, MD, USA) and used for quantitative real-time
PCR. Expression of FGF23 was quantified with an ABI Prism 7300
Sequence Detection System and TaqMan� Universal PCR Master
Mix (Applied Biosystems, Foster City, CA, USA). The cycler was
programmed to run at 50 �C for 2 min, 95 �C for 10 min, 40 cycles
of 95 �C for 15 s and 60 �C for 1 min. The relative expression levels
of genes were analyzed using the 2�DDCt method and normalized
using GAPDH as a control, with results presented in fold increase
relative to the control.

2.4. Western blot

Cells were grown in 100-mm dishes to 80% confluence and then
treated with polyP for 24 h. The total protein was isolated using a
RIPA buffer (Pierce Biotechnology, Rockford, IL, USA) supplemented
with protease andphosphatase inhibitors (Roche Applied Science,
Penzberg, Germany). Samples were heated at 95 �C for 5 min in
sample buffer containing 2% SDS and 1% 2-mercaptoethanol and
were subjected to 10% SDS–polyacrylamide gel electrophoresis.
The separated proteins were transferred from the gel via electro-
phoresis to nitrocellulose membranes. After incubation in blocking
solution, the membranes were treated with diluted rabbit FGF23
antibody (1:2000), rabbit phospho-ERK1/2 (p-ERK1/2) antibody
(1:1000), total ERK1/2 antibody (1:1000; Assay Biotechnology),
phospho-FRS2antibody (1:1000; Assay Biotechnology), total FRS-
2antibody (1:1000; Assay Biotechnology), or b-actin antibody
(1:2000) overnight. Horseradish peroxidase-conjugated IgG was
used as the secondary antibody (Jackson ImmunoResearch Labora-
tories, West Grove, PA, USA), and signals were detected using
SuperSignal West PicoChemiluminescent Substrate System (Pierce,
Rockford, IL, USA).

2.5. Statistics

Statistically significant differences were assessed by ANOVA fol-
lowed by Tukey’s multiple comparisons. All values were expressed
as the mean ± SD. A p value of less than 0.05 was considered to be
statistically significant.
3. Results

3.1. PolyP treatment stimulates FGF23 expression

To test the effects of polyP on FGF23 expression, we first treated
UMR-106 cells with 1 mM polyP-S, polyP-M, or polyP-L for 48 h. As
shown in Fig. 1A, polyP-S, polyP-M and polyP-L each induced in-
creases in FGF23 expression of 4.01 ± 0.73, 8.16 ± 1.32 and
35.75 ± 2.58-fold, respectively, while NaPO4 failed to upregulate
the expression of FGF23. From these results, we conclude that
the rise in FGF23 expression levels correlates with an increase in
phosphate chain length.

We then evaluated the proliferation of UMR-106 cells and found
that there was no significant change in growth according to OD
readings after NaPO4 or polyP treatment with the exception of
polyP-L, which caused a decrease in proliferation. This finding sug-
gests that 1 mM polyP-L is toxic to the cells; therefore, we selected
polyP-M for use in further experiments.

We next tested the effects of different concentrations of polyP
on the expression of FGF23. UMR-106 cells were treated with
0.1 mM, 1 mM or 5 mM polyP-M for 24 h. As shown in Fig. 2A
and B, all three concentrations of polyP-M significantly increased
the expression of FGF23. Among these concentrations, 1 mM
polyP-M induced the highest increase in FGF23 expression at
23.62 ± 3.08-fold over the control.

We further compared the expression of FGF23 at different time
points. As shown in Fig. 2C and D, FGF23 expression was signifi-
cantly elevated after 4 h of treatment, reached its peak value after
12–24 h, and then dropped off at 48 h.

3.2. PolyP treatment activates FGFR signaling

To determine if polyP increases FGF23 expression through FGFR
signaling, cells were treated with 1 mM polyP for 24 h, and then
whole proteins were collected for western blot analysis. As shown
in Fig. 3, polyP, but not phosphate, markedly increased the phos-
phorylation of the FGF receptor (FGFR). We further investigated
the changes in signaling downstream of FGFR and found that phos-
phorylation of FRS2 and ERK1/2 was also elevated, indicating that
polyP is able to activate FGFR signaling.

3.3. Inhibition of FGFR signaling blunts the effect of polyP treatment on
FGF23 expression

To inhibit FGFR1 signaling, cells were incubated with the
FGFR1-specific inhibitor SU5402 at a concentration of 20 lM over-
night before polyP treatment. As shown in Fig. 4A, SU5402 alone
significantly reduced the expression of FGF23 in UMR-106 cells.
Moreover, the effect of polyP on FGF23 expression was largely
blunted in the presence of SU5402. Expression was more than
10-fold lower than that observed with polyP treatment alone, indi-
cating that FGFR signaling is a key pathway by which polyP
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Fig. 1. The effects of different phosphate chain lengths of polyP on FGF23 expression and proliferation. (A) Gene expression of FGF23 after polyP treatment for 48 h. (B) OD
values of osteoblasts after polyP treatment for 48 h. ⁄p < 0.05.
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Fig. 2. Gene and protein expression of FGF23. (A, B) The effects of different concentrations of polyP on FGF23 expression. (C, D) The effect of polyP on FGF23 expression at
different time points. ⁄p < 0.05.

Fig. 3. Activation of FGFR signaling by polyP.
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regulates FGF23 expression. We also used FGF9 as a positive con-
trol and observed similar results. These observations were further
confirmed by western blot analysis (Fig. 4B).
4. Discussion

In this study, we showed that treatment of UMR-106 cells with
polyP stimulates an increase in FGF23 expression and activates the
FGFR pathway. Moreover, blocking the FGFR pathway significantly
inhibited polyP-induced FGF23 expression, indicating that the ef-
fect of polyP is accomplished at least partially through FGFR signal-
ing. Although the results show that polyP can activate FGFR
signaling and induce FGF23 expression, the mechanism of how
FGFR is activated by polyP is still unclear. One possibility is that
polyP enhances the activity of growth factors present either in
the culture medium or released from the cultured cells themselves.
Shiba et al. [29] reported that polyP modulates FGF activity by sta-
bilizing FGFs and facilitating their binding to FGFR. Our previous
study also demonstrated that combined use of polyP and FGF2 im-
proved osteoblastic proliferation, differentiation and mineraliza-
tion in vitro and accelerated bone regeneration in vivo [8];
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Fig. 4. Blocking FGFR signaling blunts FGF23 expression. (A) Gene expression and (B) protein expression. ⁄p < 0.05.
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however, the involvement of other signaling pathways cannot be
excluded.

FGF23 is a key regulator of mineral ion homeostasis [17,18].
PolyP treatment increases FGF23 secretion, suggesting that polyP
may be involved in mineral ion metabolism. PolyP accumulates,
especially in osteoblasts, and hydrolyzes locally at distinct sites
on the plasma membrane, resulting in a release of phosphate [4].
Moreover, a very recent study showed that polyP could modulate
the intracellular calcium levels in osteoblasts [30]. FGF23 also
plays an important role in inhibiting osteoblastic mineralization
[22–24]; the expression of FGF23 increases during the process of
mineralization. In contrast, polyP accelerates the deposit of cal-
cium and phosphate and exhibits a very strong effect on the induc-
tion of mineralization [2]. Therefore, the observed increase in
FGF23 expression may be the result of a negative feedback loop
to inhibit polyP-induced mineralization.

Previous studies have shown that bone is the main source of
FGF23 [15,16] and that mature osteoblasts and osteocytes are the
major producers of secreted FGF23. Prior to this study, we screened
the endogenous mRNA levels of FGF23 in several osteoblastic linages,
including primary calvarial osteoblasts, MC3T3-E1, UMR-106,
ROS17/2.8, MG-63 cells and an osteocyte-like cell line, MLO-Y4.
The FGF23 mRNA levels in these cells were very low to undetect-
able with the exception of UMR-106 cells; therefore, we chose
UMR-106 cells for our experiments. The UMR-106 cell line is a
clonal derivative of a transplantable rat osteogenic sarcoma. The
cells retain many of the characteristics of osteoblasts and are
widely used in the field of bone research.

In this study, we used three types of polyP. The average phos-
phate residue chain lengths were 15 (short length, polyP-S), 60
(medium length, polyP-M) and 110 (long length, polyP-L). Our re-
sults showed that all three types of polyP were effective in induc-
ing FGF23 expression and that this effect becomes more
pronounced as the chain length increases. However, polyP-L
caused significant cell death after co-culture for 2 days; thus, we
selected polyP-M for further experiments. Additionally, the aver-
age phosphate chain length of polyP-M is closest to the phosphate
chain length of the polyP found in humans [31,32].

In summary, we successfully demonstrated that polyP, an inor-
ganic biomaterial used for bone regeneration, is able to stimulate
FGF23 expression through activation of the FGFR pathway, sug-
gesting a role for polyP in modulating mineral ion metabolism.
These findings provide support for the clinical use of polyP, indicat-
ing a mechanism for polyP in bone regeneration. However, the di-
rect molecular interaction between polyP and FGFR will require
further investigation.
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