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Fig. 4 IL-6-induced activation of ERK was enhanced by blocking
the STAT3 signaling pathway, and IL-6-induced ERK and Akt
signaling pathways negatively regulated each other reciprocally.
a MC3T3-E1 cells were stimulated with 10 ng/m! IL-6 and 100 ng/ml
sIL-6R (15 min) after pretreatment either with PHPS1 (5, 20, 40 uM;
1 h), with U0126 (5 pM; 1 h), or with V Stattic (5 uM; 1 h), and the
cell Iysates were subjected to Western blotting. PHPS1 inhibited IL-6-
induced phosphorylation of ERK and Akt to the constitutive level, but

The negative effect of IL-6/sIL-6R on the expression of
osteoblastic genes (Runx2, osterix and osteocalcin) was
also restored by treatment with either U0126, LY294002,
or PHPS1 in a dose-dependent manner, while it was
enhanced by treatment with V Stattic (Fig. 5b). Moreover,
a high dose of PHPS1, 20 pM, caused significantly
upregulated expression of osteocalcin.

For mineralization of ECM, the negative effect of IL-6/
sIL-6R was restored by treatment with either UQ126,
1.Y294002, or PHPS1. As with ALP activity and osteo-
blastic gene expression, the negative effect of IL-6/sIL-6R
on mineralization was enhanced by treatment with V
Stattic (Fig. 6a, b). ALP activity, osteoblastic gene
expression, and mineralization of ECM in cells treated only
with each inhibitor demonstrated the same behavior
(Figs. 5, 6).

Furthermore, the negative effects of ALP activity,
osteoblastic gene expression and mineralization of ECM by
stimulation with IL-6/sIL-6R were compared for levels in
the presence and in the absence of each inhibitor. The
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not of STAT3. IL-6-induced activation of ERK was enhanced by V
Stattic. b MC3T3-E1 cells were treated with vehicle or with 10 ng/ml
IL-6 and 100 ng/ml] sIL-6R (15 min) after pretreatment either with
V0126 (5 pM; 1 h) or with LY294002 (10 uM; 1 h), and the cell
lysates were subjected to Western blotting. Both constitutive and IL-
6-induced phosphorylation of Akt and ERK were enhanced by
treatment with U0126 and LY294002, respectively. Representative
data from at least three independent experiments are shown

negative effects on osteoblast differentiation by IL-6/sIL-
6R showed a tendency to decrease in the presence of each
inhibitor, as compared to the absence of inhibitors (Figs. 3,
6). The negative effects were decreased by 15-44, 20-61,
7-140, and 21-80 % in the presence of U0126, LY294002,
PHPS1 and V Stattic, respectively, as compared to the
absence of inhibitors. These results indicate that the effects
of IL-6/sIL-6R on osteoblast differentiation might be
mediated either by MEK/ERK, PI3K/Akt, or JAK/STAT3
pathways.

Knockdown of MEK2 and Akt2 via siRNA transfection
restores ALP activity and Runx2 gene expression

To further confirm the effects of MEK and Akt inhibition
on osteoblast differentiation in MC3T3-E1 cells, we stud-
ied cell differentiation after knockdown of MEK and Akt.
For each protein, RNAs of two isoforms were separately
blocked: MEK1 and MEK?2 for MEK, and Aktl and Akt2
for Akt.
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Fig. 5 The negative effects of
IL-6 on ALP activity and the
expression of osteoblastic genes
were restored by inhibition of
MEK, PI3K, and SHP2, while
they were enhanced by
inhibition of STAT3. MC3T3-
El cells were pretreated either
with U0126 (1, 2.5, 5 uM; 1 h),
LY294002 (1, 2.5, 5 pM; 1 h),
PHPS1 (5,20 uM; 1 h), or V
Stattic (5 pM; 1 h), then
stimulated either with 10 ng/ml
IL-6 and 100 ng/ml sIL-6R or
with vehicle and incubated for
6 days. (a) ALP activity of the
cell lysates was measured using
p-nitrophenylphosphate as a
substrate. The negative effect of
IL-6 on ALP activity was
restored by treatment with either
U0126, LY?294002, or PHPSI in
a dose-dependent manner, while
it was enhanced by treatment
with V Stattic. b Total RNA
was extracted and real-time
PCR for Runx2, osterix, and
osteocalcin was performed.
Data were normalized to
GAPDH expression and are
shown as the ratio of gene
expression compared to control
cells treated with vehicle. The
negative effect of IL-6 on
expression of osteoblastic genes
was restored by treatment either
with U0126, LY294002, or
PHPS1 in a dose-dependent
manner, while it was enhanced
by treatment with V Stattic.
Representative data from at
least three independent
experiments are shown. Data are
shown as mean & SE. n.s. not
significant; ¥P < 0.05;
#Pp < 0.001; #*P < 0.001,
compared to the group treated
with vehicle. *P < 0.05;
P < 0.001; #**+P < 0.001,
compared to group treated with
IL-6/sIL-6R

The protein expression level of each molecule was
found to be diminished selectively at 48 h after trans-
fection of the respective siRNAs (Fig. 7a). The ALP
activity in MC3T3-E1 cells treated with IL-6/sIL-6R was
restored by knockdown of MEK2 and Akt2 as compared
to that in cells transfected with negative control siRNA.
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On the other hand, knockdown of MEK1 and
enhanced the negative effects of IL-6/sIL-6R on
activity (Fig. 7b) (ALP activity after transfection with
each siRNA without IL-6/sIL-6R demonstrated the same
behavior; Fig. 7b) Quantitative real-time PCR analysis
revealed that the gene expressions of Runx2, osterix, and

E
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Fig. 6 The negative effect of IL-6 on mineralization of ECM was
restored by inhibition of MEK, PI3K, and SHP2, while it was
enhanced by inhibition of STAT3. MC3T3-El cell were pretreated
either with U0126 (1 pM; 1 h), LY294002 (1 uM; 1 h), PHPS1
(20 pM; 1 h), or V Stattic (2.5 pM; 1 h), then stimulated with either
10 ng/ml IL-6 and 100 ng/ml sIL-6R or with vehicle and incubated
for 21 days. a After fixation, the cells were stained with alizarin red
solution. The reduction of alizarin red staining by IL-6/sIL-6R was
restored in cells treated with either U0126, 1.Y294002, or PHPSI,
while it was enhanced in those treated with V Stattic. b Quantification

osteocalcin were restored by knockdown of MEK2. On
the other hand, knockdown of Akt2 also restored Runx2,
but decreased osteocalcin expression (Fig. 7c), while
knockdown of Akt2 without IL-6/sIL-6R caused no sig-
nificant difference in Runx2 expression (Fig. 7b). As was
recognized for ALP activity, knockdown of MEKI and
Aktl enhanced the downregulation of osteocalcin
expression (Fig. 7b, c). Also, the negative effects of IL-6/

of matrix mineralization was by measurement of absorbance for
alizarin red normalized by total DNA content. The reduction of
matrix mineralization by IL-6/sIL-6R was restored in cells treated
with either U0126, LY294002, or PHPS1, while it was enhanced in
those treated with V Stattic. Representative data from at least three
independent experiments are shown. Data are shown as mean = SE.
n.s. not significant; *P < 0.05; *P < 0.001; *P < 0.001, compared
to the group treated with vehicle. *P < 0.05; **P < 0.001;
#kkP < (0.001, compared to group treated with IL-6/sIL-6R

sIL-6R on osteoblast differentiation showed some ten-
dency to decrease with each knockdown compared to
those without knockdown. The negative effects were
decreased by 2-24, 4-27, 7-43, and 21-26 % with
knockdown of MEKI1, MEK2, Aktl, and Akt2, respec-
tively, as compared to those without knockdown. These
results indicate that IL-6 may suppress osteoblast differ-
entiation through MEK2 and Akt2.
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Fig. 7 Knockdown of MEK2 and Akt2 in cells transfected with
siRNA restored ALP activity and Runx2 gene expression. a MC3T3-
E1 cells transfected with respective siRNAs were cultured for 48 h.
Western blotting was performed using cell lysates stimulated with
vehicle or with 20 ng/ml IL-6 and 100 ng/ml sIL-6R (15 min).
Expression levels of each protein, MEK1, MEK2, Aktl, and Akt2,
were selectively diminished at 48 h after transfection with respective
siRNAs. b MC3T3-E1 cells transfected with respective siRNAs were
incubated for 48 h after which the medium was changed to
differentiation medium with vehicle or with 20 ng/m! IL-6 and
100 ng/m] sIL-6R. The cells were then incubated for 3 days to
evaluate osteoblast differentiation. ALP activity in MC3T3-E1 cells
treated with IL-6/sIL-6R was restored by knockdown of MEK?2 and
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Akt2 as compared to that in cells transfected with negative control
siRNA. ¢ Expression of osteoblastic genes in MC3T3-El cells
transfected with respective siRNAs was assessed by real-time PCR.
The expression of each gene was normalized against GAPDH
expression. The gene expressions of Runx2, osterix, and osteocalcin
were rtestored by knockdown of MEK2. Knockdown of Akt2 also
restored Runx2, but decreased osteocalcin. Representative data from
at Jeast three independent experiments are shown. Data are shown as
mean &= SE. n.s. not significant; *p < 0.05; ##p < 0.001;
##p < 0.001, compared to negative control group treated with
vehicle. ¥P < 0.05; **P < 0.001; ***P < 0.001, compared to neg-
ative control group treated with IL-6/sIL-6R
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JL-6/sI1.-6R inhibits the differentiation of primary
murine calvarial osteoblasts by activating
phosphorylation of ERK, Akt2, and STAT3

Experiments were repeated with murine calvarial osteo-
blasts isolated from the calvariae of 3-day-old C57BL/6
mice. As was recognized in MC3T3-E1 cells, IL-6 inhib-
ited ALP activity (Fig. 8a), the expression of osteoblastic
genes (Fig. 8b), and mineralization (Fig. 8c, d) in a dose-
dependent manner. Furthermore, IL-6 induced phosphory-
lation of ERK, Akt2, and STAT3 (Fig. 8e), which was
exactly the same as with MC3T3-E1 cells.

Discussion

We examined the effects of IL-6 and its soluble receptor on
the proliferation and differentiation of murine MC3T3-E1
osteoblastic cells and primary murine calvarial osteoblasts.
Our results showed that they significantly reduced ALP
activity, bone mineralization, and expression of the osteo-
blastic genes Runx2 osterix and osteocalcin, in a dose-
dependent manner. From these experiments, we clearly
demonstrated that IL-6 inhibited osteoblast differentiation
of MC3T3-E1 cells and primary murine calvarial
osteoblasts.

It has been demonstrated that the JAK/STAT?3 signaling
pathway has important roles both, in vivo and in vitro, in
the differentiation of osteoblasts [37, 38]. Our results are
consistent with previous reports and imply that the acti-
vation of STAT3 induced by IL-6 may induce osteoblast
differentiation.

IL-6 activates another major intracellular signaling
pathway, SHP2/ERK, and can also lead to the activation of
an additional signaling cascade involving SHP2/PI3K/Akt.
IL-6-induced activation of PI3K and downstream protein
kinase Akt/PKB has been reported to play important roles
in the proliferation of prostate cancer cells [30, 311, hep-
atoma cells [32], and multiple myeloma cells [29]. They
were also reported to associate with neuroendocrine dif-
ferentiation of prostate cancer cells induced by IL-6 [32].
In this study, we focused on the PI3K/Akt pathway trig-
gered by IL-6, because no reports have demonstrated the
role of IL-6 in the activation of PI3K/Akt signaling path-
way in osteoblasts. We have demonstrated for the first time
that IL-6-induced activation of Akt2, one of the down-
streamn pathways of SHP2, may be a key player in the
negative regulation of osteoblast differentiation induced by
IL-6. Among the three isoforms of Akt, Aktl and Akt2 are
highly expressed in osteoblasts [39]. Mice lacking Aktl,
the major isoform in bone tissue, exhibit osteopenia [40,
41], and the impact of Aktl deficiency in osteoblast dif-
ferentiation and bone development have also been

published [39, 42—44], all of which are consistent with our
results showing that knockdown of Aktl signaling by
siRNA inhibited osteoblast differentiation. In contrast,
Mukherjee et al. [44] reported enhanced osteogenic dif-
ferentiation in the absence of Aktl in cell lines. Moreover,
they reported that Akt2 was required for BMP2-initiated
osteoblast differentiation of cultured murine mesenchymal
stem cells, but that Aktl was dispensable in this assay [45],
which is inconsistent with our results showing that
knockdown of Akt2 signaling by siRNA promoted osteo-
blast differentiation. These discrepancies might be due to
the difference between cell types, i.e. intramembranous
(calvariae) cells and endochondral (long bones) cells.

In this study, gene expression of osteocalcin, a late
osteoblastic differentiation marker, was upregulated by
treatment with a PI3K/Akt inhibitor, but was downregu-
lated by knockdown of both Aktl and Akt2. Moreover, a
complete blockade with a high dose (more than 10 pM) of
the PI3K/Akt inhibitor conversely downregulated the
expression of osteocalcin (data not shown). This discrep-
ancy may be due to the difference between the temporary
or partial blockade by the inhibitor and constitutive
knockdown by siRNA. Since bone formation has been
reported to increase without impairment of mineralization
and resorption even in osteocalcin-deficient mice [46], the
expression of osteocalcin may not directly affect bone
formation.

We have previously reported that osteoblast differenti-
ation was significantly promoted by MEK inhibitor in
BMP-2-treated C2C12 cells and MC3T3-E1 cells [47]. Our
findings in the present study are consistent with our pre-
vious report and others [47-49] at the point that IL-6-
induced activation of ERK significantly downregulated
osteoblast differentiation. In addition, our results suggest
that there might be different roles in osteoblast differenti-
ation between MEK1 and MEK2. Constitutively active
expression of MEK1 has been reported to accelerate bone
development both in vitro [50] and in vivo [51], which is
consistent with the results showing that knockdown of
MEK]I1 inhibited osteoblast differentiation in the present
study. As for MEK?2, there are no reports concerning its
roles in osteoblast differentiation, and we are the first to
demonstrate that MEK2 may also be a key player in the
negative regulation of osteoblast differentiation induced by
I-6. The effects of an MEK inhibitor that inhibits both
MEK1 and MEK?2 on bone formation are still controversial
[52]. These controversies might be due to different roles
played between MEK1 and MEK?2 in osteoblast differen-
tiation, and the effects of MEK inhibitors could depend on
which pathway is predominantly inhibited in each study.

With respect to intracellular signaling pathways, our
results showed that IL-6 triggers three signaling pathways,
one of which has a conflicting function with the others.
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Fig. 8 IL-6/sIL-6R inhibited the differentiation of primary murine
calvarial osteoblasts with the activated phosphorylation of ERK,
Akt2, and STAT3. a ALP activity of lysates of murine calvarial
osteoblasts treated with or without IL-6/sIL-6R for 6 days was
measured using p-nitrophenylphosphate as a substrate. IL-6/sIL-6R
significantly reduced ALP activity in a dose-dependent manner.
b Total RNA was extracted from murine calvarial osteoblasts treated
with or without IL-6/sIL-6R for 6 days, and real-time PCR for Runx2,
osterix, and osteocalcin was performed. Data were normalized to
GAPDH expression and are shown as the ratio of gene expression as
compared to control cells treated with vehicle. The expression of
osteoblastic genes was significantly downregulated by IL-6/sIL-6R in
a dose-dependent manner. ¢ Murine calvarial osteoblasts were treated
with or without IL-6/sIL-6R and were cultured for 21 days. After
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fixation, the cells were stained with alizarin red solution. Apparently
significant reduction of alizarin red staining was recognized in cells
treated with either 10 or 50 ng/ml IL-6. d Matrix mineralization was
quantified by measurement of absorbance for alizarin red normalized
by total DNA content. IL-6/sIL-6R significantly inhibited minerali-
zation of ECM in a dose-dependent manner. e Primary murine
calvarial osteoblasts were treated with vehicle or 10 or 50 ng/m! IL-6
and 100 ng/ml sIL-6R in a time-course experiment (5, 15, and
30 min). Western blotting was performed using cell lysates. IL-6
significantly induced the phosphorylation of ERK, Akt2, and STAT3
in a dose-dependent manner. Representative data from at least three
independent experiments are shown. Data are shown as mean =+ SE.
n.s. not significant; *P < 0.05; **P < 0.001; ***P < 0.001
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Fig. 9 Schematic presentation
of signaling pathways involved
in osteoblast differentiation
induced by IL-6. IL-6-induced
novel SHP2/MEK2/ERK and
SHP2/PI3K/AkL2 signal
crosstalk in osteoblastic cells;
ERK and Akt signaling
pathways, both of which are
downstream of SHP2,
negatively regulate each other
reciprocally. On the other hand,
the STAT3 signaling pathway
negatively regulates the ERK
signaling pathway. MEK2/ERK
and PI3K/Akt2 have negative
effects on osteoblast
differentiation, whereas STAT3

Signal cross-talk

has a positive effect. Overall, d%steob}a%t
TL-6 inhibits osteoblast Herentiation
differentiation through MEK2
and Akt2 signaling pathways

Total effect

SHP2/ERK and SHP2/Akt2 negatively affects osteoblast
differentiation, whereas JAK/STAT3 positively affects it
(Fig. 9). In other cells, it is often that simmltaneous acti-
vation of the SHP2/ERK and JAK/STAT3 cascades gen-
erate opposing, or at least different signals. In osteoclasts,
for example, SHP2/ERK activation inhibits osteoclasto-
genesis [53], whereas STAT3 is a pro-osteoclastic mole-
cule after phosphorylation on serine727 [54]. In myeloid
leukemic M1 cells, STAT3 induces differentiation in vitro
[55], whereas the SHP2/ERK pathway promotes their
proliferation [56]. These examples suggest that the inte-
gration of opposing activities transduced by more than one
pathway could provide a biologically balanced state in the
end, leaving availability to respond to another physiologi-
cal situation. Indeed, Hirano and colleagues [57] have
proposed a “signaling orchestration” model in a single cell,
where the balance or interplay of simultaneously generated
contradictory signals eventually determines the biological
outcome. Thus, the inconsistent results regarding the
effects of IL-6 on osteoblast differentiation in previous
reports could be explained by which intracellular signaling
pathway was predominantly activated in each study. The
balance of three signaling pathways could be influenced by
such conditions as the variety of cultured cells, the stage of
cell differentiation, and the employed culture conditions.
To the best of our knowledge, this is the first report of
signal crosstalk in which IL-6-induced ERK and Akt sig-
naling pathways negatively regulated each other in cultured
osteoblastic cells. In this study, however, cancellation of the
negative effects of IL-6/sIL-6R on osteoblast differentiation
by inhibitors was incomplete as compared to the absence of
inhibitor (Figs. 5, 6). This might be because ERK, Akt and

STATS3 are all critical pathways in osteoblast differentiation
even in the absence of IL-6/sIL-6R, and even though one
pathway is blocked, another pathway is enhanced by reci-
procal regulation in the crosstalk between IL-6-activated
signaling pathways (Fig. 9). Our results demonstrated that a
STATS3 inhibitor significantly enhanced IL-6-induced acti-
vation of ERK and SHP2, but not of Akt (Fig. 4a). SHP2
could predominantly lead to the activation of the ERK
signaling pathway as compared to Akt, and the enhanced
signaling of ERK may restrain the enhancement of the Akt
signaling pathway in a negative feedback manner.

The results obtained from the present study show that
SHP2, MEK and PI3K inhibitors would be of potential use
for the treatment of osteoporotic changes in RA patients. In
particular, SHP2 inhibitors not only could inhibit the
negative effect of IL-6-induced MEK/ERK and PI3K/Akt2
signaling, but also enhance the positive effect of IL-6-
induced STAT3 signaling on osteoblast differentiation
[37]. However, since a pro-inflammatory effect of STAT3
on synovitis has been reported [36, 58], selective inhibition
of MEK?2 and Akt2 signaling in osteoblasts may be more
promising in order to avoid the enhancement of synovitis
and consequent joint destruction.

In conclusion, our study provides new insights in the
pathophysiology as well as potential treatment options for
bone loss in RA, focusing on osteoblast differentiation
in vitro. Our results demonstrated that IL-6 could inhibit
osteoblast differentiation through MEK2/ERK and PI3K/
Akt2 signaling pathways, both of which are SHP2-depen-
dent downstream signaling pathways.
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Dentin matrix protein 1 {(DMP1), a noncollagenous bone matrix protein produced by osteocytes, regulates matrix
mineralization and phosphate homeostasis. The lack of a precise assay for circulating DMP1 levels impairs further
investigation of the protein's biological significance. Because full-length precursor DMP1 is cleaved into NH,-
and COOH-terminal fragments during the secretory process, we developed two new sandwich ELISAs for the
NH,- and COOH-terminal fragments of rat DMP1. One of these ELISAs, ELISA 1-2, is based on two affinity-
purified polyclonal antibodies against the DMP1-1 and DMP1-2 peptides of the NH,-terminal fragment, whereas
the other, ELISA 4-3, is based on two affinity-purified polyclonal antibodies against the DMP1-3 and DMP1-4
peptides of the COOH-terminal fragment. The polyclonal antibodies were characterized in immunohistochemical
and liquid chromatography-electrospray ionization tandem mass spectrometry (LC-MS/MS) studies. Immuno-
histochemical analyses of rat bone using these polyclonal antibodies revealed DMP1 immunoreactivity in osteo-
cytes and pericanalicular matrix, consistent with the previously reported osteocyte-specific expression of DMP1.
LC-MS/MS analyses of rat plasma-derived immunoreactive products affinity-extracted with these antibodies
revealed the presence of DMP1 in circulating blood. The ELISAs established with these antibodies met accepted
standards for reproducibility, repeatability, precision, and accuracy. Circulating DMP1 and levels of other bio-
chemical markers (osteocalcin, Trap5b, Dkk-1, and SOST) were measured in 2-, 4-, 8-, 12-, 18-, 24-, 72-, and
96-week-old Wistar male rats, Circulating DMP1 levels determined by ELISAs 1-2 and 4-3 significantly decreased
with age. During rapid skeletal growth (2-12 weeks), DMP1 levels measured by ELISA 4-3 were over three times
higher than those measured by ELISA 1-2; however, DMP1 levels in old animals (72 and 96 weeks) were almost
the same when measured by either ELISA. DMP1 levels determined by both ELISAs were most highly positively
correlated with the level of Dkk-1, second most highly correlated with the level of osteocalcin, and less highly cor-
related with the levels of Trap5b and SOST. These novel sandwich ELISAs for rat DMP1 are highly specific and allow
precise measurements of circulating DMP1, which may be a new biochemical marker for osteocyte-mediated bone
turnover.

© 2013 Elsevier Inc. All rights reserved.

Introduction

unusually large number of acidic domains; because of its highly acid-
ic nature, DMP1 can bind to calcium, thereby regulating matrix min-

Dentin matrix protein 1 (DMP1), which is expressed in osteocytes
[1], is a member of the SIBLING (Small Integrin-Binding Ligand, N-
linked Glycoprotein) family of genetically related non-collagenous
matrix proteins in mineralized tissues [2]. DMP1 contains an

* Corresponding author at: Department of Oral Pathology, Graduate School of Dentistry,
Osaka University, 1-8 Yamadaoka, Suita, Osaka 565-0871, Japan. Fax: +81 6 6879 289.
E-mail address: toyosawa@dent.osaka-u.acjp (S. Toyosawa).

8756-3282/% - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.dol.org/10.1016/i.bone.2013.09.013

eralization [3]. Protein chemistry analysis has shown that full-length
DMP1 is synthesized as a precursor that is cleaved into NH,-terminal
37-kDa and COOH-terminal 57-kDa fragments [4]; however, a full-
length form (105 kDa) of DMP1 has also been detected in bone and
dentin, albeit at considerably lower levels [5]. DMP1-null mice exhibit
hypophosphatemia, leading to the discovery of DMP1 mutations associ-
ated with autosomal-recessive hypophosphatemic rickets (ARHR) in
humans {6,7]. Both DMP1-null mice and individuals with ARHR exhibit
elevated serum FGF23, which causes increased renal phosphate wasting



430 S. Sato et al / Bone 57 (2013) 429436

leading to hypophosphatemia. These findings indicate that regulation of
matrix mineralization by DMP1 is coupled to renal phosphate homeosta-
sis via FGF23 production by osteocytes.

Cellular and extracellular components of the skeletal tissue have
been used to develop the biochemical markers that specifically reflect
either bone formation or bone resorption [8]. These markers may be
classified according to the biological compartment to which they be-
long, parameters of cellular (osteoblast and osteoclast) activity, and
components released during bone formation and breakdown of the
bone matrix. Osteocytes, which are the most abundant and longest-
living cells in the adult skeleton, have recently been found to control
bone remodeling through regulation of both osteoclast and osteoblast
activity, and also to function as endocrine cells [9]. The targeted ablation
of osteocytes in cortical bone generated osteoclast activation [10]. On
the other hands, osteocyte as a mechanosensory cells coordinates the
osteoblatic activity to mechanical force by downregulating sclerostin
[11]. Further, osteocyte as an endocrine cell produces FGF-23, which
leads to phosphate excretion in the kidney, thereby controls circulation
phosphate [6]. These findings indicated that osteocyte viability and
activity clearly plays a significant role in the maintenance of bone
homeostasis and integrity. In fact, osteocyte density was decreased in
the vertebral fracture patients than in the controls [12], and osteocyte
lacunar density was decreased with an increase in bony porosity and
microcrack density [13]. Until now, these osteocytic changes have
been studied with histomorphometric analysis and three-dimensional
imaging analyses of bone samples [14]. However, these methods give
information on limited areas of whole skeletal bone and are not the
noninvasive techniques suitable for routine analyses. Given that DMP1
is produced predominantly in osteocytes, whereas other bone matrix
proteins (including osteopontin, osteocalcin, and bone sialoprotein)
are produced in osteoblasts [1,15-17], circulating DMP1 represents a
candidate biochemical marker for osteocyte activity as well as bone
mineralization.

To assess the potential utility of DMP1 as a biochemical marker
of bone metabolism under physiological and pathological conditions,
it would be very useful to develop precise assays for measurement of
DMP1 levels in circulating blood, and to use these assays to evaluate
the normal range of circulating DMP1 levels. In this study, we

quantitatively determined the normal range of circulating DMP1 levels
in rats of various ages (2-96 weeks) using newly development sandwich
ELISAs, and analyzed the relationship between the levels of DMP1 and
other biochemical markers of bone metabolism.

Materials and methods
Production of polyclonal antibodies against rat DMP1

Peptides encoding rat DMP1 residues 90-111 (DMP1-1: SGDDTFG
DEDNGPGPEERQWGG), 148-164 (DMP1-2: HHSDEADSRPEAGDSTQ),
247-261 (DMP1-3: FRRSRVSEEDDRGEL), and 275-293 (DMP1-4:
EDFRSKEESRSETQEDTAE) were prepared, with cysteines affixed NH,-
terminally to DMP1-1, -3, and -4 and COOH-terminally to DMP1-2
{(American Peptide Company, Sunnyvale, CA, USA) (Fig. 1). The cysteinyl
peptides were conjugated to bovine thyroglobulin and dialyzed, and the
coupled peptides were then mixed with Freund's complete adjuvant
(DIFCO, Lawrence, KS, USA) and injected subcutaneously into two
Japanese white rabbits (approximately 100 pg per animal). Eight subcu-
taneous booster injections with Freund's incomplete adjuvant (DIFCO)
were also performed (approximately 100 pg per animal). Anti-rat DMP1
peptide antisera were affinity-purified by acetic acid elution from a
peptide-conjugated Activated Thiol Sepharose4B (GE Healthcare
Life Sciences, Pittsburgh, PA, USA). Affinity-purified rabbit polyclonal
antibodies against rat DMP1 peptides were used for immunohistochem-
istry, immunoaffinity chromatography, and rat DMP1 ELISAs. All animal
procedures in this study were approved by Osaka University Graduate
School of Dentistry Intramural Animal Use and Care Committee.

Immunohistochemistry of rat bone

One-week-old Wistarrats (n = 3) were fixed by transcardiac perfu-
sion of 4% paraformaldehyde under general anesthesia. Tibia samples
were immersed in fixative overnight at 4 °C and demineralized with
buffered 10% EDTA for 7 days at 4 °C. The samples were embedded in
paraffin, and serial sections (5 pm thick) were prepared and mounted
onto silane-coated slides.

1:MKTVILLTFLWGLSCALPVARYQNTESESSEERTGNLAQSPPPPMANSDH: 50

DMP1-1

51:TDSSESGEELGSDRSQYRPAGGLSKSAGMDADKEEDEDDSGDDTFGDEDN: 100

DMP1-2

101 :GPGPEERQWGGPSRLDSDEDSADTTQSSEDSTSOENSAQDTPSDSKDHHES : 150

151 :DEADSRPEAGDSTODSESEEYRVGGGSEGES SHGDGSE%DEGMQSD%PG 1200

201 :STRSDRGHTRMS SAGIRSEESKGDHEPTSTQD%DDS

DMP1-3
VEFSSRKSFRRS: 250

DMP1-4

251 :RVSEEDDRGELADSNSRETQSVSTEDFRSKEESRSETOEDTAETQSQEDS : 300
301 :PEGQDPSSESSEEAGEPSQESSSESQEGVASESRGDNPDNTSQTGDQRDS : 350
351 :ESSEEDRLNTFSSSESQSTEEQGDSESNESLSLSEESQESAQDEDSSSQE:: 400
401:GLOSQSASRESRSQESQSEQDSRSEENRDSDSQDSSRSKEESNSTGSTSS: 450
451 : SEEDNHPKNIEADNRKLIVDAYHNKPIGDQDDNDCQDGY
Fig. 1. Amino-acid sequence of rat DMP1. The sequences of peptides DMP1-1, -2, -3, and -4, used for immunization, are shown with a shaded background and underlining. The DMP1 pep-

tides identified by LC-MS/MS analyses of plasma-derived immunoreactive products affinity-purified with antibodies against DMP1-1 or DMP1-3 are shown in bold type. Arrowheads in-
dicated the cleavage sites between the NH,-terminal 37-kDa and COOH-terminal 57-kDa fragments [4].
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Immunohistochemical staining was performed using the streptavidin-
biotin complex (sABC) peroxidase method and the anti-rabbit SABC
system from Dako (Glostrup, Denmark). Primary rabbit polyclonal anti-
bodies against DMP1-1, -2, -3, and -4 were used, Tissue sections were
treated with trypsin to facilitate antigen exposure for immunostaining.
Sections were lightly counterstained with hematoxylin. As negative con-
trols, rabbit serum IgG (Dako) was used as the primary antibody, yielding
uniformly negative results.

Peptide sequencing of immunoreactive products with antibodies for DMP1

Each immunoreactive product was extracted from 20 mL EDTA plas-
ma of 1-month-old male Wistar rats by immunoaffinity chromatogra-
phy, using antibodies against the DMP1-1 or DMP1-3 peptides. The
immunoreactive product was condensed by freeze-dehydration and
used for peptide sequencing. Digestion of these products followed an
established methodology [18]. Briefly, the products (approximately
200 ng/100 pL) were reduced with dithiothreitol (Wako Pure Chemical,
Osaka, Japan) and then alkylated with iodoacetamide (Wako Pure
Chemical). Subsequently, the samples were digested with trypsin
(Promega, Madison, MI, USA) overnight at 37 °C,

The resulting peptide mixture was analyzed on a liquid chromatog-
raphy-electrospray ionization tandem mass spectrometer (LC-MS/MS)
(LTQ XL; Thermo Fisher Scientific, Waltham, MA, USA) equipped with
a custom nano-LC system consisting of a Shimadzu LC pump (Shimadzu,
Kyoto, Japan) with LC flow splitter (Dionex, Idstein, Germany) and an
HCT PAL autosampler (CTC Analytics, Zwingen, Germany). The sample
was loaded onto a nano-precolumn (300 pm id. x 5.0 mm, L-C-18;
Chemicals and Evaluation and Research Institute, Tokyo, Japan) in
the injection loop and washed using 0.1% trifluoroacetic acid in 2% ace-
tonitrile. Peptides were separated using a nano-HPLC column (75 pm
id. x 15 cm, Acclaim PepMap100C18, 3 pm, Dionex) and ion-sprayed
into the MS at a spray voltage of 1.5 kV. The mass spectrometer
was configured to acquire data by progressing from a full scan of
the sample to three tandem MS scans of the three precursor masses
(m/z 730.2 corresponding to YQNTESESSEER; m/z 1000.6 correspond-
ing to SEESKGDHEPTSTQDSDDSQDVEFSSR; m/z 746.7 corresponding
to SKEESNSTGSTSSSEEDNHPK) (Fig. 1) as determined in real time by
the Xcalibur® software (Thermo Fisher Scientific). The MS/MS spectra
obtained from these precursor ions were searched against the rat sub-
database of the public non-redundant protein database of the Interna-
tional Protein Index, version 3.87, provided by The European Bioinfor-
matics Institute,

Generation of recombinant rat DMP1

Glutathione-S-transferase (GST)-fused rat DMP1 was created by
subcloning a fragment of the coding region of the rat DMP1 cDNA
(excluding the signal peptide) in an E. coli expression system, described
previously [1]. Purified recombinant rat DMP1 was kept at — 20 °C prior
to use.

Development of sandwich ELISA for the detection of rat DMP1

The sandwich ELISA system for the detection of rat DMP1 was
constructed by Immuno-Biological Laboratories Co., Ltd. (Gunma,
Japan). Four affinity-purified antibodies were immobilized on the 96-
well microtiter-plate, and conjugated horseradish peroxidase (HRP)
(Toyobo, Osaka, Japan) was used to test different combinations of cap-
ture and detection antibodies in sandwich ELISA. In the assay, 100 pL
of recombinant rat DMP1 or rat blood samples were used. The assay
procedure was as follows. Microtiter plates (96 wells) were coated by
addition of 100 pl of 100 mmol/L carbonate buffer (pH 9.5) containing
1.0 pg of purified antibody to each well, followed by incubation over-
night at 4 °C. The plates were washed with PBS containing 0.05%
Tween-20 (PBS-T), and then blocked overnight at 4 °C with 200 pL

per well of 1% (w/v) bovine serum albumin (BSA) in PBS containing
0.05% NaNs. Following two washes with PBS-T, test samples and recom-
binant rat DMP1 (as a standard) were added in duplicate to the wells
of the coated microtiter plate and incubated for 1 h at 37 °C. After
four washes with PBS-T, 100 pL of HRP-conjugated antibody was
added to each well, and the samples were incubated for 30 min at
4 °C. The wells were washed five times with PBS-T, and then 100 pL of
tetramethyl benzidine solution (Immuno-Biological Laboratories) was
added to each well as a substrate, followed by incubation in the dark
for 30 min at room temperature. The reaction was terminated by addi-
tion of 100 pL of 0.5 mol/L H,S0,. Absorbance of the solution was mea-
sured at 450 nm using an ELISA reader (iMark; Bio-Rad Laboratories,
CA, USA). Finally the concentrations of unknown samples were calculat-
ed based on the recomnbinant rat DMP1 standard curve.

ELISA validation

In order to assess the intra- and inter-assay precision for the ELISA,
three quality control (QC) samples were established covering the high,
middle, and low range of the standard curves. Intra-assay precision
was determined by 24 repeated measurements of each QC sample in a
single plate, and inter-assay precision was determined by assessing
each QC sample across six different plates in quintuplicate wells. More-
over, to assess the recovery rate in blood, different concentrations of
recombinant rat DMP1 were added to samples and measured, and the
recovery rate was calculated based on the difference between the mea-
sured and theoretical concentrations. The sensitivity of this kit was de-
termined based on the guidelines provided by the National Committee
for Clinical Laboratory Standards (NCCLS) Evaluation Protocols.

Other biochemical markers of bone metabolism

Plasma osteocalcin, a marker of bone formation, was measured
by ELISA using antibodies raised against the middle region of human
osteocalcin (Rat-MID™ Osteocalcin EIA; Immunodiagnostic Systems,
Fountain Hills, AZ, USA). Plasma tartrate-resistant acid phosphatase
isoenzyme 5b (TRAP5D), an osteoclast-specific enzyme, was measured
by ELISA using a capture antibody raised against recombinant mouse
TRAPSb (RatTRAP™; Immunodiagnostic Systems). Plasma Dickkopf-1
(DKkk-1), an osteocyte-expressed soluble inhibitor of the Wnt signaling
pathway, was measured by ELISA using a capture antibody raised against
DKkk-1 (Dkk-1 [rat], EIA kit; Enzo Life Sciences, Farmingdale, NY, USA).
Plasma sclerostin (SOST), an osteocyte-expressed negative regulator of
bone formation, was measured by ELISA using a capture antibody raised
against recombinant mouse SOST (Quantikine ELISA Mouse/Rat SOST
Immunoassay; R&D Systems, Minneapolis, MN, USA).

Study subjects

For the determination of the levels of DMP1 and the other biochem-
ical markers as a function of the age of the animal, blood samples (EDTA
plasma) were collected from male Wistar rats at 2, 4, 8, 12, 18, 24,
72, and 96 weeks of age (n = 43).

Statistical analysis

All statistical analyses were performed using JMP (Japanese ver-
sion 10.0.0, SAS Institute, Cary, NC, USA). All comparisons of results
from different age groups were performed by ANOVA and subsequent
Tukey-Kramer test. All bar diagrams represent mean values, and error
bars represent standard deviations (SDs). The correlations were calcu-
lated using the Pearson correlation coefficient. Statistical significance
was defined as p < 0.05.
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Results
Immunohistochemistry of DMP1 in rat bone

To characterize the polyclonal antibodies against the rat DMP1-1,
DMP1-2, DMP1-3, and DMP1-4 peptides, we performed immunohisto-
chemistry on rat bones using these antibodies. Analyses using anti-
DMP1-1 or -DMP1-2 antibodies revealed immunoreactivity in. the
osteocytes and their surrounding bone matrix (Figs. 23, b). By contrast,
analyses using anti-DMP1-3 or -DMP1-4 antibodies revealed immuno-
reactivity in the pericanalicular matrix rather than in osteocytes (Figs.
2¢, d). All these antibodies revealed no immunoreactivity in osteo-
blasts (Figs. 2a-d). These patterns of immunoreactivity in osteocytes
and osteocyte-related matrix were consistent with the previously re-
ported osteocytic expression of DMP1. From these observations, we
concluded that the polyclonal antibodies correctly recognize local
DMP1 in the bone.

Identification of circulating DMP1 in blood

To confirm the presence of DMP1 in circulating blood, we extracted
immunoreactive products from rat plasma by affinity chromatogra-
phy using antibodies against DMP1-1 or DMP1-3, and analyzed
these products by LC-MS/MS. The LC-MS spectra of the immunoreac-
tive products affinity-extracted with the polyclonal antibody against
DMP1-1 (which recognizes for NH,-terminal fragments of DMP1) re-
vealed the YQNTESESSEER, SEESKGDHEPTSTQDSDDSQDVEFSSR, and
SKEESNSTGSTSSSEEDNHPK peptides of rat DMP1 (Fig. 1). Likewise, the
LC-MS spectra of the immunoreactive products affinity-extracted with
the polyclonal antibody against DMP1-3 (which recognizes COOH-

terminal fragments of DMP1) revealed the same three peptides. These
findings confirmed that DMP1 was present in circulating blood, and
that these antibodies could detect the circulating DMP1.

Development and characteristics of rat DMP1 immunoassay

Previous studies demonstrated that cleavages at four sites within
DMP1 produce NH,- and COOH-terminal fragments, with only a small
amount of DMP1 remaining uncleaved [4,5]. In fact, ELISA using pairs
of antibodies that recognized uncleaved DMP1 did not have sufficient
sensitivity to detect circulating DMP1 (data not shown). We selected
pairs of antibodies that recognized either the NH;- or COOH-terminal
fragments. In sandwich ELISA 1-2, polyclonal antibodies against the
DMP1-1 and DMP1-2 peptides of the NH,-terminal fragment were
used, with anti-DMP1-1 as the capture antibody and HRP-conjugated
anti-DMP1-2 as the detection antibody (Fig. 1). In sandwich ELISA
4-3, polyclonal antibodies against the DMP1-3 and DMP1-4 peptides
of the COOH-terminal fragment were used, with anti-DMP1-4 as the
capture antibody and HRP-conjugated anti-DMP1-3 as the detection
antibody (Fig. 1). Dilutions of recombinant rat DMP1 were used for
the standard curve.

The sensitivity of the assay was calculated to be 4.04 pg/mL for ELISA
1-2 and 2.51 pg/mL for ELISA 4-3 using NCCLS methods. The precision
was determined using three spiked QC samples (high, middle, and low).
Intra-assay variations (n = 24) were less than 5.7% for ELISA 1-2
(Table 1) and less than 8.6% for ELISA 4-3 (Table 2), and inter-assay var-
iations (n = 6) were less than 6.3% for ELISA 1-2 (Table 1) and less than
8.2% for ELISA 4-3 (Table 2). Blood samples, collected either as EDTA
plasma or serum, exhibited no appreciable differences in the detectable
concentration of immunoreactive DMP1 (data not shown). Dilution

Fig. 2. Immunohistochemistry of local DMP1 in rat bone. (a) Immunostaining with antibody against DMP1-1 was seen in osteocytes and their surrounding bone matrix. (b) Imrnunostain-
ing with antibody against DMP1-2 was seen in osteocytes and their surrounding bone matrix. (¢) Immunostaining with antibody against DMP1-3 was seen in pericanalicular matrix rather
than in osteocytes. (d) Immunostaining with antibody against DMP1-4 was seen in pericanalicular matrix rather than in osteocytes. (a)-(d) Immunostaining with antibodies against
DMP1-1, 2, 3,4 was not seen in osteoblasts. Insets in (a)-(d) show a higher magnification of osteocytes. Ob; osteoblast, Per; periosteum. Counterstaining was performed with hematoxylin.

Original magnification, x400. (Inset) Original magnification, x700.
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Table 1 Table 3
Intra- and interassay precision of three control rat plasma samples in DMP1 ELISA 1-2. Recovery of rat DMP1 in ELISA 1-2.
Intraassay variation {(n = 24) Interassay variation (n = 6) Theoretical value Measured value Recovery
Mean = SD Mean + SD Sample no. (pg/mL) (pg/mL) (%)
Rat EDTA plasma
Sample (pg/ml) V&  (pg/ml) V& Sample 1 5377 4868 905
Low control 8154+ 374 46 83.8 £ 531 6.3 Sample 2 459.6 4237 922
Medium control 306.5 + 13.64 45 307.0 £ 13.29 43 Sample 3 4205 386.0 918
High control 1048.1 & 55.39 5.7 10813 & 3636 34 Rat serum
i ber of d T Sample 4 959.3 889.3 927
fs‘bf‘?gn;;r‘c’l d:\f?;}“,;ga“"“s Sample 5 8812 8388 952
CV: coefficient of variation Sample & 8421 7635 07
Table 2 Table 4
Intra- and interassay precision of three control rat plasma samples in DMP1 ELISA 4-3. Recovery of rat DMP1 in ELISA 4-3.
Intraassay variation (n = 24) Interassay variation (n = 6) Theoretical value Measured value Recovery
Mean + SD Mean + SD Sample no. (pg/mL) (pg/mL) (%)
Rat EDTA plasma
Sample (pg/ml) V®  (pg/ml) v Sample 1 13428 13034 97.1
Low control 90.1 + 7.78 86 87.0 + 7.13 82 Sample 2 1264.7 1217.1 96.2
Medium control 306.0 = 18.75 6.1 3186 + 23.57 74 Samnple 3 12257 11825 96.5
High control 1045.7 + 68.87 6.6 1121.5 4 5090 45 Rat serum
- number of determinations Sample 4 21796 21264 97.6
S].3' standard deviati Sample 5 21015 2041.7 972
- standard deviation Sample 6 20624 20022 97.1

CV: coefficient of variation

linearity was determined from three plasma samples (from 12, 18, and
96-week-old rats) in triplicate after serial dilution (ranging from 1:16 to
1:1024) with assay buffer; graphs of these were approximately parallel
to the standard curve (Fig. 3). Plasma samples from three normal rats
were incubated at 4 °C for 24 h or 37 °C for 1 h, and the DMP1 levels
in these plasma samples were compared with those of the same plasma
samples stored at —80 °C. In ELISA 1-2, the DMP1 concentration in
plasma of 12-week-old rats incubated at 4 °C and 37 °C was 97.7 +
20.9% (mean + SD) and 99.0 + 21.5% (mean =+ SD) of the concentra-
tion in control plasma stored at — 80 °C. In ELISA 4-3, the DMP1 con-
centration in plasma of 12-week-old rats incubated at 4 °C and
37 °C was 94.5 4 21.3% (mean + SD) and 91.3 4 18.5% (mean £
SD) of the concentration in control plasma stored at —80 °C.

Studies in which recombinant rat DMP1 was added to 40- or 80-fold
diluted rat EDTA plasma, yielded recoveries of 90.5-92.2% in ELISA 1-2
(Table 3) and 96.2-97.1% in ELISA 4-3 (Table 4). Studies in which
recombinant rat DMP1 was added to 40- or 80-fold diluted rat serum,
yielded recoveries of 90.7-95.2% in ELISA 1-2 (Table 3) and of
97.1-97.6% in ELISA 4~3 (Table 4).

ELISA 1-2
1
y = 4449550868
y = 6.6784x0891 R2=0.9928
R2z=0.9976
= 0.1
‘B
5 y = 3.0748x19266
a R2=0.9931
<
2
=3
© o0
A
0.001 r - - .
0.0001 0.001 0.01 0.1 1
Plasma Dilution

Age-associated decrease of circulating DMP1 levels in male rats

We determined reference levels for circulating DMP1 in normal
male rats of various ages (2-96 weeks). Both ELISA 1-2 and ELISA 4-3
showed that circulating DMP1 concentrations significanlly decrease
with age (Fig. 4). During rapid skeletal growth (2-12 weeks), mean
DMP1 values measured by ELISA 4-3 were over three times higher
than those measured by ELISA 1-2. However, mean DMP1 values in
old animals (72 and 96 weeks) were almost the same when measured
by either ELISA.

Correlations between levels of DMP1 and other biochemical markers

We also measured the levels of the other biochemical markers of
bone metabolism in normal male rats of various ages (2-96 weeks)
(Fig. 5) and assessed the correlations between the levels of DMP1
and these other markers. Both osteocalcin and Dkk-1 levels tended to
decrease with age. Both Trap5b and SOST levels were increased at
8 weeks and decreased after 12 weeks. Among all bone markers,

ELISA4-3
10
y = 26.08x 10402
1 O R2=0.9969
y = 39.282x09236
R2=10.9963
e
7]
S @ Sample 1
2 o1 / ¥ =9.4606x10T  OSample 2
3 R?=09962  ASample3
=
)
0.01 ‘
0.001 " . .
0.0001 0.001 0.01 0.1 1
Plasma Dilution

Fig. 3. Linearity of dilution studied in rat DMP1 ELISA assays. Fach data point of ELISA 1-2 (left) or ELISA 4-3 (right) represents the mean of three separate measurements. Linear regression

equations, together with the squares of the correlation coefficients (R?), are shown.
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ELISA 4-3

TR =————

2 4 8 12 18 24 72 96 (weeks)

Fig. 4. DMP1 concentrations in plasma from male rats of various ages. Circulating DMP1 concentrations were evaluated in 2- (n = 5),4- (n = 5), 8- (n = 6), 12- (n = 6), 18- (n = 6),
24~ (n = 5),72- (n == 5), and 96- (n = 5) week-old male Wistar rats by DMP1 ELISA 1-2 (left) and ELISA 4-3 (right). Values are expressed as means & SD of DMP1 concentrations at
each age. All comparisons between results from different age groups are shown, with p < 0.05 indicating a significant difference (*).

DMP1 levels measured by ELISA 1-2 had the highest positive correlation
with DMP1 levels measured by ELISA 4-3 (Table 5). Among the other
biochemical markers, DMP1 levels measured by both ELISAs 1-2 and
4-3 had the highest positive correlation with levels of Dkk-1, and the
second highest positive correlation with the levels of osteocalcin;
DMP1 levels were less highly correlated with the levels of Trap5b and
SOST (Table 5).

Discussion

DMP1 is a noncollagenous bone matrix proteins produced by osteo-
cytes [1]. Due to its highly acidic nature, DMP1 can bind to calcium,
thereby regulating matrix mineralization [3]. Observations made in
DMP1-null mice and humans with DMP1 mutations associated with
autosomal-recessive hypophosphatemic rickets (ARHR) have shown
that impairment of DMP1 results in elevated serum FGF23, which regu-
lates phosphate homeostasis, and in pathological changes of bone min-
eralization [6,7]. However, the biological function of DMP1 is not yet
fully understood. Considering that DMP1 is predominantly produced

a
(ng/mL)
1200+ "

10001
800
600
400+
200+

2 4 8§ 12 18 24 T2

96 (weeks)

2 4 8 12 18 24 72 96 (weeks)

in osteocytes, whereas other bone matrix proteins such as osteo-
calcin, osteopontin, and bone sialoprotein are produced in osteoblasts
[1,15-17], DMP1 in circulating blood is a candidate marker for osteocyte
activity. To investigate the biological significance of DMP1, we devel-
oped new sandwich ELISAs for measuring rat DMP1 and used these
assays to monitor age-related changes in circulating DMP1 levels. In
addition, we analyzed the correlations between levels of DMP1 and
other biochemical markers of bone metabolism.

We developed sandwich ELISAs for rat DMP1 using two pairs of
polyclonal antibodies with high affinity to rat DMP1. These polyclonal
antibodies were characterized by immunohistochemical and LC-MS/
MS studies. In immunohistochemical analyses of rat bone using these
antibodies, we observed immunoreactivity in osteocytes and peri-
canalicular matrix, as previously reported. LC-MS/MS analyses of rat
plasma-derived immunoreactive products affinity-extracted with our
polyclonal antibodies revealed the presence of DMP1 in circulating
blood. It is generally accepted that a small fraction of bone matrix pro-
tein, such as osteocalcin, is released from the bone into the circulation,
where it can be detected by immunoassay [8]. Similarly, a small fraction

2 4 8 12 18 24 T2

96 (\;veeks)

24 72

2 4 8 12 18

Fig. 5. Plasma levels of other biochermical markers. Plasma levels of the other biochemical markers were evaluated in 2- (n = 5), 4- (n = 5), 8- (n = 6), 12- (n = 6), 18- (n = 6),
24- (n = 5), 72- (n = 5),and 96- (n = 5) week-old male Wistar rats. Values are expressed as means + SD of plasma levels of the indicated biochemical markers at each age. All
comparisons between results from different age groups are shown, with p < 0.05 indicating a significant difference (*). (a) Osteocalcin Ievels. The levels at 72 and 96 weeks were
off the register because of the low level of plasma osteocalcin. (b) Trap5b levels. (¢) Dkk-1 levels. (d) SOST levels.
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Table 5

Correlations between levels of DMP1 and other biochemical markers.
DMPT1 levels vs. Other bone markers R p
DMP1 by ELISA 1-2 DMP1 by ELISA 4-3 0986 <0.001
DMP1 by ELISA 1-2 TRAP 0515 <0.001
DMP1 by ELISA 1-2 Osteocalcin 0.800 <0.001
DMP1 by ELISA 1-2 Dkk-1 0921 <0.001
DMP1 by ELISA 1-2 SOST 0453 0.002
DMP1 by ELISA 4-3 TRAP 0512 <0.001
DMP1 by ELISA 4-3 Osteocalcin 0.833 <0.001
DMP1 by ELISA 4-3 Dkk-1 0910 <0.001
DMP1 by ELISA 4-3 SOST 0417 0.005

of DMP1, synthesized by osteocytes in the bone, is likely to be released
into the blood circulation. Taken together, the novel sandwich ELISAs
established with our polyclonal antibodies, which can detect both circu-
lating DMP1 and local bone DMP1, can accurately detect circulating
DMP1, which reflects local bone conditions. Further, the results of re-
covery of recombinant DMP1 and dilution of plasma samples strongly
suggested that both ELISA 1-2 and ELISA 4-3 recognized the circulating
DMP1 and the standard with similar affinities. The sensitivity of these
assays was sufficient to detect circulating DMP1 in healthy male rats
of various ages.

Theoretically, ELISAs 1-2 and 4-3 could both detect uncleaved
DMP1 as well as the NH,- and COOH-terminal fragments, respectively.
However, protein-chemistry analysis has shown that full-length DMP1
is a precursor that is cleaved into NHp-terminal 37-kDa and COOH-
terminal 57-kDa fragments [4]. Furthermore, it is nearly impossible to
detect and extract full-length DMP1 from bone matrix because of the
very small quantity of full-length protein in the bone [5]. Indeed, as
already noted, ELISAs using pairs of antibodies that recognized un-
cleaved DMP1 did not have sufficient sensitivity to detect circulating
DMP1 (data not shown). Therefore, we conclude that ELISA 1-2 pre-
dominantly detects circulating NH,-terminal fragments of DMP1, and
ELISA 4-3 predominantly detects circulating COOH-terminal fragments
of DMP1.

Immunoassays using ELISAs 1-2 and 4-3 revealed the same general
tendency of reduction in circulating DMP1 levels as a function of age,
but there were some differences in measurements obtained using the
two ELISAs. The mean values for circulating COOH-terminal DMP1 dur-
ing rapid skeletal growth (2-12 weeks) were over three times higher
than those of circulating NH,-terminal DMP1. On the other hands,
the means of the COOH-terminal and NH,-terminal DMP1 in samples
from older animals (72 and 96 weeks) were almost the same between
the two ELISAs. These findings indicated that higher levels of COOH-
terminal DMP1 are released from bone tissue during increased produc-
tion of bone matrix (2-12 weeks), probably due to a difference between
the properties of the COOH-terminal and NH,-terminal fragments.
Biochermical studies have shown that NH,-terminal DMP1 exists as a
proteoglycan [19], whereas COOH-terminal DMP1 is highly phosphory-
lated [4]. In addition to these differences in biochemical properties,
our immunohistochemical studies showed that NH,-terminal DMP1
detected by antibodies specific for DMP1-1 and -2 was predominantly
localized in osteocytes and the surrounding bone matrix, whereas
COOH-terminal DMP1 detected by antibodies specific for DMP1-3 and
-4 was predominantly localized in the pericanalicular matrix in
mineralized bone. Maciejewska et al. [20] also reported differences in
dental-tissue distribution of the NH,- and COOH-terminal fragments:
in their study, NH,-terminal DMP1 was restricted to the non-
mineralized regions of the tooth predentin, whereas COOH-terminal
DMP1 was restricted to the mineralized tooth dentin. Thus, COOH-
terminal DMP1 seems to be distributed in mineralized tissue. These dif-
ferences in biochemical properties and tissue distribution may be relat-
ed to the higher level of circulating COOH-terminal DMP1 relative to
NH,-terminal DMP1 during rapid growth, but our study has some

limitation to understand it. Functional analyses using genetically
engineered mice have shown that proteolytic processing of DMP1 is es-
sential to bone formation and mineralization [21], and that the COOH-
terminal DMP1 contains the functional domain that controls osteocyte
maturation and bone mineralization [22]. Thus, circulating COOH-
terminal DMP1, which can be measured by DMP1 ELISA 4-3, may repre-
sent a novel marker for osteocyte maturation and bone mineralization.

To explore the relevance of circulating DMP1 as a marker of bone
metabolism, we compared levels of DMP1 and other biochemical
markers of bone metabolism. We observed that DMP1 levels had the
highest positive correlation with levels of Dkk-1, the second highest
positive correlation with levels of osteocalcin, and lower positive corre-
lations with levels of Trap5b and SOST. Because DMP1 levels had a high
correlation with levels of osteocalcin (a well-known bone-formation
marker) [23] and a lower correlation with levels of Trap5b (a well-
known bone resorption marker) [24], DMP1 may be a marker of bone
formation rather than bone resorption. Some investigators have sug-
gested that osteocalcin is released during bone resorption because a
large fraction of synthesized osteocalcin is incorporated into bone;
therefore, osteocalcin is also considered to be a marker of bone turnover
that indicates the balance between bone formation and resorption [25].
In comparison with osteocalcin produced by mature osteoblasts on
the bone surface [26], DMP1 produced by osteocytes within the bone
is even more fully incorporated into the inner bone. Therefore, DMP1
should be also released more specifically during bone resorption, We
think that this is why DMP1 levels correlate not only the levels
of osteocalcin but also the levels of Trap5b. Second, considering that
Dkk-1 and SOST act as osteocyte-derived negative regulators of bone
formation via inhibition of the Wnt signaling pathway [27-30], the
high correlation between DMP1 and Dkk-1 levels and lower correlation
between DMP1 and SOST levels are seemingly contradictory. However,
the expression patterns of these proteins are not identical: Dkk-1 is
expressed in osteoblasts and osteocytes [27], whereas SOST is expressed
exclusively in osteocytes [29]. Thus, it is thought that Dkk-1 distributed
in superficial bone is easily released into circulating blood, but that SOST
distributed only in the inner portion of bone is not easily released into
circulating blood. These differences in expression patterns of Dkk-1
and SOST may cause larger differences in the correlation rates between
the levels of each protein pair. Third, the highest correlation between
circulating Dkk-1 and DMP1 levels and the second highest correlation
between circulating osteocalcin and DMP1 levels were observed in
this study. These high correlations between the levels of each protein
pair may be due to the similar expression patterns of these proteins.
That is, osteocalcin is expressed in highly differentiated osteoblasts
[26], Dkk-1 in osteoblasts and osteocytes [27], and DMP1 in immature
osteocytes [1]. These proteins are expressed at transitional stage of
osteoblast-to-osteocyte and distributed in superficial bone and are
easily released from it, and hence the circulating levels of these proteins
can show similar dynamic state, In addition, based on these situations,
circulating DMP1 may be a marker of immature osteocytes rather than
mature osteocytes. Further studies are needed to evaluate the signifi-
cance of circulating DMP1.

Acknowledgments

This work was partially supported by JSPS KAKENHI (Grant-in-aid
for Scientific Research), Grant Number 21390491.
Conflicts of interest

This work was supported by Research Foundation of Asahi Kasei
Pharma Corporation. Y. Isogai and T. Kuroda are employees of Asahi

Kasei Pharma Corporation. Y. Hagiwara and N. Maruyama are employees
of Immuno-Biological Laboratories Co., Ltd.



436 S. Sato et al. / Bone 57 (2013) 429-436

References

[1] Toyosawa S, Shintani S, Fujiwara T, Ooshima T, Sato A, ljuhin N, et al. Dentin matrix
protein 1 is predominantly expressed in chicken and rat osteocytes but not in oste-
oblasts, ] Bone Miner Res 2001;16:2017-26.

[2] Fisher LW, Torchia DA, Fohr B, Young MF, Fedarko NS. Flexible structures of SIBLING
proteins, bone sialoprotein, and osteopontin. Biochem Biophys Res Commun
2001;280:460-5.

[3] George A, Sabsay B, Simonian PA, Veis A. Characterization of a novel dentin matrix
acidic phosphoprotein. Implications for induction of biomineralization. ] Biol Chem
1993;268:12624-30.

[4] Qin C Brunn JC Cook RG, Orkiszewski RS, Malone JP, Veis A, et al. Evidence for the
proteolytic processing of dentin matrix protein 1 Identification and characterization
of processed fragments and cleavage sites. J Biol Chem 2003;278:34700-8.

[5] Huang B, Maciejewska ], Sun Y, Peng T, Qin D, Lu Y, et al. Identification of full-length
dentin matrix protein 1 in dentin and bone. Calcif Tissue Int 2008:82:401-10.

[6] Feng JQ, Ward LM, Liu S, Lu Y, Xie Y, Yuan B, et al. Loss of DMP1 causes rickets and
osteomalacia and identifies a role for osteocytes in mineral metabolism. Nat Genet
2006;38:1230-1.

[7]1 Lorenz-Depiereux B, Bastepe M, Benet-Pagés A, Amyere M, Wagenstaller ], Miiller-
Barth U, et al. DMP1 mutations in autosomal recessive hypophosphatemia implicate
a bone matrix protein in the regulation of phosphate homeostasis. Nat Genet
2006;38:1248-50.

[8] Seibel MJ. Molecular markers of bone turnover: biochemical, technical and analytical
aspects. Osteoporos Int 2000;11(Suppl. 6):518~29.

[9] Bonewald LF. The amazing osteocyte. ] Bone Miner Res 2011;26:229-38.

[10] Tatsumi S, Ishii K, Amizuka N, Li M, Kobayashi T, Kohno K, et al. Targeted ablation of
osteocytes induces osteoporosis with defective mechanotransduction. Cell Metab
2007,;5:464-75.

[11] Robling AG, Niziolek PJ, Baldridge LA, Condon KW, Allen MR, Alam ], et al. Mechanical
stimulation of bone in vivo reduces osteocyte expression of Sost/sclerostin. ] Biol
Chem 2008;283:5866-75.

[12] Qiu S, Rao DS, Palnitkar S, Parfitt AM. Reduced iliac cancellous osteocyte density in
patients with osteoporotic vertebral fracture. ] Bone Miner Res 2003;18:1657-63.

[13] Vashishth D, Verborgt O, Divine G, Schaffler MB, Fyhrie DP. Decline in osteocyte lacu~
nar density in human cortical bone is associated with accumulation of microcracks
with age. Bone 2000;26:375-80.

[14] Schoeider P, Meier M, Wepf R, Miiller R. Towards quantitative 3D imaging of the
osteocyte lacuno-canalicular network. Bone 2010;47:848-58.

[15] Mark MP. Butler WT, Prince CW, Finkelman RD, Ruch JV. Developmental expression
of 44-kDa bone phosphoprotein (osteopontin) and bone gamma-carboxyglutamic
acid (Gla)-containing protein (osteocalcin) in calcifying tissues of rat. Differentiation
1988;37:123-36.

[16] Ikeda T, Nomura S, Yamaguchi A, Suda T, Yoshiki S. In situ hybridization of bone
matrix proteins in undecalcified adult rat bone sections. ] Histochem Cytochem
1992;40:1079-88.

[17] Chen J, Shapiro HS, Sodek J. Development expression of bone sialoprotein mRNA in
rat mineralized connective tissues. ] Bone Miner Res 1992;7:987~97.

[18] Olsen JV, Blagoev B, Gnad F, Macek B, Kumar C, Mortensen P, et al. Global, in vivo, and
site-specific phosphorylation dynamics in signaling networks. Cell 2006;127:635-48.

[19] QinC, Huang B, Wygant JN, Mclntyre BW, McDonald CH, Cook RG, et al. A chondroitin
sulfate chain attached to the bone dentin matrix protein 1 NH,-terminal fragment.
] Biol Chem 2006;281:8034-40.

[20] Maciejewska I, Cowan C, Svoboda K, Butler WT, D'Souza R, Qin C. The NH,-terminal
and COOH-terminal fragments of dentin matrix protein 1 (DMP1) localize differently
in the compartments of dentin and growth plate of bone. J Histochem Cytochem
2009;57:155-66.

[21] Sun Y, Prasad M, Gao T, Wang X, Zhu Q, D'Souza R, et al. Failure to process dentin
matrix protein 1 (DMP1) into fragments leads to its loss of function in osteogenesis.
] Biol Chem 2010;285:31713-22.

[22] LuY, Yuan B, Qin C, Cao Z, Xie Y, Dallas SL, et al. The biological function of DMP-1 in
osteocyte maturation is mediated by its 57-kDa COOH-terminal fragment. ] Bone
Miner Res 2011;26:331-40.

[23] Brown JP, Delmas PD, Malaval L, Edouard C, Chapuy MC, Meunier PJ. Serum bone
Gla-protein: a specific marker for bone formation in postmenopausal osteoporosis.
Lancet 1984;1:1091-3.

[24] Halleen JM, Hentunen TA, Karp M, Kdk6nen SM, Pettersson K, Vddnanen HK. Charac-
terization of serum tartrate-resistant acid phosphatase and development of a direct
two-site immunoassay. ] Bone Miner Res 1998;13:683-7.

[25] Ivaska KK, Hentunen TA, Vadrdniemi ], Ylipahkala H, Pettersson K, Védindnen HK.
Release of intact and fragmented osteocalcin molecules from bone matrix during
bone resorption in vitro. ] Biol Chem 2004;279:18361-9,

[26] Heersche JN, Reimers SM, Wrana JL, Waye MM, Gupta AK Changes in expression
of alpha 1 type 1 collagen and osteocalcin mRNA in osteoblasts and odontoblasts
at different stages of maturity as shown by in situ hybridization. Proc Finn Dent
Soc 1992;88(Suppl. 1):173-82.

[27] Li }, Sarosi 1, Cattley RC, Pretorius ], Asuncion F, Grisanti M, et al. Dkk1-mediated
inhibition of Wnt signaling in bone results in osteopenia. Bone 2006;39:754-66.

[28] MacDonald BT, joiner DM, Oyserman SM, Sharma P, Goldstein SA, He X, et al. Bone
mass is inversely proportional to Dik1 levels in mice. Bone 2007;41:331-9.

[29] van Bezooijen RL, Roelen BA, Visser A, van der Wee-Pals 1, de Wilt E, Karperien M,
et al. Sclerostin is an osteocyte-expressed negative regulator of bone formation,
but not a classical BMP antagonist. ] Exp Med 2004;199:805-14.

[30] Poole KE, van Bezooijen RL, Loveridge N, Hamersma H, Papapoulos SE, Lowik CW,
et al. Sclerostin is a delayed secreted product of osteocytes that inhibits bone forma-
tion. FASEB ] 2005;19:1842-4.



The Journal of
Biological chem:strg

AFFINITY SITES

T E

e By
PIE A

Cell Biology:
Sympathetic Activation Induces Skeletal
Fgf23 Expression in a Circadian
Rhythm-dependent Manner

CELL BIOLOGY

Masanobu Kawai, Saori Kinoshita, Shigeki

Shimba, Keiichi Ozono and Toshimi

Michigami

J. Biol. Chem. 2014, 289:1457-1466.

doi: 10.1074/jbc.M113.500850 originally published online December 3, 2013

Access the most updated version of this article at doi: 10.1074/jbc.M113.500850
Find articles, minireviews, Reflections and Classics on similar topics on the JBC Affinity Sites.

Alerts:
» When this article is cited
» When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

Supplemental material:
hitp:/iwww .jbc.org/content/suppl/2013/12/03/M113.500850.DC1.himi

This article cites 47 references, 13 of which can be accessed free at
http:/Awww jbc.org/content/289/3/1457 full. himi#ref-list-1

$107 ‘9 A1eniqe,f uo 12ua)) NoAIINO3nosus[oYIYsog NSILN] Byes) 18 /310°0q[*mmm// Ay woly papeojumo(]



THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 3, pp. 1457-1466, January 17, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Sympathetic Activation Induces Skeletal Fgf23 Expression in
a Circadian Rhythm-dependent Manner™

Received for publication, August 1, 2013, and in revised form, November 18,2013 Published, JBC Papers in Press, December 3, 2013, DOI 10.1074/jbc.M113.500850

Masanobu Kawai*', Saori Kinoshita*, Shigeki Shimba®, Keiichi Ozono?, and Toshimi Michigami*

From the *Department of Bone and Mineral Research, Osaka Medical Center and Research Institute for Maternal and Child Health,
840 Murodo-cho, Izumi, Osaka 594-1101, Japan, the ®Department of Health Science, School of Pharmacy, Nihon University, 7-7-1
Narashinodai, Funabashi, Chiba 274-8555, Japan, and the YDepartment of Pediatrics, Osaka University Graduate School of

Medicine, 2-2 Yamadaoka, Suita, Osaka 565-0871, Japan

activity.

tant for phosphate homeostasis.

(Background: 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 vifro 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 5'-cccaacgacaacaaccttttg-3’ 5’-ccctggegtagaccattcag-3’
Dbp 5'-caccgtggaggtgctaatga-3' 5’-gecttgacagggcgagatca-3’
Bmall 5’-aggcccacagtcagattgaaa~3’ 5'-ccaaagaagccaattcatcaatg-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 3-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 II; 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
NaCl, 10 mwm Tris-Cl (pH 7.4), 5 mm EDTA, 1 mm 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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