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Abstract It has been suggested that interleukin-6 (IL-6)
plays a key role in the pathogenesis of rheumatoid arthritis
(RA), including osteoporosis not only in inflamed joints but
also in the whole body. However, previous in vitro studies
regarding the effects of IL-6 on osteoblast differentiation
are inconsistent. The aim of this study was to examine the
effects and signal transduction of IL-6 on osteoblast dif-
ferentiation in MC3T3-E1 cells and primary murine cal-
varial osteoblasts. IL-6 and its soluble receptor
significantly reduced alkaline phosphatase (ALP) activity,
the expression of osteoblastic genes (Runx2, osterix, and
osteocalcin), and mineralization in a dose-dependent
manner, which indicates negative effects of IL-6 on
osteoblast differentiation. Signal transduction studies
demonstrated that I1-6 activated not only two major sig-
naling pathways, SHP2/MEK/ERK and JAK/STATS3, but
also the SHP2/PI3K/Akt2 signaling pathway. The negative

-Electronic supplementary material The online version of this
article (doi:10.1007/s00774-013-0514-1) contains supplementary
material, which is available to authorized users.

S. Kaneshiro - K. Ebina (<)) - K. Shi - C. Higuchi -

M. Okamoto - K. Koizumi - T. Morimoto - H. Yoshikawa
Department of Orthopaedic Surgery, Graduate School of
Medicine, Osaka University, 2-2 Yamadaoka, Suita,
Osaka 565-0871, Japan

e-mail: k-ebina@umin.ac.jp

M. Hirao

Department of Orthopaedic Surgery, Osaka Minami Medical
Center, National Hospital Organization, 2-1 Kidohigashi,
Kawachinagano, Osaka 586-8521, Japan

J. Hashimoto

Department of Rheumatology, Osaka Minami Medical Center,
National Hospital Organization, 2-1 Kidohigashi,
Kawachinagano, Osaka 586-8521, Japan

Published online: 12 October 2013

effect of IL-6 on osteoblast differentiation was restored by
inhibition of MEK as well as PI3K, while it was enhanced
by inhibition of STAT3. Knockdown of MEK2 and Akt2
transfected with siRNA enhanced ALP activity and gene
expression of Runx2. These results indicate that IL-6
negatively regulates osteoblast differentiation through
SHP2/MEK2/ERK and SHP2/PI3K/Akt2 pathways, while
affecting it positively through JAK/STATS3. Inhibition of
MEK?2 and Akt2 signaling in osteoblasts might be of
potential use in the treatment of osteoporosis in RA.

Keywords Interleukin-6-Osteoblastdifferentiation -
MEK2 - Akt2 - Signaling pathway

Introduction

Inflammation-mediated bone loss is a major feature of
various bone diseases, including rheumatoid arthritis (RA).
Interleukin-6 (IL-6) contributes to the development of
arthritis and is present at high concentrations in the serum
and synovial fluid of patients with RA [1-4]. Soluble IL-6
receptor (sIL-6R) 1s also elevated in the serum and synovial
fluid of RA patients [5, 6], and IL-6 exerts its action by
binding either to its membrane-bound receptor (mIL-6R) or
to sIL-6R. Moreover, IL-6 is closely associated with the
expression of receptor activator of NF-xB ligand (RANKL)
in osteoblasts [7]. That is to say, IL-6 acts indirectly on
osteoclastogenesis by stimulating the release of RANKL by
cells within bone tissues such as osteoblasts [8]. It can
unquestionably be said that IL-6 plays a major role in the
pathogenesis of RA [9-12], including osteoporosis not only
in inflamed joints but also in the whole body.

There have been several studies on the effect of IL-6 on
bone turnover in animal models. In IL-6 knock-out mice,
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microstructure abnormalities in cortical bones and delayed
fracture healing were observed [13, 14], in spite of the
evident normal phenotype [15]. Also, bone loss after
estrogen depletion was mitigated in IL-6-deficient mice,
while a high level of IL-6 and bone loss are seen in wild-
type mice [13]. Moreover, IL-6-overexpressed-transgenic
mice develop osteopenia and defective ossification, in
which the activity of mature osteoblasts is significantly
decreased [16]. All these findings, together with studies on
human RA patients [17, 18], indicate that IL.-6 plays a
major role in bone turnover and is an important regulator of
bone homeostasis.

Recently, several biological agents have been intro-
duced for the treatment of RA and have demonstrated not
only potent anti-inflammatory effects but also inhibitory
effects on joint destruction. Among these biological agents,
tocilizumab, an anti-IL-6 receptor antibody, has been
reported to increase serum bone formation markers in RA
patients [19], suggesting that IL-6 has a negative effect on
osteoblast differentiation. However, previous reports
regarding the effects of IL-6 on osteoblast differentiation
in vitro have been inconsistent [20]. IL-6 has been shown
to decrease the expression of differentiation markers in
osteoblasts [21, 22] and to inhibit bone formation [23],
while it has been shown to induce osteoblast differentiation
[24, 25].

Binding of IL-6 with sIL-6R or mIL-6R leads to sub-
sequent homodimerization of the signal-transducing mol-
ecule gpl30, followed by activation of two major
intracellular signaling pathways, Janus protein tyrosine
kinase (JAK)/signal transducer and activator of transcrip-
tion factors (STAT) 3, or Src-homology domain 2 con-
taining protein-tyrosine phosphatase (SHP2)/mitogen-
activated protein kinase-extracellular signal-regulated
kinase kinase (MEK)/mitogen-activated protein kinase
(MAPK), also called extracellular signal-regulated kinase
(ERK) [26]. There have been many reports in which the
effects of IL-6 on JAK/STAT3 and SHP2/ERK signal
transduction pathways have been studied in osteoblasts,
though it is still controversial whether differentiation is
enhanced by IL-6 [9, 20]. SHP2 can also form a tertiary
complex with the scaffolding proteins Gab1/2 and the p85
subunit of phosphatidylinositol-3-kinase (PI3K) [27],
which leads to activation of the Akt pathway. Several
papers have so far reported that the PI3K/Akt pathway
triggered by IL-6 plays important roles in various cells
[28-32], but no reports have been published regarding the
effect of IL-6 on this pathway in osteoblasts.

The purpose of this study was to clarify the effect of
IL-6 on osteoblast differentiation in vitro, with consider-
ation of intracellular signaling pathways in murine
MC3T3-E1 osteoblastic cells and primary murine calvarial
osteoblasts.
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Materials and methods
Ethics statement

Prior to the study, all experimental protocols were
approved by the Ethics Review Committee for Animal
Experimentation of Osaka University School of Medicine.

Cell culture

MC3T3-E1 osteoblastic cells were purchased from Riken
Cell Bank (Tsukuba, Japan). MC3T3-E1 cells were cul-
tured in o-minimum essential medium (o-MEM) contain-
ing 10 % fetal bovine serum (FBS; Equitech-Bio,
Kerrville, TX, USA) and 1 % penicillin and streptomycin
at 37 °C in a humidified atmosphere of 5 % CO,. All
media were purchased from Life Technologies Japan
(Tokyo, Japan). Murine primary osteoblasts were isolated
from the calvariae of 3-day-old C57BL/6 mice (Charles
River Laboratories Japan, Inc, Osaka, Japan) by sequential
collagenase digestion as described previously [33].

MC3T3-E1 cells and murine calvarial osteoblasts were
seeded at 1 x 10° cells per well in 12-well plates. After the
cells reached confluence, the medium was replaced to
induce osteoblast differentiation. The differentiation med-
ium contained 10 % FBS, 10 mM B-glycerophosphate, and
50 pg/ml ascorbic acid in the absence or presence of
recombinant mouse (rm) IL-6 (R&D Systems, Inc., Min-
neapolis, MN, USA) (10, 50 ng/mL), and rm sIL-6R (R&D
Systems) (100 ng/ml.). The medium and reagents were
renewed every 3 days.

To study signal transduction, the following inhibitors or
vehicle (DMSO) (Sigma-Aldrich, St.Louis, MO, USA)
were added to culture medium at several concentrations;
MEK inhibitor (U0126; 1, 2.5, 5 pM; Cell Signaling
Technology, Danvers, MA, USA), STAT3 inhibitor (V
Stattic; 2.5, 5 uM; Calbiochem, La Jolia, CA, USA), PI3K
inhibitor (L.Y294002; 1, 2.5, 5 pM; Cell Signaling Tech-
nology), and SHP2 inhibitor (PHPSI; 5, 20, 40 uM;
Sigma-Aldrich). These inhibitors were added 1 h before
treatment with IL-6/sIL-6R. All inhibitors were maintained
until the end of the culture period at the indicated
concentrations.

Alkaline phosphatase (ALP) staining and activity

MC3T3-E1 cells and murine calvarial osteoblasts were
treated with or without IL-6/sIL-6R and signal pathway
inhibitors after the cells reached confluence and were
incubated for 6 days.

For ALP staining, after fixation with 10 % formalin,
cells were washed twice with phosphate-buffered saline
(PBS) (pH 7.4) and incubated with ALP substrate solution,
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0.1 mg/ml naphthol AS-MX (Sigma-Aldrich), and 0.6 mg/
ml fast violet B salt (Sigma-Aldrich) in 0.1 M Tris—HCI
(pH 8.5) for 20 min.

To measure ALP activity, cells were washed twice with
PBS and lysed in Mammalian Protein Extraction Reagent
(Pierce, Rockford, IL, USA) according to the manufac-
turer’s protocol. ALP activity was assayed using p-nitro-
phenylphosphate as a substrate by an Alkaline Phosphatase
Test Wako (Wako Pure Chemicals Industries, Ltd., Osaka,
Japan), and the protein content was measured using the
Bicinchoninic Acid Protein Assay Kit (Pierce).

Proliferation assay

MC3T3-E1 cells were cultured in 96-well plates at a con-
centration of 2.0 x 10* cells/em? in o-MEM containing
10 % FBS. Cells were incubated for 1 day, after which the
medium was treated with IL-6/sIL-6R for 3 days. Cell
proliferation was assessed using the Premix WST-1 Cell
Proliferation Assay System (Takara Bio, Inc., Otsu, Japan)
according to the manufacturer’ s instructions. We per-
formed this assay every 24 h.

Alizarin red staining

After fixation with 10 % formalin, MC3T3-E1 cells and
murine calvarial osteoblasts were washed with distilled
water, and stained with alizarin red S solution (Sigma-
Aldrich) (pH 6.0) for 10 min, followed by incubation in
100 mM cetylpyridinium chloride for 1 h at room temper-
ature to dissolve and release calcium-bound alizarin red. The
absorbance of the released alizarin red was then measured at
570 nm [34]. To measure the value of absorbance for alizarin
red, the absorbance data were normalized by total DNA
content. Total DNA was extracted using a DNeasy Blood &
Tissue Kit (Qiagen, Diisseldorf, Germany).

Knockdown of MEK1, MEK2, Aktl and Akt2 using
RNA interference

MC3T3-El cells were transfected with small interfering
RNAs (siRNA) using Lipofectamine RNAIMAX (Life
Technologies Japan) according to the reverse transfection
method in the manufacturer’s protocol.

The siRNAs for MEK2, Aktl and Akt2 and that for
MEK]1 were purchased from Cell Signaling Technology
and Qiagen, respectively, with negative controls for each
molecule. MC3T3-El cells transfected with siRNA were
seeded in 24-well plates at a concentration of 1.0 x 10*
cells/cm? for 48 h. The medium was then replaced with
differentiation medium with vehicle or with 20 ng/ml IL-6
and 100 ng/ml sIL-6R and the cells were incubated for
3 days prior to use for further experiments.

Western blotting

Cells cultured in 6-well plates for 2 days were washed
twice with PBS and then homogenized with 100 pl of
Kaplan buffer (150 mM NaCl, 50 mM Tris-HCL pH 7.4,
1 % NP40, 10 % glycerol, and 1 tablet per 50 ml buffer of
protease inhibitor cocktail and phosphatase inhibitor
cocktail). The lysates were centrifuged at 13,000 rpm for
20 min at 4 °C, and the supernatants were used for elec-
trophoresis after a protein assay using bovine serum albu-
min as standard. Western blotting was performed by use of
the following antibodies purchased from Cell Signaling
Technology, except for phosphate anti-Akt2 antibody from
Enogene Biotech (New York, NY, USA): phosphate anti-
STAT3 (Tyr705) (1:2000) and anti-STAT3 (1:1000);
phosphate anti-Akt (Ser473) (1:2000), phosphate anti-Akt2
(Serd74) (1:1000), anti-Aktl, anti-Akt2, and anti-Akt
(1:1000); phosphate anti-ERK (Thr202/Tyr204) (1:2000),
anti-MEK1, anti-MEK2 and anti-ERK (1:1000); and
phosphate anti-SHP2 (Tyr542) (1:1000). To control for
protein loading, blots were additionally stained with anti-B
actin antibody (1:1000).

Reverse transcription polymerase chain reaction (RT-
PCR)

Total RNA was extracted from cells with an RNeasy Mini
Kit (Qiagen), and first-strand cDNA was synthesized using
SuperScript II RNase H-reverse transcriptase (Life Tech-
nologies Japan). Then PCR was performed using Ex Taq
(Takara Bio) and the following primers:

Osteocalcin (forward primer 5'-CTCACTCTGCTGGCC
CTG-3'; reverse primer 5-CCGTAGATGCGTTTG-
TAGGC-3);

Osterix (forward primer 5'-AGGCACAAAGAAGCCA-
TAC-3'; reverse primer 5'-AATGAGTGAGGGAAGGG
T-3);

Runx2 (forward primer 5-GCTTGATGACTCTAAACC
TA-3'; reverse primer 5-AAAAAGGGCCCAGTTCT-
GAA-3);

GAPDH (forward primer 5-TGAACGGGAAGCTCAC
TGG-3'; reverse primer 5'-TCCACCACCCTGTTGCTG
TA-3).

Quantitative real-time PCR analysis

We obtained cDNA by reverse transcription as mentioned
above, and proceeded with real-time PCR using a Light
Cycler system (Roche Applied Science, Basel, Switzer-
land). The SYBR Green assay using a Quantitect SYBR
Green PCR Kit (Qiagen), in which each cDNA sample was
evaluated in triplicate 20-pl reactions, was used for all
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target transcripts. Expression values were normalized to
GAPDH.

Statistical analysis

The results are expressed as the mean = standard error
(SE). Between-group differences were assessed using the
ANOVA test. A probability value of <0.05 was considered
to indicate statistical significance.

Results

IL-6/sIL-6R does not affect proliferation,
but significantly reduces ALP activity and expression
of osteoblastic genes in MC3T3-El cells

We first measured the proliferation of MC3T3-El cells
with IL-6. Cell proliferation did not show significant dif-
ference in any culture condition (Fig. 1a).

To investigate the influence of IL-6 treatment on
osteoblast differentiation, we examined ALP activity in
MC3T3-E1 cells. As shown in Fig. 1b and ¢, IL-6/sIL-6R
significantly reduced ALP activity in a dose-dependent
manner. The single addition of sIL-6R did not show a
significant difference as compared to the negative control
with vehicle. As shown in Fig. 1d and e, gene expression of
Runx2, osterix and osteocalcin was significantly down-
regulated by IL-6/sIL-6R in a dose-dependent manner.
Again, the single addition of sIL-6R did not show signifi-
cant difference as compared to the negative control with
vehicle.

IL-6/sIL-6R significantly inhibits mineralization
of extracellular matrix (ECM) in MC3T3-E1 cells

As shown in Fig. 2a, IL-6/sIL-6R significantly inhibited
the mineralized area in a dose-dependent manner. The
single addition of sIL-6R did not show a significant dif-
ference as compared to the negative control with vehicle
(Fig. 2a). Quantitative analysis of mineralization by mea-
suring the absorbance of alizarin red revealed a significant
decrease by IL-6/sIL.-6R in a dose-dependent manner
(Fig. 2b).

IL-6/sIL-6R activates ERK, STAT3 and Akt2 signal
transduction pathways in MC3T3-E1 cells

When MC3T3-El cells were incubated in the presence of
IL-6/sIL-6R, phosphorylation of ERK, STAT3 and Akt
was clearly observed at 15 min, and their activation
became weaker at 30 min. When only sIL-6R was added,
there was no apparent activation of ERK, STAT3, or Akt as
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compared to the negative control (Fig. 3a). As for Akt, the
phosphorylation by IL-6/sIL-6R was recognized more
strikingly as early as 5 min in a dose-dependent manner,
both for whole and for Akt2 only, one of its three isoforms
(Fig. 3b).

IL-6-induced activation of ERK is enhanced

by blocking the STAT3 signaling pathway, and IL-6-
induced ERK and Akt signaling pathways negatively
regulate each other reciprocally

The SHP2 inhibitor PHPS1 [35] inhibited IL-6-induced
phosphorylation of ERK and Akt to the constitutive level,
but did not inhibit STAT3 (Fig. 4a and Supplementary
Fig. Sla), suggesting that the downstream pathways of
SHP2 are ERK and Akt, not STAT3. The STAT3 inhib-
itor V Stattic inhibited the phosphorylation of STAT3 but
enhanced ERK significantly (Fig. 4a and Supplementary
Fig. Sla), suggesting that STAT3 could negatively regu-
late ERK, which is consistent with previous reports [36].
The MEK/ERK inhibitor U0126 completely inhibited
both constitutive and IL-6-induced phosphorylation of
ERK but enhanced those of Akt. Moreover, the PI3K/Akt
inhibitor 1.Y294002 completely inhibited both constitutive
and IL-6-induced phosphorylation of Akt but enhanced
those of ERK (Fig. 4b and Supplementary Fig. Sib).
From these findings, we concluded that IL-6-induced
ERK and Akt signaling pathways, both of which are
downstream of SHP2, can negatively regulate each other
reciprocally.

The negative effects of IL-6 on osteoblast
differentiation are restored by inhibition of MEK, PI3K
and SHP2, while they are enhanced by inhibition

of STAT3

To identify the intracellular signaling pathways associated
with the downregulation of osteoblast differentiation, the
effects of various signal transduction inhibitors, consisting
of a MEK inhibitor (U0126), PI3K inhibitor (1.Y294002),
SHP?2 inhibitor (PHPS1), and STATS3 inhibitor (V Stattic),
were assessed for ALP activity, the expression of osteo-
blastic genes (Runx2, osterix and osteocalcin), and the
mineralization of ECM.

The negative effect of IL-6/sIL-6R on ALP activity was
restored by treatment with either U0126, 1.Y294002, or
PHPS1 in a dose-dependent manner. On the other hand, the
negative effect of IL-6/sIL-6R on ALP activity was
enhanced by treatment with V Stattic (Fig. 5a). These
results indicate that the SHP2-associated signal transduc-
tion molecules MEK/ERK and PI3K/Akt have a negative
effect on osteoblast differentiation, whereas the JAK-
associated molecule STAT3 has a positive effect.
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Fig. 1 IL-6/sIL-6R significantly reduced ALP activity and expres-
sion of osteoblastic genes in MC3T3El cells, but did not affect
proliferation. a Proliferation of MC3T3-E1 cells with IL-6/sIL-6R
was examined. Cells were pre-incubated for 1 day and then the
medium was treated with or without IL-6/sIL-6R for 3 days. Cell
proliferation assay was performed daily throughout the 4 days of
incubation. Cell proliferation did not show significant differences in
any culture condition. b ALP staining was performed in MC3T3-El
cells treated with or without IL-6/sIL-6R for 6 days. Apparently
significant reduction of ALP staining was recognized in cells treated
with either 10 or 50 ng/ml IL-6. ¢ ALP activity of the lysates of
MC3T3-El cells 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.

control siL-6R sIL-6R siL-6R

controt SIL-BR sIL-6R siL-8R

+ * enly + +
i€ 18 e -8
18éng $S0ng t0ng Song

d Total RNA was extracted from MC3T3-E1 cells treated with or
without IL-6/sSIL-6R for 6 days and subjected to RT-PCR for
osteoblastic genes Runx2, osterix, and osteocalcin. Apparently
significant reduction of osteoblastic gene expression was recognized
in cells treated with either 10 or 50 ng/ml IL-6. e Real-time PCR for
Runx2, osterix, and osteocalcin was performed for quantitative
analysis. Data were normalized to GAPDH expression and are shown
as the ratio of expression 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. Repre-
sentative data from at least 3 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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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. 3 IL-6/sIL-6R-activated ERK, STAT3, and Akt2 signal trans-
duction pathways in MC3T3-E1 cells. a MC3T3-E1 cells were treated
with vehicle or with 10 or 50 ng/ml IL-6 and 100 ng/ml sIL-6R in a
time-course experiment (0, 15, and 30 min). Western blot analysis
was performed using cell lysates for the detection of ERK, STAT3,
and Akt, either phosphorylated or not. IL-6/sIL-6R significantly
induced the phosphorylation of ERK, STAT3, and Akt in a dose-
dependent manner. b MC3T3-E1 cells were incubated with increasing

@ Springer

concentrations of IL-6 and 100 ng/m! sIL-6R for 5 min. Western
blotting was performed using cell lysates for the detection of ERK,
STATS3, as well as Akt, either non-phosphorylated, phosphorylated, or
the phosphorylated isoform Akt2. The phosphorylation of both whole
Akt and Akt2 by IL-6/sIL-6R was recognized more strikingly in a
dose-dependent manner. Representative data from at least three
independent experiments are shown



J Bone Miner Metab

a IL-6
treating time
{minutes}

P-STAT3

P-SHP2

P-ERK

P-Akt

STATR e g o cum e i oo

B actin
PHPS1(uM}
U0126(uM)}
V Stattic{uM)
siL-6R+IL-B

+ + + + + +

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/ml IL-6 and 100 ng/ml
sIL-6R (15 min) after pretreatment either with PHPS1 (5, 20, 40 pM;
1 h), with U0126 (5 pM; 1 h), or with V Stattic (5 uM; 1 h), and the
cell lysates 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

b -6
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Akt
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B actin
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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
U0126 (5 pM; 1 h) or with LY294002 (10 pM; 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. 5,
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 TL-6/sIL-6R on osteoblast differentiation might be
mediated either by MEK/ERK, PI3K/Akt, or JAK/STAT3
pathways.

Knockdown of MEK?2 and Akt2 via siRNA fransfection
restores ALP activity and Runx2 gene expression

To further confirm the effects of MEK and Akt inhibition
on osteoblast differentiation in MC3T3-El cells, we stud-
ied cell differentiation after knockdown of MEK and Akt.
For each protein, RNAs of two isoforms were separately
blocked: MEK1 and MEK2 for MEK, and Aktl and Akt2
for Akt.

a) Springer
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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-
E1 cells were pretreated either
with U0126 (1, 2.5,5 uM; 1 h),
1Y294002 (1, 2.5, 5 uM; 1 h),
PHPS1 (5,20 pM; 1 h), or V
Stattic (5 uM; 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
00126, LY294002, or PHPS1 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;
P < 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-El cells treated with IL-6/sIL-6R was
restored by knockdown of MEK?2 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 Aktl
enhanced the negative effects of IL-6/sIL-6R on ALP
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
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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; 1h), LY294002 (1 pM; 1 h), PHPS1
(20 uM; 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.Y2%4002, or PHPS1,
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 MEKI1 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;
***P < 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-El1 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/ml 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 MEK2 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 restored 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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IL-6/sIL-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-El
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-El1 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, 31], 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-
stream 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
MEKI1 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
IL-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 MEK2 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.

@ Springer



J Bone Miner Metab

eresr
a . © IL-6 treating time
e {minutes}

5 % 30

] n.s. | P-ERK
120 P.STAT3
“:‘109 B.AKL S —— gy, SN UMD i vt —————
gg @ T L T T
Eo 60 - , ‘ L i
;}‘_’3 STATS oo oo Gl oo Gou G swes S S
- 8 40
<§ 20 Akt - —— T XA
g Al bl B actin ““mmm—-m”“
control s:’!:‘ﬁyR sIL;GR le;sR Control s!L;GR sll;-sR cﬂmmisu.;sk s!t;-ER Controf su:sg siL:ER
s I8 L6 L6 L6 IL® Ls L6
10ng Sbng 10ng S0ng 10ng 50ng 18ng 50ng
b Runx2/GAPDH osterix/GAPDH osteocalcin/GAPDH
bid
.
i n.s.
1 = 1.2
<
Ew 06 0.8
28 0.6
2 504
Ex 0.4
2 %02

0 ~ P
control sIL-6RsIL-6R SIL-6R

only + +

L6 iL-6

40ng SOng

c

control
siL-6R only
siL-5R+
IL-6 10ng
siL-8R+
IL-6 50ng

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/ml 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



J Bone Miner Metab

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/Akt2 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, di(;fsteob}as_t
IL-6 inhibits osteoblast erentiation
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 simultaneous 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

STAT?3 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 MEK2 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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ABSTRACT

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 NHx-
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 polycional 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
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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.
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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
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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 Wistar rats (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:TDSSESGEELGSDRSQYRPAGGLSKSAGMDADKEEDEDDSGDDTEGDEDN : 100

DMP1-2

101 :GPGPEEROWGGPSRLDSDEDSADTTQSSEDSTSQENSAQDTPSDSKDHHES: 150

151:DEAESRPEAGDSTQDSESEEYRVGGGSEGESSHGDGSEJEDEGMQSS&PG:200

201 : STRSDRGHTRMSSAG IRSEESKGDHEPTSTQD%DDS

DMP1-3
VEFSSRKSFRRS: 250

DMP1-4

251 : RVSEEDDRGELADSNSRETQSVSTEDFRSKEESRSETOEDTAETQSQEDS : 300
301:PEGODPSSESSEEAGEPSQESSSESQEGVASESRGDNPDNTSQTGDQORDS : 350
351 :ESSEEDRLNTFSSSESQSTEEQGDSESNESLSLSEESQESAQDEDSSSQE: 400
401:GLOSQOSASRESRSQESQOSEQDSRSEENRDSDSQODSSRSKEESNSTGSTSS : 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 resuits.

Peptide sequencing of immunoreactive products with antibodies for DMP1

Each immunoreactive product was extracted from 20 mLEDTA 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, M, 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 systern consisting of a Shimadzu LC pump (Shimadzy,
Kyoto, Japan) with LC flow splitter (Dioneg, 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% NaNj. 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 pLl. 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,SO4. 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 recombinant 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
TRAP5b (RatTRAP™; Immunodiagnostic Systems). Plasma Dickkopf-1
(Dkk-1), an osteocyte-expressed soluble inhibitor of the Wnt signaling
pathway, was measured by ELISA using a capture antibody raised against
Dkk-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.



