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Abstract Hydroxyapatite ceramics have been widely
investigated for bone regeneration due to their high
biocompatibility. However, few studies focus on their
mechanical characteristics after implantation. In this study,
the finite element (FE) method was used to evaluate the
mechanical properties of a fully interconnected porous
hydroxyapatite (IPHA) over time of implantation. Based on
the micro-CT images obtained from the experiments dealing
with TPHA implanted into rabbit femoral condyles, three-
dimensional FE models of IPHA (1, 5, 12, 24, and 48 weeks
after implantation) were developed. FE analysis indicated
that the elastic modulus graduélly increased from 1 week
and reached the peak value at 24 weeks, and then it kept at
high level until 48 weeks postoperatively. In addition, as a
local biomechanical response, strain energy density became
to distribute evenly over time after the implantation. Results
confirmed that the mechanical properties of IPHA are
strongly correlated to bone ingrowth. The efficiency of the
proposed numerical approach was validated in combination
with experimental studies, and the feasibility of applying this
approach to study such implanted porous bioceramics was
proved.
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1 Introduction

Biomaterials play an important role in regenerative medi-
cine, which aims to regenerate and replace lost or damaged
tissues by initiating the natural regeneration process.
Among modem biomaterials, hydroxyapatite (HA) ceram-
ics are considered to be very promising candidates as bone
substitutes, due to their composition similarity to inorganic
components of natural bone, as well as high biocompati-
bility and good osteoconduction [1-3]. The commercial HA
ceramics are available as porous blocks and dense granules.
Porous HA ceramics were expected to exhibit better
osteoconduction in view of the fact that porous structure
allows bone tissue ingrowth [4].

However, few reports indicated that the pores of
implanted HA are totally filled with newly formed bone and
several clinical studies showed that the interpores remained
empty for years [1, 4, 5], probably because of the limited
interconnection of the pores. It is realized that the dimension
and morphology of pores are important factors for an
excellent osteointegration, and the size of interpore con-
nections might be even more crucial rather than the size of
pores themselves because interpore connections less than
2-3 pmin diameter do not allow osteogenic cell migration or
vascularization into the pores [1]. Moreover, Lu et al. [6]
investigated the effect of interconnections structure of
porous HA ceramics on bone ingrowth and reported that the
diameter of interconnecting pores needed to be more than
20 um for osteoblasts to enter porous ceramics. However,
although greater pore size or interconnecting pore size leads
to greater osteoconduction, the compressive strength of
porous ceramics and clinical usefulness are reduced in
conditions with larger pore sizes [7].

Therefore, particular attention has been paid to develop
HA bioceramics with large pore and adequate interpore
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connections as well as adequate compressive strength [3].
In recent years, a fully interconnected porous HA (IPHA)
has been developed by use of a “foam-gel” technique [4],
which can achieve both high interconnecting porous
structure and enough compressive strength. This novel
IPHA has a porosity of about 75%, with macropores of
100-200 pm that are fully interconnected by openings of
about 40 pm in diameter. In addition, its initial compres-
sive strength is reported as about 10 MPa [4, 9]. Consid-
ering its high porosity, such initial compressive strength is
rather high and gives IPHA a great advantage as bone
substitute. The superior property has led to great interest in
the investigations of IPHA. Tamai et al. [1] reported that
this IPHA exhibits excellent osteoconductivity and bone
ingrowth in animals. In clinical application, Yoshikawa
et al. [4] and Yoshida et al. [10] have applied this material
for the treatment of patients suffering from benign bone
tumor and bone fracture, and obtained favorable clinical
results. The biological response and performance such as
bone tissue formation in IPHA is often evaluated by per-
forming histomorphometrical analyses of histological sec-
tions, however few studies focus on its mechanical
characteristics after implantation, which is closely associ-
ated with bone ingrowth. Although the use of compression
test to evaluate the mechanical properties of bone materials
is well documented, the preparation of samples remains
time-consuming and labour-intensive. As an alternative,
computer tomography (CT)-based finite element (FE)
method is considered to have the advantage of accurate
quantitative structural analysis.

Nowadays, micro CT-based FE modeling has demon-
strated a significant contribution in the field of functional
bone engineering [11]. One of the important advances is
that different. micro CT-based FE models have been
established for the modeling of scaffold, in general, for the
modeling of porous biomaterials. For instance, Lacroix
et al. [12] evaluated the porous structures of two scaffolds
and assessed the effect of structures on loading transfer.
Sandino et al. [13] studied mechanical stimuli that influ-
ence cell proliferation and differentiation for bone tissue
engineering. Furthermore, as a computational approach, FE
method was applied by Byme et al. [14] and Sturm et al.
[15] to model the bone tissue regeneration within a stan-
dard-structured bone scaffold. Up to date, most FE inves-
tigations are contributed to the development of optimal
scaffold design for tissue ingrowth. Despite these advances,
however, few attempts have been devoted to assess
the mechanical properties of porous bioceramics after
implantation using FE method. In this study, the mechan-
ical properties of the previously mentioned IPHA
(NEOBONE®; Covalent Material, Tokyo, Japan) after
implantation were evaluated by means of micro CT-based
FE analysis. The micro-CT images were obtained from
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animal experiments with IPHA implanted into rabbit
femoral condyles [9]. The time-dependent changes of the
mechanical properties of IPHA were evaluated from an
early time (1 week) to a long-term postoperative period of
1 year after the implantation.

2 Materials and methods
2.1 Structure characterization

The cross sections of NEOBONE® before implantation
were observed by a field emission scanning electron
microscope (SEM; S-4100, Hitachi, Japan). The structure
was characterized regarding the pore arrangements, the
interpore connections and the inner walls of the pores.

2.2 Microfocus computed tomography

The micro-CT images used in current study were obtained
from experimental study, in which the NEOBONE® grafts
were implanted into the femoral condyles of rabbits. The
procedure of the animal experiments has been described in
detail previously [9]. Here is a brief outline of the testing
regime. A straight 2.5 cm skin incision was made over the
medial femoral condyle and the fascia was split. Then a
hole of 6 mm in diameter was drilled through the femoral
condyle, after which a matching size cylindrical block
(6 mm in diameter and 15 mm long) of NEOBONE® was
implanted into the hole, and the fascia and skin were
closed. At the end of the specified observation period, the
rabbits were killed by intravenous administration of 5 ml
of pentobarbital for mechanical and histological analyses.
The animal experiments were conducted at the Animal
Laboratory of the Faculty of Medicine at Osaka University,
following the animal care guidelines. The formation of new
bone in each implant was evaluated with a microfocus CT
system (SMX-100CT-SV; Shimadzu, Kyoto, Japan). Each
sample was scanned at 10 um intervals at 50 kV and
200 pA.

2.3 Mechanical evaluation

Harvested bone tissues were frozen at —20°C after radio-
graphic evaluation and were divided into three equal seg-
ments through the long axis of the cylindrical implant so
that each implant was cut into 5 mm cylinders. Then
3 x 3 x 4 mm® blocks were cut out from the center of
each cylindrical specimen for compression testing at a
speed of 1 mm/min with a servo-hydraulic materials test-
ing machine (858 Mini Bionix I, MTS). The load-dis-
placement curves were obtained and the compressive
strength was examined.
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2.4 FE method

In this study, MECHANICAL FINDER 6.0 software
(Research Center of Computational Mechanics, Inc.,
Japan) was employed to construct models and perform
calculations. Due to the computational time and memory
capacity of FE analysis, smaller sections from each implant
were modeled rather than the whole block. For each set of
micro-CT images (1, 5, 12, 24, and 48 weeks after
implantation), three different locations were chosen to
build models. Consequently, in total 15 models were cre-
ated. Figure 1 presents the extracted and meshed cubic
models (500 pm on each edge) as an example which was
indicated with red frames in Fig. 2. Typical models contain
around 95,000 nodes and 500,000 tetrahedral elements.
The average values of the simulation results in the three
models were calculated to quantitatively evaluate and
represent the results of the entire model. To determine the
mechanical properties of NEOBONE®, a compressive
loading condition was simulated as the top of each cubic
model was fixed in all displacements whereas a uniform
load of 1 N along vertical direction was applied on the
bottom of the cube.

In the MECHANICAL FINDER software, the bone
density of an element was determined from the average CT
value (HU: Hounsfield Unit) of 17 points, which were
composed of the center point and four points distributed on
four lines connecting the center point to each apex of the
tetrahedral element [16]. The bone density (p) of each FE
was computed by the relationship as follows:

HU<1)

0.0
= { (0.945 x HU + 1.347) x 107 (HU > 1) (1)

It should be pointed out that the above method is to
calculate density of the natural bone, therefore an upper

Fig. 1 The extracted and
meshed three-dimensional
models

density limit of 3.16 g/em® was adopted to make it suitable
for the current case of artificial bone by reference to the
theoretical density of HA [17, 18]. And Poisson’s ratio was
set as 0.4 [19]. The elastic modulus (E) of each FE can be
determined based on the following equations proposed by
Keyak et al. [19]:

0.001 (p=0.0)
33900022  (0.0<p<0.27)
E= (2)
5307p 4+ 469  (0.27<p<0.6)
1020001 (p>0.6)

The elastic modulus of each element was calculated by
Eq. 2 and could be reflected in the FE models in terms of
contours of elastic modulus distributions. In order to
calculate an overall elastic modulus of each model, the

Fig. 2 Three locations indicated on micro-CT images to construct
models
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calculated axial displacements of the loaded nodes are
needed. The elastic modulus E (MPa) of each model was
defined as:

E = (F/A)/(AL/Lo) 3)

where F (N) is the compressive load, A (mm?) is the area of
loaded surface, AL (mm) denotes the amount of deforma-
tion, and Ly (mm) is the initial edge length of the cubic
model. The amount of deformation AL was determined as
the average axial displacements of all nodes on the loaded
surface.

It is known that a fracture criterion of brittle ceramics
under unidirectional compression can be expressed by the
strain in the loading direction. It is therefore assumed that
the compressive fracture of a NEOBONE® sample with
bone tissue ingrowth can be controlled by the critical strain
of NEOBONE® and the bone tissue filled within the porous
structure does not affect the compressive fracture of the
NEOBONE®-bore tissue composite system. In the current
study, efforts were made to predict compressive strength by
the calculated elastic modulus (e.g., from FE analysis). It is
assumed that if the compressive strain of the representative
model reaches the critical strain ¢., and then fracture
occurs. Under the critical strain criterion, the following
equation can be derived to represent the correlation
between strength and elastic modulus:

oc/oaw = E/Ew “4)

where . (MPa) and E (MPa) are the compressive strength
and elastic modulus at any stage, respectively, and o.w
(MPa) and E;w (MPa) denote the above parameters at
1 week after implantation.

Additionally, it should be pointed out that the pore size
of the computational model tends to be smaller than the
real pore size of NEOBONE® due to the resolution of CT
images. As a result, the FE models have much lower
porosities than the corresponding specimens. For instance,
the initial material has a porosity of 75%, whereas the
porosity of the FE model generated from the corresponding
CT images is about 43% calculated by a two-dimensional
approximation. It is generally assumed that the elastic
modulus of a porous material is inversely proportional to
the porosity. And a number of expressions for the rela-
tionship between elastic moduli and porosity have been
proposed [20-23]. One of those frequently employed
expressions takes the following form:

E = Eo(1— 8)/(1+a0) (5)

where E and Ej represent the elastic modulus of porous
materials and dense materials, respectively, ¢ denotes
the volume fraction of porosity, and a (here a = 1) is
a constant related to the Poisson’s ratio of the dense
material [20].
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Due to the lower porosities of the models, the stiffness
of the models becomes larger than the real one and there-
fore, the stress value (compressive strength) at the critical
strain is overestimated. Then the modified compressive
strength is given by:

(1 - qbrrue)(l -+ ¢model)
(1 + ¢true)(1 - ¢model) o (6)

where ¢/ and o. denote the critical stress value (com-
pressive strength) after and before modification; ¢,,,,,,, and
@iy are the porosity of numerical model and actual
material, respectively. In Eq. 6, A is a coefficient in relation

to ¢rnodel and ¢true'

'
g, = Ao, =

3 Results

SEM observation demonstrated that most of the pores were
similar in size and shape, as shown in Fig. 3a. The pores
had several holes in their walls that connected to the
adjacent ones. In addition, the pore walls are very smooth
and formed by tightly bound HA particles (Fig. 3b).

The elastic modulus distribution of NEOBONE® at each
stage (1, 5, 12, 24, and 48 weeks after implantation), as
calculated by Egs. 1 and 2, are presented in Fig. 4. A cut-
view of each model is also displayed to show elastic
modulus distribution on a section. There are no significant
differences among the elastic modulus distribution con-
tours. The maximum elastic modulus indicated in the all
models is around 1,100-1,300 MPa, whereas the minimum
varies in a range of 500-700 MPa.

To quantitatively assess the changes of overall stiffness,
the elastic moduli of all models were determined by Eq. 3.
The calculated results are as shown in Fig. 5, expressed by
the average value and standard deviation. In Fig. 5 the
measured elastic moduli of NEOBONE® from compres-
sion test are also presented. As an experimental method,
the load—displacement curve from compression test can be
converted into stress—strain curve by dividing the force by
the cross-sectional area of the specimen and dividing the
deformation by the original length of the specimen. The
slope of the rising part of the curve is the elastic modulus.
Both simulation and experimental data demonstrate that the
elastic modulus increased from 1 to 24 weeks, and reached
the peak value at 24 weeks. Afterwards, in the case of
simulation, there is no significant decrease from 24 to
48 weeks after implantation. To get more insight into the
effect of bone ingrowth on the changes of elastic modulus,
a three-dimensional diagram displaying the correlation
between bone mineral density (BMD) [9] and elastic
modulus versus duration of implantation was presented
in Fig. 6. The increase or decrease of BMD results in
a similar change in the elastic modulus. In Fig. 6, the
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Fig. 3 SEM micrographs showing the cross-sectional morphology of IPHA (a) and the inner wall of pores (b)

Fig. 4 Distribution of elastic (M4Pa)

modulus of NEOBONE® at 1, 5,
12, 24, and 48 weeks after
implantation

490 & 1 week
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slice-view from models of early postoperative period
(1 week) and long-term period (48 weeks) after implanta-
tion were also included. The structural changes with the
duration of surgery can be easily observed.

Variation of measured compressive strength and calcu-
lated elastic modulus is exhibited in Fig. 7. Naturally, the
value magnitudes of them are different, but the curves
display a similar tendency. Here, the calculated elastic
modulus was used to predict compressive strength under

48 weeks

the critical strain criterion. The FE predicted strength and
the measured ones from compression test were normalized
with their respective strength value at 1 week. Figure 8
shows the normalized compressive strength versus time of
implantation. The simulation and experimental results
demonstrate good agreements.

Figure 9 represents the strain energy density (SED)
distribution in the models of NEOBONE® (1,5,12,24, and
48 weeks after the implantation), and a cut-view of each
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mental ones versus time of implantation

model displaying SED on a section is also presented. It is
found that the SED distributions change with the duration
of implantation. At the beginning, a severe SED concen-
tration can be observed. And over time after operation, the
SED concentration decreased gradually and at the time of
48 weeks after implantation, SED distributed quite evenly.

4 Discussion

The results of this study presented the time-dependent
variations in mechanical properties of the implanted
NEOBONE® (IPHA) after implantation, which revealed
the biomechanical interaction between this porous bioac-
tive ceramics and regenerated bone tissue. HA ceramics
have been considered as bone bioactive materials which
bond to surrounding osseous tissue and enhance bone tissue
formation [24]. The structural configuration of HA
including the dimension and morphology of the pores has
been shown to be critical in allowing osteoconduction and
bone growth into the scaffolds [25]. Another important
factor is the interconnected pores for the penetration of
bone cells. SEM analysis shows that NEOBONE® (IPHA)
has rather spherical pores which are interconnected with
each other by window-like openings (Fig. 3), resulting in a
large surface area which leads to a high tendency to bior-
esorb and then induces high bioactivity. In addition, the
interconnected pores permit tissue ingrowth and thus
anchor the prosthesis with the surrounding bone tissue,
leading to good mechanical fixation of implants [26].

In the early stage following surgery of being placed in
an osseous defect, porous implants should induce a process
similar to bone fracture healing, where the implant porosity
is initially invaded by mesenchymal cells, fibroblasts
and osteoblasts [27]. In animal experiments with IPHA,
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Fig. 9 Distribution of SED of
NEOBONE® at 1, 5, 12, 24, and
48 weeks after implantation
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interfacial new bone formation was observed at 2 weeks
postoperatively and there was a subsequent gradual
increase of new bone penetrating into the central area after
5 weeks [1, 9]. The bone formation induces the changes in
mineralization. It is known that the altered BMD in turn
results in an increase or decrease in the elastic modulus of
the bone tissue [28, 29]. Therefore, BMD can be used as
predictors of bone stiffness. BMD analysis by dual-energy
X-ray absorptiometry [9] demonstrated good correlations
with present FE calculated elastic modulus (Fig. 6). In
addition, this study presented a computational method to
quantify the spatial distribution of elastic moduli (as given
in Sect. 2.4). Regarding the obtained results (Fig. 4), no
significant differences among all studied periods were
observed, though the macro- and microstructure exhibited
changes with the duration of surgery. It is understood that
the structural changes are caused by bone tissue ingrowth.
In terms of the relatively unchanged distribution of elastic
moduli, it can be interpreted by the non-resorbability of
NEOBONE® as observed in animal experiment [9]. More
significantly, it is of great interest to apply this computa-
tional method to the resorbable biomaterials, therefore to
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investigate the effects of degeneration on the spatial dis-
tribution of elastic moduli.

In the light of the correlation between bone ingrowth
and the overall stiffness, the simulation results are con-
sidered to be reasonable. Furthermore, the FE predicted
elastic moduli exhibited similar variation with the mea-
sured results from compression test (Fig. 5). However, it is
noted that the simulation values are a little higher than the
experiments except that at 24 weeks (Fig. 5). The higher
modulus values obtained from FE models are considered to
be caused mostly by the CT resolution. Those pores in the
specimens that are smaller than the resolution cannot be
recognized in the models. As a result, the FE models have
much lower porosities than the corresponding actual
specimens. Given that pore connectivity is maintained, HA
with larger pore sizes will be weaker as a result of an
associated reduction in density. Therefore, the stiffness of
the analytical model might be predicted to be higher than

“that of the actual material. Moreover, the contained soft

tissues might have a negative influence on the quality of
CT images [16]. This could be one of the reasons for the
higher modulus values from FE models. As to the
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discrepancy at 24 weeks between experiment and simula-
tion, it can be seen that the experimental value is much
higher than the FE predicted one. The causes of this
unexpected result are not clear yet and further study is
needed to clarify this point.

It is well evidenced that mechanical properties of porous
HA are strongly correlated to bone ingrowth. Specifically,
experimental observations indicated that compressive
strength increased as new bone formed [30-33]. For
example, Hing et al. [30] reported that the compressive
strength of porous HA derived from cancellous bone
increased from 2 to 20 MPa after 3 months in vivo. Trécant
et al. [31] reported an increase in the compressive strength
of blocks of porous HA/tri-calcium phosphate composites
from 3 to 6 MPa after only 1 week in vivo. These results
suggest that bone ingrowth have a strong reinforcing effect
on porous HA implants. In the current study, the measured
compressive strength demonstrated the same trend. Fur-
thermore, it was noted that FE calculated elastic modulus
also exhibited similar variation with measured compressive
strength, and both parameters reached the highest level at
24 weeks (Fig. 7). The practical significance of the corre-

lation between elastic modulus and strength is that an

estimate of elastic modulus (e.g., from FE analysis) may be
a predictor for compressive strength. Generally, materials
properties do not have such a correspondence, while it
exists for bone material, which would suggest a biological
linkage between these properties [34, 35]. In the current
study, the compressive strength was predicted from the
estimated elastic modulus based on the critical strain cri-
terion (as given in Sect. 2.4). The normalized compressive
strength versus time of implantation shows well agree-
ments between the simulation and experimental results
(Fig. 8). This proposed approach of compressive strength
prediction was proved to be feasible in the present
application.

Besides the prediction of elastic modulus and com-
pressive strength, FE method enables to get an insight into
other mechanical variables, such as stress, strain, and SED.
Actually, as a physical scalar related to both stress and
strain, the SED has been widely applied as a criterion
for bone adaptation and tissue differentiation algorithms
[15, 36, 37]. At the microscopic scale, bone growth at the
scaffold surface is considered to be regulated by the local
SED. In the case of current study, a severe SED concen-
tration existed in the early postoperative period and SED
became to distribute evenly at 48 weeks after the implan-
tation (Fig. 9). This result suggested that a process similar
to normal remodeling occurred within NEOBONE®. The
SED is assumed to be a mechanobiological signal or
stimulus that bone cells detect [37, 38], though the fun-
damental nature is unknown, regarding how the bone cells

@ Springer

sense and adapt to the stimuli. However, the existence of
strain energy sensors has not been documented in experi-
ments. In this sense, computational models could provide
insight into the mechanical factors that affect bone
ingrowth, and thereby contribute to better understanding of
mechanobiological mechanisms.

The CT-based three-dimensional FE analysis has dem-
onstrated its advantages in evaluating the time-dependent
biomechanical changes in porous bioceramics. In spite of
the limitation of CT resolution, the validity and efficiency
of FE analysis in assessing the influence of bone ingrowth
on the mechanical behavior of porous bioceramics have
been confirmed. In clinical application, the changes of
compressive strength and stiffness after implantation are
important for surgeons to select appropriate materials for
different surgical applications. Furthermore, the biome-
chanical behaviors of bone substitute after implantation are
critical to assessing the clinical effectiveness and predict-
ing the long-term success of grafts and restorative systems.
This study has enabled to investigate the mechanical
properties of porous implant after insertion by means of
micro-imaging reconstruction and FE method. The CT
based FE method may someday demonstrate the feasibility
of clinical application that could help assess the mechanical
properties of porous implants in individual patient, though
there are numerous challenges associated with the biome-
chanical characterization in vivo. There are methods with
better resolution than the micro-CT used here (for example
use of a synchrotron [39]). In the future study, we would
like to comstruct more accurate analytical models in
accordance with the progress of CT resolution and con-
tribute to a potential quantitative approach for the evalua-
tion of the mechanical properties of such biomaterials.

5 Conclusions

This study enables to evaluate the time-dependent biome-
chanical changes of porous bioceramics after implantation
by a computational approach. Results demonstrated that the
variations of mechanical properties are highly correlated to
the biomechanical interaction between the porous bioactive
ceramics and regenerated bone tissue. Good correspon-
dence between the FE analysis results and the experimental
data confirms the feasibility and validity of the future
application of this computational approach in the field of
bone tissue engineering. With the availability of higher
resolution X-ray computed tomography imaging systems
for in vivo observation, it would enable researchers to
rapidly acquire biomechanical assessment of bone
ingrowth after implantation and to predict the long-term
success of bone grafts.
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Hypoxia is a key factor in the maintenance of chondrocyte identity. However, crucial chondrogenic tran-
scription factors in the Sox families are not activated in this phenomenon, indicating that other pathways
are involved.

Nkx3.2 is a well-known chondrogenic transcription factor induced by Sonic hedgehog (Shh); it sup-

Keywords: presses a key osteogenic transcriptional factor, Runt-related transcription factor 2 (Runx2), to maintain
ll:Jllyiglea the chondrogenic phenotype in mesenchymal lineages. The purpose of this study was to examine the
KX ..

function of Nkx3.2 in hypoxia-dependent maintenance of chondrocyte identity.

C3H10T1/2 pluripotent mesenchymal cells were cultured with rh-BMP2 (300 ng/ml) to induce chon-
drogenesis under normoxic (20% O,) or hypoxic (5% O,) conditions.

Immunchistological detection of Nkx3.2 in a micromass cell culture system revealed that hypoxia pro-
moted expression of the Nkx3.2 protein. Real-time RT-PCR analysis revealed that hypoxia promoted
Nkx3.2 mRNA expression and suppressed Runx2 mRNA expression; however, Sox9 mRNA expression
was not altered by oxygen conditions, as previously described. Over-expression of exogenous Nkx3.2 pro-
moted glycosaminoglycan (GAG) production and inhibited Runx2 mRNA expression and, based on a dual
luciferase assay, Runx2 promoter activity. Interestingly, downregulation of Nkx3.2 using RNAI abolished

Transcription factor
Endochondral ossification

hypoxia-dependent GAG production and restored Runx2 mRNA expression and promoter activity.
These results demonstrated that Nkx3.2-dependent suppression of Runx2 was a crucial factor in
hypoxia-dependent maintenance of chondrocyte identity.

© 2011 Elsevier Inc, All rights reserved.

1. Introduction

A number of pathophysiological findings indicate that a correla-
tion exists between hypoxia and chondrogenesis. Articular carti-
lage is an avascular tissue to which nutrients and oxygen are
supplied by diffusion from synovial fluid and subchondral bone.
Articular chondrocytes may normally persist in 1-6% 0, [1-4],
which is very hypoxic relative to the atmosphere. Additionally, hy-
poxia-inducible factor 1 (Hif-1), one of the major mediators of the
hypoxic response, is essential for chondrocyte growth arrest and
survival [5]. Therefore, hypoxia is considered to be a key factor in

Abbreviations: Shh, Sonic hedgehog; Runx2, Runt related transcription factor 2;
BMP, bone morphogenic protein; GAG, glycosaminoglycan; RNAi, RNA interference;
siRNA, small interference RNA; Hif-1, hypoxia-inducible factor 1; SMMD, spondylo-
megaepiphysial-metaphysial dysplasia; Col2al, type Il collagen o1; PTHIP, para-
thyroid hormone-related protein; Ihh, Indian hedgehog; ALP, alkaline phosphatase.

# Corresponding author. Fax: +81 6 6879 6549,
E-mail address: myoi@hp-mctr.med.osaka-u.acjp (A. Myoui).

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016j.bbrc.2011.11.026

chondrogenesis. Recently, we found that hypoxia (5% O;) promotes
chondrogenic differentiation and that hypoxia is necessary for
maintenance of chondrocyte identity [6]. Interestingly, this phe-
nomenon did not involve the upregulation of Sox9, a key chondro-
genic transcription factor [6]. However, the details of the
mechanisms by which hypoxia maintains chondrocyte identity re-
main unclear. To further investigate these mechanisms, we focused
on Nkx3.2, a transcription factor that represses Runx2 {7].

During endochondral ossification, chondrocytes undergo hyper-
trophy and secrete an extracellular matrix, which becomes mineral-
ized and allows vascular invasion to initiate osteoblastic
differentiation [8]. Runx2 is essential for inducing chondrocyte
hypertrophy [9-12] and osteoblastic differentiation [13-15]. Under
hypoxic conditions, downregulation of Runx2 activity inhibits
osteoblastic differentiation and/or hypertrophy of chondrocytes [6].

The transcription factor Nkx3.2 (also called Bapx1), the verte-
brate homolog of Drosophila bagpipe, is initially induced by Sonic
Hedgehog (Shh) signaling in paraxial mesoderm, and Nkx3.2 pro-
motes the commitment of mesenchymal cells to chondrocyte
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differentiation [16-18). Nkx3.2 represses Runx2 gene expression
and a Runx2 transcriptional reporter [7].

Based on these observations, we speculated Nkx3.2 may play an
important role in hypoxia-dependent maintenance of chondrocyte
phenotype by suppressing Runx2.

Here, we investigated role of Nkx3.2 in the mechanism by hy-
poxia maintains chondrocyte phenotypes.

2. Materials and methods
2.1. Cell culture

C3H10T1/2 cells were obtained from RIKEN Bio-Resource
Center (Saitama, Japan) and were cultured in Dulbecco’s modified
Eagle’s medium (Invitrogen, San Diego, CA). The cells were incu-
bated at 37 °C under 5% CO, and 20% O, (normoxia) or 5% O (hy-
poxia) with or without recombinant human BMP-2 (300 ng/ml).
BMP-2 stimulation was when cell monolayers reached 90%
confluence.

2.2. High-density micromass cell culture and immunocytochemistry

Cells were spot-seeded; 50 pl drops containing 5 x 10° cells
were placed in individual chambers of a Lab-Tek Chamber Slide
System (Thermo Fisher Scientific Inc., Waltham, MA) [19]. After
cells attached to the substrate (approximately 2 h), they were
stimulated with rh-BMP2 (300 ng/ml) and cultured under normox-
ic or hypoxic conditions. After 72 h, cells were fixed in 10% forma-
lin for anti-Nkx3.2 antibody staining.

2.3. Assessment of chondrocyte differentiation

To evaluate chondrogenic differentiation, C3H10T1/2 cells were
fixed with 10% formalin, washed with 0.1 N HCl in distilled water;
cells were then stained with alcian blue solution, alcian blue 8GX
(Sigma, St. Louis, MO). To quantify chondrogenic differentiation,
the absorbance of alcian blue dye bound to sulfated glycosamino-
glycan (GAG) was measured [20]. All experiments were performed
in triplicate.

2.4, Antibodies and reagents

Recombinant human BMP-2 was provided by Osteopharma Inc.,
Osaka, Japan. Anti-mouse Nkx3.2 antibodies were purchased from
Santa Cruz Biotechnology, Inc., Santa Cruz, CA.

2.5. DNA constructs

An expression plasmid encoding wild-type Nkx3.2 (WT-Nkx3.2)
was constructed by inserting a full-length Nkx3.2 cDNA into the
pBApo-CMV Neo vector purchased from Takara Bio Inc., Otsu,

Japan.
2.6, Reporter constructs and luciferase reporter assay

A tandem array of six Runx2 binding site were inserted into the
pGL3-Promoter vector (Promega, Madison, WI), and the recombi-
nant plasmid was designated 6Runx2E-Luc. A tandem array of
eight Nkx3.2 binding site were inserted into the pGL3-Promoter
vector (Promega), and this construct was designated 8Nkx3.2E-
Luc. Reporter assays were performed by transient transfection of
0.4 ug of the pGL3-Promoter vectors (8Nkx3.2E-Luc or 6Runx2E-
Luc) and 0.01 pg of the TK-Renilla luciferase construct (TK Renilla)
(Promega). Luciferase activity was measured using a Dual Lucifer-
ase assay kit (Promega) and luminometer (Berthold Technologies,

Table 1
Sequences of siRNA duplex targeting Nkx3.2 mRNA and of siRNA control.

Target gene Oligonucleotide Sequence (5' = 3')
Negative control Sense ATCCGCGCGATAGTACGTA
Nkx3.2 Sense CCAAGGACCUGGAGGAGGATT
Table 2
Sequences of PCR primers used to amplify each gene in standard and quantitative RT-
PCR
Gene Primer Sequence (5" —» 3')
Col2al Forward CCTGTCTGCITCTTGTAAAAC
Reverse AAAAAATACAGAGGTGTTTGACACAGA
Nkx3.2 Forward AGATGTCAGCCAGCGTTTC
Reverse AGGGCTAACGCTGTCATCCT
Sox9 Forward ATGAATCTCCTGGACCCCTT
Reverse AACTTTGCCAGCTTGCACGT
Runx2 Forward GCTTGATGACTCTAAACCTA
Reverse AAAAAGGGCCCAGTTCTGAA
Shh Forward TTAACCATCAGCGCTACCTG
Reverse CCTTTACGGCCACTTTCTTG
PTHrP Forward ATGACAAGGGCAAGTCCATC
Reverse CGTCTCCACCTTGTTGGTTT
Ihh Forward TCAGTGATGTGCTTATTTTC
Reverse CCTTGTGAGAGGAGCATAGG
GAPDH Forward TGAACGGGAAGCTCACTGG
Reverse TCCACCACCCTGTTGCTGTA
Normoxia Hypoxia
x100|
23
x200 " .
E 4
P
. .

Bar =100 um

Fig. 1. Hypoxia upregulated Nkx3.2 protein. Immunostaining for Nkx3.2 protein.
C3H10T1/2 cells were seeded at high density (1 x 10° cells/10 pl) on chamber
slides. They were stimulated with BMP-2 (300 ng/ml) and cultured under normaoxic
or hypoxic conditions for 72 h, The cell cultures were then fixed and immuno-
stained using anti-Nkx3.2 antibody. Nkx3.2 protein expression was higher under
hypoxic than under normoxic conditions. Original magnification of upper panel is
100x, lower panel is 200x. Bar = 100 pm.

Bad Wildbad, Germany); luciferase activity was normalized to
Renilla luciferase activity, an internal standard. All experiments
were performed in triplicate.

2.7. RNA interference of Nkx3.2

RNA interference was done using commercially synthesized
siRNA (B-Bridge International, Inc, Cupertino, CA) and the proto-
cols provided by the manufacturer. Cells were transfected with
10 uM Lipofectamine RNAIMAX (Invitrogen). The sequences of
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siRNA duplex targeting Nkx3.2 mRNA and of negative control
siRNA are shown in Table 1.

2.8. Standard and quantitative RT-PCR

First-strand ¢cDNA was synthesized using SuperScript 1l RNase
H® reverse transcriptase (Invitrogen). Standard RT-PCR was per-
formed using Ex Taq (Takara Bio Inc.). Quantitative RT-PCR was
performed using the Roche Applied Science Light Cycler system.
The SYBR Green assay, in which each cDNA sample was evaluated
in triplicate 20 pl reactions, was used for all target transcripts.
Expression values were normalized to GAPDH. The sequence of
specific primers used for standard and quantitative RT-PCR assays,
are shown in Table 2.

2.9. Statistical analysis

All data are expressed as means * standard deviation (SD) of a
minimum of three replicate measurements. Differences between

groups were assessed using the Student's t-test. Any p value
<0.05 was considered statistically significant.

3. Results
3.1. Nkx3.2 protein was upregulated under hypoxia

To investigate whether oxygen tension changed the expression
of Nkx3.2 protein, we measured protein expression using an
immunocytochemistry assay and a micromass cell culture system.

In C3H10T1/2 cell condensation culture, expression of Nkx3.2
protein was higher under hypoxia than normoxia (Fig. 1).

3.2. Hypoxia upregulated Nkx3.2 mRNA and a Nkx3.2 reporter
construct

To investigate the function of Nkx3.2 in hypoxia-dependent
maintenance of chondrocyte identity, we performed a real-time
RT-PCR analysis and a dual luciferase activity assay. Expression

A day 1 day 3 day 5 C
N H N H N H e
Nikx3.2 [ _ ——
5 *% N.S.
- 0'8_‘ ~—
[0S I emmevason.  mossssicr ssssonsiit ' oam—— | m—— % i
Runx2 Bgs : ?, 0.6+
- 2
3
B — — — — - — 2 021
£
Ihh @OOLI’): 4’00 ;k\
T+ %
td Ho
GAPDH [ e st e o =
N : Normoxia H : Hypoxia {1 : Normoxia B : Hypoxia
B
5 Nkx3.2 PTHrP Runx2 Col2a1
7] * *kk * Exa
g, [ B e 6 ke R 15, 0 PR
% 4 1
z 1 1
[ 2 0.5
g
20 0 0 0
2 d3 d5 d3 d5 d3 d5 d1 d3
- Sox9 Ihh Shh
2 N.S. N.S. ek
% 15, 7 T 15 . 2,70 0 [ Normoxia
e 1.5 B : Hypoxia
< 1 - 1
1
g
£ 05 0.5 05
]
£ 0 == 0 e ——
2 d3 d5 d3 d7 d1 d3

Fig. 2. Hypoxia upregulated Nkx3.2 mRNA expression and a Nkx3.2 reporter construct. (A) On days 1, 3, and 5, total RNA was extracted from C3H10T1/2 cells that were
cultured with BMP-2 (300 ng/ml) and under normoxic or hypoxic conditions. RT-PCR was performed to generate Nkx3.2, Sox9, Runx2, Col2al, Shh, PTHrP, Iih, and GAPDH
cDNA. (B) Real-time RT-PCR assays of Nkx3.2, Sox9, Runx2, Col2a1, Shh, PTHiP, Ihh, and GAPDH expression were performed. Expression values were normalized to the level of
GAPDH mRNA. Data shown for each measurement are the mean = SD of three replicate samples. *P < 0.05; **P < 0.01; *"P < 0.001. (C) C3H10T1/2 cells were co-transfected
with 8Nkx3.2E-Luc and TK-Renilla reporter constructs, After transfection (12 h), cells were incubated with BMP-2 (300 ng/ml) and cultured under normoxic or hypoxic
condition for 3 days. Luciferase activity was measured and normalized by determining Renilla luciferase activity. Data shown for each measurement are the mean  SD of

three replicate samples. **P < 0.01; N.S,, not significant.
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Fig. 3. Nkx3.2 was a positive regulator of hypoxia-dependent GAG production. (A-C) Forty-eight hours after transfection with siRNA control (upper wells) or with Nkx3.2
siRNA (lower wells), C3H10T1/2 cells were stimulated with BMP-2 (300 ng/ml) and cultured under normoxic or hypoxic condition for 5 days. (A,D) Cells were stained with
alcian blue, (B,E) Quantification of GAG synthesis in C3H10T1/2 cells on day 5. Data shown for each measurement are the mean + SD of three replicate samples. **P < 0.001;
N.S., not significant. (C) Total RNA was extracted and real time RT-PCR for Runx2 was performed. Values were normalized to the level of GAPDH mRNA. Data for each
measurement are the mean £ SD of three replicate samples. ***P < 0.001; N.S,, not significant. (D) Twenty-four hours after transfection with MOCK (upper wells) or with WT-
Nkx3.2 (lower wells), C3H10T1/2 cells were stimulated with BMP-2 (300 ng/ml) and cultured under normoxic or hypoxic condition for 5 days. Cells were then stained with

alcian blue.

of Nkx3.2, Col2al, Shh, and PTHrP mRNAs was higher in hypoxic
conditions than in normoxic conditions. In contrast, Runx2 and
Ihh were downregulated in hypoxic conditions, while Sox9 was
not affected by the differences in oxygen tension (Fig. 2A and B).
As Nkx3.2 usually suppresses transcription, upregulation of
Nkx3.2 transcriptional activity may result in downregulation of
the 8Nkx3.2E-Luc reporter construct. In normoxia, WT-Nkx3.2 re-
duced 8Nkx3.2E-Luc activity. In hypoxia, basal suppressive tran-
scription of Nkx3.2 was upregulated, and WT-Nkx3.2 did not
affect 8Nkx3.2E-Luc activity {Fig. 2C).

3.3. Nkx3.2 was a positive regulator of hypoxia-dependent GAG
production

Inhibition of endogenous Nkx3.2 using RNAi abolished GAG pro-
duction in C3H10T1/2 cell cultures, especially in those cultures un-
der hypoxia. In addition, knockdown of Nkx3.2 completely restored
the hypoxia-dependent downregulation of Runx2 mRNA (Fig. 3A-
C). Conversely, Nkx3.2 overexpression using WT-Nkx3.2 promoted
GAG production in normoxic C3H10T1/2 cultures; GAG production
in these cultures was similar to that in hypoxic cultures. Notably,

Nkx3.2 overexpression did not affect GAG production in hypoxic
cultures (Fig. 3D and E).

3.4. Over-expression of Nkx3.2 using WT-Nkx3.2 downregulated
Runx2 mRNA and a Runx2 reporter construct

WT-Nkx3.2 downregulated Runx2 mRNA in hypoxic and
especially in normoxic cultures (Fig. 4A and B). Additionally,
WT-Nkx3.2 downregulated the Runx2 reporter to similar extent
in hypoxic and normoxic cultures (Fig. 4C).

4, Discussion

Murine mesenchymal C3H10T1/2 cells are pluripotent and can
differentiate into chondrocytes following BMP-2 or BMP-7 treat-
ment [21-23]. Moreover, BMP-2 treatment and low oxygen tension
synergistically induce GAG production and Col2al mRNA expres-
sion and substantially suppress ALP activity and mineralization
[6]. These findings indicate that hypoxia promotes chondrogenic
differentiation and inhibits osteoblastic differentiation of pluripo-
tent C3H10T1/2 mesenchymal cells.

- 156 -



Y, Kawato et al./Biochemical and Biophysical Research Communications 416 (2011) 205-210 209

A Normoxia

Hypoxia

B N.S. c N.S
— —_—

f———— prm— —~
1.5 n 3 081
= x
x £ 06
g 11 5
< g |
5] 2 04
S ©
S o5 5
5 4 3]
g 2 021
2
©
e e L %
¢"oo 2, 4’00 2 ¢’Oo %, % A
+ B T+ Y, T A,
‘.?e G@ 4 R
[ :Normoxia E8 : Hypoxia

Fig. 4. Nkx3.2 downregulated Runx2 mRNA expression and activity Runx2 reporter
construct. (A) After transfection (24 h) with MOCK or with WT-Nkx3.2, C3H10T1/2
cells were stimulated with BMP-2 (300 ng/ml) and cultured under normoxic or
hypoxic condition for 5 days. Total RNA was extracted and RT-PCR was used to
measure Runx2, Nkx3.2, and GAPDH mRNA expression, (B) Real time RT-PCR for
Runx2, Nkx3.2, and GAPDH were performed. Values are normalized to the level of
GAPDH mRNA. Data are for each measurement are the mean % SD of three replicate
samples, *P < 0.05; *"P< 0.01; ***P < 0.001. (C) C3H10T1/2 cells were co-transfected
with 6Runx2E-Luc and TK-Renilla reporter constructs. After transfection (12 h), cells
were incubated with BMP-2 (300 ng/ml) and cultured under normoxic or hypoxic
condition for 3 days. Luciferase activity was measured and normalized by deter-
mining Renilla luciferase activity. Data for each measurement are the mean  SD of
three replicate samples. *P < 0.05; **P< 0.01; N.S., not significant.

Hif-1 is a major mediator of the response to hypoxia, but knock-
down of Hif-1 using an adenoviral virus vector system did not
abolish hypoxia-induced GAG production in our preliminary
experiments (data not shown), suggesting no significant relation-
ship between hypoxia-induced chondrogenesis and Hif-1.

Here, we confirmed that hypoxia upregulated Nkx3.2 mRNA
expression, a Nkx3.2 reporter construct (Fig. 2A-C), and expression
of endogenous Nkx3.2 protein in C3H10T1/2 cell micromass cell
culture (Fig. 1). Furthermore, Runx2 mRNA expression and a Runx2
reporter construct were significantly downregulated by both hy-
poxia and overexpression of exogenous wild-type Nkx3.2 (Fig. 4).
Because siRNAs complementary to Nkx3.2 mRNA abolished hypox-
ia-dependent GAG production and Runx2 downregulation, it is
plausible that hypoxia-dependent upregulation of Nkx3.2 is essen-
tial for hypoxia-dependent GAG production and Runx2 suppres-
sion. These data indicated that Nkx3.2 was a crucial transcription
factors that suppressed Runx2 and, consequently, mediated
hypoxia-induced chondrogenic differentiation and the subsequent
hypoxia-dependent maintenance of chondrocyte identity.

Previous findings indicate that Shh signaling induces expression
of two sclerotomal genes Nkx3.2 and Sox9, which are both known
to promote cartilage formation [16-18]. Conversely, PTHrP signals
block chondrocyte hypertrophy by both Nkx3.2-dependent
and -independent pathways [24,25]. Here, hypoxia upregulated
Shh and PTHrP mRNA expression (Fig. 2A and B), but it was unclear

why hypoxia-induced upregulation of Shh did not alter Sox9 mRNA
expression. Additionally, although hypoxia-induced upregulation
of PTHrP may be involved in Nkx3.2-independent Runx2
downregulation, our findings from the Nkx3.2 knockdown
experiment indicated that Nkx3.2 may have primarily contributed
to hypoxia-dependent Runx2 suppression via Shh and PTHIP
upregulation. From these observations, it is reasonable to propose
that hypoxia-induced Nkx3.2 upregulation via Shh, together with
hypoxia-induced PTH1P contributed to the inhibition of chondro-
cyte hypertrophy by suppressing Runx2 expression.

As shown in Fig. 3, over-expression of Nkx3.2 and inhibition of
Nkx3.2 clearly affected GAG production in C3H10T1/2 cell, indicat-
ing that Nkx3.2 may have affected chondrogenic differentiation.

However, this study had several limitations. We used only one
cell line in this experiment. In addition, future studies should con-
firm which factors function upstream of Nkx3.2 in hypoxia-in-
duced chondrogenesis and the mechanisms by which Nkx3.2
promotes chondrogenic differentiation.

In conclusion, we demonstrated that Nkx3.2 was crucial for hy-
poxia-dependent maintenance of chondrocyte identity.
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P38 Mitogen-Activated Protein Kinase Inhibitor,
FR167653, Inhibits Parathyroid Hormone Related
Protein-Induced Osteoclastogenesis and Bone
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Abstract

p38 mitogen-activated protein kinase (MAPK) acts downstream in the signaling pathway that includes receptor activator of
NF-xB (RANK), a powerful inducer of osteoclast formation and activation. We investigated the role of p38 MAPK in
parathyroid hormone related protein (PTHrP)-induced osteoclastogenesis in vitro. and PTHrP-induced bone resorption in
vivo, The ability of FR167653 to inhibit osteoclast formation was evaluated by counting the number of tartrate-resistant acid
phosphatase positive multinucleated cells (TRAP-positive MNCs) in in vitro osteoclastgenesis assays. Its mechanisms were
evaluated by detecting the expression level of c-Fos and nuclear factor of activated T cells c1 (NFATc1) in bone marrow
macrophages(BMMs) stimulated with sSRANKL and M-CSF, and by detecting the expression level of osteoprotegerin (OPG)
and RANKL in bone marrow stromal cells stimulated with PTHrP in the presence of FR167653. The function of FR167653 on
bone resorption was assessed by measuring the bone resorption area radiographically and by counting osteoclast number
per unit bone tissue area in calvaria in a mouse model of bone resorption by injecting PTHrP subcutaneously onto calvaria.
Whole blood ionized calcium levels were also recorded. FR167653 inhibited PTHrP-induced osteoclast formation and PTHrP-
induced c-Fos and NFATc1 expression in bone marrow macrophages, but not the expression levels of RANKL and OPG in
primary bone marrow stromal celis treated by PTHrP. Furthermore, bone resorption area and osteoclast number in vivo
were significantly decreased by the treatment of FR167653. Systemic hypercalcemia was also partially inhibited. Inhibition of
p38 MAPK by FR167653 blocks PTHrP-induced osteoclastogenesis in vitro and PTHrP-induced bone resorption in vivo,
suggesting that the p38 MAPK signaling pathway plays a fundamental role in PTHrP-induced osteoclastic bone resorption.
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Introduction

Parathyroid hormone related protein (PTHrP), a potent
stimulator of osteoclastic bone resorption, was first identified as
a causative factor for humoral hypercalcemia of malignancy [1]. A
number of clinicopathological and experimental studies have
shown that cancer cell-derived PTHrP promotes osteoclastic bone
resorption and contributes to the development and progression of
cancer metastasis to bone [2-5]. PTHrP stimulates osteoclasto-
genesis by acting on osteoblasts and/or bone marrow stromal cells
to increase receptor activator of NI-kB ligand (RANKL)
expression and reduce osteoprotegerin (OPG) expression, not by
acting directly on osteoclast precursors [6]. Osteoclast precursors
that express RANK, a tumor necrosis factor (I'NF) receptor family
member, recognize RANKL and differentiate into osteoclasts in
the presence of macrophage/monocyte colony stimulating factor
(M-CSF). OPG is a soluble decoy receptor for RANKL and has
the ability to inhibit osteoclastogenesis. Therefore, a relative

@ PLoS ONE | www.plosone.org

increase of RANKL versus OPG expression by PTHrP activates
osteoclastic bone resorption [7-12]. .

Additionally, a body of evidence suggested that p38 mitogen-
activated protein kinase (MAPK) is downstream of the RANK
signaling pathway and plays an important role in osteoclast
differentiation. The expression of dominant-negative forms of p38
MAPK in RAW264.7 cells inhibited RANKL-induced differenti-
ation of these cells into osteoclasts [13]. Li et al used
pyridinylimidazole SB203580, a specific inhibitor of p38 MAPK,
to study p38 MAPK function and demonstrated that p38 MAPK
is required for osteoclast differentiation [14].

FR 167653 was first discovered as a potent inhibitor of TNFa,
and interleukin (IL)-1{ production in lipopolysaccharide-stimulat-
ed human monocytes and phytohemagglutinin-M-stimulated
human lymphocytes [15,16]. FR167653 inhibits the activation of
P38 MAPK by suppressing the phosphorylation of p38 MAPK,
preferentially affecting its o isoform, but not the y isoform [17-19].
FR167653 is effective in treating inflammation, relieving trauma
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and ischemia-reperfusion injury @ wviwe [20-22]. We previously
reported that M-CSF-dependent SRANKL- and TNFo-induced
osteoclast formation in primary bone marrow cells, and collagen-
induced arthritis iIn rats were inhibited by FR167653 [23].
However, the relationship of p38 MAPK and PTHrP in
osteoclastogenesis and bone resorption is still unclear.

Here we investigate the role of FR167653 on PTHrP-induced
osteoclastogenesis, local bone resorption, and hypercalcemia. We
found that FR167653 not only blocked osteoclast differentiation
induced both by PTHrP and sSRANKL with down regulation of c-
Fos and NFATc] in bone marrow macrophages without affecting
RANKL and OPG expression in bone marrow stromal cells, but
also alleviated bone resorption induced by PTHrP with partial
reduction of hypercalcemia in vivo.

Materials and Methods

Animal and reagents .

All animal experiments in this study strictly followed a protocol
approved by the Institutional Animal Care and Use Committee of
Osaka University (approval number: 338). Six-week-old male ddy
mice and four- to eight-week-old male BDF1 mice were purchased
from Japan SLC (Hamamatsu, Japan) and Oriental Yeast (Tokyo,
Japan), respectively. Human recombinant PTHrP (1-34) was
purchased from Peptide Institute (Osaka, Japan). M-CSF and
soluble recombinant RANKL were purchased from PeproTeck
EC (London, UK). FR167653 was provided by Asteras Pharma
(Osaka, Japan). c-Fos and actin antibodies were purchased from
Cell Signaling Technology (Danvers, USA). NFATc] antibody
was bought from BD Biosciences Pharmingen (Franklin Lakes,
USA).

Primary bone marrow cell culture

Bone marrow cells were collected by removing the tibias and
femurs from ddy mice and flushing the bone cavity with serum-
free alpha-minimum essential medium (MEM; Invitrogen,
Carlsbad, CA). A sample of 7.5x10° cells in a volume of
0.5 ml/well were cultured in cMEM supplemented with 10% fetal
bovine serum (FBS; Equitech-Bio, Kerrville, TX) in the presence
of PTHrP (45 ng/ml). Some cultures received an additional
treatment of 10 uM, 1 uM or 0.1 uM FR167653. The medium
was changed every two days, replacing half of the medium with
0.25 ml fresh medium contaming 90 ng/ml PTHrP and 20 uM,
2 uM and 0.2 uM FR167653. After six days of culture, adherent
cells were stained for tartrate-resistant acid phosphatase (TRAP),
an osteoclast marker enzyme, using a TRAP staining kit (Hokudo,
Sapporo, Japan). TRAP-positive multinucleated cells (MNCs) with
three or more nuclei were counted as osteoclasts.

M-CSF-dependent bone marrow macrophage (MDBMM:s)
culture

M-CSF-dependent bone marrow macrophages (MDBMMs)
were cultured as described previously [23-25]. Briefly, bone
marrow cells (5x10% were cultured in the «MEM supplemented
with 10% FBS, and M-CSF at the concentration of 100 ng/ml in
100 mm dishes for three days. Then the cells were washed and
harvested with 0.02% ethylene diamine tetra-acetate (EDTA) in
phosphate-buffered saline, and seeded at a density of 3x10° into
100-mm culture dishes in the presence of M-CSF (100 ng/ml).
After three more days of culture, the adherent cells were
considered as MDBMMs.

For osteoclast culture, MDBMMSs were digested with 0.25%
Trypsin-EDTA (Invitrogen) and 1x10*/well cells were re-plated
into 48-well plates in the presence of sSRANKL (100 ng/ml) and
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M-CSF (100 ng/ml). Some cultures were treated with FR167653.
After five more days of culture, adherent cells were fixed and
stained for TRAP. TRAP-positive MNCs containing three or
more nuclei were counted as osteoclasts.

For the detection of the c-Fos and NFATclexpression,
MDBMMs were treated by each concentration of FR167653 for
1 hour. Then, sSRANKL and M-CSF were added. After another
24 or 48 hour culture, the cells were collected for RINA extraction
and protein extraction.

Real-time polymerase chain reaction

Total RNA was extracted from bone marrow cells (for genes of
OPG and RANKL) or bone marrow macrophages (for genes of c-
fos and NFATcl) by using the RNeasy Mini Kit (Qiagen,
Valencia, CA). RNase-free DNase Set (Qiagen) was used to
remove the residual DNA. Five micrograms of RNA were reverse
transcribed into ¢cDNA with Ready-To-Go You-Prime First-
Strand Beads (Amersham Bioscience, Piscataway, NJ). In order to
reduce pipetting error, the final volume of cDNA was reached by
adding four volumes RNase-free distilled water to the original
c¢DNA. The resultant product was subjected to real-time PCR.

Real-time PCR was performed in a Light Cycler (Roche
Applied Science, Indianapolis, IN) with Light cycler-DNA Master
SYBR Green I (Roche Applied Science) and were performed
according to the standard protocol recommended by the
manufacturer. Reverse transcription was followed by 40 cycles of
PCR (denaturation at 95°C for 10 min addition of 1-second at
94°C, 5-second annealing at 58, 60, 61, 59 and 58°C for OPG,
RANKL, c-fos, NFATcl and GAPDH, respecticvely, and 10-
second extension at 72°C, and each of optimal fluorescence
measurement temperature for 1 second as the amplification and
quantification programs, 60-99°C with a heating rate of 0.1°C per
second as the melting curve program, and finally, cooling to 40°C.

The primer sequences are as follows:

RANKIL: sense: 5'-CAC CAT CAG CTG AAG ATA GT-3’
antisense: 5'-CCA AGA TCT CTA ACA TGA CG-3'

OPG: sense: 5'-TGGGACCAAAGTGAATGCC-
GAGA-3'

antisense: 5'-AGCTGCTCTGTGGTGAGGTTC-3'
c-fos: sense: 5'-CTGGTGCAGCCCACTCTGGT-3’
antisense: 5'- CTTTCAGCAGATTGGCAATC-3’
NFATcl: sense: 5'- CAACGCCCTGACCACCGATA-3’
antisense: 5'- GGCTGCCTTCCGTCTCATAG-3'
GAPDH: sense: 5'-ACCACAGTCCATGCCATCAC-3’

antisense: 5'- TCCACCACCCTGTTGCTGTA-3'

Semiquantitative RANKL, OPG, c-fos and NFATcl expression
levels were determined by normalizing with GAPDH expression level.

Western blotting

Cells were washed twice with ice-cold PBS and lysed with a
buffer containing 20 mM Tris-HCI, 150 mM NaCl, 1% riton X-
100, and inhibitors for proteases and phosphatases [25]. Cell
lysates were centrifuged at 10,000 g for 20 min and the
supernatants were collected. Twenty micrograms of cellular
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proteins was resolved by SDS-PAGE and transferred onto
nitrocellulose membranes. Membranes were blocked with 5%
skim milk in Tris-buffered saline containing 0.1% Tween 20 for
1 h and incubated overnight at 4°C with primary antibodies.
Membranes were washed, incubated with appropriate secondary
antibodies conjugated to horseradish peroxidase for 1h, and
developed using a chemiluminescence system. Relative protein
expression was calculated from band densities obtained in three
experiments using UMax PowerLook 1100 scanner (Taiwan) and
TotalLab gel image analysis software (Nonlinear Dynamics, New
England, UK).

PTHrP-induced bone resorption in an animal model

Male BDF1 mice aged four weeks were injected daily for five
days (from day one to five) with PTHrP (18 pg/day; Figure 1).
PTHrP was injected into the subcutaneous tissue over the left side
of the calvaria twice daily in a volume of 10 pl as described
previously [26,27]. This delivery method produces an exaggerated
resorptive response in the calvarial bone, as well as a systemic
effect as indicated by hypercalcemia. Animals were housed in an
accredited facility and all procedures used in the animal
experiments complied with the standards described in the Osaka
University Medical School Guidelines for the Care and Use of
Laboratory Animal.

Treatment Protocol

All animals were additionally treated with FR167653 or distilled
water, injected subcutaneously on the mice back as in the protocol
shown in Figure 1. Treatment was initiated two days before
PTHrP injection.

Before treatment, 50 ul of whole blood was collected retro-
orbitally into heparinized capillary tubes (Radiometer, Copenha-
gen, Denmark) and basal whole-blood ionized calcium levels were
determined with a calcium level analyzer (model ABL505,
Radiometer; n=3 from treatment group and control group,
respectively). The treatment group (1 = 7) was treated with 30 mg/
kg of FR167653 twice daily while the control group (n=25) was
treated with distilled water for seven days (including pretreatment).
At day three and five, blood samples were taken three hours after
injection of PTHrP retro-orbitally to determine the levels of
hypercalcemia. Mice were killed on day six, which was 12 hours
after the last injection of PTHrP.

FRI67653 30mghkg x 2 timeslday s.c. {
v R ¥ v v ¥ v

PTHrP Syg x 2 times/day |
v ¥ ¥ ¥ v
da}l-z day -1 day 1 day 2 da){ 3 day 4 da¥ 5 daly 6

blood A A A

sampling

.sacrifice

Figure 1. Animal model and treatment protocol. The PTHrP-
induced bone resorption animal model was established by injecting
PTHrP (18 pg/day) onto the dorsal surface of the mice calvaria daily for
five days (day 1 to 5). Animals in the treatment (n=7) or the control
group (n=35) were injected with FR167653 (30 mg/kg twice daily) or
distilled water, respectively, daily for seven days, initiating from two
days before PTHrP injection. 50 pl of whole blood was collected retro-
orbitally before treatment, on day three, and on day five to determine
whole-blood ionized calcium levels. Mice were sacrificed on day six,
12 hours after the last injection of PTHrP.
doi:10.1371/journal.pone.0023199.g001
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Quantitative analysis of bone resorption

Calvaria were retrieved from sacrificed mice and immersed into
neutral buffered formalin. Radiographs were taken with the MX-
20 Specimen Radiography System (Faxitron X-ray, Wheeling, IL).
The images were scanned into a computer with a flatbed scanner
and saved in RGB color format. The quantitative analysis of
calvarial bone resorption was processed with an image analysis
software package, WInROOF (Mitani, Fukui, Japan). The
thresholds were determined by clicking five typical bone resorptive
areas.

After decalcification, the anterior and posterior portions of the
calvaria were removed just anterior to coronal suture and posterior
to lambdoid suture, respectively. The left part of the calvaria was
cut into three strips, embedded in paraffin and sectioned. Sections
were stained to detect TRAP activity and counterstained with
hematoxylin.

Histomorphormetic analysis was performed on the left side of
the calvaria to determine the number of osteoclasts present in the
bone. The area measured consisted of six visual fields extending
from sagittal suture toward the lateral muscle attachment and
included all of the bone and marrow spaces. PTHrP-treated
calvaria showed a distinct dorsal periosteal pattern of resorption
and endosteal resorption. Thus, the osteoclast number represented
the sum of periosteal and endosteal measurements. Results were
recorded as osteoclast number per unit bone tissue area measured
(OcN-BTA). All measurements were made by tracing the section
image onto a digitizing platen with the aid of a cameral lucida
attachment and WinROOF image analysis software.

Statistical analysis

All analyses were reported as mean *S.D. Statistical signifi-
cance was evaluated by Student’s #test or one factor analysis of
variance (ANOVA) followed by a Tukey-Kramer post test using a
statistical software package, JMP (SAS institute, Cary, NC).

Results

FR167653 inhibits Osteoclast formation in two different
cell culture systems

To determine whether FR167653 blocks osteoclastogenesis
vitro, we investigated osteoclastogenesis in a primary bone marrow
cells stimulated by PTHrP. As expected, TRAP-positive MNCs
(osteoclasts) was formed in primary bone marrow cultures treated
with PTHrP. As shown in Figure 2, osteoclast formation induced
by PTHrP at day six was inhibited by addition of FR167653 in a
dose-dependent manner. At the concentration of 10 pM,
FR 167653 nearly eliminated osteoclast formation.

Unlike bone marrow cells, MDBMM cells are a homogeneous
bone marrow macrophage population with a contamination by
stromal cells of less than 1 in 1,000 cells. As shown in Figure 3,
MDBMM cells formed TRAP-positive osteoclasts when treated
with RANKL together with M-CSF even in the absence of stromal
cells. FR167653 added to the cultures significantly inhibited
RANKL-induced osteoclast formation in a dose-dependent
manner. These data suggest that FR167653 acts directly on
osteoclast precursors to inhibit osteoclast formation.

OPG and RANKL expression levels in bone marrow cells
were not affected by FR167653 treatment

To further elucidate the mechanism of FR167653 inhibition of
PTHrP-induced osteoclastogenesis, we examined the effects of
FR167653 on the OPG and RANKL expression in bone marrow
stromal cells.
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