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Abstract: Interaction between osteoclasts and osteoblasts is known to play critical roles in bone formation. However,
the biological significance of this interaction remains incompletely understood. This study aimed to investigate the
early-stage effects of osteoclasts on the differentiation of murine osteoblasts. Osteoclasts were isolated from mouse
bone marrow, and osteoblasts were harvested from neonatal mouse calvaria. Both cell types were co-cultured using
a Millipore cell culture system. Expression of osteoblast marker genes was assessed using real-time polymerase
chain reaction. Then changes in the protein expression profile of osteoblasts co-cultured with osteoclasts were
examined using antibody array analysis and western blotting. The osteoblastogenic activities of cells under these
conditions were also investigated using an in vitro assay. Osteoblasts and osteoclasts were successfully isolated, as
confirmed by alkaline phosphatase (ALP) and tartrate-resistant acid phosphatase (TRAP) staining, respectively. The
expression of osteoblast specific marker genes, such as RUNX-2, ALP, and collagen-1a, was significantly increased.
In addition, six proteins were found to be up-regulated and another six were down-regulated in osteoblasts co-
cultured with osteoclasts compared to expression levels in osteoblasts cultured alone. In particular, the expression
levels of basic fibroblast growth factor and insulin-like growth factor-1 were remarkably altered. Indeed, osteoclasts
grown in co-culture with osteoblasts significantly promoted osteoblastogenesis in vitro (P<0.005). In conclusion,
osteoclasts may up-regulate osteoblastogenesis-related gene expression in osteoblasts and enhance osteoblas-
togenesis. Together, the results of this study indicate that osteoclasts play a critical role in the differentiation of
osteoblasts during the early stage of co-culture.
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Introduction

Bone tissue maintains its normal structure and
metabolic balance through bone repair and
regeneration [1, 2]. Osteoblasts and osteo-
clasts are the two main cell types in bone tis-
sue, and interactions between these two cell
types determine the processes of bone regen-
eration [3]. Therefore, modulation of the inter-
action between osteoblasts and osteoclasts
may represent a potential strategy for treating
various bone diseases. Many in vitro co-culture
models have been used to study the interac-
tions between these two types of cells; howev-
er, previous research has focused primarily on
the influence of osteoblasts on the behavior of
osteoclasts, and specifically, the role of the

osteoprotegerin (OPG)-receptor activator of nu-
clear factor kB ligand (RANKL)-RANK axis in the
differential development of osteoclasts [4-6].
In contrast, few studies have investigated how
osteoclasts influence the biological functions of
osteoblasts.

Osteoclasts, as the only cells of the body that
resorb bone matrix, are derived from bone mar-
row monocyte-macrophage cell lineages, also
known as hematopoietic stem cells [7, 8].
Multiple mononuclear macrophages are fus-
ed to form multinucleated macrophages, i.e.,
osteoclasts. Various cytokines and hormones
such as tumor necrosis factor (TNF)-a, interleu-
kin (IL)-1, IL-6, and parathyroid hormone, par-
ticipate in the formation of osteoclasts [9-11].
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Two specific activators of osteoclastogenesis
include macrophage colony stimulating factor
(M-CSF) and RANKL [12]. M-CSF is impor-
tant for osteoclast precursor migration, surviv-
al, and cytoskeletal reorganization, whereas
RANKL binds to its receptor (RANK) on the sur-
face of osteoclast precursor cells, leading to
the activation of several signaling pathways,
including the nuclear factor (NF)-kB and mito-
gen-activated protein kinase (MAPK) pathways
[13, 14], which are crucial for the development
of mature osteoclasts. OPG is secreted by
osteoblasts and acts as a decoy receptor to
inhibit the effect of RANKL on osteoclasts [15,
16]. In order to induce the expression of genes
characteristic of the osteoclast lineage, such
as tartrate-resistant acid phosphatase (TRAP),
osteoclast-associated receptor (OSCAR), calci-
tonin receptor (CALCR), and cathepsin K (CTSK),
both M-CSF and RANKL must be present [17].
In vivo and in vitro cells of the osteoblastic
lineage as well as osteoblasts express and
secrete M-CSF and RANKL and induce osteo-
clastogenesis primarily via interaction between
the two types of cells [18, 19]. Although the
effects of osteoclasts on osteoblasts have not
been studied extensively and remain relatively
unknown, some researchers have proposed
that osteoclasts promote the proliferation and
differentiation of osteoblasts [20]. However,
others have reported an opposing view, propos-
ing that osteoclasts may inhibit osteoblast
functions [21].

Compared to cultures of individual cell types,
co-culture systems are one step closer to natu-
ral conditions and are thus attractive for testing
the properties and effects of biomaterials in
vitro. Co-culture systems allow for the elucida-
tion of various aspects of the complex interac-
tions between osteoblasts and osteoclasts
through direct observation of cell-cell interac-
tions. One previous study in which osteoblasts
and osteoclasts were cultured together report-
ed that the two cells types mutually influence
the generation and activity of the other cell type
through direct physical contact and the secre-
tion of cytokines [22].

To investigate the biological effects of osteo-
clasts on osteoblast differentiation at early
stage, we first established an in vitro co-culture
system for osteoclasts and osteoblasts using a
Millipore cell co-culture system. We then ob-
served the proliferation and differentiation of
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osteoblasts as well as used RayBiotech anti-
body arrays to identify changes in the complete
protease and inhibitor expression profiles of
osteoblasts that occur in the co-culture condi-
tions. Our results reveal a previously unknown
function of osteoclasts in osteoblastogenesis.

Materials and methods
Reagents

Recombinant murine M-CSF and recombinant
murine sRANK-L were purchased from Pepro-
tech Systems, Inc. (USA). Fetal bovine serum
(FBS), a-minimal essential medium (MEM),
and antibiotics (100 U/ml penicillin and 100 g/
ml streptomycin) were purchased from Gibco
(USA). The TRAP staining solution 387-A was
purchased from Sigma-Aldrich (USA), and the
Cell Counting Kit-8 and Alkaline Phosphatase
Colour Development kit were both purchased
from Beyotime Institute of Biotechology (Ch-
ina). For real-time reverse transcription (RT)
polymerase chain reaction (PCR), Inventoried
TagMan® Gene expression Assays were used
with Reverse Transcriptase qPCR™ Mastermix
No ROX from Promega (USA).

Preosteoclast isolation and in vitro differentia-
tion

C57BL/6 mice were obtained from the Animal
Experiment Lab of Daping Hospital. All experi-
ments involving mice were approved by the
Institutional Animal Care and Use Committee at
the Third Military Medical University. Briefly,
bone marrow cells (BMCs) were flushed from
mouse tibiae and femurs of young (4-6-week-
old) mice, treated with red blood cell lysis
buffer (150 mm ammonium chloride, 10 mm
potassium bicarbonate, and 0.1 mm EDTA, pH
7.4), and cultured in a-MEM supplemented with
10% FBS and 10 ng/ml M-CSF on tissue cul-
ture-treated plastic. After overnight incubation,
non-adherent bone marrow monocytes were
collected and replated in 24-well plates in
a-MEM with 10% FBS and 10 ng/ml M-CSF for
a further 48 h to generate bone marrow macro-
phages (BMMs). Osteoclast differentiation was
then stimulated by addition of 30 ng/ml M-CSF
and 50 ng/ml RANKL for 4 days.

Osteoblast isolation and culture

Osteoblasts were enzymatically isolated from
calvariae of neonatal (24 h) C57BI/6 mice.
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Table 1. Description of test groups, cell types and medium used within

each test group

(1x10° cells/well) were
seeded in a 24-well pl-

Test Culture medium
group

ate and incubated for
24 h. Cells were treated

OB o-MEM+10% FBS+100 IU/ml penicillin+100 mg/ml streptomycin
oC OB medium supplemented with M-CSF (30 ng/ml) and RANKL (50 ng/ml)
OBOC o-MEM+10% FBS+100 IU/ml penicillin+100 mg/ml streptomycin

with M-CSF (10 ng/ml)
for 2 days and then
M-CSF (30 ng/ml) plus

Abbreviations: OB, osteoblast; OC, osteoclast; OBOC, osteoblast/osteoclast co-culture.

Table 2. Primer sequences used for real-time PCR

RANKL (50 ng/ml) in
media containing 10%
FBS for 4 days. After in-
cubation, the cells were

fixed with 3.7% forma-

Gene Primer sequence Accession number

ALP AGATTGACAGGGCAGAAACTCG NM_016798.3
CTGTGGTTCAGCTTCTAAGTTGA

OCN GCAGAACAGACAAGTCCCACA NM_001037939.2

CTGTGAGGTCAGAGAGACAGAGC

F

R

F

R
COL-1a F CCCTGAAGTCAGCTGCATACA

R

F

R

F

TTTGGTGATACGTATTCTTCCG
RUNX-2 TTGTAGCCCTCGGAGAGGTA

AAACTCTTGCCTCGTCCGCT
GAPDH ATTTGGCCGTATTGGGCG

R TGGTGGTGAAGACACCAGTAGA

NM_007742.3

NM_001145920.2

NM_001289726.1

Idehyde, permeabilized
with 0.1% Triton X-100
and incubated with re-
agents from the TRAP
staining solution 387-A
in the dark at 37°C.
After rinsing the cells,
TRAP-positive multinucl-
eated cells were visual-
ized by phase-contra-
st light microscopy (Oly-

Abbreviation: OCN, osteocalcin; COL-1a, collagen 1a; RUNX-2, Runt-related transcription
factor 2; GAPDH, glyceraldehyde 3-phosphate dyhydrogenase; F, forward; R, reverse.

Briefly, skin and soft connective tissue were
removed. The bone was cut into 1-mm? square
pieces and washed twice in phosphate-buff-
ered saline (PBS; pH 7.4). The bone pieces were
sequentially digested in trypsin (25 mg)/colla-
genase | (30 mg)/collagenase Il (30 mg) in 25
mL PBS at 37°C for 20 and 70 min. Osteoblasts
obtained from the final two digestions were
pooled and plated together in 25-cm? cell cul-
ture bottles. The cells were cultured until con-
fluence in a-MEM supplemented with 10% FBS,
2 mM L-glutamine, 100 U/ml penicillin, and
100 mg/ml streptomycin.

Co-culture system

Millipore cell culture devices were used to
establish the co-culture system for the two
types of cells. Osteoclasts (1x10° cells/well)
were placed in the top well, and osteoblasts
(1x10° cells/well) were applied to the bottom
well. The culture media used for all test groups
are listed in Table 1.

Measurement of TRAP activity and TRAP stain-
ing

TRAP staining was conducted on samples at
the conclusion of the study. Preosteoclast cells
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mpus Optical, Japan).
TRAP-positive multinu-
cleated cells with more
than five nuclei were considered to be os-
teoclasts.

Osteoblast proliferation and viability

Osteoblast proliferation upon exposure to
osteoclasts was measured using the xCELLi-
gence RTCA System (ACEA Biosciences Inc.,
USA). Briefly, osteoblasts (1x10* cells/well)
were seeded in a 96-well plate and incubated
for 24 h. Then the cells were co-cultured with
osteoclasts (1x10* cells/well) using Millipore
cell culture inserts for 7 days.

In addition, cell viability was measured using
the Cell Counting Kit-8 (Beyotime Institute of
Biotechology), according to the manufacturer’s
instructions. The method of co-culture was the
same as described above, and the absorbance
at 450 nm was measured using the Biotek ELX-
800 plate reader (Biotek, USA). All experiments
were performed in triplicate.

Alkaline phosphatase (ALP) staining and activ-
ity assay

Osteoblasts (1x10° cells/well) were seeded in a

24-well plate and incubated for 24 h. Then they
were cultured with osteoclasts (1x10° cells/

Int J Clin Exp Med 2016;9(2):1062-1072
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Figure 1. Cultured osteoclasts and TRAP staining. A. After BMCs were cultured for 1 day in tissue culture dishes,
the non-adherent cells were transferred to new 6-well plates and cultured in media containing 10 ng/ml M-CSF for
2 day (maghnification, 100x). B. Large multinucleated cells formed after culture with 30 ng/ml M-CSF and 50 ng/ml
RANKL for 6 days (magnification, 100x). C. TRAP staining of generated osteoclasts (magnification, 100x).
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Figure 2. Effect of osteoclasts on the proliferation and viability of osteoblasts. A. Numbers of osteoblasts in the
control and co-culture groups over 7 days in culture. B. Viability of osteoblasts in the control and co-culture groups
over 7 days in culture. "P<0.05.
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Figure 3. Potential of osteoclasts to induce osteogenic differentiation of osteoblasts at the initial co-culture period.
A. Photographs of ALP staining in osteoblasts cultured (OB) alone or with osteoclasts (OBOC) for 7 days. B. ALP
activity assay results for osteoblasts cultured (OB) alone or with osteoclasts (OBOC) after 1 and 7 days in culture.
“P<0.05.

well) in media containing 10% FBS, with media were fixed with 3.7% formaldehyde, rinsed with
exchanged every 3 days. After 7 days, cells PBS, and stained with the Alkaline Phosphatase
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Figure 4. Real-time PCR analysis of the expression of different osteogenic markers in osteoblasts co-cultured with
osteoclasts at days 3 and 7 in culture: A. RUNX-2; B. ALP; C. COL-1a; D. OC. "P<0.05; ""P<0.01.

Table 3. Twelve proteins most significantly up- and down-regulated in

osteoblasts co-cultured with osteoclasts

plates, and 150 mL of
p-nitrophenyl phosph-

ate (Jiancheng Biote-

Protein Description Fold chnology, Nanjing, Ch-

change ; ’ ’

o s e o
IGFBP5 Insulin-like growth factor binding protein 5 4.788 20 minutes at 37°C.
CDH1 Cadherin 1 4.729 p-Nitrophenyl phosph-
TROY Tumor necrosis factor receptor superfamily, member 19 4.481 ate was quantified ba-
IGFBP3 Insulin-like growth factor binding protein 3 3.709 sed on the spectroph-
GAS1 Gas1 protein 3.26 otometric absorbance
HGF Hepatocyte growth factor 3.023 at 450 nm.

Down-regulated .

B-FGF Basic fibroblast growth factor 0.197 Expression of common
i bone-related genes by

CD40 CD40 antigen 0.174 real-time PCR

NPTX2 Neuronal pentraxin-2 0.146

IGF-I Insulin-like growth factor 1 0.139 Osteoblasts were se-

MCP1 Chemokine (C-C motif) ligand 2 0.092 eded in 6-well plates

GITR Ligand  Tumor necrosis factor receptor superfamily, member 18 0.001 at a density of 1x10°

Color Development kit, and ALP-positive cells
were visualized by phase-contrast light micros-
copy (Olympus Optical, Japan).

After 7 days of co-culture, osteoblasts were
washed with PBS and lysed with 0.1% Triton
X-100 using three cycles of freezing and thaw-
ing to verify that the cells were completely
lysed. The cell lysates were centrifuged at
15,000x g for 5 minutes at 4°C, and the super-
natants were collected. Next, 5-mL aliquots of
the cell lysates were transferred to 96-well
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cells/well and cultured
with osteoclasts for 7
days. Briefly, total RNA was extracted using
TRIzol reagent (Invitrogen), and the purified
total RNA was used for cDNA synthesis with
M-MLV reverse transcriptase and oligo (dT)
primers. The specific primers used to detect
the mRNA transcripts of the Runx?, Collal,
ALP, and OC genes are shown in Table 2. The
transcript levels were normalized by the GAPDH
transcript levels. The PCR conditions were:
95°C for 3 minutes followed by 40 cycles of
94°C for 10 seconds and 60°C for 30
seconds.

Int J Clin Exp Med 2016;9(2):1062-1072
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Figure 5. Pathways identified by GO analysis as significantly represented by the differentially expressed proteins in
osteoblasts co-cultured with osteoclasts. "Pathways identified by GO ontological analysis.
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Figure 6. Western blot analysis of IGF-I and B-FGF ex-
pression in osteoblasts co-cultured with osteoclasts.

Antibody arrays

The presence of soluble proteins in the medi-
um of osteoblasts was measured using the
Mouse Cytokine Antibody Array (RayBio, AAM-
CYT-G2000), according to the recommended
protocols. These arrays can detect 144 pro-
teins, respectively. Osteoblasts were plated for
3 days before the experiment in Dulbecco’s
Modified Eagle Medium containing 10% FBS
and were 75-90% confluent when the media
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were collected and filtered. Medium containing
10% FBS was also hybridized to the arrays and
used later for normalization. Ten technical and
biological replicates were carried out, and both
showed a very high correlation. Hybridization
was carried out overnight at 4°C. All slides were
scanned using a GenePix 2000B Microarray
Scanner (Axon) and analyzed using the soft-
ware GenePix Pro 6.0. The F532 median 2
B532 score was used and averaged across trip-
licates on each array. The results were then
normalized using internal controls, and the val-
ues for cytokines in clear medium containing
10% FBS were subtracted.

Western blot analysis

According to the results of antibody arrays, two
main factors changed significantly, insulin-like
growth factor (IGF)-1 and basic-fibroblast gro-
wth factor (B-FGF). Then western blot analysis
was conducted to confirm the changes in the
levels of these two factors. Osteoblasts were
collected after 7 days in co-culture or culture
alone. The cells were lysed in lysis buffer con-
taining protease inhibitors, and 15-mg aliquots
were subjected to western blot analysis using
the specified primary antibodies against IGF-I

Int J Clin Exp Med 2016;9(2):1062-1072
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and B-FGF. Then the secondary antibody
labeled with horseradish peroxidase (Boston
Biotechnology, Wuhan, China) was used. An
anti-B-actin antibody (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) was used for B-actin eval-
uation as an internal control. The bound anti-
bodies were detected with an enhanced che-
miluminescence detection reagent (Pierce Bio-
technology Inc., Rockford, IL, USA), and the
intensities of the bands were measured using
Image Software Pro Plus 6.0 software.

Statistical data analysis

Statistical analyses were performed using
SPSS 17.0 software (Chicago, IL, USA). All data
were analyzed by analysis of Student’s t-test
and analysis of variance (ANOVA), and differ-
ences were considered statistically significant
with values of P<0.05. All experiments were
carried out at least three times independently.

Results
Differentiation and identification of osteoclasts

To obtain and identify mature osteoclasts, pri-
mary mouse BMCs were generated in vitro by
growing whole bone marrow in the presence of
M-CSF for 1 day. Then non adherent cells were
moved to new 6-well plates and cultured in
media containing 10 ng/ml M-CSF for another
2 days (Figure 1A). Finally, the cells were cul-
tured with 30 ng/ml M-CSF and 50 ng/ml
RANKL for 6 days and formed multinucleated
huge cells. The addition of RANKL to these cul-
tures initiated a differentiation program that
evoked the terminal differentiation of mono-
cytes into mature, multinucleated huge osteo-
clasts. As shown in Figure 1B and 1C, RANKL
strongly stimulated the differentiation of BCMs
into mature osteoclasts at 6 days.

Effects of osteoclasts on the proliferation and
viability of osteoblasts

To assess the effects of osteoclasts on the pro-
liferation of osteoblasts, the xCELLigence RTCA
system was used to quantitate the numbers of
cells in co-culture over 7 days. The numbers of
osteoblasts cultured with or without osteo-
clasts increased greatly during the first 2 days.
On days 5 and 6, the number of cells in the con-
trol group appeared to be greater than that in
the co-culture group, but the differences were
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not statistically significant (Figure 2A). However,
using the Cell Counting Kit-8, we observed sig-
nificantly greater viability of osteoblasts in con-
trol cultures compared to that of osteoblasts in
co-cultures on days 5 and 6 (P<0.05; Figure
2B).

Effect of osteoclasts on ALP activity in osteo-
blasts

To examine the effect of osteoclasts on osteo-
blastogenic activity in co-culture, the ALP activ-
ity of osteoblasts co-cultured with osteoclasts
was compared to that of osteoblasts cultured
alone for 7 days. Osteoblasts in co-cultures
showed much denser ALP staining than osteo-
blasts cultured alone after 7 days (Figure 3A),
and the quantitative results of ALP activity
assays were consistent with the staining results
(Figure 3B), showing significantly greater ALP
activity in osteoblasts co-cultured with osteo-
clasts after 7 days. These results indicate that
osteoclasts can promote differentiation of os-
teoblasts during the early stage of co-culture.

Real-time PCR analysis of the expression of
different osteoblast markers in osteoblasts
after culture with osteoclasts

To gain further insight into the molecular mech-
anisms underlying the induction of osteoblast
differentiation by osteoclasts, the expression
of common bone-related genes were examined
by real- time PCR. The expression level of
RUNX2, which regulates osteoblast differentia-
tion at early stages, was markedly upregulated
in co-cultured osteoblasts at 7 days compared
to the expression level in the control group
(P<0.05, Figure 4A). In addition, ALP mRNA
expression was significantly greater in co-cul-
tured osteoblasts compared to osteoblasts cul-
tured alone after 7 days (P<0.05, Figure 4B).
COL-1a mRNA expression in the co-cultured
osteoblasts also was significantly increased
compared with that of the control osteoblasts
after 7 days (P<0.05, Figure 4C). OCN mRNA
expression was similar between the two groups
of osteoblasts after 7 days (Figure 4D).

Antibody array analysis of the effect of osteo-
clasts on the biological development of osteo-
blasts in the early stage of co-culture

Next we performed an antibody array analysis
to identify differentially expressed proteins in
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osteoblasts co-cultured with osteoclasts. Our
analysis identified 144 differentially expressed
proteins in osteoblasts co-cultured with osteo-
clasts after 7 days. As controls, osteoblasts
were cultured alone in the absence of osteo-
clasts. When a fold change in protein expres-
sion >2.0 or <0.20 was considered significant,
six proteins were found to be significantly up-
regulated (by 4.788-3.023-fold), and six pro-
teins were found to be significantly down-regu-
lated (by 0.197-0.001-fold) in osteoblasts co-
cultured with osteoclasts (Table 3). Thus, the
expression of these proteins appears to have
been specifically regulated by co-culture be-
tween osteoblasts and osteoclasts, and these
proteins may be relevant to osteoblast differ-
entiation.

The proteins differentially regulated by osteo-
clasts were classified ontologically with the
KEGG and GENMAPP classification system
pathways, which also statistically determine
over- or under-representation of proteins in the
particular pathways (Figure 5). Pathway analy-
sis showed that the differentially expressed
genes are related to cytokine-cytokine receptor
interaction signaling pathways such as TROY,
HGF, CD40, and MCP-1. Other significantly rep-
resented pathways included the cell adhesion
molecule and p53 signaling pathways. One dif-
ferentially expressed protein, bFGF, is also
involved in the regulation of the actin cytoskel-
eton and MAPK signaling.

Validation of results by western blotting

To confirm the antibody array results, we next
examined the protein expression of IGF-I and
bFGF in osteoblasts at the protein level. These
proteins have been reported to be involved in
the osteoblastogenic process and to play a cru-
cial role in the proliferation and differentiation
of osteoblasts. The protein levels of IGF-I and
B-FGF were measured using western blot analy-
sis at 7 days. The expression level of IGF-I was
higher in osteoblasts under co-culture condi-
tions than in osteoblasts cultured alone (Figure
6). However, the expression levels of B-FGF did
not significantly differ between the two culture
conditions. These results suggest that IGF-I
expression in osteoblasts correlates with indi-
rect contact between the osteoblasts and
osteoclasts in the bone microenvironment.
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Discussion

Previous studies have suggested a crucial role
for activated osteoblasts in influencing the dif-
ferentiation of osteoclasts through the secre-
tion of soluble factors, such as OPG, RANKL,
and M-CSF. However, there has been limited
evidence regarding the direct regulation of
osteoblasts differentiation at the early stage by
osteoclasts. More recently, resident functional
osteoclast populations in bone were found to
serve as the most important regulators of bone
homeostasis [23]. However, the mechanisms
and mediators involved in these important
interactions remain elusive. In the present
study, we have shown that co-culture of osteo-
blasts with osteoclasts may promote the differ-
entiation-of osteoblasts during the early stage
of co-culture and upregulate the expression of
osteoblastogenesis-related genes in osteo-
blasts. Our results indicate that osteoclasts
can directly regulate osteogenic differentiation
of osteoblasts during the early stage of co-
culture.

Cell co-culture is the current best approach to
investigate interactions between cells in vitro
under conditions that model the cellular micro-
environment in vivo. There are two co-culture
methods: direct contact co-culture and indirect
contact co-culture. In this study, we chose the
indirect method to create a co-culture system
using Millipore cell culture inserts. Only soluble
factors secreted by the two types of cells could
pass through the bidirectional membrane and
act upon the other cell type during the course
of co-culture. Nevertheless, although the for-
mation of mature osteoclasts was induced by
M-CSF and RANKL, the cells cannot survive for
extended periods. Wu et al. [24] reported that
the resorption activity of osteoclasts was grad-
ually suppressed at the transitional stage and
that the cysteine asparagine specific prote-
ase-3 axis induces cell death through negative
feedback or estrogen induces Fas/FasL system
to modulate the cell death program. Our previ-
ous study also showed that when cultured and
fused, the huge multinucleated cells, i.e., the
mature osteoclasts, only existed for 5-7 days
before undergoing apoptosis.

ALP is an early marker of osteoblast differentia-
tion that is relevant in matrix mineralization
[25]. The differentiation and maturity of osteo-
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blasts in co-culture with osteoclasts was con-
firmed by an increase in ALP activity. According
to the results, osteoblast proliferation was not
significantly influenced by co-culture with os-
teoclasts, whereas osteoblast viability was sig-
nificantly improved at later times in the co-
culture period. Additionally, when osteoblasts
were co-cultured with osteoclasts, staining for
ALP and ALP activity assays showed that osteo-
blastic differentiation was induced by the pres-
ence of osteoclasts.

As is well known, osteoblast differentiation
involves three distinct phases: proliferation,
maturation, and mineralization [26-28]. During
the differentiation process, the expression of
specific genetic markers is not the same as in
other phases. RUNX2 is a transcription factor
specifically expressed by osteoblast progenitor
cells during the initial phase, and it is required
to steer the cells away from an adipocytic or
chondrocytic phenotype and toward osteoblas-
tic differentiation [29]. This factor plays a major
role in the regulation of other osteoblast-relat-
ed genes, such as OCN, ALP, and COL-1 [30,
31]. To confirm our previous hypothesis and
infer the probable molecular mechanism, we
examined the mRNA expression levels of
RUNX2, ALP, COL-1a, and OC in osteoblasts of
the two groups at days 3 and 7 with RT-PCR.
The results showed that the mRNA expression
of all of the tested factors was up-regulated at
day 7, even if not up-regulated by day 3.
Specifically, the mRNA expression levels of
RUNX2, ALP, and COL-1a in the co-cultured
osteoblasts were much higher than that in
osteoblasts cultured alone. These data sug-
gest that the expression of genes known to be
important transcriptional genes in osteoblasts,
such as RUNX2, may be influenced by the pres-
ence of osteoclasts. Notably, RUNX2 plays an
important role in the differentiation process of
osteoblasts, enhancing the expression level of
other osteoblast-related genes.

Antibody array analysis was used to identify all
proteins that were differentially expressed in
osteoblasts co-cultured with osteoclasts for 7
days. We identified six proteins that were up-
regulated and also six that were down-regulat-
ed in osteoblasts only under co-culture condi-
tions. Interestingly, both the up-regulated pro-
teins (IGFBP5 and IGFBP3) and down-regulated
proteins (bFGF and IGF-I) are all involved in the
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differentiation of osteoblasts. bFGF is known to
be a potent mitogen and acts as an autocrine/
paracrine factor for osteoblasts. Long-term ad-
ministration of B-FGF in vivo increases osteo-
blast number and stimulates matrix formation,
but induces hypophosphatemia and impairs
matrix mineralization [32]. IGF-l can stimulate
osteoblast proliferation and differentiation th-
rough positive regulation of the IR expression
via the MAPK and PI3K pathways. Also, IGF-I
promotes osteoblast differentiation by increas-
ing ALP activity, type | collagen synthesis, OC
expression, and mineralized nodule formation
via the MAPK and PI3K pathways [33]. Based
on the antibody array results, osteoclasts
down-regulated the expression of B-FGF and
IGF-1 in osteoblasts when the two types of ce-
lls were cultured together. In particular, IGF-I
expression was found to be significantly down-
regulated using western blotting for confirma-
tion. This results means that the effects of
osteoclasts on the biological performances of
osteoblasts at 7 days are primarily negative;
that is, when osteoblasts are co-cultured with
osteoclasts, their proliferative and differentia-
tive capabilities should be down-regulated.
However, this is opposite to our experimental
results related to ALP viability and gene expres-
sion. Kreja et al. [34] and Bielby et al. [35] sug-
gested that the differentiation of MSCs into
osteoblasts can be affected by the presence
of osteoclast -derived conditioned medium.
However, Pederson and colleagues [36] con-
cluded that osteoclast-derived conditioned
medium had no impact on ALP production in
MSC cultures, but the conditioned medium did
positively influence cellular migration and min-
eralization. Therefore, when osteoblasts are
cultured with osteoclasts, we can conclude
that osteoclasts influence the synthesis and
secretion of IGF-1 in osteoblasts.

In the present study, we have shown that inter-
action between osteoblasts and osteoclasts is
likely a common event in advanced bone forma-
tion. We further showed when osteoblast cul-
ture with osteoclasts may enhance the differ-
entiation of osteoblasts by up-regulating the
gene expression of specific osteogenesis-relat-
ed genes, such as RUNX-2, ALP, and COL-1.
Additionally, IGF-I may play a critical role in this
process. Finally, because the effects of osteo-
clasts on osteoblasts are extraordinarily com-
plex, further studies are needed to identify fac-
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tors and the underlying mechanisms of osteo-
clast-induced changes in osteoblasts.

Acknowledgements

We gratefully acknowledge all of the members
of the laboratory for sharing reagents and
advice.

Disclosure of conflict of interest
None.

Address correspondence to: Dr. Bo Zhang, Depart-
ment 4, Research Institute of Field Surgery, Third
Military Medical University, No. 10 Changjiang Zhilu,
Chongging 400042, China. Fax: +86 23 68757443;
E-mail: zhangbo67184@163.com; porsche9968@
163.com

References

[1] Kay SS, Burg KJL. Transactions of the 2007.
Annual Meeting of the Society for Biomaterials.

[2] Matsuo K and Irie N. Osteoclast-osteoblast
communication. Arch Biochem Biophys 2008;
473:201-209.

[3] Mastrogiacomo M, Corsi A, Francioso E, Di
Comite M, Monetti F, Scaglione S, Favia A,
Crovace A, Bianco P and Cancedda R.
Reconstruction of extensive long bone defects
in sheep using resorbable bioceramics based
on silicon stabilized tricalcium phosphate.
Tissue Eng 2006; 12: 1261-1273.

[4] Boyce BF and Xing L. Functions of RANKL/
RANK/OPG in bone modeling and remodeling.
Arch Biochem Biophys 2008; 473: 139-146.

[5] Choi B, Kang SS, Kang SW, Min BH, Lee EJ,
Song DH, Kim SM, Song Y, Yoon SY and Chang
EJ. Secretory clusterin inhibits osteoclasto-
genesis by attenuating M-CSF-dependent os-
teoclast precursor cell proliferation. Biochem
Biophys Res Commun 2014; 450: 105-109.

[6] ShiC, QiJ, Huang P, Jiang M, Zhou Q, Zhou H,
Kang H, Qian N, Yang Q, Guo L and Deng L.
MicroRNA-17/20a inhibits glucocorticoid-in-
duced osteoclast differentiation and function
through targeting RANKL expression in osteo-
blast cells. Bone 2014; 68: 67-75.

[71 Gallois A, Lachuer J, Yvert G, Wierinckx A,
Brunet F, Rabourdin-Combe C, Delprat C,
Jurdic P and Mazzorana M. Genome-wide ex-
pression analyses establish dendritic cells as
a new osteoclast precursor able to generate
bone-resorbing cells more efficiently than mo-
nocytes. J Bone Miner Res 2010; 25: 661-672.

[8] Walker DG. Bone resorption restored in osteo-
petrotic mice by transplants of normal bone

1071

)

(10]

(11]

(12]

(13]

(14]

(16]

[17]

(18]

marrow and spleen cells. Science 1975; 190:
784-785.

Nakashima T. Coupling and communication
between bone cells. Clin Calcium 2014; 24:
853-861.

Nanki T. Molecular mechanisms of bone de-
struction in rheumatoid arthritis. Clin Calcium
2007; 17: 510-516.

Mundy GR. Osteoporosis and inflammation.
Nutr Rev 2007; 65: S147-151.

Grigoriadis AE, Wang ZQ, Cecchini MG,
Hofstetter W, Felix R, Fleisch HA and Wagner
EF. c-Fos: a key regulator of osteoclast-macro-
phage lineage determination and bone remod-
eling. Science 1994; 266: 443-448.

Kim HJ, Yoon HJ, Kim SY and Yoon YR. A me-
dium-chain fatty acid, capric acid, inhibits
RANKL-induced osteoclast differentiation via
the suppression of NF-kappaB signaling and
blocks cytoskeletal organization and survival
in mature osteoclasts. Mol Cells 2014; 37:
598-604.

Tai TW, Su FC, Chen CY, Jou IM and Lin CF.
Activation of p38 MAPK-regulated Bcl-xL sig-
naling increases survival against zoledronic
acid-induced apoptosis in osteoclast precur-
sors. Bone 2014; 67: 166-174.

Gilbert LC, Chen H, Lu X and Nanes MS.
Chronic low dose tumor necrosis factor-alpha
(TNF) suppresses early bone accrual in young
mice by inhibiting osteoblasts without affect-
ing osteoclasts. Bone 2013; 56: 174-183.
Kemp JP, Sayers A, Paternoster L, Evans DM,
Deere K, St Pourcain B, Timpson NJ, Ring SM,
Lorentzon M, Lehtimaki T, Eriksson J, Kahonen
M, Raitakari O, Laaksonen M, Sievanen H,
Viikari J, Lyytikainen LP, Smith GD, Fraser WD,
Vandenput L, Ohlsson C and Tobias JH. Does
bone resorption stimulate periosteal expan-
sion? A cross-sectional analysis of beta-C-telo-
peptides of type | collagen (CTX), genetic mark-
ers of the RANKL pathway, and periosteal cir-
cumference as measured by pQCT. J Bone
Miner Res 2014; 29: 1015-1024.

Choi J, Choi SY, Lee SY, Lee JY, Kim HS, Lee SY
and Lee NK. Caffeine enhances osteoclast dif-
ferentiation and maturation through p38 MAP
kinase/Mitf and DC-STAMP/CtsKk and TRAP
pathway. Cell Signal 2013; 25: 1222-1227.
Clarke MS, Sundaresan A, Vanderburg CR,
Banigan MG and Pellis NR. A three-dimension-
al tissue culture model of bone formation
utilizing rotational co-culture of human adult
osteoblasts and osteoclasts. Acta Biomater
2013; 9: 7908-7916.

Yamaguchi M, Vikulina T, Arbiser JL and
Weitzmann MN. Suppression of NF-kappaB ac-
tivation by gentian violet promotes osteoblas-
togenesis and suppresses osteoclastogenesis.
Curr Mol Med 2014; 14: 783-792.

Int J Clin Exp Med 2016;9(2):1062-1072


mailto:zhangbo67184@163.com
mailto:porsche9968@163.com
mailto:porsche9968@163.com

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

1072

Osteoclasts support osteoblastogenesis

Henriksen K, Karsdal MA and Martin TJ.
Osteoclast-derived coupling factors in bone re-
modeling. Calcif Tissue Int 2014; 94: 88-97.
Baum R and Gravallese EM. Impact of inflam-
mation on the osteoblast in rheumatic diseas-
es. Curr Osteoporos Rep 2014; 12: 9-16.
Hayden RS, Vollrath M and Kaplan DL. Effects
of clodronate and alendronate on osteoclast
and osteoblast co-cultures on silk-hydroxyapa-
tite films. Acta Biomater 2014; 10: 486-493.
Mundy GR and Elefteriou F. Boning up on eph-
rin signaling. Cell 2006; 126: 441-443.

Wu X, Ahn EY, McKenna MA, Yeo H and
McDonald JM. Fas binding to calmodulin regu-
lates apoptosis in osteoclasts. J Biol Chem
2005; 280: 29964-29970.

Hessle L, Johnson KA, Anderson HC, Narisawa
S, Sali A, Goding JW, Terkeltaub R and Millan
JL. Tissue-nonspecific alkaline phosphatase
and plasma cell membrane glycoprotein-1 are
central antagonistic regulators of bone miner-
alization. Proc Natl Acad Sci U S A 2002; 99:
9445-9449.

Serrano S, Marinoso ML, Torres A, Lorenzo V,
Keysers U, Lloreta J, Nacher M, Garcia C,
Ballester J, Diez A and Aubia J. Osteoblastic
proliferation in bone biopsies from patients
with end-stage chronic renal failure. J Bone
Miner Res 1997; 12: 191-199.

De Vernejoul M, Marie PJ. The Spectrum of
Renal Osteodystrophy. In: (Eds) Isidro Salusky,
editor The Spectrum of Renal Osteodystrophy.
Oxford University Press; 2001: 1.

Hing KA. Bone repair in the twenty-first centu-
ry: biology, chemistry or engineering? Philos
Trans A Math Phys Eng Sci 2004; 362: 2821-
2850.

Robling AG, Castillo AB and Turner CH.
Biomechanical and molecular regulation of
bone remodeling. Annu Rev Biomed Eng 2006;
8: 455-498.

[30]

(31]

(32]

(33]

(34]

[35]

(36]

Felthaus O, Gosau M and Morsczeck C.
ZBTB16 induces osteogenic differentiation
marker genes in dental follicle cells indepen-
dent from RUNX2. J Periodontol 2014; 85:
el144-151.

Messer JG, Kilbarger AK, Erikson KM and Kipp
DE. Iron overload alters iron-regulatory genes
and proteins, down-regulates osteoblastic phe-
notype, and is associated with apoptosis in fe-
tal rat calvaria cultures. Bone 2009; 45: 972-
979.

Nauman EA, Sakata T, Keaveny TM, Halloran
BP and Bikle DD. bFGF administration lowers
the phosphate threshold for mineralization in
bone marrow stromal cells. Calcif Tissue Int
2003; 73: 147-152.

Yang J, Zhang X, Wang W and Liu J. Insulin
stimulates osteoblast proliferation and differ-
entiation through ERK and PI3K in MG-63
cells. Cell Biochem Funct 2010; 28: 334-341.
Kreja L, Brenner RE, Tautzenberger A, Liedert
A, Friemert B, Ehrnthaller C, Huber-Lang M and
Ignatius A. Non-resorbing osteoclasts induce
migration and osteogenic differentiation of
mesenchymal stem cells. J Cell Biochem 2010;
109: 347-355.

Bielby R, Jones E and McGonagle D. The role of
mesenchymal stem cells in maintenance and
repair of bone. Injury 2007; 38 Suppl 1: S26-
32.

Pederson L, Ruan M, Westendorf JJ, Khosla S
and Oursler MJ. Regulation of bone formation
by osteoclasts involves Wnt/BMP signaling
and the chemokine sphingosine-1-phosphate.
Proc Natl Acad Sci U S A 2008; 105: 20764-
20769.

Int J Clin Exp Med 2016;9(2):1062-1072



