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Abstract 

Stem/progenitor cell-based regenerative medicine using the osteoblast differentiation of 
mesenchymal stem cells (MSCs) is regarded as a promising approach for the therapeutic treatment 
of various bone defects. The effects of the osteogenic differentiation of stem/progenitor cells on 
osteoclast differentiation may have important implications for use in therapy. However, there is 
little data regarding the expression of osteoclastogenic proteins during osteoblastic differentiation 
of human periosteum-derived cells (hPDCs) and whether factors expressed during this process 
can modulate osteoclastogenesis. In the present study, we measured expression of RANKL in 
hPDCs undergoing osteoblastic differentiation and found that expression of RANKL mRNA was 
markedly increased in these cells in a time-dependent manner. RANKL protein expression was 
also significantly enhanced in osteogenic-conditioned media from hPDCs undergoing osteoblastic 
differentiation. We then isolated and cultured CD34+ hematopoietic stem cells (HSCs) from 
umbilical cord blood (UCB) mononuclear cells (MNCs) and found that these cells were well 
differentiated into several hematopoietic lineages. Finally, we co-cultured human trabecular bone 
osteoblasts (hOBs) with CD34+ HSCs and used the conditioned medium, collected from hPDCs 
during osteoblastic differentiation, to investigate whether factors produced during osteoblast 
maturation can affect osteoclast differentiation. Specifically, we measured the effect of this 
osteogenic-conditioned media on expression of osteoclastogenic markers and osteoclast cell 
number. We found that osteoclastic marker gene expression was highest in co-cultures incubated 
with the conditioned medium collected from hPDCs with the greatest level of osteogenic 
maturation. Although further study will be needed to clarify the precise mechanisms that underlie 
osteogenic-conditioned medium-regulated osteoclastogenesis, our results suggest that the 
osteogenic maturation of hPDCs could promote osteoclastic potential 
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Introduction 
In recent years, substantial progress has been 

made towards developing stem/progenitor cell-based 
regenerative alternatives to autologous bone grafting 
for the treatment of various bone defects. Numerous 
studies have mainly focused on understanding the 
molecular biology of osteoblastogenesis, including 
osteoblastic preparation and the activity of 
appropriate stem/progenitor cells for use in therapy 
[1-3]. Because bone is a dynamic living tissue that 
undergoes continuous structural adaptation in 
response to the biological demands placed on it, as 
well as the fact that bone homeostasis depends on the 
resorption of bones by osteoclasts and the formation of 
bones by osteoblasts, the effects of osteogenic 
differentiation of stem/progenitor cells on 
osteoclastogenesis could also have important 
implications for the development of cell-based 
regenerative medicine.  

During skeletal development and bone 
remodeling, osteoblasts directly interact with other 
cell types within bone, including osteocytes and 
hematopoietic stem cells (HSCs). Osteoblastic cells 
also play a critical role in the differentiation of 
bone-resorbing osteoclasts via the secretion of two 
cytokines that are required for this process, 
macrophage colony-stimulating factor (M-CSF) and 
receptor activator of nuclear factor-kappaB ligand 
(RANKL), which are also produced by neighboring 
stromal cells [4-6]. M-CSF is a secreted protein that 
acts through its receptor, colony-stimulating factor 1 
receptor (CSF1R/c-FMS) on osteoclast precursor cells, 
leading to expression of receptor activator of NF-κB 
(RANK) and activation of the RANKL/RANK 
signaling pathways. RANKL is a type II homotrimeric 
transmembrane protein that is expressed as both a 
membrane-bound and secreted protein. The binding 
of this protein to osteoclast precursors occurs when 
HSCs progress through the colony forming unit for 
granulocytes and macrophages (CFU-GM) stage to 
become a colony forming unit for macrophages 
(CFU-M) before entering the osteoclast lineage. 
Binding of RANKL to RANK on CFU-M in the 
presence of M-CSF induces preosteoclast 
differentiation into a multinucleated cell that 
eventually becomes a mature osteoclast [7-10].  

The periosteum contains multipotent cells with 
characteristics similar to those of bone 
marrow-derived mesenchymal stem cells (MSCs), 
which can differentiate into osteoblasts and 
chondrocytes. The use of human periosteum-derived 
cells (hPDCs) for bone tissue engineering in clinical 
settings has a significant advantage over current 
approaches. For example, the donor tissue is easily 

harvested, such as through the surgical extraction of 
an impacted third molar tooth. Our previous work 
has shown that cultured hPDCs differentiate into 
active osteoblastic cells that are involved in matrix 
mineralization [11, 12].  

Although RANKL binds to RANK on cells 
derived from mononuclear precursors in the myeloid 
lineage and functions as a key factor for osteoclast 
differentiation and activation, RANKL produced by 
osteoblastic cells and osteoblast precursors could be 
an important source of RANK activation [13-15]. 
Further, to our knowledge, there is limited evidence 
regarding the effects of osteogenic-conditioned 
medium on osteoclastogenesis during the 
differentiation of cultured osteoprecursor cells. The 
purpose of this study was, therefore, to measure the 
expression of RANKL during osteogenic 
differentiation of hPDCs and to investigate the effect 
of osteogenic-conditioned media from hPDCs on 
osteoclastic differentiation.  

Materials and Methods 
Culture of human periosteum-derived cells 
(hPDCs)  

Patients provided informed consent for 
collection of periosteal tissues, as required by the 
Ethics Committee of Gyeongsang National University 
Hospital (GNUH 2014-05-012). hPDCs were isolated 
as previously described technique [11,12]. Briefly, 
periosteal pieces were cultured at 37°C, in 95% 
humidified air, and 5% CO2, in 100-mm culture 
dishes, containing Dulbecco's Modified Eagle's 
Medium (DMEM), supplemented with 10% 
heat-inactivated fetal bovine serum (FBS), 100 IU/mL 
penicillin, and 100 μg/mL streptomycin. Upon 
reaching 90% confluence, adherent cells were 
passaged by gentle trypsinization and reseeded in 
fresh medium. The medium was changed every 3 
days during the induction period. 

Analysis of surface markers  
Flow cytometry (FACSCalibur, Becton 

Dickinson, CA, USA) was used to detect hPDC 
surface antigens (105 cells per marker). These cells 
were analyzed for the presence of the mesenchymal 
markers, CD44, CD73, CD105, and vimentin, and the 
absence of the hematopoietic markers, CD34 and 
CD45, as described previously [16]. Briefly, hPDCs at 
approximately 90% confluency were trypsinized and 
fixed in 3.7% formaldehyde solution. All antibodies 
were diluted (1:100) with 1% bovine serum albumin 
(BSA). Cells were labeled with FITC-conjugated 
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anti-CD34, CD44, CD45, CD73, and vimentin at 4°C 
for 1 h. Labeling with unconjugated anti-CD105 was 
performed at 4°C for 1 h, followed by staining with 
FITC-conjugated secondary antibody at 4°C for 1 h. 
HSCs surface markers were also analyzed using flow 
cytometry (105 cells per marker). All antibodies were 
diluted (1:100) with 1% BSA; labeling with 
FITC-conjugated anti-CD34, CD38, CD90, and 
PE-conjugated CD45RA was performed at 4°C for 1 
h (Tables 1 and 2).  

 

Table 1. Lists of flow cytometry antibodies used for evaluation of 
MSCs characterization in hPDCs 

Antibody Company Amount 
FITC mouse IgG, isotype 
control 

BD Pharmingen™ 0.5 mg/ml 

FITC mouse anti-human CD34 BD Pharmingen™ 0.5 mg/ml 
FITC mouse anti-human CD45  BD Pharmingen™ 0.5 mg/ml 
FITC rat anti-mouse CD44  BD Pharmingen™ 0.5 mg/ml 
Mouse anti-human CD73 BD Pharmingen™ 0.5 mg/ml 
Mouse monoclonal CD105 Santa Cruz biotechnology 200 ug/ml 
Mouse monoclonal 
anti-vimentin 

Sigma-Aldrich 0.5 mg/ml 

FITC Goat anti-mouse IgG Santa Cruz biotechnology 0.5 mg/ml 

 

Table 2. Lists of flow cytometry antibodies used for 
characterization of HSCs 

Antibody Company Amount 
FITC mouse IgG, isotype control BD Pharmingen™ 0.5 mg/ml 
FITC mouse anti-human CD34 BD Pharmingen™ 0.5 mg/ml 
FITC mouse anti-human CD90  BD Pharmingen™ 0.5 mg/ml 
FITC mouse anti-mouse CD38  BD Pharmingen™ 0.5 mg/ml 
PE mouse anti-human CD45RA BD Pharmingen™ 0.5 mg/ml 
FITC Goat anti-mouse IgG Santa Cruz biotechnology 0.5 mg/ml 

 

In vitro mesenchymal lineage differentiation  
hPDCs at passage 3-5 were evaluated for their 

ability to differentiate into adipogenic, chondrogenic, 
or osteogenic lineages in vitro using previously 
described techniques [12,16]. Briefly, cells were 
cultured in lineage‐specific media for 21 days, with 
the media changed every 3 days. Adipogenic medium 
contained 1 μM dexamethasone, 10 μM insulin, 100 
μM indomethacin, and 500 μM 
isobutylmethylxanthine. For the detection of lipid 
droplets, differentiated cells were stained by oil red O 
solution for 30 min. Chondrogenic medium consisted 
of 90% StemPro Osteocyte/Chondrocyte 
Differentiation Basal Medium (Invitrogen, CA, USA) 
and 10% StemPro Chondrogenesis Supplement 
(Invitrogen). Chondrogenesis was evaluated by 
Alcian blue staining. Osteogenic induction medium 
was composed of DMEM, supplemented with 10% 
FBS, 50 μg/mL L-ascorbic acid 2-phosphate, 10 nM 
dexamethasone, and 10 mM β-glycerophosphate. 
Osteogenesis was confirmed by alizarin red S and von 

Kossa staining. During osteoblastic differentiation, 
hPDCs were sampled and the culture media was 
collected 48 h after 0, 10, and 21 days of culture.  

Real-time quantitative polymerase chain 
reaction (qPCR) analysis  

Expression of osteoblast-specific genes and 
RANKL was analyzed by qPCR in hPDCs during 
osteoblastic differentiation at days 0, 10, and 21 of 
culture. In addition, the expression of 
osteoclast-related genes was analyzed in HSCs 
co-cultured with human trabecular bone osteoblasts 
(hOBs) by qPCR at day 21 of culture. These qPCR 
analyses were performed using a Rotor-Gene Q cycler 
(QIAGEN, CA, USA), with 50 ng of cDNA, quantified 
with 2X Rotor-Gene SYBR Green Master Mix 
(QIAGEN), supplemented with specific primer sets 
(Table 3). Reactions were performed with an initial 
denaturation at 95°C for 10 min, followed by 40 cycles 
of 95°C for 10 s, 60°C for 6 s, and 72°C for 6 s. 
Rotor-Gene Q Series Software (QIAGEN) was used to 
determine melting curves, amplification curves, and 
cycle threshold values (Ct values). Gene expression 
levels were normalized to the corresponding β-actin 
gene (ACTB) value. All samples were run in triplicate 
and confirmed by 1.5% agarose gel electrophoresis.  

 

Table 3. Primers used in qPCR 

 Target gene Sequence Product 
size (bp) 

Annealing 
temperature 

1 Collagen 
Type I 

F: TGAATACAAAACCACCAAGACC 
R: GAGTTTACAGGAAGCAGACATG 

111 60℃  

2 Runx2 F: CAAATCCTCCCCAAGTAGCT 
R: ATACTGGGATGAGGAATGCG 

117 60℃  

3 Osteopontin F: TTGCAGCTTCTCAGCCAA 
R: GGAGGCAAAAGCAAATCACCT 

132 60℃  

4 Osteocalcin F: TCACACTCCTCGCCCTATTG  
R: ACTTTTGCTGGACTCTGCAC  

89 60℃  

5 RANKL F: GGCAGCACGCTATTAAATCC 
R: GTCGCCAAACAGATTCATCC 

124 60℃  

6 TRAP F: GATCCTGGGTGCAGACTTCA 
R: GCGCTTGGAGATCTTAGAGT 

211 60℃  

7 Cathepsin K F: ACCGGGGTATTGACTCTGAA 
R: GAGTCAGGCTTGCATCAAT 

189 60℃  

8 Integrin beta 3 F: TCGAGTTCCCAGTGAGTGAG 
R: GACAGGTCCATCAAGTAGTAG 

202 60℃  

 

Detection of RANKL in 
osteogenic-conditioned media by 
Enzyme-linked immunosorbent assay (ELISA) 

During osteoblastic differentiation of hPDCs, 
culture media was collected after 48 h at 0, 10, and 21 
days of culture, and RANKL levels were measured 
using the Human TRANCE/RANK L/TNFSF11 
DuoSet ELISA Kit (R&D Systems, MN, USA). In each 
case, 100 μl of osteogenic-conditioned medium was 
assayed, as described in the manufacturer’s manual. 
Optical density was read at a wavelength of 450 nm 
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with a microplate reader (BioTek Instruments, VT, 
USA), and results were calculated using the standard 
curves generated from each assay.  

Isolation, culture and cryopreservation of 
CD34+ hematopoietic stem cells 

Sorting of HSCs was performed as previously 
described [12,17]. After obtaining the informed 
consent under approved medical guidelines set by 
Gyeongsang National University Hospital, human 
umbilical cords were obtained from full-term births, 
delivered by either caesarean section or normal 
vaginal delivery. Umbilical cord blood (UCB) samples 
were diluted 1:1 in Dulbecco’s phosphate-buffered 
saline and overlaid onto Ficoll-Paque PLUS (GE 
Healthcare, CA, USA). Mononuclear cell (MNC) 
pellets were isolated by density gradient 
centrifugation at 400 x g for 30 min and treated with 
ammonium chloride (160 mM) to lyse erythrocytes. 
Although it is well known that CD31, CD34, CD45, 
KDR, VE-cadherin, CD133, and von Willebrand factor 
are hematopoietic molecules, there is no single 
specific marker for HSCs. However, a characteristic 
feature of hematopoietic stem and progenitor cells is 
the presence of the CD34 antigen [18,19]. Here, in 
order to purify HSCs for characterization, we sorted 
CD34+ MNCs using the EasySepTM Human CD34 
Positive Selection Kit (Stem Cell Technologies, 
Vancouver, Canada). Briefly, MNCs were 
re-suspended at 2 x 108 cells/mL in 5-mL tubes with 
100 mL PBS containing 2% FBS and 1 mM EDTA, to 
remove free Ca+2 and Mg+2, and the EasySepTM 
Human CD34 Positive Selection Cocktail; cells were 
incubated at room temperature for 15 min. The 
EasySepTM Magnetic Nanoparticles were added at a 
concentration of 50 mL/mL of cells, and the solution 
was incubated at room temperature for 10 min. The 
tube was then placed into the EasySepTM magnet for 5 
min, and the supernatant fraction was decanted. The 
tube was removed from the magnet, and 2.5 mL of the 
medium was added. The cells were mixed, and the 
tube was placed back into the magnet for 5 min. The 
supernatant fraction was removed again, with the 
magnetically labeled cells remaining inside the tube 
[20].  

CD34+ cells were cultured in StemPro®-34 SFM 
medium (Invitrogen) containing 2 mM L-glutamine, 
100 ng/mL recombinant human stem cell factor 
(SCF), 50 ng/mL recombinant human interleukin-3 
(IL-3), and 25 ng/mL recombinant human 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) in 24 well plates (2 x 103 cells per mL of 
media). Upon reaching a cell concentration of 105 
cells/mL, the media was replaced with fresh media. 
CD34+ cells were cryopreserved using four-step 

cryopreservation protocols [21, 22]. Briefly, the cells 
were frozen to 0°C in 5% dimethyl sulfoxide 
(DMSO) and DMEM (10% FBS) at a rate of 5°C/min 
and equilibrated for 5 min. The cells were then frozen 
to –45°C at a rate of 1°C/min and then to –70°C at a 
rate of 5°C/min for 5 min.  

Colony forming unit (CFU) assay 
CD34+ HSCs were evaluated for their ability of 

to proliferate and differentiate into colonies in a 
semi-solid medium using a CFU assay. CD34+ 
hematopoietic colonies were demonstrated by 
growing cells in MethoCult™ media (Stem Cell 
Technologies), which supports optimal growth of 
different types of progenitors (e.g., burst-forming 
unit-erythroid [BFU-E], colony forming unit-erythroid 
[CFU-E], colony forming unit-granulocyte, 
macrophage [CFU-GM], and colony forming 
unit-granulocyte, erythroid, macrophage, 
megakaryocyte [CFU-GEMM]). Briefly, the cells were 
diluted with Iscove’s Modified Dulbecco’s Medium 
with 2% FBS and mixed with MethoCult™ media, 
containing methylcellulose, recombinant human SCF, 
recombinant human GM-CSF, recombinant human 
IL-3, and recombinant human erythropoietin (EFO). 
Cells were then seeded into 35-mm culture dishes at a 
density of 5 x 103 cells/dish, with a sterile 16 gauge 
blunt-end needle. These were cultured for 14 days at 
37°C in a 95% humidified atmosphere with 5% CO2, 
at which point colony morphology was examined.  

Culture of human osteoblasts (hOBs) from 
trabecular bone 

Isolation and culture of hOBs was performed as 
previously described [23, 24]. Trabecular bone 
samples were harvested from the mandible during 
surgical extraction of lower impacted third molar 
teeth from patients who had provided informed 
consent, as required by the Ethics Committee of 
Gyeongsang National University Hospital. Human 
trabecular bone particles were cultured in Minimum 
Essential Medium Eagle – alpha modification 
(α-MEM), containing 10% FBS, 2 mM L-glutamine, 
and 100 μM L-ascorbate-2 phosphate in 35 mm dishes. 
This allows osteoblastic cells to migrate from the 
fragments and proliferate. The medium was changed 
every 3 days during culture.  

Effect of osteogenic-conditioned medium on 
expression of osteoclastogenic markers and 
osteoclast number during osteoclast 
differentiation 

CD34+ cells and hOBs were co-cultured to 
promote osteoclast differentiation in α-MEM, 
containing 1% BSA, transferrin (100 mg/mL), insulin 
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(10 mg/mL), human low-density lipoprotein (LDL, 20 
mg/mL), L-ascorbate-2-phosphate (100 mM), 
platelet-derived growth factor (PDGF)-BB (10 nM), 
DEX (10 nM), L-glutamine (2 mM), 1,25D (20 nM), and 
recombinant human M-CSF (25 ng/mL) [25-27]. 
Cultures were maintained for 21 days, and cells were 
co-cultured under four different conditions: (i) 
α-MEM, (ii) α-MEM + osteogenic-conditioned media 
from hPDCs collected 48 h after day 0 of culture 
(α-MEM + day 0-osteogenic CM), (iii) α-MEM + 
osteogenic-conditioned media from hPDCs collected 
48 h after day 10 of culture (α-MEM + day 
10-osteogenic CM), (iv) and α-MEM + 
osteogenic-conditioned media from hPDCs collected 
48 h after day 21 of culture (α-MEM + day 
21-osteogenic CM). Each osteogenic-conditioned 
media was used at a 1:1 ratio with α-MEM.  

Because osteoclast precursor cells of the 
monocyte-macrophage lineage fuse to form tar-
trate-resistant acid phosphatase (TRAP)-positive 
multinucleated cells, osteoclast differentiation and 
osteoclast number were examined at day 21 of 
culture using a TRAP staining kit (Sigma-Aldrich, 
MO, USA), according to the manufacturer's 
instructions [28,29]. The cells were incubated in 
fixation solution for 5 min at room temperature and 
washed three times with deionized water. Fixed cells 
were then stained with TRAP staining solution for 1 h 
at 37°C. TRAP-positive multinucleated cells with 
more than three nuclei, as determined by light 
microscopy (Zeiss Axiostar Plus, Jena, Germany), 
were counted as osteoclasts. Expression of marker 
genes involved in osteoclastogenesis (TRAP, 
cathepsin K, and integrin beta-3) was measured by 
qPCR at day 21 of co-culture.  

Statistical analysis 
Each experiment was performed independently 

at least three times, and in all cases, results from one 
experimental replicate are shown as representative 
data. Data are expressed as mean ± standard error of 
the mean (SEM), and statistical analyses were 
computed using SPSS Statistics 23.0 software (IBM 
corp., NY, USA). Data were evaluated using one-way 
analysis of variance (ANOVA), with Tukey’s multiple 
comparison and the Mann-Whitney test. Comparisons 
with P <0.05 were considered statistically significant. 

Results  
Characterization of hPDCs 

Flow cytometric analysis of cell surface antigens 
on hPDCs isolated from periosteal tissues revealed 
that these cells are positive for the mesenchymal 
markers, CD44, CD73, CD105, and vimentin, and are 

negative for the hematopoietic stem cell markers, 
CD34 and CD45 (Fig. 1A). These hPDCs were 
cultured in different induction media, and 
cytochemical staining further confirmed that they can 
be successfully differentiated into various 
mesenchymal lineages, including adipocytes, 
osteocytes, and chondrocytes, as confirmed by the 
accumulation of lipid vacuoles and intracellular lipid 
droplets, the deposition of mineralized extracellular 
matrix, and the presence of sulfated proteoglycans, 
respectively (Fig. 1C). These results suggest that 
hPDCs are phenotypically similar to MSCs. 

Expression of osteoblast-specific genes and 
RANKL in hPDCs undergoing osteoblastic 
differentiation 

During osteoblastic differentiation of hPDCs in 
osteogenic induction medium, expression of the 
osteoblast-specific genes, runt-related transcription 
factor 2 (Runx2), collagen type I, osteocalcin, and 
osteopontin, as well as that of RANKL, was evaluated 
by qPCR (Fig. 2A and B). We observed that after 
culturing for 10 days, both Runx2 and collagen type I 
expression was notably increased in differentiating 
hPDCs, after which their expression significantly 
decreased. Conversely, expression of both osteocalcin 
and osteopontin was markedly increased over the 
entire 21-day course of the experiment in a 
time-dependent manner. Moreover, we also observed 
a time-dependent increase in RANKL mRNA 
expression in periosteum-derived osteoblastic cells 
throughout the 3-week experimental duration. In 
addition, levels of RANKL protein were found to be 
increased in osteogenic-conditioned media collected 
from hPDCs during osteoblastic differentiation (Fig. 
2C). RANKL levels were highest in 
osteogenic-conditioned media obtained from hPDCs 
at day 21 of culture, whereas they were lowest in 
osteogenic-conditioned media obtained from the cells 
at day 0 of culture (Fig. 2C). 

Alkaline phosphatase (ALP) and collagen type I 
are early markers of osteoblast differentiation, 
whereas osteocalcin and osteopontin, which are 
related to matrix mineralization, are associated with 
the endpoint of full maturation of the osteoblast 
phenotype. Additionally, RANKL is the most 
important cytokine for osteoclast differentiation and 
activity. Therefore, our results suggest that the 
activity of osteoclast-related genes could be also 
enhanced during osteoblastic maturation of hPDCs. 

Characterization of CD34+ HSCs 
We next isolated CD34+ HSCs from MNCs 

obtained from UCB samples by positive selection. 
These CD34+ HSCs were observed to display a 
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rounded morphology (Fig. 3A) and were 
non-adherent to culture dishes. Notably, <95% of cells 
expressed CD34 immediately after sorting, however, 
they showed >95% CD34 positivity, and no 
expression of negative markers (CD45RA, CD38), 
after replating (Fig. 3B). These CD34+ cells were 
further capable of being induced and differentiated 
into hematopoietic lineages (Fig. 3C). BFU-E was 
represented by a large, red, hemoglobinized colony, 
containing numerous erythroid progenitors, whereas 
a small, red, hemoglobinized colony, containing 
several clusters with few erythroblasts, was observed 
for CFU-E. CFU-GM formed a colony with a 
heterogeneous population of macrophages and 
granulocytes; however, it did not appear red and 
hemoglobinized. A large colony of multi-lineage 
progenitors was observed for CFU-GEMM. Some cells 
were red and hemoglobinized, however, others 
within the CFU-GEMM culture were not (Fig. 3C). 
Based on these results, we refer to the sorted CD34+ 
cells as human umbilical cord blood-derived CD34+ 
HSCs.  

Isolation and culture of hOBs from trabecular 
bone 

We next isolated and cultured hOBs from 
mandibular trabecular bone tissue. When trabecular 
bony particles were placed in medium, cells migrating 
from these samples appeared after approximately 
12-14 days. With continued incubation, the cells 
formed a semi-confluent monolayer after 
approximately 26-28 days. These semi-confluent 
cultures of hOBs were digested with 
dispase/collagenase/trypsin, and single cell 
suspensions were collected (Fig. 4). 

Effect of osteogenic-conditioned medium on 
expression of osteoclastogenic markers and 
osteoclast number during osteoclast 
differentiation 

To test the effect of osteogenic-conditioned 
media on osteoclast differentiation, we measured 
expression of osteoclastogenic markers, TRAP, 
cathepsin K, and integrin beta-3, in co-cultures of 
hOBs and CD34+ HSCs incubated in four different 
media conditions: (i) α-MEM, (ii) α-MEM + day 
0-osteogenic CM, (iii) α-MEM + day 10-osteogenic 
CM, and (iv) α-MEM + day 21-osteogenic CM after 21 
days. We observed no difference in osteoclastogenic 
gene expression between the α-MEM and the α-MEM 
+ day 0-osteogenic CM group. However, marker 
expression was significantly higher in the α-MEM + 
day 10-osteogenic CM group and the α-MEM + day 
21-osteogenic CM group, than in the α-MEM or 

α-MEM + day 0-osteogenic CM. Overall, expression of 
osteoclastogenesis markers was found to be highest in 
the α-MEM + day 21-osteogenic CM group.  

After osteoclast differentiation in each four 
different media conditions, the number of osteoclasts 
was evaluated by TRAP staining of the co-cultured 
cells. Consistent with our analysis of osteoclastogenic 
marker expression, osteoclast number was highest 
higher in co-cultured cells incubated with α-MEM + 
day 21-osteogenic CM. However, there was no clear 
difference in the osteoclast number among other 
media groups (Fig. 5). These results suggest that 
osteoblastic induction of hPDCs may have the ability 
to drive osteoclast differentiation.  

Discussion 
Biological bone grafts (autograft, allograft, and 

xenograft) are commonly used for the treatment of 
critical-sized bone defects in the clinical setting. 
However, a shortage of available grafts, in 
combination with donor site complications (i.e., the 
necessity for an additional painful procedure, 
infection, and nerve damage, in the case of autografts, 
and poor integration with host bone, toxicity, and risk 
of disease transmission/immune rejection, in the case 
of allografts and xenografts), limits the ability of 
current practices to meet clinical needs. In recent 
years, stem/progenitor cell-based regenerative 
medicine has emerged as a promising approach for 
the therapeutic treatment of bone defects. In 
particular, many studies have focused on the in vitro 
osteoblast differentiation capability of 
stem/progenitor cells harvested from various sources 
in the human body. However, because both bone 
formation and bone resorption are physiologically 
controlled by osteoclastic resorption and synthesis of 
bone matrix by osteoblasts, osteoclasts also play a 
crucial role in the bone regeneration process [4-6, 30].  

Osteoclasts are multinucleated cells that arise 
from the fusion of myeloid hematopoietic precursors 
formed in the bone marrow. Although chemokines 
and cytokines, such as M-CSF and RANKL, are 
required for osteoclast differentiation in normal and 
pathologic bone remodeling, the major sources of 
RANKL production are bone marrow stromal cells, 
osteoblasts, and mesenchymal cells of the periosteum 
in the bone or bone marrow environment [8,10]. In 
this study, we examined the effect of conditioned 
medium, obtained from osteoblastic cultures of 
hPDCs, on osteoclast differentiation. In addition, we 
measured the expression of RANKL at both the 
mRNA and protein level during osteoblast 
differentiation of hPDCs. 
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Figure 1. Characterization of hPDCs. A: hPDCs are positive for surface markers present on MSCs. B: Differential interference contrast (DIC) microscope image of 
hPDCs at passage four reveals a fibroblast-like morphology; scale bar=250 μm. C: In vitro lineage differentiation potential of hPDCs. Adipogenesis was demonstrated 
by oil red O staining of lipid droplets. Osteogenesis was confirmed by alizarin red S and von Kossa staining of mineralized nodules and calcium deposition. 
Chondrogenesis was detected by Alcian blue staining of proteoglycan synthesis. Scale bar=100 μm. 
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The periosteum contains multipotent cells with 
characteristics similar to those of bone 
marrow-derived MSCs, which can differentiate into 
osteoblasts and chondrocytes. Here, we found that 
hPDCs were positive for markers present in 
mesenchymal cells (CD44, CD73, CD105, and 

vimentin). Moreover, these cells were successfully 
differentiated into three different mesenchymal 
lineages, adipocytes, osteocytes, and chondrocytes, 
and thus can be classified as human 
periosteum-derived MSCs.  
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Figure 2. Expression of osteoblast-specific genes and RANKL during osteoblastic differentiation of hPDCs. Values are mean ±SEM (n=3). A and B: Expression of collagen type 
I and Runx2 was significantly increased in the hPDCs at day 10 of culture, but was markedly decreased at the 21-day time point. Conversely, expression of osteocalcin, 
osteopontin, and RANKL mRNA increased in a time-dependent manner up to day 21 of culture. C: Levels of RANKL protein also increased over the 3-week experimental 
duration and were highest in osteogenic-conditioned media collected from hPDCs at day 21 of culture. 

 
To our knowledge, there is limited experimental 

data regarding the expression of osteoclastic factors, 
including RANKL, during osteoblast differentiation 
of hPDCs. In our analyses, we found that expression 
of RANKL was upregulated during osteoblastic 
differentiation of hPDCs, in a time-dependent 
manner. Furthermore, concomitant with osteoblastic 
maturation, RANKL protein levels were also 
significantly increased in osteogenic-conditioned 
media collected from hPDCs. In previous studies, 
RANKL production was found to be highest in 
undifferentiated stromal cells and is greatly reduced 
once these multipotent mesenchymal cells become 
terminally committed to the osteoblastic phenotype 
[31, 32]. Further study is therefore needed to elucidate 
the relationship between RANKL expression level 
and differentiation of human periosteum-derived 
osteoblasts.  

Human UCB contains a large number of HSCs 
that can be cryopreserved for later use in 
transplantation. Cord blood-derived HSCs have 
several advantages over adult peripheral 
blood-derived progenitors or bone marrow-derived 
HSCs, including the capacity to form a greater 
number of colonies, a higher rate of proliferation, and 
longer telomeres. Transplantation of cord blood also 
carries a lower risk of graft-versus-host disease than 
bone marrow transplantation. Although several 
factors are markers for hematopoietic stem cells, there 
is no single specific marker to distinguish HSCs from 
the other cells. In this study, we used positive 
selection for CD34 to isolate HSCs from cord blood 

MNCs for further characterization. CD34 is a 
glycosylated type I transmembrane protein expressed 
on early lympho-hematopoietic stem and progenitors, 
small-vessel endothelial cells, embryonic fibroblasts, 
and fibroblast-like dendritic cells in connective 
tissues. In addition, most in vivo studies of HSCs in 
vasculogenesis have utilized HSCs differentiated 
from CD34+ mononuclear cells. Although the precise 
function of CD34 is still unknown, its expression 
pattern suggests a significant role in early 
hematopoiesis [12, 18, 19, 33-35]. Here, we found that 
UCB CD34+ cells were well differentiated into 
hematopoietic lineages (BFU-E, CFU-E, CFU-GM, and 
CFU-GEMM), and therefore, these can be considered 
to be human umbilical cord blood-derived CD34+ 
HSCs.  

Using these CD34+ UCB-derived MSCs, we 
established co-cultures with hOBs to measure the 
effect of osteogenic-conditioned medium from hPDCs 
on the expression of osteoclastogenic markers. 
Remarkably, we found that expression of 
osteoclastogenesis genes was highest in co-cultures 
containing osteogenic-conditioned medium from 
hPDCs with the highest degree of osteoblastic 
differentiation. Although the precise mechanism by 
which osteogenic-conditioned medium from hPDCs 
stimulates osteoclastogenesis is not fully clarified and 
will require further study, the primary findings of this 
study indicate that the osteoblastic maturation of 
hPDCs may have the ability to enhance osteoclast 
differentiation.  
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Figure 3. Characterization of CD34+ HSCs. A: CD34+ HSCs display a round morphology. Scale bar = 50 µm. B: Expression of the hematopoietic marker (CD34+) 
was more obvious in the CD34+ HSCs after replating. C: CD34+ HSCs were able to be differentiated into hematopoietic lineages (BFU-E, CFU-E, CFU-GM, and 
CFU-GEMM).  
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Figure 4. Osteoblasts were isolated and cultured from human trabecular bone. A: trabecular bone fragment, B: isolated osteoblasts, and C: migrated osteoblasts. 
Black arrows indicate the precipitates regarded as mineralized matrix formation. Scale bar = 100 µm. 
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Figure 5. Expression of osteoclastogenic markers and osteoclast number. hOBs were co-cultured with CD34+ HSCs and osteogenic-conditioned medium from 
hPDCs undergoing osteoblastic differentiation (collected 48 h after 0, 10, and 21 days of culture). A: Expression of osteoclastogenesis markers, TRAP, cathepsin K, 
and integrin beta-3, was the markedly higher in α-MEM + day 21-osteogenic CM group. B: Osteoclast number, indicated by TRAP staining, was significantly increased 
in the α-MEM + day 21-osteogenic CM group. Scale bar = 250 µm. 
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